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Editorial on the Research Topic 


Plant ecophysiology: responses to climate changes and stress conditions





Introduction

In an era of accelerating global climate change, understanding the physiological responses of plants to diverse environmental stresses is pivotal for predicting ecosystem resilience and ensuring sustainable agriculture and forestry practices (Dutta et al., 2020). Climate-driven alterations such as drought, flooding, temperature extremes, and nutrient fluctuations challenge plant survival and productivity, thereby threatening global biodiversity, food security, and ecosystem stability (Altman et al., 2024; Yuan et al., 2024). Given these pressing concerns the study of plant responses and adaptations to environmental conditions within plant ecophysiology framework, has become indispensable. This Research Topic brings together an array of studies that provide novel insights into plant performance under multiple abiotic and biotic stress scenarios. The compiled works illuminate how plants perceive, respond to, and recover from environmental stressors through intricate physiological, biochemical, and molecular mechanisms. Spanning a diverse range of species, ecosystems, and methodological approaches, these contributions collectively enhance our understanding of plant stress biology and inform practices aimed at mitigating climate change impacts. The papers included in this Research Topic are structured around different critical themes reflecting contemporary research priorities. Specifically, we present studies focusing on drought and waterlogging stress, temperature extremes, biotic stress interactions, nutrient dynamics, biotechnological strategies for stress mitigation, spatial and temporal climatic effects, and predictive analyses concerning climate change impacts on species distribution (Figure 1). This integrative approach not only provides a comprehensive snapshot of current research trends but also fosters interdisciplinary collaboration crucial for addressing complex ecological challenges.

[image: Integrative framework diagram showing plant ecophysiological responses to climate stressors. Climate stressors include drought, heat, cold, nutrients, biotic stress, and climate variability. Plant functional responses are physiological, biochemical, molecular, and phenological, leading to outcomes like biotechnological interventions, predictive modeling, and sustainable management. Resilience enhancement is also highlighted.]
Figure 1 | Conceptual framework illustrating the interconnected pathway between major climate-related stressors (left), plant ecophysiological responses (centre), and applied outcomes (right). This synthesis captures key mechanisms and themes presented in the Research Topic, including drought, temperature extremes, nutrient dynamics, biotic stress, and climate variability. Arrows denote the flow of influence, highlighting how physiological, biochemical, and molecular responses underpin advances in forecasting, biotechnological innovations, and resilience-oriented ecosystem management under climate change.





Drought and waterlogging stress

Drought and waterlogging represent significant abiotic stressors severely impacting plant health, productivity, and survival. Plants adapt to these conditions through diverse physiological and biochemical responses, as exemplified in this Research Topic by several studies. Zhang et al. explored growth and non-structural carbohydrate response patterns in Eucommia ulmoides under combined salt and drought stress, providing insights into carbohydrate metabolism during dual stress conditions. Cheng et al. used a process-based model to investigate how altered precipitation patterns influence grassland aboveground net primary productivity and precipitation utilization efficiency, underscoring differential ecosystem responses to climatic variability. Zhang et al. evaluated growth, physiological responses, and drought resistance in various flue-cured tobacco varieties, highlighting varietal differences critical for crop improvement under drought conditions. Ge et al. demonstrated how drought stress induces contrasting changes in organ carbon and soil organic carbon, enhancing resistance mechanisms in moso bamboo. Alipour et al. integrated metabolomic, transcriptomic, and phytohormonal analyses in Thymus species under water stress and foliar abscisic acid application, revealing complex molecular interactions involved in drought stress adaptation. Huang et al. investigated the effects of irrigation frequency on root growth, nutrient accumulation, yield, and water use efficiency of Panax notoginseng under micro-sprinkler irrigation, offering valuable strategies for sustainable cultivation practices. Knüver et al. showed that stress dose significantly explains drought recovery patterns in Norway spruce, contributing to understanding tree resilience in forest ecosystems. Finally, Calabritto et al. conducted physiological and image-based phenotyping to assess waterlogging responses in three kiwifruit rootstocks and grafting combinations, identifying rootstock-specific tolerance mechanisms crucial for orchard management under flooding conditions. Collectively, these studies provide comprehensive insights into plant responses and resilience strategies under drought and waterlogging stress, vital for developing adaptive management practices under changing climatic conditions.





Extreme temperature stress

Temperature extremes, encompassing both cold and heat stress, present critical challenges to plant growth, reproduction, and survival. Plants respond to temperature fluctuations through complex regulatory pathways that involve physiological, biochemical, and molecular adaptations, all aimed at maintaining homeostasis under adverse conditions. Zhu et al. reviewed the mechanisms by which plants perceive temperature changes, focusing on thermosensors that mediate stress adaptation responses. This comprehensive exploration highlighted the molecular processes enabling plants to sense and respond effectively to temperature variations, thus underscoring the potential for developing crops resilient to climate change-induced temperature fluctuations. Padhiar et al. investigated the differential resilience of chickpea’s reproductive organs to cold stress across developmental stages. By elucidating antioxidant strategies employed to mitigate cold-induced damage, this study offered insights crucial for breeding programs aimed at enhancing fertility under cold stress conditions. Furthermore, Dong et al. demonstrated that exogenous application of 24-epibrassinolide significantly mitigates damage in grape seedlings exposed to low-temperature stress. The findings emphasize the potential of brassinosteroids in promoting plant tolerance to chilling stress, providing practical implications for improving grapevine cultivation in cooler climates. Collectively, these studies illuminate crucial mechanisms underlying plant responses to temperature stress, revealing opportunities to enhance crop tolerance and productivity amid increasingly erratic and extreme temperature regimes associated with climate change.





Biotic stress

Biotic stress, involving pathogen infections, pest attacks, and interactions with various organisms, significantly influences plant growth, health, and yield. The ability of plants to effectively respond to these challenges through physiological and molecular adjustments is fundamental to maintaining productivity and sustainability in agriculture and forestry. Negesa et al. evaluated lowland coffee genotypes for resistance against leaf rust and wilt diseases in southwestern Ethiopia. They identified genotypic differences in disease susceptibility, thereby providing essential information for breeding programs targeting improved disease resistance and enhanced yield stability in coffee cultivation. Shafi et al. employed an integrative approach combining ecophysiological assessments with omics technologies to unravel the complex responses of crops to combined drought and herbivory stress. This holistic methodology revealed novel insights into how plants simultaneously manage abiotic and biotic stressors, offering potential pathways for developing robust, stress-resilient cultivars. These contributions underscore the importance of understanding plant responses to biotic stressors in the broader context of climate-induced challenges, ultimately guiding the development of integrated management strategies that enhance crop resilience and sustainability in agricultural systems.





Nutrient dynamics under stress and climate change

Nutrient availability is a critical determinant of plant growth, productivity, and ecosystem function, significantly influencing how plants respond to environmental stresses. Several studies in this Research Topic provide insights into plant responses to nutrient dynamics under varying climatic and environmental conditions. Cai et al. explored nitrate nitrogen uptake and metabolism in the invasive species Mikania micrantha, shedding light on the physiological mechanisms underpinning its rapid growth and invasiveness. This research underscores the complex relationship between nutrient metabolism and ecological competitiveness in invasive plant species. Chen et al. investigated how elevation and seasonality modulate leaf decomposition rates and nutrient fluxes in karst river systems across China. Their findings highlight the significant interplay between environmental gradients, species diversity, and nutrient cycling, offering critical insights into ecosystem function and biodiversity conservation strategies. Li et al. reported distinct responses of canopy and shrub leaves to nitrogen and water addition in warm temperate forests, revealing intricate nutrient-use strategies and functional adaptations of plants under altered resource availability. Du et al. conducted a global analysis of plant nutrient limitation in response to atmospheric nitrogen and phosphorus deposition. This comprehensive study emphasizes the far-reaching implications of anthropogenic nutrient deposition on plant growth constraints and ecosystem stability on a global scale. Zhao et al. examined adaptive growth strategies of Quercus dentata under combined drought stress and nitrogen enrichment, elucidating physiological and biochemical mechanisms that confer resilience under multiple stressors, relevant for forest management and restoration efforts. Finally, Yang et al. assessed how soil and community factors influence the yield and medicinal quality of Artemisia argyi at varying altitudes of Funiu Mountain. The results provide essential knowledge for optimizing cultivation practices that enhance both yield and quality in medicinal plants grown under different environmental conditions. Collectively, these studies underscore the fundamental role of nutrient dynamics in shaping plant ecological strategies and stress responses, offering vital information for ecosystem management and agricultural productivity under changing climatic conditions.





Biotechnological stress mitigation

Biotechnological approaches offer innovative solutions for enhancing plant resilience to environmental stresses, holding significant potential for sustainable agriculture and forestry practices. In this Research Topic, several studies demonstrate cutting-edge strategies leveraging biotechnology to alleviate plant stress responses and improve productivity. Kumar et al. investigated a methane-derived microbial biostimulant, demonstrating its efficacy in reducing greenhouse gas emissions while simultaneously enhancing rice yield. This novel biotechnological approach provides a promising avenue for sustainable rice cultivation that aligns agricultural productivity with climate change mitigation objectives. Ye et al. explored the interactions between root endophytic microorganisms and the negative ion release capacity of Phalaenopsis aphrodite under high-temperature stress. Their findings revealed the potential for manipulating root microbiomes to enhance heat stress tolerance in ornamental plants, offering practical implications for horticulture under warming climates. Wang et al. demonstrated the beneficial effects of exogenous application of 24-epibrassinolide in enhancing wheat resistance to dry-hot wind stress during grain filling. Their research highlighted improvements in hormone balance and flag leaf photosynthetic performance, suggesting brassinosteroids as viable candidates for managing climate-related abiotic stress in cereal crops. Finally, Deng et al. elucidated the role of the skp1 gene of the SCF complex in lipid metabolism and abiotic stress responses in the model organism Chlamydomonas reinhardtii. By providing insights into fundamental molecular pathways involved in stress adaptation, this study paves the way for targeted genetic manipulation aimed at enhancing stress tolerance in microalgae and potentially plant species. These studies collectively underscore the transformative potential of biotechnological interventions for mitigating plant stress, offering practical tools and strategies to bolster plant resilience and productivity in an era of increasing environmental unpredictability.





Spatial and temporal climate effects

Understanding how spatial and temporal climatic variability influences plant physiological responses is critical for predicting ecosystem dynamics under changing climate scenarios. Studies in this Research Topic contribute valuable insights into how plants adapt their functional traits across different climatic gradients and seasons. Sanchez et al. examined seasonal ecophysiological responses of two páramo species, highlighting that light availability predominantly shapes plant functioning rather than water limitations. This research underscores the significance of seasonal environmental fluctuations in shaping physiological adaptations in high-altitude ecosystems. El-Barougy et al. investigated factors shaping beta diversity in arid landscapes, focusing on the synergy of climate, soil properties, and species traits. Their findings emphasize the importance of understanding climatic and edaphic influences on biodiversity patterns, essential for effective management and conservation strategies in arid regions. Robin et al. explored interactions between leaf phenological types and functional traits in determining variations in isoprene emissions from central Amazon Forest trees. This study provides essential data on how plant functional diversity affects ecosystem-level responses to climatic factors, particularly relevant in the context of atmospheric chemistry and climate feedback mechanisms. Blinkova et al. analyzed the impacts of limiting environmental conditions on the functional traits of vegetative shoots in Hedera helix. Their research sheds light on adaptive trait plasticity under environmental stress, relevant for understanding species resilience and informing urban greening and ecological restoration practices. Collectively, these studies illuminate how spatial and temporal climatic variations profoundly influence plant ecophysiology, informing strategies for ecological forecasting and adaptive ecosystem management amid climate change.





Ecophysiological forecasting in changing climate

Climate change profoundly influences plant distributions, physiology, and overall ecosystem health, driving shifts in species suitability and productivity. Predictive modelling and physiological assessments presented in this Research Topic enhance our understanding of plant responses under future climate scenarios, guiding adaptation and mitigation strategies. Xu et al. employed the MaxEnt model to project changes in habitat suitability for Hibiscus syriacus in China, providing critical insights into potential shifts driven by future climate conditions. Similarly, Wu et al. predicted suitable geographical areas for Pulsatilla chinensis under current and anticipated climatic scenarios, highlighting species-specific responses to climate variability. Guillamon et al. unraveled metabolic alterations in peach trees under agrochemical treatments during flower bud endodormancy in response to global warming, revealing biochemical mechanisms underlying adaptation to changing winter conditions. Singh et al. provided morphological and pomological characterizations of bael (Aegle marmelos) genotypes to identify cultivars with enhanced resilience suitable for climate change mitigation in the north-western Himalayas. Wen et al. utilized MaxEnt modelling to forecast the potential distribution of the medicinal plant Astragali Radix in China, offering predictive insights crucial for conserving medicinal plant resources under climate change. Lu et al. similarly assessed climate change impacts on Clinopodium polycephalum distribution, integrating temporal data, ArcGIS, and MaxEnt models to project future distribution patterns and conservation priorities. Shang et al. identified key traits influencing resistance to wind damage in Eucalyptus camaldulensis in coastal areas of South China, providing valuable data for forestry management under increasingly severe weather events. Lastly, Zhang et al. analyzed distribution patterns and dynamic niches of Magnolia grandiflora in both USA and China under climate change scenarios, facilitating strategic planning for urban greening and biodiversity conservation. Collectively, these studies underscore the critical need to integrate predictive modelling with physiological and biochemical analyses to anticipate plant responses and inform adaptive management practices in an era of accelerating climate change.





Concluding remarks and future perspectives

This Research Topic provides comprehensive insights into plant ecophysiological responses across diverse stress conditions driven by climate change, illustrating critical physiological mechanisms, adaptive strategies, and predictive frameworks. The breadth of research presented underscores the complexity of plant-environment interactions and highlights significant advancements in our understanding of plant resilience, stress adaptation, and ecosystem stability. Collectively, these studies reinforce the importance of integrating multidisciplinary approaches, combining physiological analyses, molecular techniques, ecological modelling, and biotechnology to enhance plant performance under current and future climate scenarios. However, significant gaps and challenges remain, including understanding complex interactions among multiple stressors, predicting long-term ecosystem responses, and developing practical strategies for sustainable agriculture, forestry, and biodiversity conservation. Future research should focus on bridging laboratory findings with field conditions, validating predictive models, and exploring genetic, epigenetic, and microbial avenues for stress mitigation. Additionally, an emphasis on collaborative, interdisciplinary approaches is essential to effectively address complex ecological challenges posed by accelerating global change. In conclusion, continued advancement in plant ecophysiology research remains crucial for fostering resilient ecosystems, ensuring agricultural sustainability, and mitigating the multifaceted impacts of climate change. The collective knowledge presented here not only informs current management practices but also lays the foundation for innovative strategies to sustainably manage plant resources in a rapidly evolving global environment.
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Introduction

Salinity and droughts are severe abiotic stress factors that limit plant growth and development. However, the differences and similarities of non-structural carbohydrates (NSCs) responses patterns of trees under the two stress conditions remain unclear.





Methods

We determined and compared the growth, physiology, and NSCs response patterns and tested the relationships between growth and NSCs concentrations (or pool size) of Eucommia ulmoides seedlings planted in field under drought and salt stress with different intensities and durations.





Results and discussion

We found that drought and salt stress can inhibit the growth of E. ulmoides, and E. ulmoides tended to enhance its stress resistance by increasing proline concentration and leaf thickness or density but decreasing investment in belowground biomass in short-term stress. During short-term drought and salt stress, the aboveground organs showed different NSCs response characteristics, while belowground organs showed similar change characteristics: the starch (ST) and NSCs concentrations in the coarse roots decreased, while the ST and soluble sugar (SS) concentrations in the fine roots increased to enhance stress resistance and maintain water absorption function. As salt and drought stress prolonged, the belowground organs represented different NSCs response patterns: the concentrations of ST and SS in fine roots decreased as salt stress prolonged; while ST in fine roots could still be converted into SS to maintain water absorption as drought prolonged, resulting in an increase of SS and a decrease of ST. Significant positive relationships were found between growth and the SS and total NSCs concentrations in leaves and branches, however, no significant correlations were found between growth and below-ground organs. Moreover, relationships between growth and NSCs pool size across organs could be contrast.





Conclusion

Our results provide important insights into the mechanisms of carbon balance and carbon starvation and the relationship between tree growth and carbon storage under stress, which were of great significance in guiding for the management of artificial forest ecosystem under the context of global change.
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1 Introduction

Drought would become more frequent, intense, and long-lasting under climate change, and has become a major factor affecting global forest mortality (Carnicer et al., 2011; Trenberth et al., 2014; Cramer et al., 2018). Salinity is another major abiotic stress limiting plant growth and development (Aragüés et al., 2015; Wang et al., 2021). Increasing irrigation under climate change could lead to further salinization, since the dissolved salts in irrigation water can be transported back to surface through water uptake and evaporation (Polle and Chen, 2015; Xu et al., 2022). Salinity, similarly to droughts, represents physiological dryness and results in osmotic stress in plants (Munns, 2002; Li et al., 2016; Wang et al., 2021). Also, salt stress destroys the ion balance in plants, and its harm will be more severe than low osmotic stress alone (Chaves et al., 2009; Zhang et al., 2010). Most researches focused on plant response to droughts or salinity alone, however, researches conducted to compare plants’ response differences under the two stress conditions simultaneously are still lacking.

Non-structural carbohydrates (NSCs), primarily composed of soluble sugar (SS) and starch (ST), are necessary energy sources for the growth and metabolism in plants, and are also major contributors to plant structure construction (Chapin et al., 1990; Hoch et al., 2003). A lot of researches showed that NSCs support multiple functions in metabolism, osmoregulation and defense and therefore play critical roles in stress resistance and resilience (Bartlett et al., 2012; Dietze et al., 2014; Piper et al., 2022; Blumstein et al., 2023). Moreover, SS can not only repair the xylem embolism to maintain efficient water transport (Secchi and Zwieniecki, 2011; Trifilò et al., 2019), but also help detoxify by serving as a chelating agent to capture Na+ within starch granules (Kanai et al., 2007). Moreover, the allocation of SS and ST in trees is dynamic and a mutual conversion relationship was found between them under certain conditions (Latt et al., 2001; Gibon et al., 2009; Jiao et al., 2020), and thus NSCs can act as an index to evaluate the level of available substances in plants and the balance between carbon sources and sinks (Iglesias et al., 2002; Kannenberg et al., 2018; Furze et al., 2019). Therefore, it is important to study the changes of NSCs and its composition and distribution patterns in trees under stress conditions to reveal the ecological adaptation strategies and stress resistance mechanisms of trees to changing environments.

A lot of studies found that plants would increase the concentrations of NSCs under environmental stress (Anderegg et al., 2012; Piper et al., 2017; Zhou et al., 2021). This may be because higher concentrations of NSCs can better meet plants’ osmotic demands under environmental stress (Dietze et al., 2014; Guo et al., 2020; Sapes et al., 2021). Also, trees with higher concentrations of NSCs could maintain higher stem water potential and therefore could survive longer under droughts (O’Brien et al., 2014). Moreover, it is assumed that the higher demands of NSCs for sapling survival might be evolutionarily more favorable in the event of recurrent cavitation risk (Sala et al., 2012; Piper et al., 2022). However, some studies showed that NSCs concentrations remained unchanged (Gruber et al., 2012; Dickman et al., 2019) or declined under droughts (Galiano et al., 2012; Adams et al., 2013; Dickman et al., 2015). The reason for these contrast conclusions might because differences in the intensity and duration of droughts (McDowell, 2011; Rosas et al., 2013; He et al., 2020). Second, this might also be related to plant characteristics, e.g. plant size and water use strategies (Mitchell et al., 2013; Garcia-Forner et al., 2017; Zhang et al., 2020). In addition, different plant organs also have different response strategies to environmental stress. For example, studies have shown that droughts significantly decreased the concentration of root NSCs, while the concentration of NSCs in the aboveground part remained unchanged (Hartmann et al., 2013; Li W. et al., 2018). In contrast, in some tree species, although the distribution of newly synthesized carbohydrates to the belowground part was significantly decreased, the storage of NSCs in belowground part increased (Galvez et al., 2011; Hagedorn et al., 2016). Most of these researches are focused on drought, shade or low temperature stress experiments, however, the allocation mechanism of NSCs under salt stress is seriously insufficient. Therefore, it is desirable to research the distribution patterns of NSCs and its composition across plant organs under salt stress conditions of different intensities and duration.

Allocation of NSCs to storage allows plants to maintain a carbon pool to cope with stress, however, the priority allocation to storage could compete with growth and thus created a trade-off between them (McDowell, 2011; Wiley and Helliker, 2012; Stefaniak et al., 2024). This has been confirmed by the negative correlation between growth and NSCs storage in many studies (Silpi et al., 2007; Chantuma et al., 2009; Genet et al., 2010). However, others studies showed the opposite results (Poorter and Kitajima, 2007; Imaji and Seiwa, 2010). Also, a recent study showed radial growth was decoupled with NSCs concentrations and pool sizes in broadleaf temperate tree species (Piper, 2020). These results indicate that there are still many uncertainties in the relationship between growth and storage, and further studies are needed.

Eucommia ulmoides Oliver (E. ulmoides) is the sole species of the genus Eucommia and is a precious medicinal and economic tree species indigenous to China (He et al., 2014; Zhu and Sun, 2018). E. ulmoides contains a specific white filamentous material, gutta-percha gum, which is extensively used in various fields of life (Liu et al., 2022; Zhao et al., 2023). Under the global climate change situation, the growth and development of trees are increasingly threatened by drought and salt stress (Polle and Chen, 2015; Choat et al., 2018; McDowell et al., 2020; Yu et al., 2023). Recent researches on the response of E. ulmoides to salt and drought stress mainly focus on the morphology, physiology and molecular biology (Wang et al., 2018; Li et al., 2019; Zuo et al., 2022), however, its response patterns of NSCs and its composition under stress is still not clear. As well as we known, no study has been conducted to compare the similarities and differences of its NSCs response patterns under both salt and drought stress simultaneously. Therefore, we measured the relative growth rate, leaf mass area, root/shoot ratio, leaf proline and chlorophyll concentrations, and the NSCs and its compositions concentrations and pool size across different organs of E. ulmoides seedlings planted in the field under different drought and salt stress intensities and durations. We aimed to: (i) clarify the variation patterns of growth and physiological indicators in E. ulmoides under salt and drought stress; (ii) elucidate the allocation patterns of NSCs and its compositions across different organs in E. ulmoides under salt and drought stress; (iii) compare the similarities and differences of morphological and physiological indicators and NSCs response patterns under salt and drought stress; (iv) determine the relationship between the relative growth rate and NSCs concentration and pool size under stress.




2 Materials and methods



2.1 Site description

This research was carried out at the south side of Shandong Normal University at the foot of Shuanglong Mountain (36°31′N, 116°49′E), located in the Shandong Province of eastern China. Affected by a warm temperate continental monsoon, the study area has four distinct seasons. The annual average rainfall is 623.1 mm, and the annual average temperature is 13.8°C. The main soil types are yellow brown soil and brown soil.




2.2 Experimental design

In March 2022, 18 quadrats (2 ×0.75 m) were set in our experimental plot. The horizontal interval between these quadrats was 1 m, and the longitudinal interval is 0.5 m. Each quadrate was excavated to a depth of 0.75 m and surrounded with a 12 mm thick plastic cloth (including the sides and bottom), and then the excavated soil was mixed and filled back. Annual seedlings of E. ulmoides with relatively consistent basal diameter and height were selected in Dalin Forest Farm of Weifang City in Shandong Province (36°18′N, 119°37′E), and then transplanted in our experimental plot. Twelve saplings were evenly planted in each quadrat. Then, water these seedlings normally for three months to ensure their healthy growth and development. In June 2022, three quadrats were selected for natural drought stress: the experiment started by stopping watering the plants until harvest. Meanwhile, five salt concentration gradients were set: 0 mM (control check, CK), 50 mM, 100 mM, 150 mM, 200 mM. Three quadrats were set for each salt concentration treatment. Each salt concentration treatment was irrigated with the same volume of corresponding concentration of salt solution per irrigation, and the control check group was irrigated with the same volume of tap water. Then irrigate the field according to the soil water content until harvest. Prepare a rain shelter for each quadrat, remove it on sunny days to keep the seedlings in natural light, and build it on rainy days to avoid the potential effect of precipitation on our experiments. By observing phenotype changes in these seedlings, we carried out two harvest sampling on day 30 and day 60 after drought (D1 and D2 period) and salt (S1 and S2 period) treatments. Each indicator was measured for at least five individuals in each treatment.




2.2 Measurement of relative growth rate

We determined the base diameter with vernier caliper at the beginning of the drought and salt stress treatment and at two sampling time. Relative growth rate (RGR) of the E. ulmoides seedlings was calculated as:

[image: Equation for Relative Growth Rate (RGR), expressed as the natural logarithm of the ratio of BD subscript 2 to BD subscript 1, divided by the difference between T subscript 2 and T subscript 1.]	

where BD1 and BD2 represent base diameters determined at time T1 and T2, respectively (Li Y. et al., 2018).




2.3 Measurements of leaf mass area, and the concentrations of proline and chlorophyll

In July and August 2022, 15 healthy leaves were collected per treatment to determine the leaf mass area (LMA). After scanning the leaves, the leaf areas were obtained by ImageJ software (1.46r, Bethesda, USA). Then, dry these leaves at 65°C in an oven to constant and weighed. LMA was then calculated as the ratio of leaf dry weight to its area. For biochemical parameters measurement, enough fresh leaves of each treatment were collected in July and August 2022, respectively. The proline concentration was determined by sulfosalicylic acid method (Yang et al., 1999). Pigments in leaves were extracted by using 95% (v/v) ethanol and determined by an ultraviolet spectrophotometer (UV-330, Cambridge, UK). See Zhu et al. (2021) for the details.




2.4 Measurement of the root to shoot ratio and non-structural carbohydrates concentration

In July and August 2022, seedlings of each treatment were harvested. Each individual was divided into five parts: leaf, branch, stem, coarse root, and fine root (< 2 mm). All plant samples were oven-dried at 105°C for 1 h to stop all enzymatic activity, then dry them at 65°C to constant. The root to shoot (R/S) ratio was calculated as the weight of the belowground part (coarse root and fine root) divided by that the weight of the aboveground part (leaf, branch, and stem). Then, plant samples were ground into a fine powder for NSCs analysis. SS in plant samples were extracted three times by centrifugation using 80% v/v ethanol. Following sugar extraction, the remaining tissue was firstly solubilized and then hydrolyzed to glucose using enzymes, and then the supernatants were used to assay the starch concentration. SS and ST determinations were measured at 620 nm by an ultraviolet spectrophotometer (UV-330, Cambridge, UK). Total NSCs concentration was defined as the total concentrations of SS and ST on the percentage of dry matter basis.




2.5 Data analysis

The SS/ST/NSCs pool size of each organ was calculated as the product of SS/ST/NSCs concentration of each organ and its dry mass, and the SS/ST/NSCs pool size at the whole plant level was calculated as the sum of pool size across organs. One-way ANOVA was conducted to determine the differences in RGR, LMA, R/S ratio, chlorophyll and proline concentrations, and the concentrations of total NSCs and its component across plant organs amongst different stress treatments in SPSS (v.19.0, Chicago, USA). The independent sample t-test was conducted to determine the differences in above indicators between the same stress treatment in SPSS. The significance of above tests was at the 0.05 level. Pearson’s correlation was used to determine the relationships between RGR and the concentrations of SS/ST/NSCs concentration and their pool size across organs and the whole plant level in SPSS. During the Pearson correlation, highly significant and moderately significant were defined as P< 0.05 and 0.10, respectively.





3 Results



3.1 Response patterns of growth and physiological indicators under drought and salt stress

The RGR decreased with the increase of stress intensities and durations (Figure 1). The LMA increased with salt concentration in the early period of salt stress (S1 period), but it remained unchanged in the late period of salt stress (S2 period) (Figure 2A). The R/S ratio decreased with salt concentration in the S1 period, but it increased with salt concentration in the S2 period (Figure 2B). Similarly, the LMA increased in the early stage of drought stress (D1 period), but no significant differences were found between that in the late period of drought (D2 period) and CK (Figure 2A). The R/S ratio decreased in the D1 period, but it increased as drought stress prolonged (Figure 2B).

[image: Bar chart showing Relative Growth Rate (RGR) under different treatments and prolonged treatments. Six categories are represented: CK, 50 mM, 100 mM, 150 mM, 200 mM, and Drought, with CK having the highest RGR. Error bars show variability, and letters indicate statistical significance.]
Figure 1 | Variation patterns of the relative growth rate (RGR) in response to salt and drought stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of different treatments (P<0.05).

[image: Bar graphs labeled A to D compare different treatments on leaf mass area, root/shoot ratio, chlorophyll, and proline levels. Treatments include CK, various millimolar concentrations, and drought, shown in diverse colors. Measurements vary across graphs, with standard error bars and annotations for statistical significance.]
Figure 2 | Variation patterns of leaf mass area (A), root to shoot ratio (B), chlorophyll concentration (C), proline concentration (D) in response to salt and drought stress. The sub-figure showed the variation pattern of the root to shoot ratio in the early stage of salt stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of differenttreatments (P<0.05).

In both the S1 and S2 periods, the chlorophyll concentration decreased, while the proline concentration increased with the increase of salt concentration (Figures 2C, D). As salt stress prolonged, no significant differences were found in chlorophyll concentration between the S1 and S2 period except for in salt concentration of 200 mM (Figure 2C), while the proline concentration was higher in the S2 period than that in the S1 period in each salt concentration (Figure 2D). Compared with those in CK, there was no significant change in chlorophyll concentration in the D1 period, but chlorophyll concentration decreased significantly in D2 period (Figure 2C). Compared with those in CK, the proline concentration increased significantly in both the D1 and D2 period (Figure 2D). As drought stress prolonged, the chlorophyll concentration decreased and the proline concentration increased (Figures 2C, D).




3.2 Response patterns of non-structural carbohydrates under drought and salt stress

In the S1 period, the SS concentration in leaves, branches, and stem decreased with salt concentration, while the ST concentration showed an increasing trend (Figures 3, 4). Therefore, the concentration of the total NSCs remained unchanged with salt concentration (Figure 5). The SS concentration in both coarse and fine roots increased with salt concentration (Figure 3). The ST and NSCs concentrations in coarse root decreased, while those in fine root increased with salt concentration (Figures 4, 5). In the S2 period, the SS concentration in leaves decreased, the ST concentration remained unchanged, and total NSCs concentration slightly decreased (though not significant) with salt concentration (Figures 3–5). The SS and total NSCs concentrations in branches decreased (Figures 3, 5), while ST concentration remained unchanged with salt concentration (Figure 4). The SS concentration in stem increased, while the ST concentration decreased with salt concentration, and thus resulting in no significant change in total NSCs (Figures 3–5). The SS concentration in coarse root decreased, the ST concentration increased with salt concentration, and therefore the concentration of total NSCs remained unchanged (Figures 3–5). The SS, ST and total NSCs concentrations in fine root all decreased with salt concentration (Figures 3–5).

[image: Bar charts illustrate soluble sugar content in different plant parts under various treatments. Panels A to E compare leaf, branch, stem, coarse root, and fine root respectively. Treatments include CK, 50 mM, 100 mM, 150 mM, 200 mM, and drought conditions, with differences indicated by letters. Each treatment's effect on sugar content is demonstrated by varying bar heights and colors.]
Figure 3 | Variation patterns of soluble sugar concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt and drought stress. The sub-figure showed the variation pattern of soluble sugar concentration in stem in the early stage of salt stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of different treatments (P<0.05).

[image: Bar charts labeled A to E depict starch content in different plant parts under varying conditions. Each chart shows starch levels in leaf, branch, stem, coarse root, and fine root. Bars represent six conditions: CK, 50 mM, 100 mM, 150 mM, 200 mM, and drought. Each condition is color-coded: green, light green, blue, light blue, turquoise, and orange. The Y-axis measures starch in milligrams per gram. Trends indicate varying starch accumulation under specific treatments and prolonged treatment scenarios.]
Figure 4 | Variation patterns of starch concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt and drought stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of different treatments (P<0.05).

[image: Bar graphs show total non-structural carbohydrates (NSC) in mg per g across different plant parts: leaf (a), branch (b), stem (c), coarse root (d), and fine root (e). Each part compares treatments: CK, 50 mM, 100 mM, 150 mM, 200 mM, and drought. Bars are color-coded, with letters indicating statistical differences among treatments.]
Figure 5 | Variation patterns of the total NSCs concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt and drought stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of different treatments (P<0.05).

In the D1 period, the SS concentration in branch decreased, while it showed no significant changes in other organs compared with those in CK (Figure 3). The ST concentration in leaves and branches remained stable, the ST concentration in stems and coarse roots decreased, and the ST concentration in fine roots increased compared with those in CK (Figure 4). As a result, leaf NSCs concentration remained unchanged, those in branches, stems and coarse roots decreased, and that in fine roots increased (Figure 5). In the D2 period, the SS concentration in leaves, stems and fine roots increased, while the ST concentration decreased compared with those in CK (Figures 3, 4). The SS concentration in branches and coarse roots decreased, while the ST concentration remained unchanged compared with those in CK (Figures 3, 4). The total NSCs concentration in leaves and stems remained unchanged, while those in branches, coarse roots and fine roots decreased (Figure 5).




3.3 Relationships between relative growth rate and non-structural carbohydrates concentration and pool size

For NSCs and its composition concentration, RGR showed significant positive correlations with SS and total NSCs concentrations in leaves and branch, and a moderately positive correlation with ST concentration in stem under drought and salt stress (Figure 6). For NSCs and its composition pool size, RGR showed significant and moderately significant correlations with SS and total NSCs pool size in leaves, but a moderately negative correlation with SS pool size in stem under drought and salt stress (Figure 7). The relationships between RGR and ST/SS/NSCs concentration and pool size under salt stress were similar with those under drought and salt stress (Supplementary Figures S1, S2). However, no significant correlations were found between growth and ST/SS/NSCs concentration and pool size of below-ground organs and the whole plant level (Supplementary Tables S1-S2).

[image: Five scatter plots labeled A to E depict the relationship between relative growth rate (RGR) and different carbohydrate concentrations. A: soluble sugar in leaves, R²=0.413. B: total NSC in leaves, R²=0.357. C: soluble sugar in branches, R²=0.804. D: total NSC in branches, R²=0.702. E: starch in stem, R²=0.280. All show positive correlations, with significance levels indicated.]
Figure 6 | Relationships between relative growth rate (RGR) and soluble sugar and total NSCs concentrations in leaves (A, B) and branch (C, D), and starch in stem under salt and drought stress (E).

[image: Three scatter plots show relationships between relative growth rate (RGR) and sugar content. Plot A: RGR versus soluble sugar in leaves, \(R^2=0.386\), \(P=0.031\). Plot B: RGR versus total NSC in leaves, \(R^2=0.298\), \(P=0.066\). Plot C: RGR versus soluble sugar in stem, \(R^2=0.279\), \(P=0.077\). Data points have error bars and regression lines.]
Figure 7 | Relationships between relative growth rate (RGR) and soluble sugar and total NSCs pool size in leaves (A, B) and soluble sugar pool size in stem under salt and drought stress (C).





4 Discussion



4.1 Comparisons of growth and physiological indicators response patterns under drought and salt stress

The R/S ratio can reflect the adjustment strategy of biomass in the above- and belowground parts of plants under stress conditions, reflecting the “functional balance” in resource allocation, which helps plants maintain optimal growth status under environmental changes (Moser et al., 2015; Bacher et al., 2022). Past studies showed that some plants will decrease the proportion of root biomass, thereby reducing the absorption of salt by roots, while other plants reduce water loss by decreasing the accumulation of aboveground biomass to maintain water and enhance their survival ability (Salter et al., 2006). We found that the R/S ratio decreased with salt concentration in the S1 period, while it increased with salt concentration in the S2 period. This indicated that the allocations of above- and belowground biomass in E. ulmoides showed a transition between the above two strategies as salt stress prolonged. This may be because the root system underwent ion toxicity and withered under the action of salt solution during the S1 period, resulting in the decrease of root biomass and thus reducing the salt absorption by roots (Jacqueline et al., 2006; Fan et al., 2011). As salt stress prolonged, the leaves of E. ulmoides fell off with the increase of salt concentration, resulting in an increase in R/S ratio (Cimato et al., 2010; Luo et al., 2011). Since fine root biomass could decrease due to the decrease of root elongation and increase of root cavitation in short-term droughts (Joslin et al., 2000; Nordborg and Welander, 2001), the R/S ratio in our study decreased in the D1 period. Differences in LMA between species can reflect potential variations in leaf anatomic traits, such as thickness and density of cuticle and mesophyll cell, as well as stability of cellular structure (John et al., 2017). Meanwhile, the LMA of E. ulmoides increased in the D1 period. These evidences collectively indicated that E. ulmoides tended to enhance its stress resistance by increasing leaf thickness or density and decreasing investment in belowground biomass in short-term drought (Fernández et al., 2002; Liu et al., 2020; Sancho-Knapik et al., 2021). With the continuous progress of droughts, LMA maintained at a high level to facilitate the resistance to drought, and the roots tended to dig into deeper soil to more effectively absorb water and thus leading to an increase of the R/S ratio. Similarly, several studies suggested that woody species tended to increase their belowground biomass allocation to increase deep soil water utilization over the long-term droughts (Kir et al., 2013; Aaltonen et al., 2017).

The chlorophyll concentration is directly correlated with the photosynthesis rate of plants, and its changes can to some extent reflect the level of photosynthesis (Gururani et al., 2015; Wang et al., 2017). Under salt stress, the chloroplast thylakoid membrane would be destroyed, which could cause a decrease in chlorophyll synthesis and therefore a decrease in chlorophyll concentration (Acosta-Motos et al., 2017; Yang et al., 2020). The chlorophyll concentration remained unchanged in D1 period, but it decreased in the D2 period, implying that short-term droughts had little effect on the photosynthetic rate. As an important osmotic regulator, proline concentration could increase significantly under environmental stress, and it plays important roles in maintaining cellular osmotic pressure, improving antioxidant capacity, storing energy, and detoxifying ammonia (Mansour and Ali, 2017; Wang et al., 2022). Therefore, the proline concentrations in E. ulmoides leaves significantly increased under both the salt and drought stress conditions.




4.2 Comparisons of non-structural carbohydrates response patterns under drought and salt stress

In this study, SS concentration in leaves, branches and stems decreased, but the ST concentration increased with salt concentration in the S1 period. This may be because salt stress can increase the water column tension in xylem vessels and lead to an increase in cavitation, and therefore plants consume more SS to repair the xylem embolism (Nardini et al., 2011; Tomasella et al., 2020). Meanwhile, past studies showed that an increase in ST can enhance the resistance of plant (Tixier et al., 2018; Guo et al., 2020). The chlorophyll concentration remained unchanged in the D1 period, implying that the photosynthesis rate of E. ulmoides was less affected in short-term drought. Therefore, the ST and SS concentrations in leaves remained unchanged, but the concentration of NSCs in branches and stems decreased. The supply of NSCs tends to give priority to the organs most in need (Hartmann et al., 2013). As the most important NSCs source organ, leaves provide the carbon source required for growth and metabolism of trees and should be supplied first. Meanwhile, drought stress hinders the outward transport of photosynthetic products in leaves, resulting in a decrease in stem and branch NSCs (Dietze et al., 2014). Also, the SS concentration in branches decreased, but that in stems remained unchanged, indicating that xylem cavitation might occur in branches and SS was used to repair the embolism (Blum, 2017; Trifilò et al., 2019). The SS concentration in coarse roots and fine roots increased in the S1 period. This is consistent with past studies, implying that plants could distribute more SS to belowground organs to enhance the water uptake during stress (Galvez et al., 2011; Hagedorn et al., 2016). Similarly, fine roots are also important in water absorption under droughts and thus their NSCs is preferentially supplied, leading to significantly higher NSCs concentration in drought treatment groups than that in controls (Hartmann et al., 2013). The ST and NSCs concentrations in coarse roots decreased, while those in fine roots increased, indicating that ST in coarse roots was transformed into SS and transferred to fine roots to maintain their absorption function.

As the salt and drought stress prolonged, the response patterns of each organ showed different variations. In the S2 period, the SS concentration of leaves continued to decrease due to the continuous decrease in chlorophyll concentration and thus the obstruction of photosynthesis. Compare with those in CK, the ST in leaves was converted into SS to maintain their water potential and physiological function and thus leading to an increase of SS concentration in the D2 period. As stress prolonged, the changes of ST and SS concentrations in branches and stems were consistent under two conditions of stress. For details, the SS concentration in branches was low and the ST concentration remained unchanged. This might because branches were prone to embolism, and then SS were used for embolism repair, which leaded to a decrease in the SS concentration (Savi et al., 2016; Blum, 2017). As the degree of the two kinds of stress increased, SS concentration in stems increased, ST concentration decreased, and therefore the total NSCs concentration remained unchanged. This might because higher SS and NSCs concentrations could maintain a higher stem water potential under severe stress conditions and thus prolonging the survival time of plants (O’Brien et al., 2014). Second, as a transport channel, maintaining a high soluble sugar concentration in stem is conducive to maintaining its nutrient transport function and facilitating information transmission between the above- and belowground parts to respond to stress more quickly (Smeekens, 2000; Rolland et al., 2006; Hartmann and Trumbore, 2016).

As drought prolonged, the ST concentration increased and SS concentration decreased in coarse roots. This may be because the increased path resistance and viscosity of phloem sap under stress, as well as the longer distance from source to sink organs, which hindered the transportation of SS from leaves to roots (Sala et al., 2010; Klein et al., 2014). Second, as ST can serve as reserve carbon pools and be used for tissue regeneration and growth, therefore a portion of ST in the stem and fine roots was transferred to the coarse roots to ensure that it could quickly recover in a favorable environment (Trugman et al., 2018; Wiley, 2020). With the prolongation of drought stress, SS in coarse root was transferred to fine root to enhance its water uptake as soil moisture continued to decrease, leading to a decrease in SS in coarse roots. Moreover, ST in fine roots could convert into SS, resulting in an increase in SS and a decrease of ST in fine roots, indicating that fine roots still maintain good water absorption function in short-term drought. Meanwhile, long-term droughts could cause some fine roots to die, and these dead roots would transfer some carbohydrates to living roots before falling off for future tissue regeneration and growth (Martínez-Vilalta et al., 2016; Trugman et al., 2018). In contrast, the concentrations of ST and SS in fine roots decreased under prolonged salt stress. This may be because fine roots firstly responded to salt stress, and their physiological activity was then irreversibly damaged when the osmotic regulation of NSCs is no longer able to offset damages induced by prolonged salt stress (McDowell et al., 2008; Yoshimura et al., 2016). Therefore, plants would transfer SS and ST from fine roots to coarse roots to improve the survival opportunities under stress and aid in the recovery after stress (Wiley, 2020). Meanwhile, the total NSCs concentrations in coarse and fine roots began to decrease as drought prolonged. This indicated that if the drought duration continues to increase, plants can also suffer irreversible damage and may die from carbon starvation in long-term drought. Overall, we compared the similarities and differences of NSCs response patterns in E. ulmoides under both salt and drought stress simultaneously, and provided the first evidence that E. ulmoides has contrast NSCs response strategies to these two abiotic stresses.




4.3 Relationships between relative growth rate and non-structural carbohydrates concentration and pool size

It was proved that carbon storage could take priority over growth in trees under stress conditions, and thus creating a trade-off between storage and growth (Chantuma et al., 2009; Genet et al., 2010; Wiley and Helliker, 2012). However, we found that RGR showed positive correlations with SS and NSCs concentrations in leaves and branches, which is consistent with the research results of Poorter and Kitajima (2007) and Imaji and Seiwa (2010). This indicated that faster growth was associated with greater carbon remobilization or nutrient stores (Piper, 2020). Myers and Kitajima (2007) found that total NSCs pool size, instead of its concentration, was related to shade tolerance in a neotropical forest. However, RGR was not more sensitive to NSCs pool sizes than concentrations in our study. Moreover, the total SS pool size in leaves was positively related to RGR, but there is a marginal significant negative association between the SS pool size in stems and RGR. This indicated that the relationships between NSCs pool size and growth amongst organs are contrast. The reason for these contrasting results might be that different plants have different priorities for growth and storage under stress conditions: growth-prioritizing plants switch from growth to storage later and completely deplete their carbon storage, while storage-prioritizing plants either do not grow or switch earlier during the stress period (Stefaniak et al., 2024). Overall, the relationship between growth and storage are species-specific, organ dependent, or vary through expressing as concentration or pool size (Genet et al., 2010; Palacio et al., 2014).





5 Conclusions

Our study compared the growth, physiology, and NSCs allocation patterns of E. ulmoides seedlings under drought and salt stress conditions, which highlights the importance of intensity and duration of stress on NSCs dynamic and thus forest carbon cycling. We found that E. ulmoides tended to enhance its stress resistance by increasing leaf thickness or density and decreasing investment in belowground biomass in short-term stress. As salt and drought stress prolonged, LMA maintained at a high level to facilitate drought resistance, and there was a shift in the allocation ratio of above- and belowground biomass. In short-term salt stress, the SS concentration in the leaves, branches, and stems decreased, but the ST concentrations increased to enhance the resistance to stress. However, the ST and SS concentrations in leaves remained unchanged, but total NSCs concentrations in branches and stems decreased in short-term droughts. In both the short-term salt and drought stress, the ST and NSC concentrations in the coarse roots decreased, while the ST and SS concentrations in the fine roots increased to enhance stress resistance and maintain water absorption function. As salt stress prolonged, the physiological activity of fine roots might have suffered irreversible damage, and the ST in fine roots was transferred to coarse roots to improve survival opportunities under stress and assist in the recovery after stress. As drought prolonged, SS in coarse roots were transferred to fine roots and starch in fine roots was also converted into SS to maintain effective water uptake of fine roots, and the total NSCs concentrations in coarse and fine roots began to decrease. This indicated that if the drought duration continues to increase, plants can also suffer irreversible damage and may die from carbon starvation in long-term drought. Significant positive relationships were found between growth and the SS and total NSCs concentrations in leaves and branches, however, no significant correlations were found between growth and below-ground organs. Moreover, relationships between growth and NSCs pool size across organs could be contrast. However, our researches only focused on the morphological and physiological aspects. Further researches should be combined with the -omics technology from a molecular perspective to comprehensively investigate the physiological and carbon allocation mechanisms of trees under environmental changes.
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Introduction

Negative oxygen ions are produced by plants through photosynthesis, utilizing "tip discharge" or the photoelectric effect, which has various functions such as sterilization, dust removal, and delaying aging. With global warming, high temperatures may affect the ability of Phalaenopsis aphrodite Rchb. f. to produce negative oxygen ions. P. aphrodite is commonly used in modern landscape planning and forest greening.





Methods

In this study, P. aphrodite was selected as the research object. By artificially simulating the climate, the control group (CK) and the high temperature stress group (HS) were set up in the experiment.





Results

The study found that compared with the control group, the ability of P. aphrodite to produce negative oxygen ions significantly decreased when exposed to high temperature stress. Meanwhile, under high temperature stress treatment, peroxidase content increased by 102%, and proline content significantly increased by 35%.





Discussion

Redundancy analysis results indicated a significant correlation between the root endophytic microbial community of P. aphrodite and negative oxygen ions, as well as physiological indicators. Under high temperature stress, P. aphrodite may affect the regulation of physiological indicators by modifying the composition of root endophytic microbial communities, thereby influencing the ability to release negative oxygen ions.





Keywords: high temperature stress, P. aphrodite, negative oxygen ions, root endophytic microorganisms, peroxidase and proline content




1 Introduction

Negative oxygen ions, also known as O2-(H2O)n, or OH-(H2O)n, or CO4(H2O)2, are a collection of negatively charged single gas molecules and light ion clusters (Yi et al., 2022). Under specific external conditions, gas molecules that are originally electrically neutral undergo changes, with the outermost electrons breaking free from the atomic nucleus and being released from their orbits, resulting in some gas molecules carrying positive charges. These positively charged gas molecules, along with the released electrons, combine with some neutral molecules or atoms to form cations or anions. The generation of negative oxygen ions is influenced by a series of macro-environmental factors and micro-biochemical reactions, such as various radioactive substances existing on the Earth’s lithosphere surface, causing water molecules in the air or water to split into positive and negative oxygen ions, leading to the combination of negative oxygen ions in the air with oxygen ions to form negative oxygen ions; materials with special structures and static electricity can ionize water molecules in the air to form negative oxygen ions; the phenomenon of “tip discharge” appearing at the pointed structures of trees in forests, such as tree leaves and tree canopy tips, and the photoelectric effect produced by plant photosynthesis (Shi et al., 2022), that is, the chlorophyll in the special state of photosynthesis in the process is stimulated and loses electrons when receiving light, and the current or voltage generated ionizes the air to produce negative oxygen ions; in addition, various radiation rays can also produce negative oxygen ions.

Negative oxygen ions have various functions such as disinfection and sterilization, purification and dust removal, prevention of bacterial spread, and enhancement of immune function (Shepherd et al., 2010; Jiang et al., 2018), playing a crucial role in environmental protection, human health, and delaying human aging (Chen et al., 2023). However, the occurrence of high-temperature stress can easily destroy the activity of plant proteins and mobile membrane lipids, affect the activity of chloroplast and mitochondrial enzymes and membrane integrity, lead to plant damage or death (Hu et al., 2020), and reduce the ability of plants to release negative oxygen ions. Therefore, it is significant to study the effect of high-temperature stress on the release of negative oxygen ions by plants to reveal the variation of negative oxygen ions concentration.

Currently, domestic and international research has focused on the effects of meteorological factors and plant communities on the variation of negative oxygen ions concentration but ignore the impact of environmental factors such as high temperature stress on the release capacity of negative oxygen ions by plant individuals. The changes of negative oxygen ions concentration in a high temperature environment are closely related to the vegetation photosynthesis process (Shi et al., 2022). High temperature significantly inhibits the generation of chlorophyll and its intermediates, reducing the ability of plants to produce negative oxygen ions (Kimm et al., 2021; Shi et al., 2022). However, the current studies are limited to the finding that high temperature can reduce the concentration of negative oxygen ions in the air, but the mechanism of the effect of high temperature stress on the production of negative oxygen ions in plants is rarely reported.

Rhizosphere microorganisms directly influence plant activity, enhancing plants’ ability to absorb nutrients and resist pathogens (Bachmann and Kinzel, 1992; Trivedi et al., 2020). The interaction between root endophytic microorganisms and plants can improve plants’ tolerance to stress, such as the heat-tolerant Curvularia. protuberata isolated from geothermal parasitic plants (De Zelicourt et al., 2013; Oleńska et al., 2020). Furthermore, the diversity of root endophytic microorganisms contributes to enhancing plants’ stress resistance, and increased root endophytic microorganisms diversity can promote plant growth and yield (Das et al., 2021; Hao et al., 2023). Additionally, factors such as plant genotype, growth environment, growth stage, and season can affect the structure and diversity of root endophytic microorganisms in plants (Jin et al., 2018). The secretions of root endophytic microorganisms can alter the physicochemical properties of the soil, thereby adjusting the community structure of microorganisms attached to the roots (Ai et al., 2023). The activity of root endophytic microorganisms is closely related to plant growth, and research on the relationship between root endophytic microorganisms in plants under high temperature stress and the plants’ ability to produce negative oxygen ions is still shallow, with the specific mechanisms awaiting further investigation.

To investigate the effect of high temperature stress on the ability of plants to produce negative oxygen ions, Phalaenopsis aphrodite Rchb. f. was selected as the research subject. P. aphrodite is a perennial herb of Phalaenopsis genus in the orchid family, known for its large and beautiful flowers, long flowering period, resistance to pests and diseases, and its usual growth in trees, not taking up natural space. It is commonly used in modern landscape planning, air purification, and forest greening. Through indoor potted plant experiments, the influence of high temperature stress on moth orchid physiological indicators, negative oxygen ions release capacity, and root endophytic microorganisms was observed, elucidating the microbial regulatory mechanism of high temperature stress on the negative oxygen ions production capacity of P. aphrodite.




2 Materials and methods



2.1 Experimental materials

The selected material for this experiment, P. aphrodite, was purchased from Fujian Yangta Horticulture Co., Ltd. Healthy and uniform 1.5-year-old seedlings were selected for the experiment and planted in plastic pots with a diameter of 2.7 inches. The substrate consisted of sphagna, fermented pine bark, corn cob, and sawdust. Each pot contained one P. aphrodite, placed under the following conditions: 14 h/10 h day/night, light intensity was the same as in the above of experiment as 37 μmol/m2/s, and indoor cultivation with a relative humidity of 70% to 80% for one month before subjecting them to high temperature stress.




2.2 Experimental design

The experiment was conducted at Miaofengshan Experimental Base of Fujian Agriculture and Forestry University in Cangshan District, Fuzhou City, Fujian Province (119.24744E, 26.07998N). High temperature stress was carried out in an artificial climate chamber (Lin et al., 2023), with the control group set at day/night (12 h/12 h) 25°C/20°C (CK, control group), and the high temperature stress treatment was day/night (12 h/12 h) 40°C/35°C (HS). Each treatment had 5 repetitions, with 6 pots of P. aphrodite per repetition. The other environmental conditions and management measures for each experimental group during the experiment were kept consistent with the control group, and the basic planting conditions were referred to the standardized cultivation specifications for P. aphrodite

After 3 days of high temperature stress, the concentration of negative oxygen ions was measured at regular intervals within 1 day for 12 hours, every two hours as a time period, a total of 6 times, and then the treated and control plants were immediately taken out, and the leaves and roots of P. aphrodite were harvested. The intact functional leaves of P. aphrodite with the top facing downwards were selected for physiological indicators measurement, and the collection of overly tender leaves was avoided. After collecting the plant leaf samples, P. aphrodite were completely removed from the flower pots, gently shaking the roots to reduce root hair breakage, removing most of the scattered soil from the roots, and gently brushing off the soil tightly connected to the roots, then rinsing the roots in clean water, draining them, placing them in sterile bags for detection and analysis of root endophytic microorganisms.




2.3 Index measurement and methods



2.3.1 Measurement of negative oxygen ions

The HT-80 atmospheric ion monitor (Manufacturer: Shenzhen Hongtai Environmental Protection Technology Co., Ltd.) was selected for the experiment, with a measuring range of 1~1.999×109 ion cm-3. In order to eliminate the influence of external environment on the measurement of negative oxygen ions (such as wind and the resulting changes in temperature and humidity), the measurement of the concentration of plant negative oxygen ions was conducted in a test box made of 4 mm thick organic glass with dimensions of 800 mm×800 mm×800 mm, which had great heat preservation, moisturization and airtightness. Each day was divided into 5 time periods from 9:00 to 21:00, and the start time was randomly selected in each time period. The negative oxygen ions concentration in the air was recorded every 20 seconds, 20 times in a row, and the average value for each time period was taken.




2.3.2 Measurement of plant physiological indexes

Malondialdehyde content (MDA), proline content (Pro), soluble sugar content, soluble protein content, Superoxide dismutase (SOD), Catalase, POD (Peroxidase), APX (Ascorbate peroxidase) and Chl (Chlorophyl) were determined using the Solarbio kit (Beijing Solarbio Technology Co., LTD.), with specific methods following the instructions of the kits. The calculation formula is: Proline (Pro) content (μg/g fresh weight) =41.03×(ΔA+0.0064)÷W (ΔA-absorbance value, W-samplemass, g). A UV-vis spectrophotometer (UV-5500, Shanghai Meta Analysis) was used for measurement. All indexes were measured three times, and the average value was taken.




2.3.3 Root endophytic microorganisms community sequencing

Root endophytic microorganisms community sequencing was conducted by Shanghai Paisenno Biological Technology Co., Ltd., using the Illumina Novaseq sequencing platform to amplify and construct libraries for the ITS gene ITS1-ITS2 region of fungi and the V5-V7 hypervariable region of the bacterial 16S rRNA gene. The fungal sequencing primers were ITS1F (5’-TCCGTAGGTGAACCTGCGC-3’) and ITS2R (5’-CTCGGACGAGGATCCTCGCC-3’) (Lin et al., 2022). All PCR reactions were performed in a 30 µL reaction mixture, which included 15 µL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.5 units of AccuPrimer TM Taq DNA Polymerase (Life Technologies, USA), 0.2 µM of forward and reverse primers, and 10 ng of template DNA. The thermal cycling conditions were as follows: initial denaturation at 98°C for 1 min, 30 cycles (98°C denaturation for 10 s, 50°C annealing for 30 s, 72°C extension for 60 s), and a final extension at 72°C for 5 min. The bacterial sequencing primers were 799F (5’-AACMGGATTAGTAGATACCCKG-3’) and 1193R (5’-ACGTCATCCCCACCTTCC-3’) (Shin et al., 2019), with specific primers including a barcode. The PCR reaction mixture (20 µL) comprised 2 µL of 10× PCR Buffer, 2 µL of 2.5 mmol L-1 dNTPs, 0.8 µL of 5 µmol L-1 forward primer, 0.8 µL of 5 µmol L-1 reverse primer, 0.2 µL of rTaq Polymerase, 0.2 µL of BSA, 10 ng of template DNA, and supplemented with ddH2O to 20 µL. The reaction conditions included 95 °C for 3 min; The reaction conditions included 95°Cfor 3 min; the number of cycles (95°C 30 s, 55°C 30 s, 72°C 45 s); 72°C for 10 min.





2.4 Data analysis

The negative oxygen ions concentration data were grouped according to the time period, and the concentration change line chart was drawn by Origin 2021. The plant physiological index data were calculated by the mean ± standard deviation (SD), and one-way analysis of variance was performed by R. The Duncan method was used for significance analysis, and the Paisenno Cloud platform (Shanghai Paisenno Biotechnology Co., Ltd.) was used for image drawing. The Alpha diversity index of endophytic microbial communities in the root system was calculated using the Vegan, Ggplot2, and Ggrepel packages in R. Redundancy analysis was performed using the R package (version 2.4.4 Date of access: October 11, 2023), and linear discriminant analysis and group difference analysis (LEfSe) were used for statistical analysis of microbial communities with significant differences between all treatment groups.





3 Results and analysis



3.1 The impact of high temperature stress on the negative oxygens ions production ability of P. aphrodite

As shown in Figure 1. Under CK, the average negative oxygen ions concentration of times produced by P. aphrodite was higher than 5500 cm-3, while the average negative oxygen ions concentration was lower than 5000 cm-3 under high temperature stress treatment. Under normal conditions, the negative oxygen ions can peak at 10:00, then have large fluctuations, and decrease after 16:00. Under the condition of high temperature stress treatment, the concentration of negative oxygen ions produced by P. aphrodite was lower than that of CK treatment, and the concentration gradually decreased with time and reached the lowest value at 10:00, which recovered slightly since then, but fluctuated at a low level, indicating that high temperature stress would reduce the ability of P. aphrodite to produce negative oxygen ions.

[image: Line graph showing air negative ion concentrations from 8:00 to 18:00, with two data sets: CK (blue squares) and HS (red triangles). CK values are consistently higher, peaking around noon, while HS remains lower throughout. Error bars indicate variability, with statistical significance at P<0.05.]
Figure 1 | The changes in negative oxygen ions concentration. CK, control group; HS, high temperature stress treatment.




3.2 Effects of high temperature stress on physiological indicators of P. aphrodite

As shown in Figure 2, compared with CK, chlorophyll a, chlorophyll b, chlorophyll (a+b), soluble sugar, and soluble protein content are not significant after high temperature stress (P>0.05). The Pro content increased significantly by about 35% (P<0.05).

[image: Bar graphs compare various biochemical components and enzyme activities between two treatments, HS and CK. Biochemical components include chlorophyll a, b, a+b, proline, soluble sugar, and protein content. Enzyme activities measured are SOD, CAT, POD, and APX. Bars show mean values with error bars, labeled as 'a' indicating no significant difference except for proline content, where CK is labeled 'b', suggesting a significant difference. HS consistently shows higher or equal values compared to CK across all parameters.]
Figure 2 | Changes in physiological indicators of P. aphrodite under different temperature treatments (6 days). CK, control group; HS, high temperature stress treatment; SOD, Superoxide dismutase; CAT, Catalase; POD, Peroxidase; APX, Ascorbate peroxidase; all values are expressed as mean ± standard deviation (n=5). Different lowercase letters indicate significant differences.




3.3 Effects of high temperature stress on the endophytic bacterial community in the root system of P. aphrodite

As shown in Figure 3A, at the genus level, Proteobacteria (67.7%), Firmicutes (13.2%), and Firmicutes (13.2%) were the top five endophytic bacteria in the root of P. aphrodite. Actinobacteria (9.9%), Acidobacteria (4.8%) and Chlamydiae (1.3%) accounted for a relatively small proportion of bacteria in other genera. Compared with CK, the relative abundance of Proteobacteria decreased by 7.1%, that of Firmicutes increased by 191.7%, that of Actinobacteria decreased by 47.3%, and that of Acidobacteria decreased by 25.5% under HS treatment. The relative abundance of Chlamydiae was increased by 77.3%.

[image: Panel A presents a stacked bar chart showing the distribution of various bacterial phyla across twelve samples, labeled HS-1 to CK-6. Panel B features a heatmap with hierarchical clustering of bacterial genera, highlighting differences in abundance between HS and CK groups, with a color gradient from brown to blue. Panel C shows a cladogram with bacterial taxa influenced by HS or CK groups, marked in blue or red, respectively, with an LDA threshold of two. Panel D is a graph depicting the LDA effect size for specific bacterial genera, grouped by phylum, comparing HS and CK conditions.]
Figure 3 |     Occallatibacter, Pseudonocardia, Conexibacter, Vermiphilaceae, Macrococccus RCP2_54Comparison of endophytic bacterial community structure in P. aphrodite roots under high temperature stress conditions. (A) Analysis of bacterial taxonomic composition. (B) Heat map of bacterial species composition. (C) Bacterial LEfSe analysis. (D) Bacterial MetagenomeSeq analysis chart. CK, control group; HS, high temperature stress; p: phylum, o: order, c: class, f: family, g: genus. The data for Figure 3A are shown in Supplementary Table S1.

Figure 3B shows that the abundance of Bacillus community was significantly increased under HS treatment compared with CK, while the abundance of Conexibacter, Chujaibacter, and Dyella was significantly decreased.

As shown in Figure 3C, under high temperature stress, P. aphrodite root endophytic bacteria, including Occallatibacter, Pseudonocardia, Conexibacter, Vermiphilaceae, Macrococccus, and RCP 2 _ 54, were significantly enriched at the genus level.

As shown in Figure 3D, at the phylum level, four phyla, Acidobacteria, Actinobacteria, Firmicutes and Proteobacteria, were significantly up-regulated under HS condition. At the genus level, the significantly up-regulated bacteria in Phalaenopsis roots under HS conditions were Acidipila, Occallatibacter, Bryobacter, Macrococcus, Reyranella and Pseudomonas.




3.4 Effects of high temperature stress on the endophytic fungal community in P. aphrodite root

From Figure 4A, at the genus level, the relative abundance of endophytic fungi in orchid roots is dominated by Ascomycota (96.3%) and Basidiomycota (3.4%). Among them, compared to CK, the relative abundance of Ascomycota increased by 4.6% under HS, while the relative abundance of Basidiomycota decreased by 80.8%.

[image: Four-panel image showing:  A: Bar chart displaying relative abundance of fungal groups across samples HS-1 to CK-6, with Ascomycota predominating in blue.  B: Heat map with hierarchical clustering showing fungal genera distribution by sample, with a color gradient from blue (highest abundance) to brown (lowest).  C: Stacked area chart illustrating fungal stratifications over samples HS-1 to CK-6, color-coded similar to panel A.  D: Circular dendrogram labeled "The current LDA threshold is too large," with branching nodes representing relationships within the fungal communities.]
Figure 4 |     Comparison of endophytic fungal community structure in orchid roots under high temperature stress conditions. (A) Taxonomic composition analysis of fungi. (B) Heat map of fungal species composition. (C) Species composition diagram of fungal metabolic pathways. (D) Fungal LEfSe analysis. CK, control group; HS, high temperature stress; p: phylum, o: order, c: class, f: family, g: genus. The data in Figures 4A, C are respectively shown in Supplementary Tables S2, S3.

From Figure 4B, compared to CK, under HS, the community abundance of Trichoderma, Blastobotrys, Kockovaella, Sarocladium, and Chaetomium significantly increased, while the abundance of Cyphellophora and Moesziomyces decreased significantly.

From Figure 4C, under HS, compared to CK, at the genus level in the species composition of metabolic pathways, the relative abundance of endophytic fungi in orchid roots shows that Talaromyces decreased by 26.7%, Trichoderma increased by 150.6%, Rhodotorula decreased by 88.8%, and Exophiala increased by 291.4%.

From Figure 4D, at all levels, no population enrichment of endophytes fungal community structure in P. aphrodite roots.




3.5 Relationship between root endophytic microorganisms and their physiological indicators and negative oxygen ions concentration

As shown in Figures 5A, B, the community of root endophytic bacteria and fungi of P. aphrodite is significantly correlated with physiological indicators and negative oxygen ions concentration. Among them, POD has the greatest impact on the correlation between root endophytic bacteria. And there was an extremely significant correlation between Soluble sugar and root endophytes. NAI is significantly positively correlated with the abundance of root endophytic bacterial communities such as Acetobacteraceae, Acidibacter, Chujaibacter, Acidisoma, and with the abundance of root endophytic fungal communities such as Exophiala, Rhodotorula and Hypocreales.

[image: Two scatter plots labeled A and B display RDA analysis, with RDA1 at 42.6 percent and RDA2 at 26.1 percent. Red and blue points represent different groups: CK (red circles) and HS (blue squares). Names of bacterial genera and biochemical factors are marked. Arrows indicate directions of relationships.]
Figure 5 | Redundancy analysis of physiological indicators and negative oxygen ions with root endophytic microbial community structure. (A) endophytic bacteria in roots; (B) endophytic fungi in roots. CK, control group; HS, high temperature stress treatment; NAI, Negative air ions; Chl a, Chlorophyll a; Chl b, Chlorophyll b; Chl a+b, Chlorophyll a+b; Pro, Proline; CAT, Catalase; POD, Peroxidase; APX, Ascorbate peroxidase.





4 Discussions



4.1 The impact of high temperature stress on the production of negative oxygen ions in P. aphrodite

The negative oxygen ions generating ability of P. aphrodite was significantly decreased under high temperature stress conditions. Under non-stress conditions, the highest concentration of negative oxygen ions typically occurs in the early evening (Li et al., 2022), which is consistent with the highest concentration of negative oxygen ions observed at 16:00 in this study. Previous research has shown that the intensity of photosynthesis in plants usually reaches its peak around 10:00 and then gradually decreases (Ma, 2022), which aligns with the phenomenon observed in this study that under HS conditions where the concentration of negative oxygen ions continuously rises before 12:00, peaks at 12:00, and then decreases. This indicates that the ability of plants to produce negative oxygen ions is influenced by the intensity of photosynthesis, increasing with higher photosynthetic activity. Shi et al. (2023) studied four forest parks in Beijing and found that as the environmental temperature rises, the concentration of negative oxygen ions in the air decreases. Additionally, due to various factors such as region, environment, and biology, there are differences in the concentration of negative oxygen ions at different times (Li et al., 2024).




4.2 The impact of high temperature stress on physiological indicators of P. aphrodite

High temperature stress affected the function of the osmoregulatory system of P. aphrodite, but the changes were not significant except for the significant increase of Pro content. The results of this experiment are consistent with Lee et al. (2021), indicating that high temperatures can induce stress responses in P. aphrodite. By enhancing the plant’s osmotic regulation capacity, reduce the reactive oxygen species content species to alleviate membrane oxidative damage, maintaining cell membrane permeability stability, the ability of P. aphrodite to resist high temperature stress could be enhanced. The dramatic changes in Pro content indicate that P. aphrodite plants are greatly affected by high temperature stress, and the physiological functions of the plants may be damaged.

High temperature stress activates the antioxidant system of P. aphrodite. Ko et al. (2020) found that under high temperature stress, the imbalance between the production and removal of reactive oxygen species leads to their excessive accumulation, which activates and increases the activity of POD and CAT, leading to its increased activity, which helps to maintain the stability of the plant body membrane system and thus resist the damage caused by high temperature stress. However, in this study, the activities of SOD and POD increased but not significantly, while the activities of CAT and APX decreased instead, which may be due to the high temperature of heat stress and destroyed the antioxidant system of P. aphrodite, thus leading to the abnormal performance of various antioxidant enzymes in P. aphrodite leaves (Chen, 2020). This indicates that P. aphrodite cannot adapt to the high temperature stress of 40°C.

Under high temperature stress conditions, the chlorophyll content of P. aphrodite increases and not significantly. Current research suggests that high temperature stress not only accelerates the degradation of chlorophyll but also inhibits its synthesis (Jiang et al., 2023), the results of this experiment are contrary to previous studies. It is speculated that the increased activity of POD in plants may play a reparative role, eliminating toxic substances accumulated under high temperature stress to ensure that P. aphrodite plants can maintain a relatively stable growth state under high temperature conditions (Wang, 1995; Zhang et al., 2017), thus leading to a slight increase in chlorophyll content in its leaves’ photosynthesis. As shown in Figure 5A, both POD content and chlorophyll content are positively correlated, so POD may have a role in promoting chlorophyll production.




4.3 Mechanism of changes in negative oxygen ions concentration under high temperature stress

The increase in chlorophyll content did not promote the production of more negative oxygen ions in P. aphrodite. On the contrary, under high temperature stress conditions, the concentration of negative oxygen ions produced by P. aphrodite was significantly lower than that of the control group and was not directly related to chlorophyll content (Figure 5). Previous studies have shown that chlorophyll is related to the photoelectric effect of plants and is an important natural photocatalyst for the production of negative oxygen ions in photosynthesis. A decrease in its content will reduce the photosynthetic capacity of plants, thereby weakening the ability of plants to produce negative oxygen ions. Research by Li et al. (2019) indicates that leaves generate negative oxygen ions through the photoelectric effect during photosynthesis, while plants release oxygen generated through photosynthesis into the air through stomata, providing a large amount of raw materials for the production of negative oxygen ions in the environment. Existing studies have found that high temperature stress has a strong inhibitory effect on the photosynthetic system function of plants, and PSII is the most sensitive part of the photosynthetic apparatus to high temperature stress. Therefore, it is speculated that high temperature stress leads to the destruction of the core protein components of PSII reaction centers in P. aphrodite seedlings, blocking the primary photosynthetic reactions, significantly reducing the efficiency of energy conversion, affecting electron transfer, and thus weakening the production of negative oxygen ions through the photoelectric effect of leaves. In addition, the inhibition of primary photosynthetic reactions may result in excess light energy, but plants may dissipate excess light energy through non-photochemical pathways, thereby alleviating damage from photooxidation to photosynthetic organs and chlorophyll, which may result in an increase in chlorophyll content. On the other hand, high temperature stress can induce stomatal closure in plants, reducing the concentration of oxygen released into the air through stomata, thereby reducing the raw materials needed for P. aphrodite to ionize the air and ultimately significantly reducing the production of negative oxygen ions.




4.4 The impact of high temperature stress on endophytic bacteria in the root system of P. aphrodite and its relationship with the physiological characteristics of P. aphrodite and the production of negative oxygen ions

The experimental results show that the abundances of the bacteria Bacillus, Proteobacteria, and Pseudomonas are significantly positively correlated with chlorophyll content. Bacillus significantly enriches under high temperature conditions, helping to maintain the internal microecological stability of the root of P. aphrodite (Lin et al., 2023). In addition, Proteobacteria and Pseudomonas both have roles in promoting the degradation and decomposition of straw and other materials in the soil (Leung et al., 2016; Fu et al., 2021; Zhang et al., 2022), which benefits P. aphrodite in absorbing mineral elements from soil, thereby synthesizing nutrients to produce chlorophyll, consistent with the slight increase in chlorophyll content observed in the results (Figure 3D). Moreover, redundancy analysis showed that chlorophyll content was positively related on the vertical axis, and thus the improvement of Proteobacteria and Pseudomonas richness may contribute to the improvement of chlorophyll content (Figure 5A).

The concentration of negative oxygen ions is positively correlated with the abundance of bacteria Acetobacteraceae, Pseudomonas, and Acidobacteria on the horizontal axis (Figure 5A). This may be due to the fact that some species of Acetobacteraceae have a photosynthesis-promoting effect (Mauro et al., 2023), which can help plants maintain the operation of the PSII reaction center, enhance photosynthesis and increase oxygen content, and ultimately benefit the photoelectric effect of ionizing oxygen to produce negative oxygen ions.




4.5 The impact of high temperature stress on the root endophytic fungi of P. aphrodite and its relationship with the physiological characteristics and the production of negative oxygen ions

High-temperature stress alters the structure of the endophytic fungal community in the root system of P. aphrodite. Compared to CK, under high-temperature stress, the abundance of Trichoderma and Blastobotrys communities increased. Trichoderma helps maintain soil health and is more conducive to the growth of P. aphrodite under high-temperature stress conditions (Shukla et al., 2022); Blastobotrys can effectively degrade cellulose (Boisramé and Neuvéglise, 2022), increasing the nutrient content available in the soil, which contributes to soil nutrient accumulation, meeting the nutrient supply requirements of P. aphrodite during stress, possibly related to the increase in their chlorophyll content. In addition, the abundance of the Talaromyces community decreased. Talaromyces has been shown to promote bioremediation (Assress et al., 2019), and the decrease in its abundance may not help P. aphrodite repair damage caused by high-temperature stress in adapting to high-temperature environments, reducing the ability of P. aphrodite to resist high-temperature stress. In this study, the abundance of Rhodotorula is positively correlated with the concentration of negative oxygen ions. Rhodotorula has antioxidant activity (Castañeda-Tamez et al., 2024), indicating that it may maintain membrane stability by clearing substances such as peroxides produced by P. aphrodite under high-temperature stress conditions, effectively alleviating PSII photoinhibition induced by high-temperature stress, and promoting the production of negative oxygen ions. However, due to the low abundance of Rhodotorula itself, its impact on the concentration of negative oxygen ions may be minimal.




4.6 Microorganisms mechanism of P. aphrodite regulating negative oxygen ions under high temperature stress

P. aphrodite resists high temperature stress through interactions with root endophytic microorganism. Root endophytic microorganisms can activate plant antioxidant enzymes, promote the synthesis of Pro, soluble sugars, and proteins in plants, enhance cellulose degradation to enrich the nutritional status of stressed plants, and help overcome high temperature stress (Shekhawat et al., 2022). We also found that endophytic bacteria in the roots play a dominant role in assisting plants in nutrient absorption, promoting soil organic matter decomposition, providing immunity against high temperature stress, and facilitating plant growth (Shaffique et al., 2022). Additionally, they indirectly enhance plant photosynthesis to increase the concentration of negative oxygen ions. In conclusion, root endophytic microorganisms play a crucial role in helping P. aphrodite cope with high temperature stress and maintaining its ability to release negative oxygen ions.




4.7 Mechanisms of P. aphrodite regulating negative oxygen ions release ability under high temperature stress

As shown in Figure 6, high temperature has a profound impact on P. aphrodite and the community structure of root endophytic microorganisms. High temperature stress alters the abundance of endophytic bacteria such as Acetobacteraceae, Pseudomonas, Bacillus, Enterobacteriaceae (Sabir et al., 2020), and endophytic fungi such as Rhodotorula, Talaromyces, and Blastobotrys in the roots of P. aphrodite, which may favor the increased levels of Pro and chlorophyll in the leaves of P. aphrodite. This in turn enhances the resistance of P. aphrodite to high temperature stress, promoting the generation of negative oxygen ions. High temperature stress directly affects the physiological functions of P. aphrodite, including the osmotic regulation system and antioxidant system, and it is worth noting that there has been a significant increase in Pro content. While due to the significant impact of high temperature stress on P. aphrodite plants and the damage to their physiological functions, the supportive role of changes in microbial community structure is insufficient to fully offset the damage caused by high temperature stress, leading to a significant decrease in the ability of P. aphrodite to produce negative oxygen ions.

[image: Diagram illustrating the impact of temperature on plant physiology and root microorganisms. At normal temperatures (25°C/20°C), root endophytic bacteria like Acetobacteraceae, Pseudomonas, and Bacillus promote photosynthesis, degradation, and nutrient absorption. Under high temperature stress (40°C/35°C), fungi such as Rhodotorula and Talaromyces provide antioxidant activity and plasma membrane stability. The diagram shows how these interactions influence plant resistance to heat and enhance negative oxygen ion production, stabilizing the root system environment.]
Figure 6 | Conceptual framework of microbial regulatory mechanisms in response to high temperature stress in P. aphrodite.





5 Conclusion

This study demonstrates that high temperature stress significantly reduces the ability of P. aphrodite to produce negative oxygen ions. Contrary to the common belief that higher chlorophyll content leads to stronger negative oxygen ions production, we speculate that high temperature stress disrupts the activity of PS II reaction centers, weakens plant photoelectric effects, and induces stomatal closure, reducing the oxygen content in the air, resulting in a significant decrease in negative oxygen ions production under high temperature stress conditions. Meanwhile, the Pro content significantly increases in the experiment, indicating a strong response of P. aphrodite to high temperature stress. Under high temperature stress conditions, the structure of the root endophytic microorganisms community in the roots undergoes significant changes, and the enrichment of beneficial microbial communities such as Enterobacteriaceae bacteria and Rhodotorula fungi helps increase Pro content, stabilize the endophytic environment of P. aphrodite roots, enhance the heat resistance of P. aphrodite, and their increased abundance contributes to the production of negative oxygen ions by P. aphrodite. However, the specific mechanism of their action requires further investigation.
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Aims

China is one of the countries in the world most seriously affected by typhoons, which pose a great threat to the eucalyptus plantation industry. However, few studies have comprehensively accounted for the impact of key traits on the wind damage/resistance of eucalyptus.





Methods

To identify the key factors affecting the wind resistance of eucalyptus, 20 eucalyptus genotypes were selected; a total of 18 traits, including the wind damage index, growth traits, and wood traits, were measured, and the wind resistance was determined via the tree-pulling test.





Results

Correlation, principal component, canonical correlation, and path analyses were performed to evaluate these traits. Correlation analysis revealed that the wind resistance of eucalyptus plants was related to the tree height, volume, and duration of stress wave propagation. Principal components and tree-pulling variables were further used for correlation and path analyses. Canonical correlation analysis and the PA-OV model showed that holocellulose and lignin contents and fiber width, as well as growth traits, were important factors affecting the stability of standing trees under typhoon conditions. The key traits influencing the wind resistance of Eucalyptus camaldulensis, which may provide a reference for evaluating the wind resistance of Eucalyptus varieties for forest management, were identified.





Conclusion

This study provides a knowledge base for forest management and planning in typhoon-prone coastal areas, and provides a theoretical basis for the breeding and genetically improving eucalyptus stocks based on wind resistance characteristics.
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1 Introduction

Wind is one of the most powerful environmental elements and a natural disturbance to forests (Mitchell, 2013). Wind can uproot, crack, split, or break tree trunks, branches, and limbs and thus cause serious damage to trees. Trees in many parts of the world die from wind damage every year, resulting in considerable economic and habitat losses (Quine et al., 1995; Schelhaas et al., 2003; Schütz et al., 2006). In the context of climate change, wind damage to trees and forests may become more frequent as the intensity of low-pressure systems outside or in tropical areas (hurricanes or typhoons) increases (Csilléry et al., 2017). Wind throws and snaps are the most common and serious wind disasters and not only threaten forest productivity but are also potential factors limiting tree height and forest carbon storage (Niklas, 2007; Bonnesoeur et al., 2016; Coomes et al., 2018). Therefore, it is necessary to understand the process of wind damage and its impacts on trees to reduce it for effective forest management.

The mechanical stability of trees, specifically the soil-root anchorage strength and stem strength, can be quantified under static loading by determining the maximum resistive turning moments at the stem and the base of the stem (Peltola et al., 2010). Insufficient soil-root anchorage causes tree failure by either uprooting or stem breakage (Nicoll and Ray, 1996). The influence of wind on trees and stands mainly depends on wind power and tree stability (Konôpka et al., 2016). If the wind exceeds the resistance of the trunk or root/soil systems, trees will break or become uprooted. The wind resistance of tree species is influenced by a combination of internal and external factors, including climate, topography, soil, standing wood characteristics, and forest management interventions (Nielsen, 1995; Ruel et al., 2000; Mitchell, 2013). For example, stand and site characteristics influence the wind resistance of stands (Peltola et al., 1999; Zubizarreta Gerendiain et al., 2016). The wind resistance of trees or stands also varies with age (Lekes and Dandul, 2000; Kuboyama et al., 2003). Tree diameter and species type significantly impact the probability of trunk breakage or uprooting in severe storms (Peterson, 2007; Nolet et al., 2012). Soil physical properties determine root morphology, overall size, and soil-root block (root ball) shape, which are the most important determinants of tree root anchoring in forests, and the interaction between roots and soil significantly affects tree trunk responses to wind (Nicoll et al., 2006; Waldron et al., 2013). As a complex tree structure system, the swing state of tree crowns under wind loading has a greater impact on tree trunks than does wind speed and direction (Spatz et al., 2007). Wood properties are also important factors influencing the wind resistance of trees (Putz et al., 1983; Xu et al., 2014). The wood density and the physical and mechanical properties of trunks influence the response of trees to wind loading (Gardiner et al., 2008). Trees with a high wood base density and low microfibril angle (MFA) showed greater wind resistance (Huang et al., 2017; Zanuncio et al., 2017). A high basic density of wood results in a greater mass of wood material per unit volume and confers stronger crushing resistance (Niklas and Spatz, 2012). However, Read et al (Read et al., 2011). reported that reducing wood density does not necessarily reduce wind resistance, which is affected by other characteristics, including cell-level characteristics such as the microfibril angle of the wood cell. Wind and trees have complex interactions that are influenced by several factors. Virot et al. (2016) argued that a wind speed of approximately 42 m/s can break over 50% of all trees in a forest, regardless of their characteristics. Therefore, the key traits/factors influencing the resistance of trees to wind damage for implementing effective forestry production and management strategies remain to be identified.

Eucalyptus is an important tree species in forest plantations and management in southern China due to its rapid growth, high yield, short rotation, and high economic value (Qi, 2002; Grattapaglia, 2008; Arnold et al., 2013; Xie et al., 2017). Tropical cyclones in the western North Pacific Ocean affect the coastal areas of southern China. Typhoons, strong storms that form in the Pacific, are frequent in the summer and greatly impact forestry in China’s coastal areas (Sun et al., 2010; Hong et al., 2012). It is important to assess the vulnerability of large-scale eucalyptus plantations to climate change (Booth, 2013). In particular, the damage caused by typhoons can restrict the production of eucalyptus wood (Braz et al., 2014; Boschetti et al., 2015). Wind can bend or break trees, reducing wood production and affecting the wood supply chain. In bent trees, apical dominance is reduced (Panshin and Zeeuw, 1981), while tree breakage increases production costs and efficiency, necessitating the cultivation of new small-diameter trees (Spinelli et al., 2009). Several studies conducted in China have indicated that wind damage predominantly occurs in 1- to 3-year-old eucalyptus plantations (Zhu, 2006; Ni et al., 2021). Similarly, in Brazil, wind was reported to cause damage to eucalyptus plantations primarily between 24 and 36 months after planting (Zanuncio et al., 2017). These findings highlight the vulnerability of young eucalyptus trees to wind-related damage. In recent years, few studies have investigated the wind resistance mechanism of eucalyptus plants at the individual tree level, especially the occurrence of stem breakage. Therefore, it is essential to investigate the resistance of eucalyptus plants to stem breakage during its early growth stages. In this study, to identify the key traits affecting the wind resistance of eucalyptus plants affected by stem/branch breakage, 20 genotypes of E. camaldulensis were selected, and the traits linked to the ability of the trees to withstand winds were evaluated via a new wind damage detection method. This study explains the factors that contribute to wind damage to eucalyptus trees, and the findings provide insights into reducing the risks in the management of commercial forests in coastal areas.




2 Materials and methods



2.1 Experimental materials

Sixty genotypes were collected from 40-month-old, open-pollinated progeny trials of E. camaldulensis at the South China Experiment Nursery (21.263°N, 110.098°E), located in Suixi, Zhanjiang, Guangdong Province, China. The experimental trial was planted in August 2012, with a row spacing of 2 m × 3 m, and laid out in a randomized complete block design (RCBD) with four replicates/blocks. Since planting, the experimental forest stand has been affected by five typhoons (Appendix A). After the fifth typhoon, 20 typical half-sib progenies (families), with three replicates per family, were selected for the tree-pulling test. Detailed information is provided in Table 1.

Table 1 | Origin and code of the tested varieties of E. camaldulensis according to Shang et al. (2019).


[image: Table listing 20 seedlot examples with columns for family name, source, location, type, latitude, longitude, altitude, and mean annual rainfall. The data includes entries from India and Australia. Most Indian seedlots lack specific geographic data. Australian seedlots detail coordinates, altitudes, and rainfall. Footnotes explain categories and data uncertainty.]



2.2 Measurement indices and methods

The growth traits of the forest stands, including tree height (H), diameter at breast height (DBH), and bark thickness (BT), were measured using a Vertex IV instrument (Haglof, Sweden), measuring tape, and Vernier caliper, respectively, and calculate the volume(VOL). A piece of bark approximately 2-4 cm in height at a height of 1.3 m was removed with a knife to measure the BT. The wind damage index (WD) was measured after the “rainbow typhoon” in October 2015 according to Wang et al (Wang et al., 2014), and post-event damage could be assessed subjectively using the following criteria: a score of 0 indicates a healthy tree with no obvious trunk inclination, a score of 1 denotes low damage, and the distance between trunk inclination and the vertical line was less than 30 degrees; a score of 2 signifies low to moderate damage, with the angle between trunk inclination and the vertical line being 30° to 60°; a score of 3 indicates moderate damage, with the angle of 60° to 90° between trunk inclination and the vertical line; a score of 4 denotes great damage, along with trunk lodging or uprooting; a score of 5 signifies serious damage, and the tree trunk or treetop was damaged or broken.

Pilodyn is a non-destructive testing instrument used to indirectly determine wood density. It can be used to effectively and indirectly evaluate wood properties such as strength and density (Luan et al., 2011). Pilodyn (Pilodyn penetration; PN) was measured with a Pilodyn 6J Forest device (Proceq Switzerland), with a pin diameter of 2.5 mm at the height of the living tree’s chest in the north−south direction. The living tree was not peeled, and data were obtained from both the south and north directions, followed by the calculation of the average of the two directions. The stress wave velocity of wood is directly related to its physical and mechanical properties, which can be determined by measuring the propagation time (T) of the stress wave or stress wave velocity. The time of stress wave propagation (FP) in standing trees was measured using FAKOPP 2D (FAKOPP Enterprise Bt, Hungary). The two probes were fixed on the trunk at an axial interval of 1.2 m, the coaxial connection cable (connector) was connected to the sensor, and then one of the probes was hit with a hammer; the time of the stress wave propagation through the other probe was displayed on the screen, and the average value of 5 replications was taken.

The wood core samples were used to determine the fiber morphological characteristics in the north−south direction at a height of 1.3 m for each tree using a tree growth cone developed by Haglof, Sweden, with an inner diameter of 4.3 mm. The wood core sample (3-5 g) was soaked in a 1:1 solution of H2O2:CH3COOH at 65°C for 10 h. A disperser was used to thoroughly disperse the solution for approximately 10 min, and the solution was then filtered through a 150-mesh detergent bag. Thereafter, a small amount of softened pulp was taken and put into a standard disperser containing high-purity water. The solution was manually stirred to disperse the pulp fibers evenly. An appropriate volume of the dispersed solution was taken for the test and poured into a special plastic measuring cup, followed by setting the count of measured fibers to 5000. According to the operating procedures of the LDA 02 Hi-Res Fiber Quality Analyzer (OPTEST, Canada), the fiber length (FL) and fiber width (FW) were measured, based on which the ratio of fiber length to fiber width (FLW) was calculated.

After completing the growth and non-destructive measurement of tree properties, 60 experimental trees were subjected to the tree-pulling test using the PiCUS TreeQinetic system (Argus electronic, Rostock, Germany) to simulate wind damage. Based on our tree-pulling tests, due to the softness of the wood of 40-month-old eucalyptus trees, pulling the tree from a greater height decreased only the proportions of the top part of the standing tree without causing significant trunk tilting or breakage. To assess the tensile capacity of standing trees to achieve a significant effect in the tree-pulling test, a tree height of 4 m was selected as an anchor point according to previous studies (Zanuncio et al., 2017; Krišāns et al., 2022) (Figure 1). Then, an elastomer and inclinometer were used to measure the elastic deformation and trunk inclination angle, respectively, at a height of 2 m. Simultaneously, the pulling force of the cable was recorded. When the trunk tilted 30 degrees at 4 m, the measurements of elastic deformation and inclination angle were recorded. The cable length from the pulling point to the anchor point and the horizontal distance between the base of the tested tree and the anchor point were also recorded. The recorded parameters of the tree-pulling test included the pulling force (Yforce), which is the tension measured using a force meter; X1, the deformation degree of the trunk (µm) measured using an elastomer; X2, the inclination angle of the trunk perpendicular to the pulling direction (°) measured by the inclinometer; and X3, the trunk inclination angle along the pulling direction (°).

[image: Diagram depicting a tree stability assessment setup. A tree is monitored with an elastometer and an inclination meter at 4 meters height. A cable extends from the tree to a winch anchored at another tree, with a force meter (measuring force in newtons) connected along the cable. Measurements include X1 (distance), X2 and X3 (angle degrees), and Y (force).]
Figure 1 | Schematic diagram of the simulation of wind damage to trees.

After performing the tree-pulling test, the sample trees were cut down. Following the felling of the sample wood, logs within the range of 1.3-3.3 and 5.3-7.3 m in trunk height were selected for the assessment of the wood’s physical and mechanical properties. When the wood moisture content reached approximately 12%, logs from the sample trees were prepared for the determination of the physical and mechanical properties of the wood according to Chinese national standard GB/T 1930∼1941–2009; Methods for Sawing and Sampling of Physical and Mechanical Test Pieces of Wood. Wood basic density (WBD) was measured by the drainage method according to the national standard “Method for Determination of Wood Density” (GB/T 1933-2009). The specimen dimensions were 20 mm × 20 mm × 20 mm (in parallel), and distilled water was added 1-2 cm above the sample surface. The sample was soaked to saturation, and the volume of each sample was measured based on the saturated water content; thereafter, the sample was placed in an oven at 103 ± 2°C until it was completely dry, and each sample was weighed. The bending strength (MOR) of the samples from different genotypes was determined according to the “Method of Testing in Bending Strength of Wood” (GB/T1936.1-2009). The specimen dimensions were 20 mm (radial) × 20 mm (chord) × 300 mm (longitudinal). The operation procedure was as follows: first, the specimen was symmetrically mounted on the two supports in the mechanical test machine, with a distance of 240 mm between the supports. In the central loading test of the specimen, the load was applied uniformly along the radial direction in the middle of the specimen at a loading speed of 10 mm/min. The bending modulus of elasticity (MOE) was determined according to the “Method for determination of the modulus of elasticity in static bending of wood” (GB/T1936.2-2009). The shear strength parallel to the grain (SSG) was determined by the “Method of testing in shearing strength parallel to the grain of the wood” (GB/T 1937-2009). The compressive strength parallel to the grain (CP) was determined by the “method of testing in compressive strength parallel to the grain of the wood” (GB/T 1935-2009). The MOR, MOE, SSG, and CP were measured with an Instron 5582 universal testing machine (Instron Corporation, USA).

The cellulose content (CC) was determined via iodometric titration of potassium dichromate. The sample was powdered (0.05-0.06 g) and placed into a centrifuge tube containing a mixture of 5 mL nitric acid and acetic acid, which was then boiled for 25 min. After the centrifugation of the mixture, 8 mL of sulfuric acid and 10 mL of 0.5-N potassium dichromate solution were added to dissolve the precipitate, and the solution was placed in a boiling water bath for 10 min. After cooling, 3 drops of ferrous reagent were added and titrated with 0.1-N Mohr’s salt solution. The hemicellulose content (HC) was measured using a combination of hydrochloric acid hydrolysis and the dinitro salicylic acid (DNS) method. Approximately 0.1-0.2 g of sample powder was taken into a beaker, and 15 mL of the 80% calcium nitrate solution was added; the mixture was then heated for 5 min, allowed to cool, and centrifuged. Thereafter, 10 mL of a 2 N hydrochloric acid solution was added to boiling water and heated for 45 min to completely hydrolyze hemicellulose, followed by centrifugation, the addition of phenolphthalein, and neutralization with a 2 N sodium hydroxide solution until the solution turned orange−red. Finally, 10 mL of the basic copper reagent was added, and the mixture was stirred and heated for 15 min. Then, 5 mL of the oxalate-sulfuric acid mixture and 0.5 mL of 5% starch were added, and the mixture was titrated with 0.01-N sodium thiosulfate solution. The Klason method was used to calculate the lignin content (LC). Approximately 0.05-0.1 g of the sample powder was taken into a centrifuge tube, soaked and washed in 10 mL of 1% acetic acid, and centrifuged. The mixture was then soaked in 3-4 mL of acetone for 3 min, allowed to precipitate and dry in boiling water, 3 mL of 73% sulfuric acid was added, and the mixture was allowed to stand for 16 h and then placed in boiling water for 5 min. After cooling, 0.5 mL of the 10% barium chloride solution was added and centrifuged, and finally, 10 mL of 0.5-N potassium dichromate solution and 8 mL of sulfuric acid were added and titrated with 0.1-N Mohr’s salt solution using ferro-methyl reagent as an external indicator. The procedure for each sample was repeated three times, and then, the average values were taken. The detailed operating instructions are provided by (Liang et al., 2020; Lu, 2022).




2.3 Statistical data analysis

Microsoft Excel 2010 (V2020-L.1207, CMGE, Beijing, China, 2021) was used for collection, collation, and preliminary data analysis. R Statistical Software (v 4.1.2, R Core Team, Vienna, Austria, 2021) and RStudio (v 1.1.463, RStudio Team, Vienna, Austria, 2021) were used to perform correlation analysis, principal component analysis (PCA), and canonical correlation analysis (CCA) of the data. Since data are a means of collecting measurements, standardized values were used for PCA and path analysis to reduce the dimensionality of different datasets.





3 Results



3.1 Analysis of standing tree traits

The analysis of variance (ANOVA) results showed that there were differences in various traits among different families (Figure 2; Table 2). However, there were no significant differences in H, DBH, VOL, BT, FLW, or PN (P>0.05), while the differences in WBD were significant (P<0.05). Highly significant differences (P < 0.01) were detected in WD, MOR, MOE, SSG, CP, LC, HC, CC, FL, FW, and FP. The coefficient of variation (CV) for each trait varied among the different families. The coefficient of variation for WD was 81.60%, indicating a strong variation, and V, BT, and H also exhibited high coefficients of variation, all of which were greater than 30%. The CVs for traits related to fiber morphology (FL, FW, and FLW) and chemical composition (CC, HC, and LC) were less than 10%. The coefficients of variation for the physical and mechanical indicators (MOR, MOE, SSG, and CP) ranged from 5.60% to 20.02%.

[image: Bar chart showing the coefficient of variation (%) for various traits. WD has the highest variation around 80%, followed by VOL at 37.6%. H, DBH, BT, FLW, and PN show moderate variation. Other traits like MOR, MOE, SSG, CP, LC, HC, CC, and FP have little to no variation, with values close to 0%. Each bar is labeled with its numerical coefficient above.]
Figure 2 | Coefficient of variation (CV) and analysis of variance (ANOVA) for different traits among different families: The height of each column represents the coefficient of variation for each trait, while the values on the column indicate the P value obtained from the ANOVA test for each trait.

Table 2 | Result of the growth, wood properties and wind damage index among different families.


[image: A detailed chart listing various properties across 19 different families labeled from C04 to CA28. Columns include family, WD, H(m), DBH (cm), VOL (m³)/1000, BT (cm), MOR (Mpa), MOE (Mpa), SSG (Mpa), CP (Mpa), WDB (g/cm³), LC (%), HC (%), CC (%), FL (mm), FW (µm), FLW, FP (s), and PN (mm), with various numerical data provided for each.]



3.2 Correlation analysis of each trait

The correlation matrix shows that the clustering was based on the degree of correlation between different traits (Figure 3). Growth traits such as H, DBH, VOL, and BT were clustered in one group, while non-destructive testing properties, including FP and PN, were clustered in one group, and physical and mechanical properties such as MOE, SSR, and CP formed one cluster; fiber morphological variables and contents of cell wall components (LC, HC, CC, and FL), as well as other wood properties, including FW and FLW, were in one cluster. There was a strong correlation among the variables within the same category. For example, the correlation coefficient between wood properties was significant and greater than 0.6. Similar trends were observed for the non-destructive testing properties of the wood and wood fiber properties WD, which showed a very strong correlation with H, VOL, and PN.

[image: A correlation matrix displays the relationships between different variables with color-coded ellipses. Blue ellipses indicate negative correlations, while red ellipses indicate positive correlations. The color intensity reflects the strength of the correlation, with deeper colors showing stronger correlations. Cells with asterisks denote statistically significant correlations at p ≤ 0.05. A color scale on the side represents correlation values from negative one (blue) to positive one (red).]
Figure 3 | The correlation matrix between traits: The value in each cell in the figure represents the correlation coefficient between two traits. The higher the relative value of the correlation coefficient is, the darker the color. Red indicates a positive correlation, while purple denotes a negative correlation. * indicate significant difference at 0.05.




3.3 Principal component analysis of traits

According to the PCA of 17 traits except for WD (Figure 4), the contribution rates of the first five principal components (PCs) were 33.457%, 16.088%, 12.446%, 10.812%, and 7.427%, respectively, with a cumulative contribution rate of 80.230%. The five PCs explained more than 80% of the total variation, and therefore, the 17 investigated traits were divided into five new independent sets of comprehensive indices. PC1 had a strong positive correlation with the MOE, MOR, WBD, CP, and SSG, which mainly reflected the physical and mechanical properties of the standing wood, with an eigenvalue of 5.688. PC2 had the strongest positive correlation with VOL, DBH, BT, and H, which mainly reflected the growth status of the standing wood, with an eigenvalue of 2.735. PC3 had a strong correlation with CC and FL, with an eigenvalue of 2.116. PC4, however, was positively correlated with HC, FW, LC, and FL, which are the main traits of wood fiber. PC5 was closely correlated with FLW and LC, which are also wood fiber variables. PC3, PC4, and PC5 were mainly related to the chemical composition and fiber morphological traits of the standing wood.

[image: Horizontal bar chart displaying principal component analysis (PCA) results for various traits across five principal components (PC1 to PC5). Each bar represents a trait's contribution to the component, with values indicated. The bars are color-coded based on a scale from positive (red) to negative (green) values. Explained variance (EV) and cumulative ratio (CR) are shown above each component, highlighting PC1 with the highest variance at 33.457%. Traits include H, DBH, VOL, and others, with contributions varying across components.]
Figure 4 | Eigenvectors and percentages of the accumulated contribution of principal components (PCs); CR, Contribution rate (%) and EV, Eigenvalue.




3.4 Tree-pulling test of standing trees

The wind damage indices of 60 standing trees were obtained by simulating wind damage via a tree-pulling test. Taking C033 as an object, the tensile force of upright trees was determined when the standing tree was pulled and then released during the whole period of the tree-pulling test (Figure 5). Since the tested trunk was a bioelastic body and wind disturbance to the crown occurred, the tree experienced a certain level of vibration, leading to a narrow range of variation in the pulling force. In general, the increase in the pulling force showed a linear relationship with the elastic deformation (X1) and inclination angle (X2 and X3) of the trunk.

[image: Scatter plot showing Yforce in kilonewtons against record number. The data points form a fluctuating pattern, initially rising steeply around record number 500, then stabilizing between 1.0 and 0.6 kilonewtons before descending sharply after record number 4000.]
Figure 5 | The tension of standing trees of the C033 family of eucalyptus camaldulensis during the tree-pulling test.

The variables were obtained using a tree-pulling test, and their fitted models were developed using DataFit 9.0 (Oakdale Engineering, Oakdale, PA). The datasets Yforce, X1, X2, and X3 obtained from the tree-pulling tests for each plant, exceed 4,000, as depicted in Figure 1 (CO33). Regression equations were developed using the datasets X1, X2, and X3, corresponding to over 12,000 Yforces from various pulling conditions. A significant correlation was observed between Yforce and X1, X2, and X3 (Table 3). Therefore, the fitting regression equation can be established with Yforce, X1, X2, and X3 as follows: y = aX1 + bX2 + cX3 + d. The R2 values of the regression equations for E. camaldulensis ranged from 0.6371 to 0.9673 and reached highly significant levels (P < 0.01) for all fitting equations. These results showed that the equations could accurately reflect the dynamic relationship between Yforce and X1, X2, and X3. The greater the coefficient for the fitting equation (“a”), the greater the Yforce of standing trees at the same deformation degree. The greater the coefficient for the fitting equation (“b”), the greater the pulling Yforce at the same vertical inclination angle of the standing stand and under the same pulling force direction. Furthermore, the larger the value of parameter “c” of the fitting equation is, the greater the pulling force of the standing tree at the inclination angle under the same pulling force direction.

Table 3 | The regression equations and regression statistics of pull trees and three factors in the pull tree simulation wind damage tree test.


[image: A table displays regression analysis data for various families with columns for Family, Fitted Equation, coefficients a, b, c, d, Residual Error, R-squared values, Degrees of Freedom (DF), Sum of Squares (SS), Mean Squares (MS), and F values. Each row corresponds to a family with specific values for these parameters, illustrating the results of the fitted equations.]
Y represents the pulling force in a fitting equation (N), whereas X1 indicates the degree of deformation of the tree in a fitting equation (cm); X2 denotes the standing and pulling direction perpendicular to the tilt angle of trees measured by the inclinometer (°), while X3 represents the tensile force in the direction of the tilt angle of trees measured by the inclinometer (°).




3.5 Canonical correlation analysis

Among the 13 wood traits, only FP was related to wind resistance, and thus, the correlation analysis between single-factor variables could not reveal the real cause of wind resistance in the forest. Canonical correlation analysis (CCA) was performed between the first five principal components (PC1-PC5) obtained from the PCA of traits related to wind resistance and the four variables, Yforce, X1, X2, and X3, obtained from wind damage simulated by the tree-pulling test to identify the key traits affecting the wind resistance of trees. As shown in Table 4, the first two canonical correlation coefficients were 0.9547 and 0.9012, respectively, and were strongly correlated at highly significant levels (P < 0.01). The first two pairs of canonical covariates were used to examine the relationship between the set of variables of the standing tree in the tree-pulling test (Figure 6). For eucalyptus variables, the first covariate (U1) in set 1 of the data was strongly affected by PC2 (-0.7820) and PC4 (0.4747), and the second covariate U2 was similarly strongly affected by PC4 (-0.6311) and PC2 (-0.5936). The coefficients of the first group of typical variables mainly reflected the positive correlation between PC2 and X1 and the negative correlation between PC2 and X3, while the coefficients of the second group of typical variables mainly reflected the positive correlation between PC4 and X1 and X3. Therefore, PC2 and PC4 were the main factors affecting the wind resistance of eucalyptus.

Table 4 | Statistical analysis of the canonical correlations.


[image: Table showing statistical data for four dimensions. Columns include Correlation Coefficient, Wilk's, F, Chi-square Value, Df, and P Value. Dimension 1 has the highest correlation coefficient of 0.9547 and a P value of 5.7641 times 10 to the negative sixth power. Dimension 4 has the lowest correlation coefficient of 0.0883 and a P value of 0.9467.]
[image: Side-by-side bar charts showing two sets of data, Set1 and Set2, with covariates cov1 and cov2. Set1 uses shapes to represent U1 to U4 across PC1 to PC5, showing various positive and negative values. Set2 uses different shapes for V1 to V4 across variables X1, X2, X3, and Yforce, also displaying diverse values. Each chart includes a color and shape legend for data identification.]
Figure 6 | Principal components (PCs) of eucalyptus traits and coefficients for canonical variables in the tree-pulling test based on canonical correlation analysis.




3.6 Estimated path analysis using the PA-OV model

The first five PCs (PC1-PC5) and four variables, Yforce, X1, X2, and X3, were obtained when the maximum Yforce value in the tree-pulling test was used to perform the path analysis using the traditional PA-OV model. In Model 1 (Figure 7), the measurement indicator variables (FC1 to FC5) were obtained through PCA, and there was no correlation between them. However, a correlation between the residual terms of the variables X1, X2, X3, and Yforce was obtained from the tree-pulling experiment. The maximum absolute value of the correlation coefficient was -0.457, obtained from the correlation between X1 and Yforce, which indicated that these two variables were related but not significantly related (P = 0.070). Based on their absolute value (influence on X1), PC1-PC5 were ranked in the order of PC4 > PC2 > PC3 > PC5 > PC1, whereas based on their effect on X2, they followed the order of PC4 > PC1 > PC2 > PC5 > PC3. On X3, however, the order of PC2 > PC1 > PC3 > PC4 > PC5 was observed, and they were in the order of PC4 > PC3 > PC5 > PC2 > PC1 based on their effect on Yforce. The paths PC4 → X1 (P = 0.048), PC4 → X2 (P = 0.002), PC1 → X2 (P = 0.013), and PC2 →X3 (P < 0.001) showed significant differences. PC4 was the most important factor driving the stability of standing trees, followed by PC2.

[image: A path diagram showing the relationships between Principal Components (PC1 to PC5) and variables X1, X2, X3, and Yforce. Arrows indicate the influence with specified weights. Additional connections involve error terms e1 to e4 linked to each variable and weighted connections between errors.]
Figure 7 | Path analysis with observed variables (Model 1).

Considering the causal relationship between the model variables, the path diagram of Model 2 was modified from that of Model 1 (Figure 8), which could significantly increase the explained variance of the four variables of the tree-pulling experiment. The R2 values of X1 and Yforce increased from 0.302 (model 1) to 0.410 (model 2) and from 0.295 (model 1) to 0.614 (model 2), respectively. In Model 2, based on their effect on X1, the PCs were ranked as follows: PC4 > PC1 > PC3 = PC5 > PC2, whereas based on their effect on X2, they were ranked as PC4 > PC1 > PC2 > PC5 > PC3. On X3, the order of PC2 > PC1 > PC3 > PC4 > PC5 was obtained, while based on the effect on Yforce, the order was PC4 > PC3 > PC5 > PC1 > PC2. Therefore, PC4 was the most important factor affecting the stability of standing trees.

[image: Path diagram illustrating relationships between five principal components (PC1-PC5) and four variables (X1, X2, X3, Yforce) with corresponding error terms (e1-e4). Arrows indicate direction and are labeled with numerical values representing path coefficients.]
Figure 8 | Path analysis with observed variables (Model 2).





4 Discussion

The risk of wind damage to forests intensifies with the ever-changing climate (Lindner et al., 2010; Haarsma et al., 2013; Csilléry et al., 2017). To effectively reduce the risk of wind damage to plantation forests, it is necessary to identify the key factors that affect the susceptibility of trees/stands to wind damage (Nolet et al., 2012). In our study, 60 trees from 20 3-year-old E. camaldulensis families were selected, and their growth traits, wood density, non-destructive traits of wood, fiber morphological traits and chemical compositions, and wood properties were evaluated.

The results showed that the growth traits, wood properties, and wind damage indices of the 20 E. camaldulensis genotypes varied, which is consistent with the results of previous studies (Wang et al., 2014; Shang et al., 2017). The tested families showed a greater coefficient of variation, making it possible to select better genotypes with optimal growth performance and high wind resistance. Correlation analysis revealed a strong correlation between the same type of trait and a certain degree of correlation between different sets of traits. Strong correlations were observed between WD and H and between VOL and FP, which is consistent with the results of previous studies. The trunk size of trees is an important factor affecting the susceptibility of trees to wind damage (Niklas and Spatz, 2012). Tree height (H) is an important factor affecting the wind resistance of Eucalyptus clones (Zhu, 2006; Wang et al., 2019). However, the wind resistance of some tree species was positively correlated with H, while that of others was negatively correlated, which may be related to both the characteristics of tree species and forest age. The FP can reflect the basic density and modulus of elasticity of wood to a certain extent (Ross and Pellerin, 1991) and plays a very important role in tree resistance to wind damage (Niklas and Spatz, 2012). Both FP and WBD had the greatest effect on the wind resistance of Casuarina and Acacia sinensis in coastal shelterbelts (Wu et al., 2010). In the protected forests of Hainan Province, the higher the FP value is, the greater the elastic modulus of the wood, which contributes to the hardness of the wood and results in an optimum wind resistance performance (Hao and Cao, 2021).

The proper selection of methodology is a crucial component of this research (Davis and Cosenza, 1996; Stevens, 2002). The most critical cause of wind damage remains difficult to identify (Kamimura and Shiraishi, 2007) since the traits of standing trees are not independent of each other, and the wind resistance of trees is a complex trait. Correlation analysis revealed that the main traits affecting the wind resistance of E. camaldulensis were growth traits (H and V), but wood properties also play important roles in providing resistance to wind damage in trees (Putz et al., 1983; Wu et al., 2010; Xu et al., 2014; Shang et al., 2017). Hence, it is necessary to use a wide range of statistical methods to identify the driving factors. Principal component analysis (PCA) can effectively aggregate data, simplify complexity, and reduce the number of indices to a single index to compensate for the deficit of one dimension in evaluating the susceptibility of trees to wind damage (Jolliffe and Cadima, 2016). PCA of 17 traits apart from WD was further performed and yielded five new independent principal components (PC1-PC5). The static load test is currently the most advanced method for assessing tree stability. Static tree-pulling tests have been performed on open-growth urban trees to measure the force required to pull the trees to the point of failure (James et al., 2006; Peltola, 2006), evaluate the effects of root loss on the short-term stability of trees (Smiley et al., 2014), and estimate the overall stability of trees in tree risk assessments (Brudi and van Wassenaer, 2002; James et al., 2013; Sebera et al., 2014). The tree-pulling test was used to evaluate wind loads and their impacts on tree stability (Zanuncio et al., 2017; Krišāns et al., 2022), which facilitates the understanding of how various trees respond to wind. To better identify the key factors affecting the wind resistance of eucalyptus trees, we used PC1-PC5 obtained from PCA as one set of variables and X1, X2, X3, and Yforce obtained from the tree-pulling experiments as another set of variables for performing CCA and path analysis. The results of the effect analysis on tree-pulling variables showed that PC4, comprising HC, LC, and FW, was the main factor affecting the X1 and Yforce of trunk deformation and the most important complex trait affecting the stability of standing trees.

The plant cell wall is composed of cellulose, hemicellulose, lignin, polysaccharides, and proteins, which form a strong network of filaments, providing mechanical support for cells, tissues, and the whole plant (Gilbert, 2010), which can reflect the ability of the plant to resist lodging to a certain extent (Hagiwara et al., 1999). Cellulose, as the main component of the cell wall, significantly promotes the regulation of the mechanical strength of the stem, while lignin, in addition to having the same role, can determine the strength of the cell wall and the lodging resistance of the stem (Lewis and Yamamoto, 1990; Turner and Somerville, 1997). When stem/branch fracture occurs, the tensile stress caused by compression or a bending moment is greater than the resistance of the wood fiber (Gardiner et al., 2008); thus, tree trunk breakage can occur (Peltola et al., 1997). In our study, the key traits, including FW, HC, and LC, influencing wind resistance reflected the fiber morphology and cell wall composition, which is consistent with previous results corresponding to the lodging resistance of crops. An increase in cellulose content significantly improved the mechanical strength of the stem and increased the lodging resistance of wheat, rice, and soybean plants (Yang et al., 2009; Fan et al., 2012; Deng et al., 2016). Lodging resistance in crops is directly proportional to the mechanical strength of stem cell walls (Jones et al., 2001; Baucher et al., 2003), which can be improved through lignin accumulation in the cell wall (Ookawa and Ishihara, 1992; Buranov and Mazza, 2008; Li et al., 2015).

Wood fiber structure is one of the important parameters that affect wood properties. Tree species with strong wind resistance have the characteristics of high toughness, impact resistance, dense fiber, and low proportion of axial parenchyma. Researches on the physical properties of different tree species showed that wood fiber width and elastic modulus were the two most important indicators affecting the total wind damage rate, among which wood fiber width was the primary factor affecting the wind resistance ability of trees. The main impact factors vary with the wind damage grade of trees (Xu et al., 2014). The wind-resistant and weak-wind resistant strains of rubber trees have different characteristics in fiber anatomy. Wood of wind-resistant species has the characteristics of short fiber, thin wall and wide cavity, large number and uniform distribution of glial fibers (Zheng et al., 2003). The breaking rate and wind damage level of rubber trees were significantly correlated with fiber width (Zhang et al., 2020). The study results of wind damage of 50 E. camaldulensis families indicated that wind resistance ability was related to fiber width (Shang et al., 2017). The wind resistance of the F1 hybrid of E. urophylla × E. grandis was significantly correlated with FW and HC (Shen et al., 2020). The morphological characteristics of fibers varied significantly between and within trees and could be genetically controlled or changed by using different afforestation methods (Zobel and Van buijtenen, 1989). High lignin endows cell walls hardness and stiffness. The higher the mechanical compressive strength of wood, the higher the lignin content and the stronger its brittleness. On the other hand, the tensile strength, fracture strength, and impact strength will all decrease with the increase of lignin content (Pettersen, 1984; Zobel and Van buijtenen, 1989). Therefore, other wood properties changes should be pay attention to when the genetic improvement of wind resistance of Eucalyptus was carried out. Our results showed that although the trial forest suffered three typhoons at a wind speed greater than 42 m/s, Eucalyptus camaldulensis stands/trees that were 1-5 years old did not break or become uprooted, which is consistent with the findings of Virot et al. (2016). To minimize the loss of forests caused by wind damage, eucalyptus species or genotypes with high cellulose and lignin contents may be selected and targeted for developing forest production and management strategies in typhoon-prone areas. The findings of numerous research studies suggest that wind resistance is a result of multiple wood characteristics functioning together (Gindl et al., 2004; Borrega and Gibson, 2015; Zanuncio et al., 2017). However, further research is required to verify whether our findings are applicable to other tree species.

The primary trend in genetic improvement for eucalyptus trees encompasses the enhancement of rapid growth, high quality, and stress resistance. Eucalyptus plantations in the coastal regions of South China are susceptible to substantial losses due to typhoons. It is crucial to investigate the factors influencing the wind resistance of eucalyptus trees. In this study, the traits considered to influence wind resistance include only growth and material traits. Wind resistance in trees represents a comprehensive attribute, necessitating the consideration of factors such as site conditions, wind strength, wind duration, and planting density in practical applications. Future breeding efforts may focus on targeted genetic enhancement for wind resistance in eucalyptus trees. Additionally, corresponding control measures may be implemented in advance in future eucalyptus afforestation efforts to effectively mitigate the impact of wind damage in coastal areas.




5 Conclusion

Eucalyptus has high levels of heterozygosity, and many important traits, such as growth and wood properties, are quantitative and controlled by multiple genes. The wind resistance of trees is affected by many complex traits. The wind resistance of standing trees varies greatly among different varieties of eucalyptus and among different families of the same species at different ages in various environments. Therefore, in this study, a more efficient measurement technique, the tree-pulling test, was used to estimate the wind resistance of different E. camaldulensis families. This study revealed that the key traits affecting wind resistance were H, V, and FP via correlation analysis, while according to CCA and path analysis, the key traits were HC, LC, FW (PC4) and growth traits (PC2). Based on the results of this study, we recommend the three half-sib progenies of CA26, CA27, and CA5 for promoting better wind resistance, which is consistent with our previous studies (Shang et al., 2017). Our findings suggest that improving traits related to fiber morphology and cell wall components could enhance the wind resistance of eucalyptus plants and offer important insights into more effective management of eucalyptus plantations in coastal areas of South China.
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Methane-derived microbial biostimulant reduces greenhouse gas emissions and improves rice yield
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Introduction

More than half of the world’s population consumes rice as their primary food. The majority of rice production is concentrated in Asia, with the top 10 rice-growing countries accounting for 84% of the world’s total rice cultivation. However, rice production is also strongly linked to environmental changes. Among all the global sources of greenhouse gas (GHG) emissions, paddy cultivation stands out as a significant contributor to global methane (CH4) and nitrous oxide (N2O) emissions. This contribution is expected to increase further with the projected increase of 28% in global rice output by 2050. Hence, modifications to rice management practices are necessary both to increase yield and mitigate GHG emissions.


Methods

We investigated the effect of seedling treatment, soil application, and foliar application of a methane-derived microbial biostimulant on grain yield and GHG emissions from rice fields over three seasons under 100% fertilizer conditions. Further, microbial biostimulant was also tested under 75% nitrogen (N) levels to demonstrate its effect on grain yield. To understand the mechanism of action of microbial biostimulant on crop physiology and yield, a series of physiological, transcript, and metabolite analyses were also performed.


Results

Our three-season open-field studies demonstrated a significant enhancement of grain yield, up to 39%, with a simultaneous reduction in CH4 (31%–60%) and N2O (34%–50%) emissions with the use of methane-derived microbial biostimulant. Under 75% N levels, a 34% increase in grain yield was observed with microbial biostimulant application. Based on the physiological, transcript, and metabolite analyses data, we were further able to outline the potential mechanisms for the diverse synergistic effects of methane-derived microbial biostimulant on paddy, including indole-3-acetic acid production, modulation of photosynthesis, tillering, and panicle development, ultimately translating to superior yield.


Conclusion

The reduction in GHG emission and enhanced yield observed under both recommended and reduced N conditions demonstrated that the methane-derived biostimulant can play a unique and necessary role in the paddy ecosystem. The consistent improvements seen across different field trials established that the methane-derived microbial biostimulant could be a scalable solution to intensify rice productivity with a lower GHG footprint, thus creating a win–win–win solution for farmers, customers, and the environment.
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Introduction

By 2050, the global population is projected to reach 10 billion, which will require a 70% increase in food production (van Dijk et al., 2021). For instance, by 2050, the annual demand for cereals such as maize, rice, and wheat is projected to reach 3.3 billion tons, or 800 million tons more than 2014’s combined harvest (FAO, 2016). To ensure a food-secure future, global crop production must increase significantly, be climate-resilient, and reduce its environmental impact. The use of innovative technologies or approaches for achieving sustainable agriculture has been a topic of debate in the recent past.

Rice is one of the world’s top three staple crops and is closely connected with food security, economic growth, employment, culture, and regional peace. This crop is the frontrunner in the fight against global poverty and hunger and is essential for agricultural growth. However, rice paddies are also one of the most significant sources of methane (CH4) and nitrous oxide (N2O) emissions (Linquist et al., 2012; Carlson et al., 2017; Timilsina et al., 2020; Qian et al., 2023). Global average annual CH4 emissions from rice fields are 283 kg/ha (Qian et al., 2023), accounting for up to ~11% (~30 million metric tons) of total global CH4 emissions (Olivier and Peters, 2020), while average N2O emissions from rice fields are 1.7 kg/ha, accounting for 11% of global agricultural emissions (Islam et al., 2018; Win et al., 2021; Qian et al., 2023). CH4 sets the pace for warming in the near term, as it traps very large quantities of heat over a shorter period. Hence, curbing CH4 emissions is one of the fastest and most effective strategies to reduce the rate of warming and limit temperature rise to 1.5°C. Similarly, N2O is the third strongest contributor to radiative forcing from anthropogenic emissions and also a primary cause of stratospheric ozone depletion (Yang et al., 2020). Greenhouse gas (GHG) emissions from the agricultural sector in developing countries have attracted significant attention in international negotiations within the United Nations Framework Convention on Climate Change (UNFCCC) (Beddington et al., 2012). The agricultural sector has a unique potential to provide beneficial contributions to the global carbon budget through the use of new technologies and the adoption of alternative cultivation practices. Several international organizations advocate strategies to reduce CH4 and N2O emissions from rice cultivation. Alternative agronomic practices, such as alternative wetting and drying (AWD), direct seeded rice (DSR), and improved rice cultivars, have all been evaluated for their effectiveness in reducing GHG emissions (Yusuf et al., 2012; Bhatia et al., 2013; Xu et al., 2017; Oo et al., 2018; Liu et al., 2022; FAO, 2023). To date, while cultivation practices like AWD and DSR have demonstrated the potential to bring a reduction in CH4 emissions, the impact on N2O emission and yield is often contradictory (Carrijo et al., 2017; Xu et al., 2019). Also, some of these methodologies require specific infrastructures and considerable habit change for farmers, which has been a limiting factor for adoption. Hence, innovative, scalable, and sustainable solutions that can enhance grain yield while reducing the GHG emissions from rice are the need of the hour.

Agricultural inputs such as biostimulants have demonstrated the ability to increase yield, enhance resistance to abiotic stress, and improve competitiveness and sustainability. Biostimulants have a revolutionary impact, and unlike chemical fertilizers, they function in synergy to sustain crop resilience. Among the different classes of biostimulants, microbial-based biostimulants have emerged as highly valuable and robust agricultural inputs for improving plant yield (Castiglione et al., 2021; Hijri, 2023; Kaushal et al., 2023). Rice fields form an important niche for aerobic methanotrophs, where they oxidize a significant amount of the CH4 generated and thus play a key role in mitigating CH4 emission (Conrad and Rothfuss, 1991; Conrad, 2009; Zheng et al., 2024). A few studies have reported the plant growth-promoting properties of methanotrophs (Rani et al., 2021a; Mohite et al., 2023) as well as their ability to reduce GHG emission and improve yield in rice (Jeya Bharathi et al., 2018; Taopan et al., 2018; Davamani et al., 2020; Rani et al., 2021b). However, most of these studies were performed for one season or were confined to a small testing area. Moreover, none of these studies investigated molecular changes in the plant during methanotroph application. Here, we report data from a three-season open-field study on rice with a methane-derived microbial biostimulant. Two objectives were addressed regarding the effect of methane-derived microbial biostimulant in paddy: i) to assess the effect on grain yield and GHG emissions across three seasons and ii) to understand the physiological and molecular mechanisms mediated by the microbial biostimulant in paddy.


Materials and methods

Field experimental design

The field experiment to validate methane-derived microbial biostimulant on yield and GHG emissionwas conducted for three seasons between 2021 and 2023. The field layout is shown in Supplementary Figures S1A–C.


Field operations and nutrient management

The agroecological conditions during the cropping in Vellore, Tamil Nadu, India, were tropical wet and dry climates, typical of savanna regions. The complete cropping cycle was sunny with moderate rain by a pronounced dry season during the high-sun months, where temperatures were higher, and precipitation levels were lower. Soil nature was clay loam type. The field was carefully prepared for the trials with bunds and buffer channels in place to prevent cross-infiltration. Each plot was allocated a specific irrigation channel to ensure that water applied to one plot remained contained within that plot. This design effectively prevented cross-infiltration. To maintain a uniform plant population, two seedlings were planted per hill with a spacing of 20 cm × 10 cm.

In all the three seasons, recommended nitrogen doses were made as split applications: basal, tillering, and panicle initiation stages. The recommended dose of fertilizers [Nitrogen, phosphorous, and potassium (NPK)] was applied at dose of 100:50:50 kg/ha. The fertilizer was supplied through different sources such as urea (46% N), single super phosphate (16% P2O5), and muriate of potash (60% K2O) as per the package of practice. For treatments with 75% of N, a half dose of N and a full dose of P2O5 and K2O were applied as basal doses. The remaining N was split into two doses at the tillering stage and panicle initiation stage. Crops were monitored carefully and maintained to remain pest-free. Curacron® and Coragen® were applied at 2.5 mL/L and 0.5 mL/L of water, respectively, to control the early stages of leaf folder and stem borer incidents.


Season I study

The season I study was conducted from June to October 2021 at VIT School of Agricultural Innovations and Advanced Learning, Vellore Institute of Technology, Vellore, Tamil Nadu, India. Plots were prepared in dimensions of 5 m × 5 m. The experimental design followed the randomized block design (RBD) method, with five treatments and three replicates. Treatment details are as follows: control (T1), 10 mL/L dose of methane-derived microbial biostimulant under two different microbial biostimulant application conditions (T2 and T3), 75% nitrogen (N) control (T4), and 75% N + 10 mL/L dose of methane-derived microbial biostimulant application (T5).


Season II study

The season II study was carried out from February to June 2022 in a farmer’s field near Vellaikal Medu, Vellore, Tamil Nadu, India. The testing area covered an area of 200 m2 for each treatment, and the details are as follows: control (T1) and 10 mL/L dose of methane-derived microbial biostimulant (T2). For season I and season II, ASD-16 seeds released by Tamil Nadu Agricultural University, Coimbatore, India, were used for the study.


Season III study

For season III, the testing covered an area of 800 m2 for each treatment. The testing was conducted from July to November 2023. The season III study was carried out in a different farmer’s field near Vellaikal Medu, Vellore, Tamil Nadu, India. Treatment details are as follows: control (T1) and 10 mL/L dose of methane-derived microbial biostimulant (T2). For season III, ADT-37 seeds released by Tamil Nadu Agricultural University, Coimbatore, India, were used for the study.


Microbial biostimulant application

The methane-derived microbial biostimulant (CleanRise®) is manufactured by String Bio, India, using an IP-protected fermentation process. The active ingredient in microbial biostimulant are cells of Methylococcus capsulatus derived by an innovative fermentation, downstream processing, and formulation process (PCT application No. WO2021240472A1; whole-cell methanotroph-based biostimulant compositions, methods, and applications thereof). Two different levels of fertilizer application were followed for the season I study. With 100% NPK application and 75% N + 100% P&K as fertilizer input with 10 mL/L of microbial biostimulant. In each of these cases, respective controls with 100% NPK and 75% N + 100% P&K were maintained. For the season II and season III studies, microbial biostimulant at 10 mL/L were evaluated under the 100% NPK level. Three applications of microbial biostimulant at 10 mL/L (corresponding to 15 L/ha considering 500 L as water dilution volume/ha) were performed during the crop growth. Roots of 20-day-old seedlings were immersed in microbial biostimulant solution for 20 min prior to transplantation to the main field. During the season I study, a soil application (for T2) and foliar application (for T3 and T5) during the tillering stage was given as second application. Third application was performed as foliar spray for all treatments (T2, T3 and T5) during panicle development stage. For season II and season III, seedling root dipping during transplantation and foliar application during the tillering stage and panicle development stage were followed for microbial biostimulant treatment. Control plants received water spray at the same time.


Grain and straw yield measurements

Grain yield in microbial biostimulant-treated plots was compared with the respective control treatments. The harvest index (HI) was computed following the method of Du et al. (2022). The number of productive tillers and grains/spikelets were counted manually from five independent plants from control (T1) and methane-derived microbial biostimulant-treated plants (T3). Thousand grains were taken from panicles of five independent plants from each treatment, and their weight was recorded as test weight (season I study). Test weight was expressed in grams. For the season I study, grain and straw yield from individual treatments were averaged from the three replicated plots and extrapolated the values to get yield per hectare. For the season II and season III studies, bulk harvest from each treatment area was extrapolated to arrive at yield per hectare.


Physiological parameter measurements in paddy

Physiological parameters were analyzed from five tagged plants from each treatment (T1 and T3) during the season I study. The photosynthetic rate was analyzed using an Infrared gas Analyzer (IRGA, Licor-6800; Li-Cor Inc., Lincoln, NE, USA). Leaf stomatal conductance and transpiration rate were analyzed using a LICOR 6800 portable photosynthesis system (Lincoln, Nebraska, USA). These observations were recorded on clear sunny days between 10:00 a.m. and 12:00 p.m. in a saturated light environment. Physiological parameters were collected 7 days after the first foliar application of microbial biostimulant.


RNA extraction and quantitative reverse transcriptase–PCR analysis

Total RNA extraction, cDNA synthesis, and quantitative reverse transcriptase–PCR (qRT-PCR)were carried out as described by Kumar et al. (2018). The samples were collected from season I trials (T1 and T3). Emerging leaves and panicles of equal developmental stages from five independent plants were pooled before RNA extraction. RNA from leaves (collected during peak tillering stage) and panicles (collected during panicle initiation stage) from control and treatments were isolated as reported previously (Kumar et al., 2018). Leaf RNA and panicle RNA were normalized using Osactin, which was previously reported as an appropriate endogenous gene in rice (Dai et al., 2008). Fold-change differences in gene expression were analyzed using the comparative cycle threshold (Ct) method. Relative quantification was carried out by calculating Ct to determine the fold difference in gene expression [ΔCt target − ΔCt calibrator]. The relative expression level was determined as 2−ΔΔCt. Primers used for the analysis are mentioned in Supplementary Table S1.


CH4 and N2O emission measurements

The static closed chamber method as mentioned in Minamikawaet al. (2015) was used for gas sample collection in this study. The number and position of chambers are included in Supplementary Figure S1A–C, and gas samples were collected from each of the three replicate chambers from each treatment. For the season I study, gas samples were collected at three time points [40, 60, and 80 days after transplantation (DAT)], which correspond to the active tillering stage, panicle initiation stage, and grain filling stage, respectively. For season II and season III, gas samples were collected every 10 days after transplantation to harvest. CH4 and N2O were analyzed using gas chromatography with flame ionization detection (FID) and electron capture detection (ECD), respectively. CH4 and N2O fluxes were calculated as reported by Parthasarathi et al. (2019) and Nascimento and Rodrigues (2019) and expressed in g·ha−1·h−1. The equivalent CO2 (CO2eq) emission for total CH4 and N2O was computed as reported previously (Oo et al., 2018).


Statistical analysis

Average mean, standard error (SE), and number of replicates (n) used for each experiment were employed for statistical analysis using the GraphPad QUICKCALC online software (http://www.graphpad.com/quickcalcs/ttest1.cfm). The statistical significance of differences between controls and samples was tested according to the unpaired Student’s t-test.

Additional details about the methodology used in the study that are not detailed here arementioned in the Supplementary Methods File.



Results

Methane-derived microbial biostimulant improves grain yield in paddy

To evaluate the effect of a methane-derived microbial biostimulant (CleanRise®) on rice yield, open-field experiments were conducted across three seasons from 2021 to 2023. During the season I trial, the average grain yield improvement induced by microbial biostimulant varied between 32% and 39% (T3—8,004 ± 299 kg/ha to T2—8,400 ± 80 kg/ha in microbial biostimulant treatment vs. T1—6,024 ± 216 kg/ha in control plots under 100% NPK levels) (Figure 1A; Supplementary Figure S2A). With the application of microbial biostimulant, a significant increase in the number of grains per spikelet and test weight was also observed (Table 1). Although we observed a marginal increase in the number of productive tillers with the application of microbial biostimulant (16.33 ± 1.20 in microbial biostimulant treatment vs. 12.66 ± 0.88 in control plants), there was no statistically significant difference between control and treatments with respect to straw yield (T3—13,119 ± 763 kg/ha to T2—13,230 ± 505 kg/ha in microbial biostimulant treatment vs. T1—13,938 ± 350 kg/ha in control plots under 100% NPK levels) (Figure 1B). An informative indicator of the sink–source balance in plants is the HI. While the HI observed for controls was 0.30, the HI for microbial biostimulant-treated plants ranged between 0.38 and 0.39 (Figure 1C). During the season II validation, microbial biostimulant application resulted in ~39% improvement in grain yield (6,997 kg/ha in microbial biostimulant treatment vs. 5,015 kg/ha in control plots) (Figure 1D). The season III study showed a grain yield improvement of 39% over the control practice (7,058 kg/ha in microbial biostimulant treatment vs. 5,081 kg/ha in control plots) (Figure 1E). Multi-location yield trials were performed to assess the stable performance andadaptability of microbial biostimulant over a broad range of environmental conditions. Application of microbial biostimulant resulted in improved yield across different seasons/ecological regions, and the yield varied between 15% and 27% (Supplementary Figures S2B–D).

[image: Bar charts compare the effects of a methane-derived microbial biostimulant and control across different seasons. Chart A shows higher grain yield with the biostimulant in season I. Chart B shows similar straw yield between both treatments in season I. Chart C displays a higher harvest index with the biostimulant in season I. Charts D and E show grain yield for seasons II and III, both higher with the biostimulant.]
Figure 1 | Methane-derived microbial biostimulant increases grain yield and harvest index in rice. (A) Effect of microbial biostimulant on grain yield improvement in paddy from season I validation. Methane-derived microbial biostimulant application resulted in 32% improvement in grain yield compared to control. (B) Impact of methane-derived microbial biostimulant on straw yield. There was no significant change in levels of straw yield between the treatments. (C) Impact of methane-derived microbial biostimulant on harvest index in rice. A significant increase in harvest index of 0.39 was observed in microbial biostimulant-treated plants compared to controls (0.30). (D, E) Influence of methane-derived microbial biostimulant on grain improvement in paddy from season II and season III validation. Grain yield improvement of~ 39% was observed during second-season and third-season validation. Control (season I), control (season II), and control (season III) represent the yield observed in control plots at each season. The area covered for the second and third season trials were 200m2 and 800m2 respectively per treatment and bulk harvest was performed; hence, error bar is not shown in the data. Differences were evaluated using the two-tailed Student’s t-test and P < 0.05 and P < 0.01 are represented by “*” and “**”, respectively.

Table 1 | Grain yield component traits in methane-derived microbial biostimulant-treated paddy.

[image: Table comparing two treatments: T1—Control Season I and T3—Microbial biostimulant. The Control treatment shows 128 ± 6.7 grains/spikelets, 22 ± 0.86 g test weight, 6024 ± 216 kg/ha grain yield, and 0% yield improvement. The Microbial biostimulant shows 166 ± 6.7 grains/spikelets, 28 ± 1.12 g test weight, 8004 ± 299 kg/ha grain yield, and 32% yield improvement. Yield data is from five plants, analyzed with Student’s t-test. Significant differences noted with asterisks.]
We next evaluated the effect of microbial biostimulant on rice under reduced N fertilizer levels. The reduction in fertilizer for the control and treated fields was managed as outlined in the Materials and Methods section. Interestingly, grain yield under reduced N were 5,561 ± 253 kg/ha in the control plot, whereas microbial biostimulant application resulted in 7,448 ± 446 kg/ha (Figure 2), resulting in a 34% improvement. Microbial biostimulant application improved root growthcompared to control plants (Supplementary Figures S3A, B) under different fertilizer levels. Microbial strain in biostimulant produced1.83–3.61 mg/L indole-3-acetic acid (IAA) in the presence of tryptophan (Supplementary Table S2).

[image: Bar graph comparing grain yield in kilograms per hectare involving two treatments: Control with seventy-five percent nitrogen in season one, yielding about 5500 kg/ha, and Methane-derived microbial biostimulant, yielding about 7500 kg/ha, marked with an asterisk for statistical significance.]
Figure 2 | Effect of microbial biostimulant on grain yield improvement in paddy with 75% nitrogen (N) fertilizer. Methane-derived microbial biostimulant application resulted in 34% improvement in grain yield compared to 75% N control. Differences were evaluated using the two-tailed Student’s t-test, and significant differences at P < 0.05 are represented by *.


Methane-derived microbial biostimulant regulates photosynthesis, tillering and panicle architecture, and nutrient transport in paddy

The microbial biostimulant-treated paddy fields had visible differences in field lushness and showed brilliant dark-green leaves compared to control fields (Figure 3A). Physiological analysis showed that microbial biostimulant application resulted in an 18% increase in photosynthetic rate, a 22% increase in stomatal conductance, and an ~48% increase in transpiration rate (Figures 3B–D). To elucidate the molecular mechanism affecting the phenotype in microbial biostimulant-applied plants, mRNA expression analysis of genes encoding enzymes involved in photosynthesis, tillering, and panicle architecture was performed. The transcript levels in microbial biostimulant-treated leaves or panicles were compared with respect to control samples. Most of the genes related to photosynthesis were upregulated between 1.4- and ~20-fold in plants applied with microbial biostimulant. The upregulated genes were related to all major components of photosynthesis, including, Photosystem I [Photosynthetic reaction center I protein family (PsaH); Photosystem I–Ferredoxin-1 (FD1)], Photosystem II [Photosynthetic reaction center II protein family (PsbD, PsbP, PsbR3, and PsbS1), Chlorophyll A/B binding protein (CAB) genes (CAB1R, CAB2R, and CP24); oxygen-evolving enhancer protein-3 (OEP3); Light Harvesting Complex II (LHC2.1); thylakoid lumenal 19 kDa protein chloroplast precursor (TLP)], chlorophyll biosynthesis pathway [Magnesium-Chelatase subunits (CHLI, CHLH, and CHLD); hemC gene encoding porphobilinogen deaminase (HEMC); Yellow-Green Leaf (YGL13 and YGL8)], and enzymes involved in the CBB (Calvin–Benson–Bassham) cycle [Ribulose-1,5-Bisphosphate carboxylase/oxygenase Rubisco activase (RCA); Rubisco small subunit gene (RbcS2, RbcS3, RbcS4, and RbcS5)] (Figures 4A, B).

[image: Panel A shows two leaves, with the leaf labeled "MB" appearing healthier than the "C" leaf. Panel B is a bar chart comparing photosynthetic efficiency, showing a higher efficiency in the methane-derived microbial biostimulant group. Panel C compares stomatal conductance, indicating an increase in the microbial biostimulant group. Panel D shows a bar chart of transpiration rates, with a higher rate in the microbial biostimulant group. Asterisks indicate statistical significance.]
Figure 3 | Effect of methane-derived microbial biostimulant on leaf phenotype and physiological traits in paddy leaves. (A) Phenotypic feature of microbial biostimulant-treated paddy leaves. Influence of methane-derived microbial biostimulant on greenness in paddy leaf: control leaf (C) and methane-derived microbial biostimulant-treated leaf (MB). (B) Photosynthetic efficiency, (C) stomatal conductance, and (D) transpiration rate are represented as % relative to control plants. Student’s t-test: significant differences at P < 0.05 and P < 0.01 are represented by “*” and “**”, respectively.

[image: Bar graphs labeled A to D showing relative mRNA expression for various genes under control and methane-derived microbial biostimulant conditions in Season-I. Each graph displays two bars per gene, with significantly higher expression observed in the biostimulant condition. Statistical significance is indicated by asterisks, with some genes showing ** or ***.]
Figure 4 | Microbial biostimulant acts as a master regulator of photosynthesis, tillering, and panicle architecture. Reverse transcriptase–quantitative polymerase chain reaction (RT-qPCR) analysis showing the relative expression of genes related to photosynthesis (A, B), tillering (C), and panicle architecture (D) in rice with or without microbial biostimulant application. Expression levels of genes were normalized to the endogenous reference gene actin and are represented relative to respective controls, which were set to 1. Pooled leaves or panicles from three to five plants were used for RNA extraction. The results shown are from three independent experiments. PsaH, Photosystem I reaction center subunit VI; FD1, Ferredoxin 1; PsbD, Photosystem II D2 protein; PsbP, photosystem II subunit P; PsbR3, photosystem II subunit PsbR3; PsbS1, Photosystem II 22 kDa protein 1; CAB1R, Chlorophyll a–b binding protein 1; CAB2R, Chlorophyll a–b binding protein 2; CP24, Chlorophyll Protein 24; OEP3, Oxygen-evolving enhancer protein-3; TLP, Thylakoid luminal protein; LHC2.1, Chlorophyll a–b binding protein 2.1/Light Harvesting Complex Protein 2.1; ChlI, Magnesium-chelatase subunit ChlI; ChlH, Magnesium-chelatase subunit ChlH; ChlD, Magnesium-chelatase subunit Child; HemC, porphobilinogen deaminase/hydroxymethylbilane synthase; YGL13, yellow-green leaf 13; YGL8, yellow-green leaf 8; RCA, Rubisco activase; RbcS2, 3, 4, and 5, Ribulose bisphosphate carboxylase small subunit; MOC1, monoculm 1; SLR-1, Slender Rice-1; LAX2, LAX PANICLE2; HYR, HIGHER YIELD RICE; MADS57, MADS-box transcription factor; HSF2AD, Heat Stress Transcription Factor 2D; CKX11, Cytokinin oxidase/dehydrogenase; RGN1, Regulator of Grain Number-1; NOG1, Number of Grains-1; SPL9 and SPL14, SQUAMOSA Promoter Binding Protein-Like; IPA1, Ideal Plant Architecture-1; LC2, Leaf Inclination 2/VIN3 (vernalization insensitive 3-like protein); VIL2, VIN3-LIKE 2 protein; GRF4, Growth Regulating Factor 4. Differences were evaluated using the two-tailed Student’s t-test, and significant differences at P < 0.05, P < 0.01, and P < 0.001 are represented by “*”, “**”, and “***”, respectively.

To understand the molecular mechanism of enhanced photosynthetic capacity on axillary meristem growth and panicle architecture, the transcript levels of critical genes involved in the regulation of shoot branching, panicle, and grain development were examined. Upon microbial biostimulant application, a 1.9- to 5.2-fold increase was observed in the expression of tillering-related genes like monoculm 1 (MOC1), Slender Rice-1 (SLR1), Lax panicle (LAX2), Higher Yield Rice (HYR), MADS-box transcription factor (MADS57), and Heat Stress Transcription Factor 2D (HSF2AD) (Figure 4C). As photosynthate partitioning from the source (leaf) to the sink (grains) is critical for panicle development and grain filling, mRNA expression of key genes including Cytokinin oxidase/dehydrogenases (CKX11), Regulator of Grain Number-1 (RGN1), Number of Grains-1 (NOG1), SQUAMOSA Promoter Binding Protein-Like (SPL9 and SPL14), Ideal Plant Architecture-1 (IPA1), Leaf Inclination 2 (LC2), Vernalization insensitive 3-like protein (VIL2), and Growth-Regulating Factor 4 (GRF4) involved in grain development was further analyzed. A 2- to 5.7-fold upregulation of genes controlling panicle architecture was observed in microbial biostimulant-treated samples, indicating that improved photosynthetic capacity positively translated to grain filling and development (Figure 4D). Interestingly, microbial biostimulant application also downregulated the expression of CKX11, a negative regulator of panicle architecture in paddy.

To understand the impact of microbial biostimulant on nutrient uptake, the expression of keygenes encoding macronutrient transporters was monitored. RT-qPCR analyses showed that the genes involved in nitrogen uptake and transport were overexpressed by 2- to 12-fold in microbial biostimulant-treated paddy roots over control (Supplementary Figure S4A). High-affinity potassium, phosphate, and zinc transporters were also upregulated rangingfrom 2- to 10-fold in microbial biostimulant-treated roots over control (Supplementary Figure S4B).


GHG mitigation potential of methane-derived microbial biostimulant

In this study, we also monitored the effect of microbial biostimulant on the flux of CH4 and N2O from rice paddies during three time points of crop growth (40, 60, and 80 DAT) of the season I study. The dynamic fluxes of CH4 and N2O over the rice growing period were strongly affected by the microbial biostimulant application. In our study, CH4 flux was high during the tillering stage and then gradually decreased toward the panicle initiation stage and end of the growing period across all the three seasons. CH4 emission varied considerably among the treatments, and the dynamics of CH4 flux during the cropping seasons is presented in Figure 5A. Microbial biostimulant application resulted in a reduction of approximately 70% in CH4 emissions at 40 DAT (46.43 ± 3.78 g·ha−1·h−1 CH4 in microbial biostimulant-treated plots vs. 176.50 ± 9.65 g·ha−1·h−1 CH4 in control plots). Approximately 50% reduction in emission was recorded during subsequent sampling at 60 DAT (29.30 ± 1.58 g·ha−1·h−1 CH4 in microbial biostimulant-treated plots vs. 59.20 ± 1.30 g·ha−1·h−1 in control plots) and 80 DAT (14 ± 1.30 g·ha−1·h−1 CH4 in microbial biostimulant-treated plots vs. 31.36 ± 0.31 g·ha−1·h−1 in control plots). Although the levels of N2O emissions were much lower compared to CH4 flux, a similar emission pattern was observed. Fluxes of N2O at the farms varied from 2.30 g·ha−1·h−1 to 5.76 g·ha−1·h−1 in microbial biostimulant treatment compared to 4.23 g·ha−1·h−1 to 8.26 g·ha−1·h−1 in control plots during the cropping season (Figure 5B). The highest N2O flux of 8.26 ± 0.23 g·ha−1·h−1 was recorded during early crop growth in control plants. Here, microbial biostimulant application led to a significant reduction in N2O emission of up to 30% (5.76 ± 0.29 g·ha−1·h−1). Microbial biostimulant-mediated reduction in N2O flux was ~45% during the second (2.30 ± 0.05 g·ha−1·h−1 in microbial biostimulant-treated plots vs. 4.23 ± 0.31 g·ha−1·h−1 in control plots) and third (3.93 ± 0.31 g·ha−1·h−1 in microbial biostimulant-treated plots vs. 6.0 ± 0.45 g·ha−1·h−1 in control plots) sampling periods.

[image: Graphs A to F show CH4 and N2O fluxes across three seasons under control and methane-derived microbial biostimulant treatments. CH4 and N2O fluxes peak and decrease differently in control versus treatment groups, with significant differences indicated by asterisks.]
Figure 5 | Greenhouse gas mitigation mediated by methane-derived microbial biostimulant. Influence of microbial biostimulant on CH4 and N2O emission from rice field. Gas samples were collected in triplicate from each plot for every time point and analyzed using gas chromatography with flame ionization detection (FID) and electron capture detection (ECD). While gas samples were collected at three time points for season I trial, gases were collected every 10 days during season II and season III trials. CH4 and N2O flux were calculated and expressed as g·ha−1·h−1. Microbial biostimulant application resulted in ~60% reduction in CH4 (A) emission from rice fields, whereas there was 34% reduction in N2O (B) during the course of plant growth of season I study. Methane-derived microbial biostimulant use resulted in ~31% reduction in CH4 (C) emission from rice fields, whereas there was ~47% reduction in N2O (D) during season II validation. During season III validation, methane-derived microbial biostimulant use resulted in a 48% reduction in CH4 (E) emission from rice fields, whereas it was ~50% reduction in N2O (F). Control (season I), control (season II), and control (season III) represent the emission observed in control plots from season I, season II, and season III validation, respectively. Differences were evaluated using the two-tailed Student’s t-test, and P < 0.05, P < 0.01, and P < 0.001 are represented by “*”, “**”, and “***”, respectively.

During season II trials, we sampled at greater frequency during the crop growth stage. While no significant change in CH4 emission levels was observed at 10 and 20 DAT, we recorded a drastic reduction ranging from 23% to 50% during the subsequent sampling period (Figure 5C; Supplementary Table S3A). N2O reduction during season II varied between 30% and 70% during the crop growth (Figure 5D; Supplementary Table S3A). Our season III validation (GHG sampled at a 10-day frequency during the crop growth stage) also showed a significant reduction in CH4 and N2O flux in plots applied with microbial biostimulant. We observed a 37%–67% reduction in CH4 and a 27%–64% reduction in N2O flux in microbial biostimulant-applied paddy plots compared to control plots in season III trials (Figures 5E, F; Supplementary Table S3A). The average CH4 and N2O emissions for all three cropping seasonsduring the entire crop cycle between control and microbial biostimulant-treated plots are shown in Supplementary Table S3B. Taken together, from three-season trials, the cumulative CH4 and N2Oemissions were 31%–61% and 34%–50%, respectively, lower compared to those of control fields (Supplementary Table S4).


Impact on yield-scaled CO2 reduction mediated by methane-derived microbial biostimulant

In the present study, the contribution of CH4 to the total global warming potential(GWP) ranged from ~11,045 to 19,065 kg CO2/ha/season during three different seasons in the control field, whereas it was 6,924–9,897 kg CO2/ha/season in microbial biostimulant-treated fields. Yield-scaled CO2 equivalent of CH4 emission from controls ranged from 2,204 to 3,752 kg CO2-eq/t, whereas it ranged from 865 to 1,402 kg CO2-eq/t with microbial biostimulant application (Supplementary Table S4). Similarly, N2O equivalent CO2 emission from fields with microbialbiostimulant application was 459–3,197 kg CO2/ha/season compared to 923–4,839 kg CO2/ha/season in control fields. Yield-scaled CO2 equivalent of N2O emission from control fields ranged from 182 to 803 kg CO2-eq/t and 65–399 kg CO2-eq/t with microbial biostimulant application (Supplementary Table S4).



Discussion

The demand for increased agricultural production in the context of limited arable land and climate change necessitates innovative solutions for sustainable agricultural practices. Global rice consumption has increased markedly over the last several decades, and rice demand is projected to increase by 28% by 2050. Nevertheless, rice yields have stagnated in 35% of all rice-growing regions (Ray et al., 2012). As the world’s population continues to grow at an alarming rate, an important challenge for future rice cultivation is to increase crop yield substantially while simultaneously reducing GHG emissions. The application of microbial biostimulants has recently gained significant attention for enhancing yield potential in plants (Castiglione et al., 2021; Hijri, 2023; Kaushal et al., 2023). Microbial partners have been shown to colonize the plant, increase the supply of nutrients to the host, and affect plant performance by producing a variety of metabolites, including phytohormones. Among the different classes of microbial biostimulants, methanotrophs based solutions are less explored for their plant growth-promoting properties. Aerobic methanotrophs are important habitats of rice fields, commonly found in the soil rhizosphere and endosphere of rice plants. While most of the strains can fix atmospheric nitrogen, some of the methanotrophs are also reported to possess phosphate solubilization, potassium, and zinc mobilization activities (Rani et al., 2021a). The effect of seed treatment or foliar application of methanotrophic consortia has been validated previously in small-scale plots (Jeya Bharathi et al., 2018; Taopan et al., 2018; Davamani et al., 2020; Rani et al., 2021b; Mohite et al., 2023). For instance, methanotrophic consortia application did not alter the grain yield or straw yield under 100% fertilizer conditions; however, a 25% increase in grain yield without altering straw yield was observed with methanotrophic consortia treatment at 50% N levels (Taopan et al., 2018). Similarly, co-inoculation of Methylobacterium oryzae MNL7 and Paenibacillus polymyxa MaAL70 in rice improved grain yield by 14% when N was supplied through urea (Rani et al., 2021b). In another study, Mohite et al. (2023) demonstrated the impact of different methanotrophic strains on grain yield under pot conditions. In the present study, through multi-location and three-season trials, we demonstrate an increase in grain yield ranging from 15% to 39% (Figures 1A, D, E; Supplementary Figure S2) with the application of methane-derived microbial biostimulant in field conditions. Theincrease in grain yield in microbial biostimulant-treated plots was through a marginal increase in the number of productive tillers with a significant increase in the number of grains per panicle and test weight. Similar to the previous report of Taopan et al. (2018), methane-derived microbial biostimulant did not alter the straw yield in paddy in the present study. Interestingly, methane-derived microbial biostimulant application resulted in significantly improved root growth at 40 and 60 DAT contributing to better NUE (nutrient use efficiency) (Supplementary Figures S3A, B). Biostimulant-mediated upregulation of nutrient transporters and modulation of genes related to photosynthetic capacity possibly translated into higher grains per panicle and test weight translating to superior rice yield (Table 1, Figures 3, 4; Supplementary Figure S4). The positive effect of photosynthates allocation to roots in yield improvement and CH4 emission reduction has been reported by Chen et al. (2021).

The combination of high-yielding crop varieties and the widespread use of inorganic fertilizers has markedly improved crop production. However, excessive N input can lead to severe environmental pollution. Methanotrophs are estimated to fix approximately 40 kg N/ha in rice fields and play a crucial role in atmospheric nitrogen fixation (Cao et al., 2022). In this study, even with a 25% reduced N application, the yield per hectare was enhanced in microbial biostimulant-treated plots over the control (75% N) treatment. This could be possibly due to the improved N uptake and translocation influenced by the application of microbial biostimulant. While the optimal requirement of N may vary with soil condition and crop management, the study demonstrates the use of the methane-derived biostimulant as a solution to reduce the N fertilizer to agriculture without impacting farmers’ income.

Understanding the effect of methanotrophs on paddy fields has been studied previously (Jeya Bharathi et al., 2018; Taopan et al., 2018; Davamani et al., 2020; Rani et al., 2021b; Mohite et al., 2023); however, these reports neither have demonstrated insights to the mode of action at the molecular level nor have evaluated the consistency and robustness of the effect. Here, we observe that M. capsulatus in the microbial biostimulant formulation was associated with root and leaf tissues of paddy (Supplementary Figure S5). This association could have possibly induced a significant effect on host transcriptionalregulation. In this study, a comprehensive transcript analysis has been conducted, and the data indicate that the microbial biostimulant could serve as a key regulator of systemic pathways, leading to enhanced photosynthesis, increased productive tiller and grain numbers per panicle, and improved test weight, resulting in superior yield. Based on the phenotypic and genotypic observations, we identified three major routes for the mode of action of microbial biostimulant in rice. First, microbial biostimulant positively regulated multiple genes related to macronutrient uptake and transport, resulting in better NUE (Supplementary Figures S4, S6). Second, microbial cells were able to produce IAA, thus accelerating auxin-mediated rootgrowth (Supplementary Table S2, Supplementary Figure S3). Lastly, microbial biostimulant simultaneously regulated pathways regulating photosynthesis, tillering, and panicle development (Figures 4, 6). All the analyzed genes have been reported previously to be crucial for photosynthesis [PsaH (Li et al., 2015); FD1, PsbR3, and CP24 (Perveen et al., 2020); PsbD (He et al., 2018); PsbP (Li et al., 2015); PsbS1 (Fu et al., 2020); CAB1R and CAB2R (Zhu et al., 2015); OEP3 and TLP (Ambavaram et al., 2014); LHC2.1 (Umate, 2010); CHLI, CHLH, and CHLD (Zhang et al., 2015); HEMC (Liu et al., 2023); YGL13 (Li S Z et al., 2018); YGL8 (Zhu et al., 2016); and RCA, RbcS2, RbcS3, RbcS4, and RbcS5 (Kudo et al., 2020)], tillering [MOC1 (Li et al., 2003), SLR1 (Liao et al., 2019), LAX2 (Tabuchi et al., 2011), HYR (Ambavaram et al., 2014), MADS57 (Guo et al., 2013), and HSF2AD (Zhang et al., 2018)], and panicle growth [CKX11 (Zhang et al., 2021), RGN1 (Li et al., 2021), NOG1 (Huo et al., 2017), SPL9 (Hu et al., 2021), SPL14 and IPA1 (Miura et al., 2010), LC2 (Zhao et al., 2010), VIL2 (Yang et al., 2012), and GRF4 (Li S et al., 2018)]. Often, there are several checkpoints to regulate photosynthesis and carbon partitioning in plants (Paul and Foyer, 2001). We propose that the microbial biostimulant mediates transcript modulation along with superior photosynthetic activity, which in turn leads to improved carbon fixation and axillary bud initiation. Further, effective photosynthate partitioning to sink tissues such as panicles and developing grains could have translated to better grain yield. Our results align well with the reports of efficient translocation of carbohydrates from source to sink leading to improved grain yield in paddy (Ambavaram et al., 2014). Previous reports suggest that even a minor increase in net photosynthetic activity translates to better yield in wheat and rice (Parry et al., 2011; Li et al., 2020). It is interesting to note that the methane-derived microbial biostimulant enhanced the expression of positive regulators and downregulated negative regulators in paddy, resulting in improved crop physiological parameters translating into superior yield (Figures 3, 4, 6). Taken together, our findings systematically highlight the in-depth molecular mechanisms mediated by the microbial biostimulant, involving modulation of critical physiological events such as photosynthesis, tillering, and panicle formation, in rice (Figures 4, 6).

[image: Illustration of a rice plant detailing effects of a methane-derived microbial biostimulant. Phenotypic effects include higher grain number, superior panicles, and brilliant green leaves. Genotypic effects involve improved traits like better carbon fixation, improved tillering, enhanced nutrient uptake, and improved root growth. Various genes such as OsCKX11, OsNOG1, and others are listed as contributors to these traits.]
Figure 6 | Representative image showing overview of phenotypic and genotypic traits modulated by microbial biostimulant application in rice (Oryza sativa). Microbial cells in the biostimulant formulation improve macronutrient availability and transport. Microbial biostimulant application modulates expression of genes involved in axillary bud formation, resulting in more productive tillers. Targeted activation of genes related to chlorophyll biosynthesis pathway and chloroplast development, Photosystem I, Photosystem II, and CBB cycle (Calvin–Benson–Bassham) results in improved carbon fixation. Active photosynthate translocation to developing grain and biostimulant-mediated activation of genes involved in panicle architecture results in a greater number of grains per panicle translating to superior yield. Os, Oryza sativa; NRT, Nitrate transporter; AMT, Ammonium transporter; NIA, Nitrate reductase; PT, Phosphate transporter; HAK, High-affinity potassium transporter; PsaH, Photosystem I reaction center subunit VI; FD1, Ferredoxin 1; PsbD, Photosystem II D2 protein; PsbP, photosystem II subunit P; PsbR3, photosystem II subunit PsbR3; PsbS1, Photosystem II 22 kDa protein 1; CAB1R, Chlorophyll a–b binding protein 1; CAB2R, Chlorophyll a–b binding protein 2; CP24, Chlorophyll Protein 24; OEP3, Oxygen-evolving enhancer protein-3; TLP, Thylakoid luminal protein; LHC2.1, Chlorophyll a–b binding protein 2.1/Light Harvesting Complex Protein 2.1; ChlI, Magnesium-chelatase subunit ChlI; ChlH, Magnesium-chelatase subunit ChlH; ChlD Magnesium-chelatase subunit ChlD; HemC, porphobilinogen deaminase/hydroxymethylbilane synthase; YGL13, yellow-green leaf 13; YGL8, yellow-green leaf 8; RCA, Rubisco activase; RbcS, Ribulose bisphosphate carboxylase small subunit; MOC1, monoculm 1; SLR-1, Slender Rice-1; LAX2, LAX PANICLE2; HYR, HIGHER YIELD RICE; MADS57, MADS-box transcription factor; HSF2AD, Heat Stress Transcription Factor 2D; CKX11, Cytokinin oxidase/dehydrogenase; RGN1, Regulator of Grain Number-1; NOG1, Number of Grains-1; SPL9 and SPL14, SQUAMOSA Promoter Binding Protein-Like; IPA1, Ideal Plant Architecture-1; LC2, Leaf Inclination 2/VIN3 (vernalization insensitive 3-like protein); VIL2, VIN3-LIKE 2 protein; GRF4, Growth Regulating Factor 4. Upward arrow (▴) indicates gene upregulation of more than 1.5-fold, and downward arrow (▼) indicates more than 50% downregulation of genes.

Primarily, rice plants serve as the major conduits for the transfer of CH4 from the soil to the atmosphere. Well-developed aerenchyma cells in rice plants make a good passage for the gas exchange between the atmosphere and the soil (Nouchi et al., 1990; Nouchi and Mariko, 1993). The majority of CH4 (~90%) formed in rice soil is emitted through aerenchyma in rice plants by the process of diffusion (Bhattacharyya et al., 2019). Although some of the previous studies demonstrated mitigation of CH4 emissions from paddy fields, the gas samples either were collected only at very few time points during the crop growth (Jeya Bharathi et al., 2018; Davamani et al., 2020) or the cumulative emission reduction achieved was very low at ~12% (Rani et al., 2021b). Further, most of these studies were carried out on small scales. Our field experiments demonstrate significantly reduced CH4 and N2O emissions with microbial biostimulant treatment across three seasons (Figure 5). A previous report demonstrated that type I methanotrophs have strong CH4biotransformation potential in paddy fields (Zheng et al., 2024). Ecosystems like paddy fields typically contain 500 ppm CH4, and the ability of type 1 methanotrophs to utilize such low levels of CH4 has been reported recently (He et al., 2023). M. capsulatus cells in the biostimulant formulation are thus possibly acting as crucial biological filters to alleviate CH4 emissions from paddy fields. With the observed symbiotic association in plants (Supplementary Figure S5), it is highly plausible that the cells utilize the methane for its metabolic activity as asource of carbon and energy for their growth and, in turn, benefit the plants in multiple ways. Also, rice paddies utilize one-seventh of N fertilizer, making a more potent zone of N2O formation and emissions (Timilsina et al., 2020). Qian et al. (2023) recently reported that there is no general pattern of N2O emission; however, the emission peaks can be found after N fertilization events or during draining periods. We have also observed peak emission after the top dressing of fertilizers and during the draining periods. The observed reduction in N2O emission from rice could be attributed to improved NUE mediated by cells in the biostimulant formulation (Supplementary Figure S6).

Although rice is the main staple food for nearly half the world’s population, rice cultivation contributes to an average of 283 kg/ha and 1.7 kg/ha, respectively, to CH4 and N2O emissions annually (Qian et al., 2023). Rice-growing economies are also among the leading methane emitters globally. For instance, countries such as China, India, and Indonesia have the largest rice cultivation area and contribute to 22%–38%, 11%–19%, and 7%–9% of the 24–37 Tg/year global total, respectively (Crippa et al., 2022). To meet the net zero targets, an ideal goal for different nations now is to reduce short- and long-term emissions without compromising crop yield. Currently, only one-fifth of countries (25/148) mention rice mitigation measures in nationally determined contributions to the Paris Agreement (Rose et al., 2021). Reducing CH4 emissions will have a rapid and significant effect on achieving the COP26 target. Here, we offer science-based solutions to prioritize actions aimed at reducing agricultural CH4 emissions. At the COP26 meeting, countries aligned on a 2% reduction target in CH4 annually, and the data outlined here highlight a powerful path to help achieve these targets. For instance, methane-derived microbial biostimulant application to just 10% of the global paddy-cultivation area (16.2 million hectares) could deliver up to 24% of the global CH4 reduction target. Use in 30% of paddy cultivation area (48.6 million hectares) could help in achieving 72% of the global CH4 emission target. More ambitiously, enabling use in 50% of the world’s paddy cultivated area (81 million hectares) could deliver 120% of the reduction target (Figure 7; Supplementary Table S5). The use of a single disruptive solution, such as methane-derived microbial biostimulant, thus could form a promising strategy to curb global CH4 emissions from farmed rice without compromising farmers’ welfare while continuing conventional cultivation practices.

[image: Simple infographic showing the reduction of global methane emissions. Current emissions are 380 million metric tons, with 30 million from paddy cultivation. Using methane-derived microbial biostimulant, potential reduction aims include 24% to 120% target achievement with 10% to 50% of global paddy fields involved. Methane emission sources include enteric fermentation, solid waste, oil and gas, coal mining, biomass burning, and rice cultivation.]
Figure 7 | A novel approach to meet COP26’s target for methane reduction by 2030. Globally, rice cultivation contributes to 10% of CH4 emission, i.e., 30 million metric tons/year from 162 million hectares of paddy cultivation area. Based on the data from this study, microbial biostimulant application could help to achieve 50% reduction in CH4 (a conservative number used for calculation). Using methane-derived microbial biostimulant in 10% of paddy cultivation areas globally, we will be able to reduce methane emissions equivalent to 24% of the proposed target. Further increasing the coverage to 30% of the rice cultivation area could result in 72% of the proposed target. Ambitiously, converting 50% of global rice cultivation to using microbial biostimulant could result in 120% of the proposed target numbers. Note: COP26 targets are 30% reduction in methane emission by 2030 and 50% reduction by 2050 (United Nations Environment Programme/Climate and Clean Air Coalition, 2022; IPCC, 2021).


Concluding remarks

Without swift action, emissions in agriculture will continue to increase and contribute to dangerously warming the Earth. We are already experiencing the impacts of climate change with significantly altered climatic patterns. The adoption of sustainable practices is crucial in attaining lower emissions and mitigating the environmental impact. To meet our global commitments to end world hunger by 2030, we need to accelerate the transformation to greener, more resilient, efficient, and sustainable agri-food systems. Here, we demonstrated the potential of methanotrophs to provide benefits for both food security and the environment. Our study shows that the use of methane-derived microbial biostimulant is a win–win–win solution to improve yield, optimize NUE, and reduce GHG emissions from rice fields. It provides the necessary tool to achieve the intensification required to address food security for a growing world population without compromising environmental and climate change mitigation strategies. The mitigation potential highlighted in this study can be realized through targeted policies aimed at catalyzing sustainable rice cultivation globally.
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Clinopodium polycephalum (Vaniot) C. Y. Wu & S. J. Hsuan, a vital plant in traditional Chinese medicine, has been used for its hemostatic properties since 1220 AD. Despite its recognized medicinal benefits including anti-inflammatory and cardiovascular applications and increasing market demands, research on this plant remains limited, particularly from the perspective of plant ecology. Due to global warming and the resultant climate change, studies on the distribution and conservation of C. polycephalum are of great importance, especially when a clear trend that its habitat shifts to the north was observed. To predict the potential distribution of C. polycephalum under distinct climate situations, the MaxEnt model was used along with the ArcGIS software. As a result, an AUC value of 0.931 was achieved, indicating high predictive accuracy of the model. By analyzing 135 occurrence points and their corresponding bioclimatic factors (including precipitation), soil data, and other environmental variables (49 in total), 16 key factors including pH value and basic saturation were selected for downstream analysis. It was found that solar radiation in May, precipitation in May and April, and the lowest temperature in the coldest month are important factors influencing the growth and distribution of C. polycephalum. Compared to the current climate scenario, the future suitable habitat for C. polycephalum is expected to shift northwest, and under the SSP245-2061-2080 climate scenario, its highly suitable habitat area is projected to increase by 886,000 km2. These findings provide crucial insights into the environmental drivers of C. polycephalum distribution and aid in its preservation and sustainable use in traditional medicine. Based on the findings of this study, future research should focus on factors such as solar radiation in May and the lowest temperature in the coldest month within the suitable habitat to ensure its effective conservation.
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1 Introduction

Clinopodium polycephalum (Vaniot) C. Y. Wu & S. J. Hsuan is a perennial herb from the family Lamiaceae. The plant, locally called “duan xue liu,” has been used in traditional Chinese medicine as a hemostatic agent for more than 800 years (Li et al., 2017). According to Plants of the World Online (https://powo.science.kew.org/), central and south China is the native range of C. polycephalum that grows primarily in the temperate biome where the dominant soil types are yellow-brown earth, yellow-cinnamon soil, red earth-yellow earth, and subalpine meadow soil (Liu et al., 2020). It thrives in warm and humid conditions, often found along forest margins and in mountainous or hilly grasslands (Yang et al., 2014), suggesting that temperature, precipitation, solar radiation, and other relevant environmental factors could significantly affect its growth and distribution. Chemical analyses also revealed the presence of saponins, flavonoids, phenylpropanoids, and volatile oils (Wang et al., 2024) within this botanical remedy, underscoring its profound medicinal and economic significance. Despite its potential, studies on “duan xue liu” remain relatively shallow, leaving much of C. polycephalum’s value untapped. Moreover, the looming threat of environmental degradation poses a significant risk to its natural growth.

The growth environment profoundly shapes the medicinal potency of traditional Chinese medicinal plants, constituting a pivotal determinant of their efficacy (Kwon et al., 2014; Miao et al., 2019; Yoon et al., 2022; Tian et al., 2023). Environmental variables exert a significant influence over plant growth and development, dictating their geographical spread and population dynamics (Ni and Vellend, 2023; Huang et al., 2024). Greenhouse gas emissions lead to climate change, causing extreme weather events and impacting the growth of plants (Parmesan and Hanley, 2015; Franklin et al., 2016). For instance, global warming reduced the pollen intensity of Artemisia in Poland (Piotrowska-Weryszko et al., 2024), and extremely high temperatures could influence the development of Eriophyton wallichii extrafloral structures (Peng et al., 2016). Climate change’s effect on C. polycephalum is also evident. The Illustrated Investigation of Plant Names and Facts recorded the distribution of C. polycephalum in Sichuan, Yunnan, and Guizhou provinces (Wu, 1848). However, the Flora of China updated its habitat in Sichuan, Yunnan, Guizhou, Henan, Hubei, and Gansu provinces, exhibiting a noticeable northward shift in its distribution (Wu and Li, 1977). So far, there has been no systematic study on the influence of climatic environmental factors on the distribution of C. polycephalum. It is therefore necessary to identify the main environmental drivers affecting the species and predict its future suitable habitat to ensure its conservation.

In this study, in addition to climate variables, factors such as soil, solar radiation, and precipitation were also considered. Research showed that drought significantly affected the biomass and nutrient content of Lamiaceae plants (García-Caparrós et al., 2019). The intensity of solar radiation influenced the antioxidant activity of Lamiaceae plants (de Medeiros Gomes et al., 2021), and soil factors impacted the heavy metal absorption and photosynthesis efficiency of Melissa officinalis L (Adamczyk-Szabela and Wolf, 2022). Based on the principle of correlation, these environmental factors were incorporated into the MaxEnt distribution prediction model in this study, aiming to achieve a more accurate prediction.

MaxEnt, a versatile and potent probabilistic model, operates on the principle of maximum entropy, leveraging machine learning algorithms to forecast the potential suitability area of a species (Khan et al., 2022). Unlike models constrained by specific probability distribution assumptions such as generalized linear models (GLMs) and generalized additive models (GAMs), MaxEnt is characterized by its flexibility, offering robust analyses by scrutinizing the relationship between known species’ distribution points and environmental variables (Korbel, 2021). By seeking the probability distribution with utmost uncertainty under specified constraints (Phillips et al., 2006; Harte and Newman, 2014), MaxEnt excels in handling biased data, such as limited species occurrence records, and produces visually intuitive probability maps of species existence. Complementing MaxEnt’s prowess, ArcGIS emerges as a formidable GIS platform renowned for its comprehensive spatial analysis capabilities (Oliveira et al., 2020; Fleming et al., 2022). By seamlessly integrating diverse spatial data encompassing climate, elevation, and soil, ArcGIS empowers researchers to forecast species’ potential distribution areas with precision (Cong et al., 2023). Leveraging its advanced spatial analysis and modeling features, ArcGIS facilitates the synthesis of environmental factors to elucidate species habitat preferences and distribution patterns (Rahmanian et al., 2022; Amindin et al., 2024). The synergy between MaxEnt and ArcGIS thus fosters a holistic approach to ecological research, enabling nuanced insights into species ecology and distribution dynamics (Brown et al., 2017).

In the context of this study, the maximum entropy model was employed to forecast the distribution of C. polycephalum, offering valuable insights into the environmental factors influencing its resource distribution. This predictive analysis serves as a pivotal reference point for addressing challenges related to C. polycephalum habitat alteration and resource distribution. By harnessing the predictive capabilities of the MaxEnt model within the framework of ArcGIS, researchers can proactively strategize conservation initiatives tailored to the unique ecological requirements of C. polycephalum, thereby contributing to the sustainable management of traditional Chinese medicinal resources.




2 Materials and methods



2.1 Geographical distribution data and processing of Clinopodium polycephalum

The geographical distribution data of C. polycephalum were obtained from the Chinese Virtual Herbarium (https://www.cvh.ac.cn/) and the National Specimen Information Infrastructure (http://www.nsii.org.cn/). Coordinates were retrieved by querying relevant latitude and longitude data through the Baidu Maps (https://map.baidu.com/) website. After removing duplicate coordinates and outdated records (the records of specimens prior to the 21st century), we obtained a total of 172 data points which were subjected to further screening. The accuracy of the data retrieved from the abovementioned databases was confirmed by the authors manually. To mitigate clustering effects during the modeling process, we used the “Spatially Rarefy Occurrence Data for SDMs (Reduce Spatial Autocorrelation)” tool in ArcGIS software to process the collected 172 coordinate files. We set the resolution of the rarefying parameter to 20 km and finally acquired 135 useful coordinates. The distribution results are shown in Figure 1.
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Figure 1 | The distribution of Clinopodium polycephalum in China, with red dots representing individual distribution coordinate points.




2.2 Environmental variable data and processing

Studies showed that drought, solar radiation, sunshine duration, and other factors had important effects on the distribution and accumulation of active components in Lamiaceae plants (Mansinhos et al., 2024; Pshenichkina, 2022; Lalević et al., 2023). In addition, Wan et al. (2022) selected soil and precipitation factors to predict the distribution of Clinopodium chinense. Therefore, this study combined the above factors and added precipitation, soil, and solar radiation into the model. Bioclimatic and precipitation data were chosen for two emission pathways (SSP245 and SSP585) under the present and future BCC-CSM2-MR climate models for the 2050s (2041–2060) and 2070s (2061–2080), respectively. Because climate model predictions are relatively reliable in the medium term (e.g., 2041–2060), they may have greater uncertainty if they extend too far into the future. Moreover, the medium-term forecast can better reflect the potential impact of current policies and actions. The selection of specific time windows such as 2041–2060 and 2061–2080 makes different studies more comparable and coherent (O’Neill et al., 2017). These data, along with solar radiation data and precipitation data, were obtained from the WorldClim website (https://worldclim.org/). Additionally, soil-related data were sourced from the Harmonized World Soil Database (HWSD) website (https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/). A provincial-level administrative map with a scale of 1:4,000,000 was downloaded from the National Basic Geographic Information System of China (http://nfgis.nsdi.gov.cn) for use as an analytical basemap. All the aforementioned data are suitable for establishing the MaxEnt model.




2.3 Establishment of the MaxEnt model

The C. polycephalum coordinate data and environmental variables were imported into the MaxEnt model. The contribution rates of variables were calculated using the jackknife method. The output format was set to “Logistic,” the output file type was “asc,” and the operation type was “Crossvalidate” (cross-validation method). A random selection of the test set was set to 25%, leaving the rest 75% as the training set. We chose this setting because the test set evaluated the trained model and assessed its generalization ability and it can effectively avoid inflated measures of model performance (Phillips et al., 2017). The training was repeated 10 times. The number of iterations was set to 10,000 to make the model more accurate, while other parameters remained at their default values. This process yielded the contribution values of each environmental factor to the growth of C. polycephalum.

There were correlations among the selected 49 natural environmental variables. To avoid overfitting the model due to multicollinearity, collinearity diagnosis of the environmental variables was performed using SPSS 27. When the correlation coefficient between two environmental factors exceeded 0.8, the environmental factor with the lower contribution rate was discarded. Finally, 16 environmental factors were selected. The C. polycephalum coordinates and these environmental factors were imported into the MaxEnt software, and the model was run again according to the above settings to obtain the contribution values of each major environmental factor to the distribution of C. polycephalum, as shown in Table 1.

 Table 1 The environmental factors and their contribution rates after screening.


[image: Table listing variables, descriptions, and their percent contributions: srad5 (Solar radiation in May, 25.6%), prec5 (Precipitation in May, 16.5%), prec4 (April precipitation, 10.1%), bio6 (Minimum temperature of the coldest month, 8.1%), prec11 (November precipitation, 7%), bio11 (Mean temperature of the coldest quarter, 6.9%), srad7 (Solar radiation in July, 6%), bio7 (Temperature annual range, 4.4%), bio9 (Mean temperature of the driest quarter, 2.9%), srad10 (Solar radiation in October, 2.4%), T-BS (Basic saturation, 2.1%), T-PH-H2O (pH, 1.9%), prec1 (January precipitation, 1.8%), AWC-class (Soil-effective water content, 1.8%), srad4 (Solar radiation in April, 1.7%), prec3 (March precipitation, 0.8%).]




3 Results



3.1 Model prediction results

The accuracy of the model predictions can be evaluated using the receiver operating characteristic (ROC) curve and the area under the curve (AUC). The ROC curve is a graphical tool that shows the performance of a classifier at different threshold settings. It helps to understand how models behave in different situations by plotting the relationship between the true-positive rate (TPR) and the false-positive rate (FPR). The AUC is defined as the area under the ROC curve enclosed by the coordinate axes. The value of this area cannot be greater than 1. Since the ROC curve is generally above the line y = x, the AUC value ranges between 0.5 and 1. The AUC ranges are as follows: 0.5 to 0.6 (fail), 0.6 to 0.7 (poor), 0.7 to 0.8 (fair), 0.8 to 0.9 (good), and 0.9 to 1 (excellent) (Wang et al., 2020). The mean AUC value of the training set in this study was 0.931, as shown in Figure 2. In addition, the R program (R Core Team, 2024) was applied to calculate the true skill statistic (TSS) to evaluate the accuracy of MaxEnt’s prediction (Allouche et al., 2006). The evaluation criteria for TSS are categorized into five levels: excellent (0.85–1.0), very good (0.7–0.85), good (0.55–0.7), fair (0.4–0.55), and fail (<0.4). By running R, the TSS value obtained in this study was 0.568. This indicated that the model performed well in predicting results and suggested its suitability for studying the habitat distribution of C. polycephalum.

[image: Receiver operating characteristic (ROC) curve showing average sensitivity versus 1-specificity for CP. The curve has an area under the curve (AUC) of 0.931, represented by a red line. The blue shading indicates the mean plus or minus one standard deviation, suggesting variability in the model's performance. A diagonal black line represents random prediction.]
Figure 2 | ROC curves of the MaxEnt model for Clinopodium polycephalum.




3.2 Analysis of dominant environmental variables influencing the distribution of Clinopodium polycephalum

The contribution rates of environmental factors were determined using the jackknife method which is a commonly used statistical experiment approach to calculate the overall statistical indicators. It samples a large amount of data from the population, constructs different small samples, and then analyzes and evaluates the population by comparing different dimensions. The conclusions obtained can be very effective in calculating the index of the population. The results of assessing the gain effect of environmental variables through the jackknife method are shown in Figure 3. From the graph, it was evident that the mean temperature of the coldest quarter (bio11) and the solar radiation in May (srad5) had the greatest impact on the distribution of C. polycephalum. This indicated that these two environmental factors played a decisive role in determining suitable habitats for C. polycephalum. Following closely were the minimum temperature of the coldest month (bio6) and the temperature annual range (bio7), which also have significant impacts. Additionally, precipitation in March, April, May, and November, as well as the mean temperature of the driest quarter (bio9), also influenced the distribution of C. polycephalum. On the other hand, soil-available water content (AWC-class), soil acidity (pH-H2O), basic saturation (T-BS), and solar radiation in July and October contributed relatively less to the distribution of C. polycephalum.

[image: Bar chart titled "Jackknife of regularized training gain for CP" showing environmental variables on the y-axis and regularized training gain on the x-axis. Variables are displayed in three categories: without variable (teal), with only variable (blue), and with all variables (red). Bars vary in length, indicating different training gains per variable.]
Figure 3 | Jackknife test of environmental variables for Clinopodium polycephalum. Blue bars indicate only the designated variable, green bars indicate no such variable, and red bars indicate all variables.

Considering both the modeling contribution rates and impact weights, the relationship between species distribution and environmental factors is reflected through the response curves of the MaxEnt model. The response curves of several environmental factors that significantly influence the distribution of C. polycephalum are shown in Figure 4. When a factor exceeds 0.5, it can be considered to have an impact on the organism (Xu et al., 2023). In the graph, the mean temperature of the coldest quarter (bio11) is beneficial for the presence of C. polycephalum when it falls between 2°C and 11°C. Similarly, the temperature annual range (bio7) between 24°C and 31°C is also favorable for the presence of C. polycephalum. Additionally, the minimum temperature of the coldest month should range from −5°C to 5°C, and solar radiation in May between 14,800 and 17,550 kJ m−2 day−1 is conducive to the growth of C. polycephalum. It can be observed that the growth of C. polycephalum is mainly associated with solar radiation and temperature.

[image: Graphs A, B, C, and D depict the response of CP to different environmental variables: bio11, bio7, bio6, and srad5. Each graph shows logistic output values on the y-axis against respective variable values on the x-axis. All graphs display a peak in logistic output at specific variable ranges and include blue confidence intervals surrounding a red curve.]
Figure 4 | Response curves for the critical environmental variables. (A) Mean temperature of the coldest quarter indicates the most suitable temperature of 8°C; (B) the annual temperature range suggests that 27°C is the best; (C) the minimum temperature of the coldest month demonstrates that the appropriate one is 2°C; (D) solar radiation in May proposes that 15,000 kJ m−2 day−1 is most conducive to the growth of Clinopodium polycephalum.




3.3 Potential geographic distribution and habitat evaluation



3.3.1 Current potential distribution of Clinopodium polycephalum

Depending on the direction of habitat suitability trends, species ranges may shrink or expand. Range shrinkage usually leads to increased vulnerability and potential extinction, while expansion can lead to the colonization of new regions (Parmesan and Yohe, 2003). Shifts in the center of gravity of plant growth can indicate how species respond to climate change. For example, in the Northern Hemisphere, a northward shift in the center of gravity usually indicates that species are migrating to cooler areas in response to rising temperatures (Chen et al., 2011). Understanding the center of gravity displacement can help develop effective conservation strategies. Under the influence of natural environmental factors, the potential distribution of C. polycephalum is depicted in Figure 5. Using the ArcGIS software, the study determined that C. polycephalum had a potential distribution area of approximately 297.6 × 104 km2 in the current period, accounting for approximately 31.0% of China’s land area. Among these, the high-suitable habitat zone covered approximately 75.8 × 104 km2, primarily concentrated in southern China. It was distributed throughout the entire province of Hubei, the central-northern part of Chongqing Municipality, the northwest part of Hunan Province, the northern part of Guangxi Province, the central part of Guizhou Province, the southeastern part of Sichuan Province, the eastern part of the Tibet Autonomous Region, the northwest corner of Yunnan Province, and areas such as Anhui, Henan, Zhejiang, Jiangxi, and Guangdong. The medium-suitable habitat zone covered approximately 112.3 × 104 km2, mainly spreading outward from the high-suitable habitat zone. It was distributed in the central-southern part of Hunan Province, the central-northern part of Jiangxi Province, the central-southern part of Anhui Province, the entire province of Zhejiang, the southern part of Henan Province, and parts of Guizhou, Hubei, Yunnan, Tibet, Gansu, and Sichuan. The low-suitable habitat zone similarly expanded outward from the edge of the medium-suitable habitat zone, covering approximately 109.4 × 104 km2. It was primarily distributed in the southern edge of Yunnan, the southern part of Guangxi, the central-northern part of Fujian, Jiangsu, Anhui, the northern part of Henan, the central part of Shaanxi, the southern part of Gansu, and sporadically distributed in provinces such as Shandong, Shanxi, Liaoning, Beijing, and Hebei.

[image: Map of China showing land suitability for a certain purpose, with regions marked in blue as unsuitable, green as generally suitable, yellow as moderately suitable, and red as highly suitable. A compass rose is at the top right, and a scale bar is at the bottom left.]
Figure 5 | Distribution of Clinopodium polycephalum in suitable areas in China. White indicates an unsuitable growth area, and red indicates a highly suitable area.




3.3.2 Potential distribution of Clinopodium polycephalum under future climate

The study considered climate conditions under the SSP245 and SSP585 scenarios for the periods 2041–2060 and 2061–2080. After running MaxEnt and ArcGIS, the distribution maps of future C. polycephalum were obtained, as shown in Figure 6. Compared to the current climate conditions, the high-suitable habitat areas for C. polycephalum increase under both future scenarios. Under the SSP245 scenario for the period of 2041–2060 (Figure 6A), the high-suitable habitat area for C. polycephalum is approximately 135.7 × 104 km2, which is 60.0 × 104 km2 larger than the current high-suitable habitat area. It is mainly distributed in the southeastern part of Sichuan, Hubei, Chongqing, Guizhou, the northwestern part of Hunan, southern Anhui, and northeastern Yunnan. The middle suitable living area is approximately 100.8 × 104 km2, and the low-suitable habitat area is approximately 124.7 × 104 km2. The suitable habitat distribution under the SSP585 scenario for the period of 2041–2060 (Figure 6B) is similar to that under the SSP245 scenario for the same period. The areas of low-, medium-, and high-suitable habitats are approximately 130.6 × 104, 95.4 × 104, and 130.0 × 104 km2, respectively, with generally similar provincial distributions. Under both SSP245 and SSP585 scenarios, the suitable habitat area of C. polycephalum for the period of 2061–2080 significantly increases compared to the current conditions. Under the SSP245 scenario, the total suitable habitat area for the period of 2061–2080 is approximately 356.6 × 104 km2, with a high-suitable habitat area of approximately 164.4 × 104 km2. It is mainly distributed in Zhejiang, southern Anhui, Hubei, Hunan, Guizhou, Chongqing, and southeastern Sichuan. This area not only shows a significant increase compared to the current suitable habitat area but also exhibits a substantial increase compared to the period of 2041–2060 under the SSP245 scenario. However, the areas of low- and medium-suitable habitats have significantly decreased. Under the SSP585 scenario, the situation is slightly different. The high-suitable habitat area for the period of 2061–2080 is approximately 105.3 × 104 km2, which is an increase of approximately 30.0 × 104 km2 compared to the current climate. However, compared to the period of 2041–2060, the high-suitable habitat area has decreased by approximately 25.0 × 104 km2. The comparison of suitable areas in different periods is shown in Figure 7.

[image: Four maps of China labeled A, B, C, and D depict different suitability levels for an unspecified factor, with categories ranging from unsuitable to highly suitable. Red indicates highly suitable areas, primarily in the south and east. Orange shows moderately suitable zones, while blue signifies generally suitable regions, and white indicates unsuitable areas. Each map shows slight variations in the distribution and extent of these colored areas. A scale and north arrow are included for reference.]
Figure 6 | Distribution of suitable areas of Clinopodium polycephalum under future climatic conditions. (A) 2041–2060, SSP245; (B) 2041–2060, SSP585; (C) 2061–2080, SSP245; (D) 2061–2080, SSP585.

[image: Stacked bar chart showing land suitability over time for various periods labeled as current, SSP245 2041-2060, SSP245 2061-2080, SSP585 2041-2060, and SSP585 2061-2080. Categories are: unsuitable (blue), generally suitable (orange), moderately suitable (yellow), and highly suitable (green). Unsuitable areas decrease over time, with highly suitable areas increasing, indicating a trend towards greater agricultural suitability.]
Figure 7 | Comparison of the area of each suitable area of Clinopodium polycephalum in each period.




3.3.3 Changes in the distribution centroid of suitable habitat zones

The prediction results have shown certain differences in the migration of suitable habitat zones for C. polycephalum under different climate scenarios (Figure 8). Under current climate conditions, the centroid of the suitable habitat zone for C. polycephalum growth was located near Fuling District, Chongqing Municipality (107.51°E, 29.81°N). Under the influence of climate change, the centroid of the suitable growth zone for C. polycephalum in the period of 2041–2060 under the SSP245 climate scenario moved westward to Meishan City, Sichuan Province (112.8°E, 33.60°N), with a migration distance of 347.3561 km. Similarly, under the same climate scenario for the period of 2061–2080, the centroid of the suitable habitat zone for C. polycephalum shifted toward the northeast direction, with a smaller migration distance of 61.4186 km.

[image: Map showing Chongqing Municipality and neighboring provinces in China, illustrating projected climate change impacts. Dots represent locations for current, 2040-2060, and 2060-2080 periods under SSP245 and SSP585 scenarios. Lines connect these points to indicate progression over time.]
Figure 8 | Shift map of the center of gravity in the suitable area of Clinopodium polycephalum under future climate scenario.

Under the SSP585 climate scenario, during the period of 2041–2060, the centroid of the suitable growth zone for C. polycephalum generally moved westward to Tianquan County, Ya’an City, Sichuan Province, with a migration distance of 447.1534 km. In the period of 2061–2080, the suitable growth zone for C. polycephalum showed slight differences compared to the SSP245 climate scenario, with its centroid mainly shifted toward the northwest direction to Leshan City, Sichuan Province, with a migration distance of 88.0001 km. It can be observed that under future climate change scenarios, the centroid of the suitable habitat zone for C. polycephalum tended to migrate westward.






4 Discussion

With the exacerbation of global warming, climate conditions are gradually deteriorating, making it crucial to anticipate the distribution trends of species under future climate change, especially for the conservation of biodiversity (Huang, 2011; Du et al., 2022; Kusumoto et al., 2023). Such predictions can assist us in better understanding the adaptability and vulnerability of different species, thereby enabling us to implement appropriate conservation measures. In China, “duan xue liu” has a history of over a thousand years and still holds significant medicinal value today. It is essential to make protective distribution predictions for its parent plant, C. polycephalum. This study used the MaxEnt and ArcGIS models to simulate the potential distribution of C. polycephalum within China, revealing the impact of climate change on its future growth distribution and identifying its most suitable habitats and priority conservation areas. These findings will contribute to the conservation of C. polycephalum resources and help regulate the ecological balance (Zou et al., 2023; Eyre et al., 2024; Zou et al., 2024).

The operational results of this study indicated that under current climate conditions, the primary environmental factors influencing the distribution of C. polycephalum were temperature and solar radiation, followed by precipitation, while soil factors had the least impact on C. polycephalum distribution. Specifically, solar radiation in May has the highest contribution rate to the distribution of C. polycephalum, accounting for 25.6% of the total among the 16 environmental factors selected. The combined contribution rates of solar radiation in May and precipitation in May and April account for 52.2% of the total. The jackknife analysis showed that among the four environmental factors that had a significant impact on C. polycephalum, three were related to temperature, suggesting that temperature may play a decisive role in C. polycephalum growth. Although direct evidence for C. polycephalum is currently unavailable from the literature, studies showed that the optimal germination temperature for the seeds of Lamiaceae plant Clinopodium sandalioticum was approximately 20°C–25°C, and cold stratification was detrimental to seed germination at 10°C (Mattana et al., 2016). For the Lamiaceae plant Origanum compactum, the optimal germination temperature was 15°C (Laghmouchi et al., 2017). Based on this, it could be inferred that temperature conditions might also have a significant impact on the germination of C. polycephalum, which would greatly affect the distribution of C. polycephalum. Combining the response curves of these four environmental factors, we concluded that the minimum temperature for C. polycephalum growth should not drop below −5°C, the average temperature of the coldest quarter should be between 2°C and 11°C, and the annual temperature difference was preferably between 24°C and 31°C. These conditions may be conducive to C. polycephalum growth. The specific impact of solar radiation on C. polycephalum is currently unclear. However, studies showed that solar radiation was a key environmental signal regulating plant secondary metabolism. The interaction between ultraviolet-B and photosynthetically active radiation could affect the yield of monoterpenes in mint leaves (Behn et al., 2010), and this may adversely affect its growth. Therefore, it is reasonable that solar radiation also plays a significant role for the growth and distribution of C. polycephalum, which is in line with our findings that solar radiation in May was determined as a key factor. Moreover, solar radiation levels between 14,800 and 17,550 kJ m−2 day−1 may suit the growth requirements of C. polycephalum. These conditions align with C. polycephalum’s preference for light, its strong adaptability and tolerance to the environment, and its relatively low soil requirements (Ye et al., 2022). Precipitation may be related to the synthesis of phenolic compounds in Hyptis Jacq. (Lamiaceae), and the population from the Atlantic forest contains higher phenolic compounds than that from the Brazilian Serrado (dos Santos et al., 2018). Rainfall in different seasons and locations may well have an effect on C. polycephalum. Our model forecasted that precipitation in April and May should be no less than 60 and 90 mm, respectively. External precipitation requirements we see could be the result of the internal physiological needs of C. polycephalum, which merits future studies.

Currently, the potential suitable habitat for C. polycephalum was concentrated in the southern regions of China, primarily in Sichuan Province, Chongqing Municipality, Anhui Province, Guizhou Province, and Zhejiang Province, among others. Secondary distributions were observed in provinces such as Henan, Gansu, Guangdong, and Guangxi Zhuang Autonomous Region. This distribution pattern was largely consistent with actual distribution areas (Huang et al., 1991), indicating a certain degree of accuracy in the model. Future habitat suitability models predicted that under the SSP245 scenario, the overall area of suitable habitat for C. polycephalum will increase in future periods, with an increase in high-suitable habitat areas. This suggested that C. polycephalum in China had not yet reached its maximum distribution range and will continue to expand under the backdrop of global climate warming. However, under the SSP585 scenario, the area of suitable habitat for C. polycephalum in 2061–2080 decreased slightly compared with that in 2041–2060, with a significant reduction in the high-suitable habitat area. This may indicate that under this scenario, climate change may not favor the growth of C. polycephalum.

In the process of adapting to climate change, many species tend to migrate toward higher latitudes (Nuñez et al., 2023). This study analyzed the centroid of the suitable habitat zone for C. polycephalum using the ArcGIS software. It was found that under the SSP245 scenario, the centroid of the suitable habitat zone for C. polycephalum generally shifted toward higher latitudes with a “westward” trend. Under the SSP585 scenario, from 2041 to 2060, the centroid shifted slightly toward higher latitudes, while from 2061 to 2080, there was a slight shift toward lower latitudes, with an overall westward trend. However, from 2061 to 2080, the centroid slightly shifted eastward compared to the period from 2041 to 2060.

Although the environmental indicators included in the modeling process encompass climate factors, precipitation, solar radiation, soil, and other factors, there are still certain limitations. Additionally, the choice of research scale is one of the uncertainties in species distribution prediction. Furthermore, climate warming may increase the frequency of extreme weather events, leading to habitat degradation and loss (Callaghan et al., 2004; Zhou et al., 2013). Therefore, the actual distribution of suitable habitat for C. polycephalum may be smaller than the predicted results in this study. Based on the study of the potential geographical distribution pattern of C. polycephalum in different periods, the suitability of the lowest temperature in the coldest month, the average temperature in the coldest month, the solar radiation in May, and the precipitation in April and May can be considered more in the future protection and planting of C. polycephalum, so as to develop corresponding physiological regulation measures and better protect the wild germplasm resources of C. polycephalum.




5 Conclusion

The rapid climate change caused by global warming has significantly affected many plant species. For C. polycephalum, a traditional Chinese medicinal plant with great value, predicting its future habitat is crucial given its inadequate studies and underdeveloped status. This study explored the potential distribution of C. polycephalum in China and assessed the impact of climate change using the MaxEnt model and ArcGIS software. The analysis of geographical distribution data and environmental variables revealed that temperature and solar radiation are the primary factors influencing C. polycephalum’s suitable habitat under current climatic conditions, with solar radiation in May also playing a pivotal role. Temperature, particularly the mean temperature of the coldest quarter and the minimum temperature, significantly impacts C. polycephalum’s growth by potentially affecting its seed germination. While climate change may expand suitable growth areas in the future, it also projects reductions in certain areas, necessitating tailored conservation and management strategies. Our finding provides essential data for the conservation and sustainable management of C. polycephalum resources. By studying C. polycephalum’s ecology and distribution dynamics, this paper offers valuable insights for future studies and conservation efforts, underscoring the practical significance of adaptive management approaches to ensure the long-term survival and medicinal availability of C. polycephalum.
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Background

In recent years, more severe droughts have occurred frequently in many parts of the world, drought stress is the primary abiotic stress factor restricting the growth and quality of flue-cured tobacco. Therefore, screening dryland cultivation-compatible flue-cured tobacco varieties will help reduce the negative impact of drought.





Methods

Tobacco varieties were selected: Qinyan 96 (Q96), Zhongyan 101 (Z101), Yunyan 87 (Y87), and Yunyan 116 (Y116). A pot experiment was conducted with four water supply gradients: sufficient, mild stress, moderate stress, and severe stress. The aim was to analyze inter-varietal differences in agronomic traits, photosynthetic traits, reactive oxygen species (ROS) metabolism, and antioxidant enzyme system under drought stress. Additionally, the drought resistance of four flue-cured tobacco varieties was evaluated using principal component analysis and membership function analysis.





Results

The results showed that drought intensification inhibited seedling growth and development across all varieties, with Q96 showing the least decrease and Y116 the greatest. With the increasing degree of drought stress, photosynthetic rates (Pn), transpiration rate (Tr), and stomatal conduction (Gs) have shown gradually decreasing trends, while substomatal cavity CO2 concentration (Ci) showed a growing trend. Severe drought corresponded with lower chlorophyll content and decreased the maximal photochemical efficiency (Fv/Fm), photosystem II (PSII), and photochemical quenching coefficient (qP) in all varieties, while steady-state non-photochemical quenching (NPQ) increased. Increased drought stress led to significantly higher reactive oxygen species (ROS) and malondialdehyde (MDA) content accumulation in tobacco seedlings. The antioxidant enzyme activities in, Q96, Z101, and Y87 increased under mild drought stress, whereas Y116 showed decreased activity.





Conclusion

The drought resistance ranking among the four varieties is as follows: Q96 > Z101 > Y87 > Y116. Therefore, Q96 is a promising drought-tolerant breeding material that can be used as a reference for dryland cultivation of flue-cured tobacco.





Keywords: tobacco varieties, drought tolerance, antioxidant enzymes, principal component analysis, comprehensive evaluation




1 Introduction

Global climate change has increased extreme weather events (Gu et al., 2020; Ji et al., 2023), with drought becoming a significant factor affecting flue-cured tobacco production (Tang et al., 2020). Drought stress can disrupt cellular metabolism, hinder growth and development, and even cause stagnation in tobacco (Petrov et al., 2015). In China, tobacco, an important economic crop, is often grown in regions prone to soil drought and water scarcity. However, tobacco requires substantial water for optimal growth and development (Biglouei et al (Biglouei et al., 2010; Xu et al., 2020). Therefore, sufficient water conditions are essential for ensuring stable yield and quality.

Drought stress significantly impacts tobacco in multiple ways. The growth and development of leaves are hindered, resulting in stunted plants with wrinkled leaves (Yang et al., 2017; Liu et al., 2021). This stress also leads to insufficient dry matter accumulation, preventing normal maturation (Su et al., 2017). Severe drought stress can cause permanent wilting and, ultimately, tobacco plant death (Negin et al., 2023). Furthermore, drought stress affects the physiological characteristics and metabolic levels of tobacco (Hu et al., 2023). During the process of plant growth and development, drought stress significantly inhibits photosynthesis (Mukarram et al., 2021). Specifically, it reduces the net photosynthetic rate, transpiration rate, and stomatal conductance, thereby weakening photosynthetic performance (Khalvandi et al., 2021). Upon exceeding the plant’s regulatory capacity under drought stress, disruption of the reactive oxygen species (ROS) system metabolism occurs, generating substantial ROS amounts (Laxa et al., 2019; Mittler et al., 2022). This results in membrane lipid peroxidation and subsequent disruption of normal cell membrane function (Mansoor et al., 2022). Drought stress of varying degrees escalates malondialdehyde (MDA) content, a membrane lipid peroxide in plants, with MDA production serving as a stress damage indicator (AlKahtani et al., 2021). Tobacco employs antioxidant enzymes for self-protection against drought stress, mitigating resultant damage (Begum et al., 2020; Rajput et al., 2021). In summary, drought-resistant tobacco varieties should exhibit strong traits such as high photosynthetic capacity and robust antioxidant enzyme activity (Xu et al., 2022).

In typical arid and semi-arid regions, water scarcity and inadequate irrigation in tobacco fields negatively impact the yield and quality of flue-cured tobacco, which hinders cultivation and reduces farmers’ income. Therefore, identifying drought-resistant flue-cured tobacco varieties and screening germplasm for breeding new cold-tolerant varieties is crucial for improving production. Recent studies have shifted from evaluating plant drought resistance based on a single growth index or physiological trait to more comprehensive analyses. For example, Wu and Bao (2012) identified 10 drought resistance indexes in winter wheat, including Pn, POD, and MDA. Wang et al. (2022b) found that amino acid and lipid metabolism play key roles in the drought resistance of two soybean varieties. Additionally, Quevedo et al. (2022) developed a model to predict water deficit tolerance in cotton varieties. However, comprehensive evaluations of drought resistance in flue-cured tobacco varieties are limited. In our pot experiment, we used four flue-cured tobacco varieties to compare biomass accumulation, photosynthetic parameters, chlorophyll fluorescence, reactive oxygen species metabolism, and antioxidant systems under varying levels of drought stress. We then used principal component analysis and membership function to assess the drought resistance of these seedlings and identify the varieties best suited for dryland planting. Our aim is to further elucidate the drought resistance mechanisms in flue-cured tobacco seedlings and provide a foundation for breeding drought-resistant varieties.




2 Materials and methods



2.1 Varieties and experimental design

Test tobacco varieties: ‘Qinyan 96’ (Q96), ‘Zhongyan 101’ (Z101), ‘Yunyan 87’ (Y87), and ‘Yunyan 116’ (Y116).

The experiment was conducted at the Henan University of Science and Technology Experimental Farm’s dry greenhouse from early May to late June 2018. The greenhouse had a roof covered with transparent sunlight panels (> 90% light transmittance) and rolling shutters on both sides for ventilation and heat dissipation. Six thermometers were installed inside for real-time temperature monitoring. The experimental plastic basins had an upper diameter of 40 cm, a lower diameter of 25 cm, and a height of 35 cm. Each basin contained 20 kg of soil sieved through a 0.50 cm × 1 cm mesh, air-dried, and mixed with fertilizer (3.50 g of pure N per pot, N: P2O5: K2O = 1:1.5:1). Test fertilizers included nitrate phosphate fertilizer (32% total nitrogen, 4% available phosphorus), ammonium phosphate (11% total nitrogen, 44% available phosphorus), potassium sulfate (50%), and cake fertilizer (5% total nitrogen).

In this experiment, four treatments were established: (1) CK: sufficient water supply (70–75% soil moisture content); (2) D1: Mild stress induced (55–60% soil moisture content); (3) D2: Moderate stress (45–50% soil moisture content); and (4) D3: Severe stress (35–40% soil moisture content). Each treatment comprised 10 replicates, and one tobacco seedling was transplanted per pot, totaling 120 pots. A negative pressure gauge was installed in each pot, and tobacco seedlings of similar vigor, shape, and size were selected for transplantation (one tobacco seedling per pot). Upon completion of the seedling return period (five days post-transplantation), water control was commenced. Following seven days of drought stress treatment, agronomic traits were assessed. For physiological indicator measurements, the third fully unfolded leaf from the top was selected.

Verification of water control reliability: Before tobacco seedling transplantation, a preliminary water control treatment experiment was conducted. Each pot, pre-filled with dry soil, was equipped with a negative pressure gauge and subjected to different water gradients. Upon stabilization of the negative pressure gauge readings, the maximum field water holding capacity of the soil was determined using the ring knife method. Subsequently, the soil water potential (negative pressure gauge readings) and corresponding soil relative water content were measured for each pot. Analysis revealed a significant negative correlation between soil moisture content and soil water potential (r2 = -0.92**), indicating that negative pressure meter readings effectively represent the relative soil moisture content.




2.2 Measurement items and methods



2.2.1 Determination of growth indicators

Three representative tobacco plants of comparable growth from each treatment were selected for the examination of their agronomic traits. Simultaneously, three complete fresh tobacco plant samples (including roots, stems, and leaves) with similar growth conditions were collected from each treatment. The drying process was initiated at 105°C for 30 minutes, followed by 80°C until a constant weight was achieved. Subsequently, the dry matter accumulation of the entire tobacco plant (i.e., dry weight in grams) was weighed and calculated.




2.2.2 Chlorophyll content determination

Three tobacco seedlings of similar growth from each treatment were selected. Using a leaf punch, their functional leaves (≥ 5 cm, third leaf position below the heart leaf) were sampled and measured for chlorophyll content. The chlorophyll content was determined spectrophotometrically (Vernon, 1960).




2.2.3 Determination of photosynthetic parameters

The photosynthetic parameters, including photosynthetic rates (Pn), transpiration rate (Tr), stomatal conductance (Gs), and substomatal cavity CO2 concentration (Ci), were measured for the same functional leaves from the tobacco plants studied for agronomic traits using a Li-6400 XT portable photosynthetic instrument between 9:00 a.m. and 11:00 a.m. on a sunny day.




2.2.4 Determination of chlorophyll fluorescence parameters

The chlorophyll fluorescence parameters, including maximal photochemical efficiency (Fv/Fm), photosystem II (PSII), photochemical quenching coefficient (qP), and non-photochemical quenching (NPQ), were assessed using a PAM-2100 portable modulation fluorescence meter (Walz, Germany) at the same time as the photosynthetic measurements. The parameters were calculated using the following formulas:

[image: Equation displaying the formula \( F_v / F_m = (F_m - F_0) / F_m \) labeled as Equation (1).] 

[image: Formula for PSII: (F sub m prime minus F sub s) divided by F sub m prime, labeled as equation two.] 

[image: qP equals (F_m prime minus F_t) divided by (F_m prime minus F_0 prime), equation number three.] 

[image: Equation showing non-photochemical quenching (NPQ): NPQ equals (F subscript m minus F subscript m prime) divided by F subscript m prime, labeled as equation 4.] 




2.2.5 Determination of reactive oxygen species metabolism and antioxidant enzyme activity

Before killing the green leaves, functional leaves were selected for sampling to determine malondialdehyde concentration and antioxidant enzyme activity. Specifically, superoxide dismutase (SOD) detection utilized the nitrogen blue tetrazole photochemical reduction method, peroxidase (POD) detection employed the guaiacol method, CAT detection used the ultraviolet absorption method, and malondialdehyde (MDA) content detection relied on the thiobarbituric acid colorimetric method (Schmedes and Hølmer, 1989). The calculation of O2- production rate was performed as per a previous method (Ai-Guo and Guang-Hua, 1990).





2.3 Comprehensive evaluation of drought resistance

For varieties, the membership function value for each comprehensive index should be determined. The variance contribution rate of each index should then be used to calculate the principal component weight. Finally, the comprehensive evaluation value (D value) of drought resistance should be calculated using the membership function value and principal component weight.:

[image: Mathematical formula for utility calculation: U(X(i)) equals (X(i) minus X(min)) divided by (X(max) minus X(min)), labeled as equation 5.] 

[image: Equation showing \( W_j = P_j / \Sigma P_j \), where \( j = 1, 2, 3, \ldots, n \), labeled as equation (6).] 

[image: The formula shows D equals the sum of U of X sub j multiplied by W sub j, where j ranges from one to n. This is equation seven.] 

where: Xj is the jth composite index value of each variety, Xmax and Xmin are the maximum and minimum values of jth composite index value, respectively. Wj denotes the weight of the jth principal component in all principal components, and Pj is the variance contribution rate of the jth principal component. U(Xj) is the value of the jth principal component score functionalized by membership, and the comprehensive evaluation D value of drought resistance of the variety (line) is calculated according to equation (7). The D value of each variety (line) was ranked, and the D value range was 0.00–1.00. The higher the score, the higher the ranking, the stronger the drought resistance, and the weaker the drought resistance (Bao et al., 2023).




2.4 Data processing

Data processing and analysis were conducted using Excel and SPSS statistical software, while mapping was performed using Origin 2021 software. The general linear model in SPSS 23 was used to conduct one-way analysis of variance and LSD tests followed by Dunnett test at the 0.05 probability level.





3 Results



3.1 Effects of drought stress on the growth of tobacco seedlings

Table 1 shows that as drought stress increases, the plant height, maximum leaf length, maximum leaf width, maximum leaf area, and dry weight per plant in the four flue-cured tobacco varieties progressively decrease. However, different varieties exhibit varying responses to drought stress. Under D1 treatment, compared to CK treatment, the plant height of Q96 did not significantly decrease, while Z101, Y87, and Y116 showed reductions of 9.19%, 12.76%, 13.66%, and 15.04%, respectively. Under D2 treatment, plant heights of Q96, Z101, Y87, and Y116 decreased by 20.00%, 22.66%, 26.34%, and 30.07%, respectively. Under D3 treatment, the decreases were 28.38%, 31.77%, 35.61%, and 39.86%, respectively. Similarly, under D1 treatment, the maximum leaf length of Q96 decreased significantly, while Z101, Y87, and Y116 showed reductions of 6.48%, 11.40%, 13.85%, and 17.46%, respectively, compared to the control. Under D2 treatment, the maximum leaf lengths of Q96, Z101, Y87, and Y116 decreased by 15.12%, 21.05%, 23.08%, and 25.62%, respectively. Under D3 treatment, these decreases were 22.25%, 27.85%, 33.19%, and 37.41%, respectively. Additionally, under D1 treatment, the maximum leaf width of Q96 decreased significantly, while Z101, Y87, and Y116 decreased by 5.50%, 11.21%, 13.66%, and 17.84%, respectively. Under D2 treatment, maximum leaf widths decreased by 16.97%, 21.98%, 22.91%, and 25.31%, respectively. Under D3 treatment, the decreases were 22.48%, 29.74%, 33.04%, and 36.10%, respectively.

Table 1 | Effects of different degrees of drought stress on agronomic characters and dry weight per plant of flue-cured tobacco seedlings.


[image: Table comparing plant indexes, including plant height, maximum leaf length, maximum leaf width, maximum leaf area, and dry weight per plant. Data is categorized by treatments (CK, D1, D2, D3) and varieties (Q96, Z101, Y87, Y116). Values are presented with mean ± standard deviation and distinctions marked by lowercase letters indicating significant differences (P < 0.05).]
Compared to the CK treatment, the maximum leaf area of Q96 significantly decreased under D1 treatment, while the maximum leaf area of Z101, Y87, and Y116 decreased by 11.57%, 21.42%, 25.52%, and 32.16%, respectively. Under D2 treatment, the maximum leaf area of Q96, Z101, Y87, and Y116 decreased by 29.59%, 38.37%, 40.73%, and 44.39%, respectively. With D3 treatment, the maximum leaf area further decreased by 39.76%, 49.28%, 55.22%, and 60.05% for Q96, Z101, Y87, and Y116, respectively. Additionally, compared to CK treatment, the dry weight per plant of Q96, Z101, Y87, and Y116 significantly decreased under D1 treatment, by 14.86%, 19.16%, 19.74%, and 25.92%, respectively. Under D2 treatment, the dry weight per plant of Q96, Z101, Y87, and Y116 decreased by 26.49%, 30.69%, 31.35%, and 33.71%, respectively. Under D3 treatment, these decreases were 38.93%, 41.50%, 46.44%, and 51.98%, respectively. The results indicate that as drought stress intensifies, the reductions in plant height, maximum leaf length, maximum leaf width, maximum leaf area, and dry weight per plant worsen, ranking the drought resistance of the four flue-cured tobacco varieties as Q96 > Z101 > Y87 > Y116.




3.2 Effects of drought stress on chlorophyll content in tobacco seedlings

Table 2 shows that the contents of chlorophyll a, chlorophyll b, and chlorophyll a+b in the seedlings of four flue-cured tobacco varieties gradually decreased with increasing drought stress. Compared with CK, the chlorophyll a content of Q96 did not significantly decrease under D1 treatment, while the chlorophyll a content of Z101, Y87, and Y116 decreased by 7.71%, 14.52%, 18.74%, and 23.27%, respectively. Under D2 treatment, the chlorophyll a content of Q96, Z101, Y87, and Y116 decreased by 18.89%, 26.96%, 31.41%, and 34.33%, respectively. The chlorophyll a content of Q96, Z101, Y87, and Y116 decreased by 31.53%, 36.19%, 38.88%, and 42.56%, respectively, under D3 treatment.

Table 2 | Effects of different degrees of drought stress on chlorophyll content of flue-cured tobacco seedlings.


[image: Table displaying chlorophyll content across different treatments (CK, D1, D2, D3) and varieties (Q96, Z101, Y87, Y116). Chlorophyll a content is highest for CK treatment, while D3 is lowest. Chlorophyll b and a+b content follow similar patterns, with CK generally showing the highest content. Significant differences are indicated by different lowercase letters in each column for the same variety at p less than 0.05.]
Regarding chlorophyll b content, compared with CK treatment, the chlorophyll b content of Q96 did not decrease significantly under D1 treatment, while the chlorophyll b content of Z101, Y87, and Y116 significantly decreased by 8.80%, 18.63%, 19.59%, and 23.19% compared with the control, respectively. Under D2 treatment, the chlorophyll b content of Q96, Z101, Y87, and Y116 decreased by 22.42%, 32.11%, 33.29%, and 40.71%, respectively. The chlorophyll b content of Q96, Z101, Y87, and Y116 decreased by 34.27%, 43.87%, 44.25%, and 54.94%, respectively, under D3 treatment.

For chlorophyll a+b content, compared with CK treatment, the chlorophyll a+b content of Q96 did not significantly decrease under D1 treatment, while the chlorophyll a+b content of Z101, Y87, and Y116 significantly decreased by 7.90%, 15.22%, 18.86%, and 23.26%, respectively compared with the control. Under D2 treatment, the chlorophyll a+b content of Q96, Z101, Y87, and Y116 decreased by 19.51%, 27.84%, 31.68%, and 35.38%, respectively. The chlorophyll a+b content of Q96, Z101, Y87, and Y116 decreased by 32.01%, 37.50%, 39.67%, and 44.60%, respectively, under D3 treatment. The greater the drought stress, the greater the percentage decrease in chlorophyll a, chlorophyll b, and chlorophyll a+b content in the flue-cured tobacco seedlings. According to the degree of chlorophyll decline, the drought resistance of the four flue-cured tobacco varieties ranked as Q96 > Z101 > Y87 > Y116.




3.3 Effects of drought stress on photosynthetic parameters of tobacco seedlings

Figure 1 shows that as drought stress increased, the Pn, Tr, and Gs of the seedlings in all four flue-cured tobacco varieties exhibited a downward trend, while Ci showed an upward trend. Compared to CK treatment, the Pn (Figure 1A) of Q96 did not significantly decrease under D1 treatment, while the Pn of Z101, Y87, and Y116 decreased by 7.35%, 10.28%, 11.98%, and 17.11%, respectively. Under D2 treatment, the Pn of Q96, Z101, Y87, and Y116 decreased by 18.64%, 22.16%, 23.35%, and 34.41%, respectively. Under D3 treatment, the Pn of Q96, Z101, Y87, and Y116 decreased by 28.65%, 34.42%, 37.30%, and 46.84%, respectively.

[image: Four grouped bar charts labeled A, B, C, and D display data for four treatments: CK, D1, D2, and D3, using different colors and patterns. Each chart, corresponding to Q96, Z101, Y87, and Y116, compares parameters such as Pn, Tr, Gs, and Ci. Error bars and letter annotations (a, b, c, d) represent statistical differences between treatments in each panel.]
Figure 1 | Effects of different drought stress on photosynthetic parameters of tobacco seedlings. (A) Effects of different drought stress on Pn of tobacco seedlings, (B) Effects of different drought stress on Tr of tobacco seedlings, (C) Effects of different drought stress on Gs of tobacco seedlings, and (D) Effects of different drought stress on Ci of tobacco seedlings. Different lowercase letters in the figure represent significant differences (P <  0.05). “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).

Compared to CK treatment, the Tr (Figure 1B) of Q96 did not significantly decrease under D1 treatment, but the Tr of Z101, Y87, and Y116 significantly reduced by 8.00%, 17.73%, 18.57%, and 22.73%, respectively. Under D2 treatment, the Tr of Q96, Z101, Y87, and Y116 decreased by 22.31%, 30.60%, 31.04%, and 37.29%, respectively. Under D3 treatment, the Tr of Q96, Z101, Y87, and Y116 decreased by 36.91%, 44.59%, 45.80%, and 56.71%, respectively.

Compared to CK treatment, the Gs (Figure 1C) of Q96 did not significantly decrease under D1 treatment, but the Gs of Z101, Y87, and Y116 significantly reduced by 8.53%, 12.64%, 16.50%, and 20.26%, respectively. Under D2 treatment, the Gs of Q96, Z101, Y87, and Y116 decreased by 18.50%, 27.62%, 31.68%, and 35.87%, respectively. The maximum leaf widths of Q96, Z101, Y87, and Y116 decreased by 33.74%, 39.36%, 44.07%, and 49.81%, respectively, under D3 treatment. As drought stress increased, the greater the percentage decrease in Pn, Tr, and Gs, the worse the drought resistance of the flue-cured tobacco seedlings.

Unlike Pn, Tr, and Gs, the Ci (Figure 1D) of flue-cured tobacco seedlings increased with the severity of drought stress. The Ci of Q96 showed no significant change, while the Ci of Z101, Y87, and Y116 increased significantly by 4.22%, 12.66%, 18.91%, and 24.65%, respectively, compared to the control. Under D2 treatment, the Ci of Q96, Z101, Y87, and Y116 increased by 25.94%, 34.67%, 38.17%, and 45.18%, respectively. Under D3 treatment, the Ci of Q96, Z101, Y87, and Y116 increased by 39.30%, 51.03%, 54.49%, and 60.87%, respectively. As drought stress increased, the greater the percentage increase in Ci of flue-cured tobacco seedlings, the lower their drought resistance. Based on the decrease in Pn, Tr, and Gs, and the increase in Ci, the drought resistance of the four flue-cured tobacco varieties ranked as follows: Q96 > Z101 > Y87 > Y116.




3.4 Effects of drought stress on chlorophyll fluorescence parameters in tobacco seedlings

Figure 2 shows that with increased drought stress, Fv/Fm, PSII, and qP of the seedlings of the four flue-cured tobacco varieties gradually decreased, while NPQ gradually increased. In terms of Fv/Fm (Figure 2A), compared with CK treatment, the Fv/Fm of Q96 showed no significant decrease under D1 treatment, while the Fv/Fm of Z101, Y87, and Y116 decreased significantly by 2.80%, 8.68%, 9.07%, and 14.24%, respectively, compared to their respective controls. Under D2 treatment, the Fv/Fm of Q96, Z101, Y87, and Y116 decreased by 14.29%, 18.81%, 18.53%, and 27.03%, respectively. Under D3 treatment, the Fv/Fm of Q96, Z101, Y87, and Y116 decreased by 23.72%, 28.99%, 31.13%, and 38.22%, respectively.

[image: Bar charts labeled A, B, C, and D compare chlorophyll fluorescence parameters: \(F_v/F_m\), PSII, qP, and NPQ across four groups: Q96, Z101, Y87, and Y116. Bars in green, orange, pink, and blue represent different treatments CK, D1, D2, and D3. Each chart shows descending values for each group, with statistical significance indicated by letters a, b, c, and d. Error bars display variability.]
Figure 2 | Effects of different drought stress on chlorophyll fluorescence system of tobacco seedlings. (A) Effects of different drought stress on Fv/Fm of tobacco seedlings, (B) Effects of different drought stress on PSII of tobacco seedlings, (C) Effects of different drought stress on qP of tobacco seedlings, and (D) Effects of different drought stress on NPQ of tobacco seedlings. Different lowercase letters in the figure represent significant differences (P <  0.05). “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).

Compared with CK treatment, the PSII (Figure 2B) of Q96 did not significantly decrease under D1 treatment, while the PSII of Z101, Y87, and Y116 significantly decreased by 4.38%, 10.44%, 14.52%, and 17.66%, respectively, compared to their controls. Under D2 treatment, the PSII of Q96, Z101, Y87, and Y116 decreased by 16.95%, 23.33%, 26.26%, and 30.19%, respectively. The PSII of Q96, Z101, Y87, and Y116 further decreased by 28.01%, 35.31%, 36.37%, and 41.20%, respectively, under D3 treatment.

Compared with CK treatment, the qP (Figure 2C) of Q96, Z101, Y87, and Y116 decreased by 3.98%, 11.36%, 10.01%, and 15.61% under D1 treatment. Under D2 treatment, the qP of Q96, Z101, Y87, and Y116 decreased by 13.87%, 27.39%, 25.13%, and 33.54%, respectively. The qP of Q96, Z101, Y87, and Y116 further decreased by 33.59%, 39.08%, 40.21%, and 46.55%, respectively, under D3 treatment. As drought stress intensified, the greater the percentage decrease in Fv/Fm, PSII, and qP of flue-cured tobacco seedlings, the worse their drought resistance.

Compared with CK treatment, the NPQ (Figure 2D) of Q96 did not significantly increase under D1 treatment, but the NPQ of Z101, Y87, and Y116 significantly increased by 4.49%, 18.04%, 19.29%, and 25.00%, respectively, compared to the control. Under D2 treatment, the NPQ of Q96, Z101, Y87, and Y116 increased by 25.00%, 31.85%, 34.26%, and 46.29%, respectively. The NPQ of Q96, Z101, Y87, and Y116 further increased by 42.09%, 50.91%, 53.65%, and 65.04%, respectively, under D3 treatment. As drought stress intensified, the greater the percentage increase in NPQ of flue-cured tobacco seedlings, the worse their drought resistance. Based on the decreasing degree of Fv/Fm, PSII, and qP, and the increase of NPQ, the drought resistance of the four flue-cured tobacco varieties was ranked as Q96 > Z101 > Y87 > Y116.




3.5 The effect of drought stress on the superoxide anion free radical production rate in tobacco seedlings

As shown in Figure 3, the O2- production rate of the four flue-cured tobacco varieties increased with the severity of drought stress. Compared with the CK treatment, the O2- production rate of Q96 did not increase significantly under D1 treatment, while the O2- production rates of Z101, Y87, and Y116 increased significantly, by 2.31%, 17.55%, 34.09%, and 44.05%, respectively. Under D2 treatment, the O2- production rates of Q96, Z101, Y87, and Y116 increased by 44.43%, 54.23%, 57.55%, and 119.66%, respectively. The O2- production rates of Q96, Z101, Y87, and Y116 increased by 85.45%, 101.65%, 110.93%, and 174.90% under D3 treatment, respectively. As drought stress intensified, the greater the percentage increase in O2- production rate in flue-cured tobacco seedlings, the lower their drought resistance. The drought resistance of the four flue-cured tobacco varieties was ranked as Q96 > Z101 > Y87 > Y116 based on the increase in O2- production rate.

[image: Bar graph comparing the superoxide generation rate (nmol per gram per minute) across four groups: Q96, Z101, Y87, and Y116. Each group has four bars labeled CK, D1, D2, and D3, with D3 (in blue) consistently showing the highest rates. Bars are differentiated by color: green (CK), orange (D1), pink (D2), and blue (D3). Error bars and letters above each bar indicate statistical significance.]
Figure 3 | Effects of different drought stress on O2- generation rate of tobacco seedlings. Different lowercase letters in the figure represent significant differences (P <  0.05). “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).




3.6 Effects of drought stress on MDA content in flue-cured tobacco seedlings

As shown in Figure 4, the MDA content of the four flue-cured tobacco varieties also increased with drought stress. Compared with the CK treatment, the MDA content of Q96 did not increase significantly under D1 treatment, while the MDA contents of Z101, Y87, and Y116 increased significantly, by 3.09%, 14.40%, 17.23%, and 29.26%, respectively, compared to the control. Under D2 treatment, the MDA contents of Q96, Z101, Y87, and Y116 increased by 41.07%, 68.79%, 71.61%, and 112.92%, respectively. The MDA contents of Q96, Z101, Y87, and Y116 increased by 81.93%, 111.94%, 115.95%, and 222.78%, respectively, under D3 treatment. As drought stress intensified, the greater the percentage increase in MDA content in flue-cured tobacco seedlings, the lower their drought resistance. The drought resistance of the four flue-cured tobacco varieties was ranked as Q96 > Z101 > Y87 > Y116 based on the increase in MDA content.

[image: Bar chart showing MDA content in four groups: Q96, Z101, Y87, and Y116. Each group has four bars representing CK, D1, D2, and D3 treatments. MDA content increases across treatments, with D3 consistently highest. Error bars and letters indicate statistical differences.]
Figure 4 | Effects of different drought stress on MDA content of tobacco seedlings. Different lowercase letters in the figure represent significant differences (P <  0.05). “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).




3.7 Effects of drought stress on antioxidant enzyme activity in tobacco seedlings

As shown in Figure 5, compared with the CK treatment, the SOD (Figure 5A) of Q96, Z101, and Y87 tobacco seedlings under D1 treatment increased by 24.19%, 12.79%, and 14.95%, respectively, while the SOD of Y116 decreased by 12.33%. Under D2 treatment, the SOD of Z101, Y87, and Y116 increased by 39.19%, 12.44%, 16.91%, and 22.09%, respectively. However, under D3 treatment, the SOD of Q96, Z101, Y87, and Y116 decreased by 11.43%, 27.68%, 28.76%, and 36.23%, respectively.

[image: Bar graphs depicting enzyme activities under different treatments: (A) SOD activity, (B) POD activity, (C) CAT activity, across four variants (Q96, Z101, Y87, Y116). Treatments include CK (green), D1 (orange), D2 (pink), D3 (blue). Error bars indicate variability. Each variant shows significant differences in enzyme activity levels, marked by letters a, b, c, d.]
Figure 5 | Effects of different drought stress on the activities of SOD, POD, and CAT of tobacco seedlings (A) Effects of different drought stress on SOD activities of tobacco seedlings, (B) Effects of different drought stress on POD activities of tobacco seedlings, and (C) Effects of different drought stress on CAT activities of tobacco seedling. Different lowercase letters in the figure represent significant differences (P <  0.05). “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).

Compared with the CK treatment, the POD (Figure 5B) of Q96, Z101, and Y87 tobacco seedlings increased by 24.91%, 15.63%, and 10.96%, respectively, while the POD of Y116 decreased by 12.83%. Under D2 treatment, the POD increased by 40.96% for all but Q96, which saw a decrease of 19.31%, 21.97%, and 31.79% for Z101, Y87, and Y116, respectively. Under D3 treatment, the POD of Q96, Z101, Y87, and Y116 decreased by 18.77%, 35.86%, 36.37%, and 53.82%, respectively.

Compared with the CK treatment, the CAT (Figure 5C) of Q96, Z101, and Y87 tobacco seedlings increased by 10.88%, 8.43%, and 7.49%, respectively, while the CAT of Y116 decreased by 8.41%. Under D2 treatment, the CAT of Q96 increased by 22.48%, while Z101, Y87, and Y116 decreased by 12.20%, 13.48%, and 29.87%, respectively. However, under D3 treatment, the CAT of Q96, Z101, Y87, and Y116 decreased by 14.65%, 20.27%, 23.89%, and 48.08%, respectively.

Under D1 treatment, the values of SOD, POD, and CAT decreased only in Y116 compared with CK, indicating that Y116 exhibited poor drought resistance under mild drought stress. Under D2 treatment, SOD, POD, and CAT increased only in Q96 compared with CK, indicating that Q96 showed strong drought resistance under moderate drought stress. Under D3 treatment, the SOD, POD, and CAT values of all four flue-cured tobacco varieties decreased, reflecting a reduction in the antioxidant enzyme system when drought stress reached a certain level. In conclusion, the results showed that as drought stress intensified, the SOD, POD, and CAT levels in the seedlings of the four flue-cured tobacco varieties gradually declined. The greater the decline, the worse the drought resistance of the varieties, in the following order: Q96 > Z101 > Y87 > Y116.




3.8 Comprehensive evaluation of drought resistance in seedlings of different tobacco varieties

Table 3 shows that 21 individual indicators were determined by principal component analysis (PCA). The number of principal components was determined based on an eigenvalue ≥ 1.00, with principal components having a cumulative contribution rate of ≥ 85% used as the comprehensive index to evaluate the drought resistance of flue-cured tobacco. Under CK treatment, the variance contribution rates of the first six principal components were 26.52%, 19.61%, 15.75%, 12.19%, 7.17%, and 6.38%, respectively, with a cumulative contribution rate of 87.62%. This transformed 21 individual indicators into six comprehensive indicators, with the first principal component contributing over 25%. Under D1 treatment, the variance contribution rates of the first five principal components were 61.37%, 11.21%, 7.22%, 5.29%, and 4.97%, respectively, with a cumulative contribution rate of 90.06%, resulting in five comprehensive indicators. Under D2 treatment, the variance contribution rates of the first four principal components were 66.60%, 10.22%, 6.67%, and 4.84%, respectively, with a cumulative contribution rate of 88.33%, resulting in four comprehensive indicators. Under D3 treatment, the variance contribution rates of the first four principal components were 72.59%, 8.49%, 5.64%, and 4.90%, respectively, with a cumulative contribution rate of 88.33%, also resulting in four comprehensive indicators. Unlike the CK treatment, the first principal component in the D1, D2, and D3 treatments all exceeded 60%. The PCA results reflect the function of the drought resistance index of flue-cured tobacco varieties and can comprehensively evaluate the differences in drought resistance among these varieties.

Table 3 | Principal component analysis of drought resistance in tobacco seedlings under drought stress.


[image: Table displaying results for four treatments (CK, D1, D2, D3). Each treatment has multiple principal components with corresponding eigenvalues, contribution rates (CR), cumulative contribution rates (CCR), and Wj values. The table illustrates the data for comparison and analysis. Annotations explain that CR is the contribution rate, and CCR is the cumulative contribution rate.]



3.9 Screening of drought-resistant traits in tobacco seedlings under drought stress

Here, 21 drought resistance traits were evaluated under CK, D1, D2, and D3 treatments, with the distribution of each trait shown in Figure 6. There was a positive correlation between parallel indicators in the PCA plot, i.e., close traits, and a negative correlation between opposite traits. Under the CK (Figure 6A) treatment, the contribution rates of PC1 and PC2 were 26.50% and 19.60%, respectively, explaining 46.10% of the total variation. PC1 was dominated by plant height, maximum leaf width, dry weight per plant, and Tr, while PC2 was dominated by PSII, POD, and Pn. Under the D1 (Figure 6B) treatment, the contribution rates of PC1 and PC2 were 61.40% and 11.20%, respectively, explaining 72.60% of the total variation. PC1 was dominated by POD, Tr, MDA, and O2.-, while PC2 was dominated by qP, plant height, maximum leaf width, and Pn. Under the D2 treatment (Figure 6C), the contribution rates of PC1 and PC2 were 66.60% and 10.20%, respectively, accounting for 76.80% of the total variation. PC1 was dominated by chlorophyll a+b, maximum leaf length, MDA, and NPQ, while PC2 was dominated by maximum leaf width and qP. Under the D3 (Figure 6D) treatment, the contribution rates of PC1 and PC2 were 72.60% and 8.50%, respectively, explaining a total of 81.10% of the variation. PC1 was dominated by Tr, Pn, and maximum leaf area, while PC2 was dominated by maximum leaf width, PSII, POD, qP, and plant height.

[image: Four principal component analysis (PCA) charts labeled A to D show variables like plant height, chlorophyll levels, and leaf dimensions plotted on PC1 and PC2. Each chart features different percentages for PC1 and PC2, representing their contribution to variance. Variables such as SOD, CAT, and PSII are distributed across the plots, with data points for different plant genotypes represented by colored markers.]
Figure 6 | Screening of 21 drought resistant traits in different varieties of tobacco seedlings under different drought stresses. (A) Screening of 21 drought resistant traits in different varieties of tobacco seedlings under CK treatment, (B) Screening of 21 drought resistant traits in different varieties of tobacco seedlings under D1 treatment, (C) Screening of 21 drought resistant traits in different varieties of tobacco seedlings under D2 treatment, and (D) Screening of 21 drought resistant traits in different varieties of tobacco seedlings under D3 treatment.




3.10 Comprehensive evaluation of drought tolerance of tobacco seedlings under drought stress

According to equation (5), the membership function of each composite index for the four flue-cured tobacco varieties (Table 4) was determined, and the weight of each composite index (Table 3) was calculated using equation (6). The weights of the six composite indicators were 0.30, 0.22, 0.18, 0.14, 0.08, and 0.07 under the CK treatment; 0.68, 0.12, 0.08, 0.06, and 0.06 for the five composite indicators under the D1 treatment; 0.75, 0.12, 0.08, and 0.05 for the four composite indicators under the D2 treatment; and 0.79, 0.09, 0.06, and 0.05 for the four composite indicators under the D3 treatment. Finally, the D value for the comprehensive evaluation of drought resistance of each tobacco variety was calculated using formula (7). This D value, which integrates various drought resistance traits, is shown in Figure 7. The drought resistance of the flue-cured tobacco varieties was compared according to the D value. The D value of Q96 was smaller under CK treatment, indicating weaker drought resistance. However, the D value tended to be 1.00 under D1, D2, and D3 treatments, demonstrating stronger drought resistance compared to the other three varieties. Under the three drought stresses of D1, D2, and D3, Z101 exhibited weaker drought resistance than Q96, Y87 showed weaker drought resistance than Z101, and Y116 had the weakest drought resistance compared to the other three flue-cured tobacco varieties. Therefore, the drought resistance of the four flue-cured tobacco varieties under D1, D2, and D3 was ranked as follows: Q96 > Z101 > Y87 > Y116.

Table 4 | The membership function values of comprehensive indicators of different tobacco seedlings under drought stress.


[image: A table displaying membership function values for different treatments (CK, D1, D2, D3) across four varieties (Q96, Z101, Y87, Y116). Values vary from 0.00 to 1.00, showing how each treatment interacts with different varieties through various membership function values labeled U(X₁) to U(X₆).]
[image: Bar graph showing D-Value comparisons for four groups: CK, D1, D2, and D3. Each group has four color-coded bars representing Q96 (green), Z101 (orange), Y87 (pink), and Y116 (blue). Q96 consistently shows the highest values across D2 and D3.]
Figure 7 | D values of tobacco seedlings of four varieties under different drought stress. “Q96”, “Z101”, “Y87” and “Y116” mean flue-cured tobacco varieties Qinyan 96, Zhongyan 101, Yunyan 87, and Yunyan 116, respectively. CK, D1, D2, D3, represent sufficient water supply (70–75% soil moisture content), mild stress (55–60% soil moisture content), moderate stress (45–50% soil moisture content) and severe stress (35–40% soil moisture content).





4 Discussion

Drought stress significantly impedes plant growth and development, primarily due to photosynthesis limitations, disruptions in internal metabolic systems such as antioxidant systems, and other physiological performance degradation induced by drought stress (Ilyas et al., 2021). This study demonstrates that escalating drought severity inhibits seedling growth and development across all four tobacco varieties, albeit to varying degrees. Q96 exhibits a relatively minor growth decrease, whereas Y116 displays the most significant reduction, indicating that different drought-tolerant varieties respond distinctly to drought stress. Drought-tolerant plants rapidly adapt to arid conditions and enhance water use efficiency through self-regulation, a hallmark of drought resistance (Wahab et al., 2022). Accordingly, drought-resistant tobacco varieties exhibit smaller changes in growth indicators under drought stress than water-sensitive varieties, reflecting their genotypic advantages.

Through photosynthesis, plants accumulate essential substances and energy for growth and development (Zhen et al., 2022). Chlorophyll, predominantly found in leaves, facilitates light energy absorption for photosynthesis, with its concentration influencing the photosynthetic energy levels. Therefore, chlorophyll significantly impacts the internal light energy transfer within plants (Porcar-Castell et al., 2021; Simkin et al., 2022; Wang et al., 2022a). Given its sensitivity to drought stress, chlorophyll synthesis is considerably inhibited under such conditions. Severe drought stress can even trigger chlorophyll decomposition in plants (Khan et al., 2023). This experiment’s findings align with previous studies, confirming that escalating drought severity correlates with decreased chlorophyll content in tobacco seedling leaves (Jiang-Bo et al., 2013).

Upon experiencing drought stress, crops exhibit a decrease in water potential, which safeguards stomatal cells, resulting in stomatal closure within the leaves and impeding CO2 absorption and utilization. During this phase, weakened photosynthesis serves as the stomatal limitation. Prolonged drought stress causes the closure of some or all stomata, elevating CO2 concentration in leaf tissue, and damaging chloroplast structure, causing a decrease in chlorophyll content (Nagamalla et al., 2021). This damage leads to thylakoid membrane disintegration and the impairment of PSII function, consequently reducing the photosynthetic performance of mesophyll cells. At this stage, the non-stomatal factors, specifically the diminished photosynthetic capacity of plant mesophyll cells, cause the photosynthesis to decline (Sharma et al., 2020). This experiment’s findings demonstrated that drought stress decreased Pn, Tr, and Gs in two tobacco varieties, aligning with previous research (Wen-Quan et al., 2013) on the small crown flower, while Ci increased. The rehydration of drum bamboo following drought stress suggests that the reduced photosynthetic rate in tobacco is attributable to non-stomatal factors. Drought-resistant tobacco varieties rapidly acclimate to drought stress via self-regulation, mitigating drought’s adverse effects on the tobacco’s photosynthetic system. Severe drought stress significantly impacts the chlorophyll fluorescence parameters of tobacco leaves, causing decreases in Fv/Fm and qP, thereby limiting normal photosynthesis progression. Upon photosynthetic system damage, tobacco initiates self-protection mechanisms, which safeguard the photosynthetic system by promptly increasing NPQ and dissipating excess light energy (Begum et al., 2020; Chen et al., 2020). This study’s findings demonstrate that escalating drought stress levels correspond with reduced Fv/Fm, PSII, and qP, all significantly below control levels, while NPQ increases surpassing control levels.

Drought stress induces the formation of substantial reactive oxygen species (ROS) in plant cells. Delayed cleanup can trigger oxidative damage, impairing the membrane system and instigating membrane lipid peroxidation. O2-, a reactive oxygen species derivative formed by O2- gaining an electron, inflicts damage on plant tissues and cell membranes (Guo et al., 2019). Upon exposure to external drought stress, protective enzymes within plants synergistically suppress the extensive production of the lipid peroxidation product, malondialdehyde (MDA). As a primary peroxidation product, MDA undermines the structural functions of nucleic acids, proteins, and cell membranes, significantly affecting plant growth (Sarker and Oba, 2018). This experiment’s findings suggest that escalating drought stress correlates with a significant increase in ROS accumulation in tobacco seedlings. Both the O2- production rate and MDA content of Q96 and Z101 were significantly lower than those of Y87 and Y116, indicating a superior antioxidant capacity in Q96 and Z101.

Under drought stress, plants can enhance antioxidant enzyme activity to achieve self-protection and reduce damage (Dvorák et al., 2021; Rajput et al., 2021; Mishra et al., 2023). If the drought severity does not exceed the plant cells’ tolerance range, the enhanced antioxidant enzyme activity can effectively reduce free radical damage. However, exceeding this range disrupts the reactive oxygen species balance system, weakening antioxidant enzyme activity and causing ROS accumulation to exceed clearance capacity, resulting in plant cell damage. In this experiment, mild drought stress increased antioxidant enzyme activity in Q96, Z101, and Y87, but decreased it in Y116. This indicates that mild drought stress did not exceed the tolerance range of the first three tobacco varieties, allowing them to regulate the impact of drought stress on the reactive oxygen species system by enhancing their antioxidant enzyme activity. The antioxidant enzyme activity of Q96 peaked under moderate drought stress, while that of Z101 and Y87 peaked under mild drought stress. This suggests that although Q96 has a broad drought stress tolerance, the antioxidant systems of Z101 and Y87 have been damaged under moderate drought stress, surpassing their resistance thresholds. Therefore, they cannot efficiently eliminate ROS. Furthermore, the ROS system of Y116 is already impaired under mild drought stress, indicating lower drought stress tolerance. These findings align with the research of Selwal et al. (Selwal et al., 2022). on various tartary buckwheat varieties.

Plant drought resistance is a complex trait affected by genetic characteristics and external environment. Evaluating drought resistance through a single index is problematic, as it is only reflected by various indicators such as growth and development, photosynthetic characteristics, fluorescence characteristics, reactive oxygen species metabolism, and antioxidant enzyme activity. Each index’s response to drought stress is inconsistent and often cannot accurately reflect drought resistance. Jang et al. (2024) suggested that the fresh dry weight of leaves and stems, relative water content, and SPAD value were key components of the visual score for Chinese cabbage wilting. PCA can convert multiple single indicators into a few comprehensive indicators, effectively avoiding missing data and classifying drought-resistant plant genotypes (Wu and Bao, 2012). Li et al. (2023) used PCA and membership function analysis to evaluate the drought tolerance of lettuce cultivars, selecting surface area (RSA), root volume (RV), underground dry weight (BDW), and soluble sugar (SS) for assessing lettuce genotype drought resistance. The cumulative contribution rate of comprehensive indicators under the CK, D1, D2, and D34 water gradients exceeded 85%, covering most of the data represented by the 21 single indicators. The contribution of the indicators to drought resistance in flue-cured tobacco varied under different drought conditions. The membership function values of four flue-cured tobacco varieties were calculated using the principal component scores, and the D values for the comprehensive evaluation of drought resistance were determined by combining these scores with the weights to perform the evaluation. The results showed that, among the three drought stress treatments, Q96 exhibited strong drought resistance, followed by Z101 and Y87, while Y116 displayed weak drought resistance. However, this study only analyzed and evaluated the drought resistance of flue-cured tobacco seedlings through simulated drought stress experiments. The actual drought resistance of flue-cured tobacco varieties in the field and throughout the entire growth period still needs further verification. Additionally, since drought tolerance traits in plants are typically controlled by multiple genes and the drought resistance mechanism is complex, further research is needed to explore the drought resistance mechanisms of different flue-cured tobacco varieties at the molecular and genetic levels.




5 Conclusion

The results showed that varying degrees of drought stress inhibited the growth and development of tobacco and significantly affected the physiological and metabolic activities of flue-cured tobacco seedlings. However, the responses of different varieties varied in agronomic traits, photosynthesis, chlorophyll fluorescence characteristics, reactive oxygen species metabolism, and antioxidant enzyme activity. Principal component analysis (PCA) and membership function analysis were combined to evaluate the drought resistance of flue-cured tobacco. Under D1 treatment, peroxidase (POD), Tr, malondialdehyde (MDA), and O2.- significantly contributed to the drought resistance of flue-cured tobacco (61.40%). Under D2 treatment, Chlorophyll a+b, maximum leaf length, MDA, and NPQ significantly contributed to drought resistance (66.60%), while under D3 treatment, Tr, Pn, and maximum leaf area were significant contributors (72.60%). Based on various physiological indices of four tobacco cultivars, drought resistance under different drought stress levels was ranked as follows: Q96 > Z101 > Y87 > Y116. Using comprehensive indicators provides important support for accurately evaluating flue-cured tobacco’s response to drought stress, selecting drought-resistant varieties, and offering a theoretical basis for exploring the molecular mechanisms of drought resistance in flue-cured tobacco.
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Introduction

Magnolia grandiflora L. (southern magnolia) is native to the southeastern coastal areas of the United States, from North Carolina to eastern Texas (USDA Cold Hardiness Zone 8). It is currently widely cultivated in Zones 5-10 in the U.S. and in southern Yangtze River regions in China. Limited studies have examined the effects of climate change and human activities on the geographical distribution and adaptability of M. grandiflora during its introduction to China.





Methods

We selected 127 occurrence points in the U.S. and 87 occurrence points in China, along with 43 environmental variables, to predict suitable habitat areas for M. grandiflora using present climate data (1970-2000) and projected future climate data (2050-2070) based on a complete niche ensemble model (EM) using the Biomod2 package. We also predicted the niche change of M. grandiflora in both countries using the 'ecospat' package in R.





Results

The ensemble models demonstrated high reliability, with an AUC of 0.993 and TSS of 0.932. Solar radiation in July, human impact index, and precipitation of the wettest month were identified as the most critical variables influencing M. grandiflora distribution. The species shows a similar trend of distribution expansion under climate change scenarios in both countries, with predicted expansions towards the northwest and northeast, and contractions in southern regions.





Discussion

Our study emphasizes a practical framework for predicting suitable habitats and migration of Magnoliaceae species under climate change scenarios. These findings provide valuable insights. for species conservation, introduction, management strategies, and sustainable utilization of M. grandiflora.





Keywords: biomod2, introduced species, niche shifts, potential geographic distribution, southern magnolia




1 Introduction

Over the past 100 years, global climate change and human activities have provided a fertile condition for non-native species to be introduced. The impact of climate change on biodiversity and the development of strategies for conservation have become a serious global issue for the international community. The global climate has experienced significant changes characterized by warming (Craparo et al., 2015). However, there is still a lack of comprehensive understanding of how many introduced plants responding to climate change. Ornamental plants have been domesticated and introduced for thousands of years (Corlett and Westcott, 2013; Pearson and Dawson, 2005; Walck et al., 2011). Species introduction depends on the availability of suitable geographic areas and environmental conditions (Lawler et al., 2009). Long-term field introduction trials have been the most reliable approach to identify suitable areas for woody ornamental plants (Zhang H. N. et al., 2019; Zhang K. et al., 2019). It requires significant resources and observations of several growth periods of plants. Therefore, the prediction of potential distribution pattern changes and ecological niche shifts of plants can be used to explore the potential geographic distribution and ecological niche evolution of plants effectively, which is critical for the study of ecological adaptations and introductions of plants to cultivation. Global climate change and human activities usually provide favorable conditions for the migration and cultivation of species and the distribution range of ornamental plants may increase (Feng et al., 2024; Wu H.-Y. et al., 2024; Wu K. et al., 2024; Zhang et al., 2024). Recent studies aimed to systematically elucidate how environmental variables affect the potential distribution patterns of plants and the transformation of their bioclimatic ecological niches under the pressure of global climate change and human activity (Broennimann et al., 2006; Trew and Maclean, 2021).

Species distribution models (SDMs) serve as an effective way for investigating the relationship between species and environmental variables and for predicting their potential suitable habitats. These models offered a scientific foundation for species conservation and biodiversity protection. Combining environmental variables with species distribution data, SDMs are extensively applied in research on species range shifts under climate change scenarios, conservation efforts, and the prediction of species cultivation ranges in new areas (Booth, 2018; Franklin, 2013; Guisan et al., 2013). The theoretical framework of SDMs is grounded in ecology, geography, and statistics, aiming to predict the spatial distribution of species using known occurrence records and environmental variables (Decocq et al., 2023; Schulze, 2000). However, numerous distribution prediction models have been developed and applied, each with different algorithms and focuses. Consequently, employing various model techniques for the same species can yield divergent results, and a single model may underestimate M. grandifloras’ potential distribution range. Ensemble models (EMs), which combine predictions from qualified single models, have significantly enhanced the accuracy and performance of modeling predictions. One significant issue is that different species require different methods to achieve optimal results, and using the same method for disparate questions is not ideal, particularly in the context of species distribution models (Qiao et al., 2015; Ramasamy et al., 2022). The ability of EMs to accurately predict the cultivation distribution of woody plants remains uncertain, necessitating further research to validate model results and assess the impact of varying environmental variables (Anifowose et al., 2015; Farooq et al., 2021; Shahhosseini et al., 2020). A recent study in Shandong Province, China, attributed the decline of the seagrass system to human activity and climate change. Yang et al. (2023) utilized EMs to predict suitable areas for eelgrass (Zostera marina) and implement conservation efforts, demonstrating superior performance of the EM approach compared to single model. Similarly, Kaky and Gilbert (2017) applied EMs to predict the distribution of 114 Egyptian medicinal plants, finding that MaxEnt and Random Forest (RF) outperformed support vector machine (SVM) and classification and regression tree (CART) models. Additionally, Hamid et al. (2019) employed the Biomod2 software package to simulate the distribution of Himalayan birch under climate change, revealing strong robustness in the integrated model.

Climate change is a primary factor influencing species distribution that interacts with habitats of M. grandiflora, which is intricately associated with variables such as soil characteristics, land use, human activities, and topography (Li et al., 2013), all of which were pivotal for fulfilling the ecological niche requirements of species (Cramer et al., 2022; Saha et al., 2023). Some researchers, like Velazco et al. (2017), elucidated that the incorporation of both soil and climatic variables as dominated variables in distribution models significantly enhances model accuracy, in stark contrast to models that solely rely on climate prediction variables. At present, there exists a lack of consensus regarding the relationship between dynamic niche shifts of native and introduced species and environmental variables, thereby underscoring the imperative need for further exploration of this dynamic niche status (Atwater et al., 2018; Early and Sax, 2014; Richardson and Pyšek, 2012). The climatic niche of a species consisted of the fundamental niche, depicting the optimal environmental conditions a species can inhabit, unaffected by factors like competition and predation (Peterson et al., 2017), alongside the realized niche, which is a restricted subset of the fundamental niche due to limiting variables (Araújo et al., 2013; Pulliam, 2000). Certain scholars advocated for niche shift based on an ecological niche expansion index exceeding 10% (Soberón and Arroyo-Peña, 2017), suggesting that during the transition of niche shift from native to introduced areas (Anderson, 2013), M. grandifloras predominantly occupied the introduced area that were not included in the native area (Bates et al., 2020; Petitpierre et al., 2012; Torres et al., 2018). Conversely, other researchers have emphasized the use of the unfilled niche index to analyze whether an introduced area possesses analogous climate conditions not currently occupied by M. grandiflora in its native range due to environmental constraints and limiting variables. This approach provides critical insights into the optimal conditions for species survival (Ashby et al., 2017; Polidori et al., 2018; Walker and Valentine, 1984). This analysis holds significant importance in comprehending the ecological adaptability of ornamental woody plants and in informing strategies related to their introduction and cultivation.

Southern magnolia is a member of the Magnolia family, which originates from the coastal areas of the southeastern US. It can reach a height of 8–30 m and is widely used as an ornamental woody plant, with an elegant and majestic architecture, dense leaves, and large white fragrant flowers. M. grandiflora is an aristocratic broadleaf evergreen that began to be cultivated in the United States in 1734 due to its significant landscape value (Dirr, 1998). The native range of M. grandiflora extends from eastern North Carolina, south along the Atlantic Coast to the Peace River in central Florida, then westward through roughly the southern half of Georgia, Alabama, and Mississippi, and across Louisiana into southeast (Little, 1979; Sokkar et al., 2014). It is widely cultivated around the world, especially in the southern area of the Yangtze River in China (Greller, 1989; Li et al., 2015), which is the most successful ornamental woody plant in Magnoliaceae that have been introduced from the US to China (Vastag et al., 2020). The introduction of M. grandiflora is essentially a dynamic process of species dispersal and distribution (Gruhn and White, 2011; Hoyle et al., 2017). Its potential geographic distribution is highly dependent on its adaptation to the new environmental conditions (Berger et al., 2007). Consequently, it is imperative to investigate how M. grandiflora adapts to climatic shifts and to assess its adaptability and distribution during introduction and cultivation in China. Some researchers have explored the ecological niche alterations and potential distribution of cultivated M. grandiflora (Farag and Al-Mahdy, 2012; Wang, 2006), analyzing its potential expansion range by comparing the climatic environments of introduced areas (China) with its native habitat (USA). Such analyses are critical for devising effective prevention and control strategies by predicting spatiotemporal diffusion characteristics and ecological niche shifts (Mitchell and Power, 2003). Current research on M. grandiflora primarily concentrated on ecological characteristics (Li et al., 2013), physiological responses to drought stress (Sukumaran et al., 2020), medicinal value (Lee, 2011; Xu et al., 2024), landscape design, and economic value (Ali et al., 2022). However, there is a lack of analysis on suitable cultivation areas for M. grandiflora and research on its niche shifts. At present, there is a lack of research addressing potential distribution pattern changes and niche shifts of M. grandiflora between its native and introduced regions (Knox et al., 2012). There are only references to the expansion of M. grandiflora in North Carolina Piedmont forest; more studies focused on biogeographic patterns between bacterial phyllosphere communities of M. grandiflora at present (Gruhn and White, 2011; Stone and Jackson, 2016; Wang et al., 2022). To fill this gap, we established an ensemble model utilizing environmental variables such as bioclimate, topography, soil, NDVI, and human activities. Our aim is to predict suitable distribution areas of M. grandiflora and evaluate the dynamic ecological niche between its native of the USA and introduced areas of China, exploring the existence of niche shifts and their primary influencing variables. Based on our research findings, we propose a scientifically informed strategy for the conservation and introduction of M. grandiflora.




2 Materials and methods



2.1 Occurrence data of M. grandiflora

To obtain comprehensive geographical distribution information of M. grandiflora in the USA and China, we employed three methods. First is field investigation. From 2019 to 2023, we carried out field surveys of natural populations in the USA, documenting the latitude and longitude of each plot and habitat characteristics. In China, we also collected distribution data from some cultivated M. grandiflora with health and vigorous growth. Second are species occurrence databases. We extracted distribution points of M. grandiflora from various species distribution websites, including Global Biodiversity Information Facility (GBIF), iplant (www.iplant.cn), SouthEast Regional Network of Expertise and Collections (SERNEC, https://sernecportal.org/portal/index.php), the Forest Research Institute NSII (China National Specimen Information Infrastructure), and China Virtual Herbarium (CVH). Third are scientific articles. We conducted searches for M. grandiflora with Latin name in the Web of Science (WOS; https://www.webofscience.com/) and China National Knowledge Infrastructure (CNKI; https://www.cnki.net/) databases, retaining literature with precise records of field distribution locations.

In ensuring the accuracy and timeliness of M. grandiflora distribution points that we collected, we focused on two dimensions: spatial and temporal. Spatially, the collected species distribution points had to correspond to specific villages or streets. Regarding the temporal scale, we restricted our analysis to species distribution points that were collected in the year 2000 or later. We converted specific locations into latitude and longitude using Google Earth. Adhering to these criteria, we obtained a total of 236 occurrence points for M. grandiflora, comprising 134 occurrence points in the USA and 102 occurrence points in China. However, to address spatial autocorrelation among the collected distribution points, we initially utilized ENM tools to ensure that only one valid species distribution point existed within each environmental variable grid of 2.5 arcmin (~5 km) (Warren et al., 2010). Subsequently, we established a buffer zone with a radius of 150 km around each point using ArcGIS 10.3.0 (Greaves et al., 2006). These measures were implemented to enhance the robustness of the statistical analysis. The final dataset for subsequent analysis included 127 distribution points of M. grandiflora in the USA (56 natural occurrence points and 71 cultivated occurrence points) and 87 occurrence points in China (Figure 1). We downloaded administrative boundary maps of China and the USA from http://www.gadm.org/country.

[image: Map (a) shows cultivated points in China with red dots. Map (b) displays natural and cultivated points in the United States with green and red dots, respectively. Panel (c) includes images of a plant's foliage and a magnolia tree.]
Figure 1 | Spatial distribution of occurrence points of M. grandiflora in China and the USA. (A) Occurrence points (87 points) in China; (B) occurrence points (127 points) in the USA. Red is the cultivated distribution points, and green is the natural distribution points. (C) The M. grandiflora observed during the field survey is found in the USA.




2.2 Selection and comparison of environmental variables

Based on previous research, habitat characteristics of M. grandiflora and expert recommendations for the Magnoliaceae (Delcourt and Delcourt, 1977; Quarterman and Keever, 1962; Wang et al., 2022; White, 1987), we selected 43 environmental variables, including bioclimatic variables, topography, soil, NDVI, anthropogenic activities, and other environmental variables, to construct an ecological dataset (Supplementary Table S1).

Consistent with previous studies of vegetation dynamics (Li et al., 2019; Yang et al., 2021), we employed predictions from general circulation models (GCM) under three future greenhouse gas emission scenarios, SSP1-2.6, SSP.3-7.0, and SSP5-8.5 scenarios to assess the influence of climate change on species distribution. We opted for the BCC-CSM2-MR model, which is extensively utilized in the Middle East Asia region and exhibits superior simulation capabilities for the East Asian climate, particularly temperature, in comparison to other climate models (Chen et al., 2022; Wu, 2020). Climate factor raster data were acquired from the WorldClim database (www.worldclim.org) which interpolates the monthly average values of 30 standard years of bioclimatic variables from 1970 to 2000 to generate global climate raster data (2.5 arcmin). We utilized ArcGIS 10.3.0 to 19 bioclimatic variable layers by the extent of China (Wertz & Wilczyński, 2022). The solar radiation index (SRAD) was also obtained from the WorldClim database (Gunawan et al., 2021). The potential evapotranspiration (PET) was derived from the Global-AI_PET_v3 database, based on the third edition of the Global Aridity Index and Potential Evapotranspiration (Zomer et al., 2022). The Penman–Monteith reference evapotranspiration (ET0) equation, based on the Food and Agriculture Organization (FAO), was used to provide global high-resolution hydroclimatic monthly and annual average data (1970–2000). The digital elevation model (DEM) data were provided by the International Science Data Service Platform of the Chinese Academy of Sciences (ISDSP, http://datamirror.csdb.cn/ (Han et al., 2018), from which slope and aspect data were generated by ArcGIS 10.3.0. Soil variables included five variables related to soil physical and chemical properties and classification: organic carbon density, sand, silt, nitrogen, and pH water, sourced from SoilGrids (https://soilgrids.org/ (Hengl et al., 2014; Hengl et al., 2017) Considering the actual length of M. grandiflora root growth, we selected the arithmetic mean of the top 5 layers (30–60 cm) of soil profiles relevant to M. grandiflora growth for modeling. The normalized difference vegetation index (NDVI) was obtained from MODIS/Terra Vegetation Indices 16-Day L3 Global 250 m SIN Grid (2020) (Ramírez-Cuesta et al., 2021). Human footprint (HFP) and human influence index (HII) were obtained from the internet (http://sedac.ciesin.columbia.edu/wildareas/) (Luo et al., 2016), indicating cumulative human pressure on the environment. The resolution and coordinate system of environmental variables were standardized and unified using the Resample function in ArcGIS 10.3.0, with a resolution of 2.5 arcmin. Due to the high autocorrelation with bioclimatic variables, which may lead to overfitting of SDMs, we successfully extracted precise environmental values at species distribution points from the environmental raster data using ArcGIS 10.3.0 (WGS_1984). We used Pearson correlation analysis and VIF to select variables that were less correlated with other variables (∣P∣<0.8, VIF<10) and statistically significant (Pradhan, 2016). Finally, 20 variables were retained.




2.3 Model evaluation and selection

We used Biomod2 package in RStudio 4.2.1 to apply 10 model algorithms, GLM, GBM, GAM, CTA, ANN, SRE, FDA, MARS, RF, and MaxEnt, to predict the potential distribution range of M. grandiflora in the USA based on its native distribution data and global environmental variables. Pseudo-absence points were generated using a “random” method to create 1,000 background points required for species distribution modeling. For each model, parameters were randomly selected with 75% of the distribution records used as the training datasets and the remaining 25% as the testing datasets. The data were divided into training and testing sets five times, with modeling repeated 10 times. The true skill statistics (TSS) and receiver operating characteristic (ROC) curve were considered key variables for assessing the accuracy of the models. Based on the area under the ROC curve (AUC) value, model performance was categorized as excellent (AUC > 0.9), good (0.8–0.9), fair (0.7–0.8), or poor (0.6–0.7). Additionally, the TSS was used to evaluate the model’s performance, with models classified as excellent (TSS > 0.8), good (0.6-0.8), fair (0.4–0.6), poor (0.2–0.4), or unacceptable (TSS < 0.2). Therefore, we selected excellent models with AUC and TSS values both > 0.9 as candidate models (Nhu et al., 2020). After evaluating the accuracy of the 10 models, we identified three models, MARS, MaxEnt, and RF, with average TSS and ROC values exceeding 0.95. Subsequently, we decided to use these three models to construct an ensemble model (EM) for predicting the potential suitable of M. grandiflora in native and introduced areas in 2050 and 2070.




2.4 Suitable area classification and distribution pattern changes

For better visualization of the potential suitable habitats and distribution pattern changes of M. grandiflora, we processed the output ASCII grids from the “biomod2” package using the natural break method in the Reclassify function of ArcGIS 10.3.0. The suitability levels were categorized into four groups: unsuitable area (0.0–0.2), low suitability area (0.2–0.4), moderate suitability area (0.4–0.6), and high suitability area [0.6–1.0 (Jung et al., 2016)]. The criteria for identifying the areas of distribution pattern change involved using the Raster Calculator in ArcGIS 10.3.0 to subtract and overlay the climate change scenarios of each period with the current scenario, resulting in four categories: 0→0 unsuitable area; 0→1 expansion area; 1→0 loss area; and 1→1 stable area (Miettinen et al., 2016).




2.5 Data analysis and niche dynamics

The conservatism of the climatic niche between the native range (USA) and the introduced range (China) was validated using the “ecospat” package and the COUE scheme (Di Cola et al., 2017). First, a minimum convex polygon containing 5,000–10,000 background points was created, and the “Wallace” package was used to surround the distribution points of M. grandiflora in each country (Kass et al., 2023). Then, the background point values of each climatic variable grid were extracted, and a principal component analysis (PCA-env) of the native and introduced ranges was conducted. The kernel density function was used to standardize and concentrate occurrence points and background points, effectively reducing sampling bias (Monsarrat et al., 2019; Palpanas et al., 2003). Based on the training threshold and specificity threshold of the ensemble model, suitable areas (1) and unsuitable areas (0) were determined in the basic statistical analysis. The purpose of similarity testing and equivalency testing was to examine, through 100 repetitions of training and calculation, whether there were similar climates that could be occupied by M. grandiflora in the future and whether the specific form of climate conditions in the introduced range was equivalent to that of the native range. The overlap of the ecological niche of M. grandiflora in the native and introduced ranges was calculated using Schoener’s D (Schoener, 1968) and Hellinger’s distance (I) (Warren et al., 2011). The range of values for D and I is [0 (no overlap), 1 (complete overlap)] (Figure 2).

[image: Flowchart depicting a three-step process for ecological model construction. Step 1: Data preparation involves species occurrence data and environment variables, using tools like ENMtools and correlation analysis. Step 2: Model construction uses Biomod2 and ecological niche models, evaluating model outcomes and identifying suitable areas and niche shift indexes. Step 3: Output analysis evaluates potential distribution changes and niche shift conditions, leading to conservation suggestions.]
Figure 2 | The technical frame of this study. It is divided mainly into data preparation and process, model construction, and output analysis.





3 Results



3.1 Model accuracy evaluation for simulating the potential suitable area

Based on the biomod2 platform in the R, the ensemble model (MAXENT, RF, MARS) with AUC and TSS values exceeding 0.950 was selected. The prediction accuracy of the ensemble model indicates that the ROC of MARS, MaxEnt, and RF are all >0.960, and TSS are all >0.900. The average ROC is 0.993, and the average TSS reaches 0.932, demonstrating extremely high rationality and credibility in predicting the potential distribution of M. grandiflora (Figure 3).

[image: Scatter plot showing TSS versus ROC for different models. Data points represent models like EM, ANN, CTA, FDA, each marked with different colors and positioned mostly around ROC values of 0.9 to 1.0, indicating high correlation. A few models are lower on the scale, like the ANN model.]
Figure 3 | Comparison of AUC and TSS between single and ensemble model. EM, ensemble model; MaxEnt, maximum entropy model; RF, random forest; MARS, multivariate adaptive regression splines.




3.2 Testing for ecological niche conservatism

This study visualized the environmental conditions between the native habitat in the USA and the introduced habitat in China through principal component analysis (PCA) of 20 environmental variables. PC1 explained 17.8% of the selected variables, while PC2 explained 33.4%, with a total explanation rate of 51.2% (Figure 4E). The first principal component axis, PC1, was positively correlated with May solar radiation and negatively correlated with maximum annual normalized difference vegetation index. The second principal component axis, PC2, was negatively correlated with precipitation in the coldest quarter and positively correlated with water body pH. We also observed a shift in the ecological niche of M. grandiflora towards decreasing PC1 and increasing PC2 (Figure 4F), indicating a preference for locations with lower May solar radiation and higher maximum annual normalized difference vegetation index PC1 and higher water body pH and lower precipitation in the coldest quarter PC2. The density of species occurrence within environmental space is illustrated in Figures 4A, B. The results suggested that the migration trend of M. grandiflora in its native habitat was similar to that of the introduced habitat, with a high stability value of 0.786 and a low expansion value of 0.213. However, the ecological niche overlap between the native and introduced habitats is low [Schoener’s D = 0.39, Hellinger’s distance (I) = 0.467, where 0 indicates no overlap and 1 indicates complete overlap]. According to the theory of ecological niche conservatism, the null hypothesis is accepted when p-values are all <0.05. The observed ecological niche overlap is outside the 95% confidence interval, indicating that the ecological niche forms, sizes, and spatial characteristics of M. grandiflora in its native and introduced habitats are not identical. Excluding experimental randomness, the observed ecological niche overlap in the ecological niche similarity test (Figure 4C) fell within the 95% confidence interval, suggesting that there were more similar climate regions between the native and introduced habitats. The results of the equivalence and similarity tests (Figure 4D) indicated that although the dynamic ecological niches of the native habitat were not identical to those of the introduced habitat, there was a large unfilled value in the ecological niche (0.620), indicating a shift of the ecological niche towards climatically similar conditions between the native and introduced habitats.

[image: Graphs showing environmental niche modeling analysis. Panels a and b depict density plots with color gradients indicating frequency, from green to red. Panels c and d show histograms with overlayed statistical tests; c is an equivalency test with p-value 0.0009, d is a similarity test with p-value 0.0198. Panel e is a principal component analysis biplot, showing variables like elevation, NDVI, and bio indicators, with vectors for contributions. Panel f displays a niche overlap plot with contour lines.]
Figure 4 | Niche comparison analysis between native and introduced area. Note: The photo above shows the distribution of environmental density in the two-dimensional space of available environments for environmental density distribution in two-dimensional available environmental space within the (A) native range and (B) introduced range. Red tones indicate environments with lower occurrences, while yellow and green tones indicate environmental conditions that are more commonly occupied. (C) Similarity test (p = 0.0009) and (D) equivalency test (p = 0.0198). (E) Ranking plot of the top two principal components generated in the PCA, where red color indicates a higher contribution of the variable, and blue color indicates a lower contribution of the variable. Upper right corner (F) indicates changes in ecological niche dynamics. Ecological niche overlap between the native area USA and the introduced area China. Green shading indicates unfilling areas in the native area, purple indicates niche overlap, and red indicates niche expansion in the introduced areas. The solid and dashed contour lines illustrate 100% and 50% of the available environmental space. The direction of the solid red arrow is a shift in the center of species density, and the direction of the dashed red arrow is a shift in environmental space.




3.3 Environmental variables’ responses to and contribution rates on the ecological niche of M. grandiflora

The predictive niche occupancy (PNO) curve (Figure 5) demonstrated that between its native and introduced ranges, the niche of M. grandiflora was sensitive to changes in variables such as temperature, precipitation, water pH, and solar radiation. In contrast, variables such as topography, human activities, NDVI, and soil texture have a smaller impact on its niche shift, as indicated in the principal component analysis (Figure 4E), with the variables contributing less plotted in blue. The relative importance of environmental variables in the ensemble model was indicated (from Figure 6); July solar radiation (2,400–2,500), Human Footprint Index (19.5–26.1), and maximum wet month precipitation (128.2–240.0 mm) were the top 3 variables affecting its distribution. The influence of the driest season’s mean temperature (−10°C–29.9°C), potential evapotranspiration (8,000–11,000), and elevation (0–250 m) was relatively weaker.

[image: Twenty density plots displaying the distribution of various environmental variables such as aspect, bio2, bio8, and NDVI max. Each plot shows overlapping colored areas representing different data categories. Labels underneath each plot identify the variable. Axes indicate density of occurrence, with values on the x-axis varying per plot.]
Figure 5 | Predicted niche occupancy (PNO) curves. Blue solid lines indicate predicted niche Overlap, green solid lines indicate predicted native area niche, and red solid lines indicate predicted introduced area niche. Peaks of overlap indicate similar climatic tolerances, and the width of the profile indicates the specificity of climatic tolerances. Green and red solid contours represent 100% of the available environmental space for native and introduced area, respectively. (A) Aspect, (B) mean diurnal range (Bio2), (C) mean temperature of wettest quarter (Bio8), (D) precipitation of wettest month (Bio13), (E) precipitation of driest month (Bio14), (F) mean temperature of driest quarter (Bio9), (G) human influence index (HII), (H) maximum normalized difference vegetation index (NDVI max), (I) precipitation of coldest quarter (Bio19), (J) organic carbon density (t-ocd), (K) potential evapo-transpiration (pet), (L) elevation, (M) solar radiation in September (srad 9), (N) sand (t-sand), (O) minimum normalized difference vegetation index (NDVI min), (P) nitrogen (t-nitrogen), (Q) solar radiation in May (srad 5), (R) solar radiation in July (srad 7), (S) slope; (T) pH water (t-phh2o).

[image: Box plots comparing EMca and EMmean across various factors. EMca is represented in red and EMmean in blue. The y-axis shows percentages ranging from zero percent to ten percent. Significant variance is observed in factors bio3 and bio14.]
Figure 6 | Importance ratios of environmental factors in the ensemble model. Emca and emmean are two different algorithms in the ensemble model, the horizontal axis is the short name of the environmental factors in turn, the vertical axis is the size of the percentage of the importance of the environmental factors during the model run, and the box-and-line plot represents the average of 10 modeling runs.




3.4 The distribution of M. grandiflora under the current climate

The potential distribution area of M. grandiflora (Figure 7) indicated that it is primarily distributed in eastern China. High suitability areas include Beijing, Tianjin, Hebei, southern Shanxi, Henan, Shandong, southern Shaanxi, Anhui, Jiangsu, Shanghai, eastern Sichuan, Chongqing, eastern Guizhou, Guangxi, Guangdong, Fujian, Zhejiang, Hubei, Hunan, Jiangxi, northern Hainan, and Taiwan. Moderate suitability areas surround these high suitability regions and extend to northeastern Inner Mongolia, northern Beijing, northern Hebei, southeastern Shanxi, eastern Sichuan, western Guizhou, eastern Yunnan, southern Guangxi, and central Guangdong. Additionally, the western moderate suitability areas include southern and southwestern Xinjiang and northeastern Qinghai. Low suitability areas are found in eastern Jilin, eastern Liaoning, northern Shanxi, northern Yunnan, northern Inner Mongolia, eastern Tibet, and Xinjiang.

[image: Two maps displaying habitat suitability for a species in China (a) and the United States (b). Areas are color-coded: red for high suitability, orange for middle, yellow-green for low, and white for unsuitable. China shows large high-suitability regions in central and eastern areas, while the U.S. highlights high suitability in the southeastern states. Each map includes a north arrow and a scale bar.]
Figure 7 | Suitable areas of M. grandiflora in China and the USA under the current climate conditions. (A) China; (B) the USA. Note: White on the map indicates non-suitable areas, green indicates low suitable areas, orange indicates medium suitable areas, and red indicates high suitable areas.

In the USA, a similar distribution pattern is observed. High suitability areas are concentrated in Florida, eastern Texas, Louisiana, Mississippi, Alabama, Georgia, South Carolina, Tennessee, Arkansas, Virginia, Kentucky, southern Illinois, southern Indiana, Missouri, Oklahoma, eastern Kansas, Connecticut, Delaware, Maryland, Massachusetts, New Jersey, New York, Pennsylvania, Minnesota, California, Oregon, and Washington. Moderate suitability areas include southern Florida, southern Maine, Connecticut, Massachusetts, Rhode Island, northern Arkansas, southern Illinois, southern Indiana, southern Michigan, Missouri, northern Nebraska, southern Ohio, and northeastern Texas. Low suitability areas are found in Colorado, Illinois, Indiana, Iowa, Minnesota, Missouri, New Mexico, Ohio, Oklahoma, Pennsylvania, Texas, Utah, Virginia, and West Virginia.




3.5 Future changes in suitable habitat areas of M. grandiflora

This study compared the potential distribution areas of M. grandiflora under climate change in China and the USA. For China, projections for 2050 indicate that low suitability areas will initially increase, followed by a decrease, while moderate and high suitability areas will show a continuous upward trend. By 2070, low suitability areas are expected to first decrease and then increase, while moderate suitability areas will continue expanding. Notably, high suitability areas are projected to reach their peak in the 2070-SSP585 scenario, covering 210.46×104 km2. In contrast, while the total suitable area in China shows continuous growth by the 2070s, the trend in 2050 is characterized by fluctuating increases.

For the USA, in 2050, low and moderate suitability areas will first increase and then decrease, reaching their maximum extent in the 2050-SSP370 scenario at 87.40×104 km2 and 78.39×104 km2, respectively. Unlike the trends observed in the low and moderate suitability areas, the high suitability area and total suitable area will fluctuate but still show an average increase of 26.75×104 km2 and 29.41×104 km2 compared to the current suitable areas. By the 2070s, low and moderate suitability areas in the USA are projected to continue increasing, reaching maximum values of 98.06×104 km2 and 87.68×104 km2, respectively, while the high suitability area and total suitable area are expected to first increase and then decrease.

The future potential distribution trend of M. grandiflora in China is shown in Figure 8. In 2050, the suitable area for M. grandiflora is projected to expand from the Qinghai–Tibet Plateau to the northwest of China, particularly in regions such as Shanxi, Shaanxi, southeastern Gansu, eastern Qinghai, and even parts of Xinjiang and Xizang. Additionally, there is slight diffusion into northeastern areas, including northeastern Inner Mongolia, eastern Heilongjiang, and the border areas of Jilin. Correspondingly, in 2050, the suitable area will expand from China Cold Hardiness Zones 4a–8b, while the shrinking areas will primarily be in northern China within Cold Hardiness Zones 1a–4a. The diffusion trend in 2070 mirrors that of the 2050s but is more pronounced. Across all climate scenarios, the areas of loss are scattered across southern China, including Hainan, Yunnan, southern Xizang, and Taiwan. There is also a decrease in some northeastern regions, such as northern Heilongjiang and northeastern Inner Mongolia, in 2050. By 2070, M. grandiflora is expected to expand across Cold Hardiness Zones 3a–10a, with shrinking areas mainly in southern China within Zones 10b–13b.

[image: Maps of China show changes in suitable habitats for a species under different SSP (Shared Socioeconomic Pathways) scenarios for 2050 and 2070. Each map uses colors to indicate unsuitable areas (gray), expansion areas (red), stable areas (dark blue), and losing areas (light blue). Panels a, b, and c depict scenarios SSP126, SSP370, and SSP585 for 2050, while panels d, e, and f show the same scenarios for 2070.]
Figure 8 | The potential distribution pattern of M. grandiflora in China under future climate scenarios (in the 2050s and 2070s). (A) 2050-SSP126, (B) 2050-SSP370, (C) 2050-SSP585, (D) 2070-SSP126, (E) 2070-SSP370, (F) 2070-SSP585. Note: White, red, gray, and blue represent non-suitable area, expansion area, stable area, and losing area, respectively.

For the USA, the future potential distribution trend of M. grandiflora is presented in Figure 9. With global climate change, M. grandiflora shows a migration toward northern regions, similar to the diffusion trend observed in China. In the 2050-SSP585 scenario, there is significant expansion into states such as Iowa, Kansas, Missouri, and Nebraska in the northwest. By the 2070s, the expansion is even greater, especially under the 2070-SSP370 scenario, with notable growth in western regions (Colorado, southern Nebraska, and Texas) and northern regions (Iowa, Wisconsin, southern Michigan, central Ohio, Pennsylvania, New York, Vermont, New Hampshire, and southern Maine). Areas of loss primarily appear along the southeastern and western coastlines. In 2050, the suitable area is projected to expand from USDA Cold Hardiness Zones 5b–8b. By contrast, in 2070, the expansion will primarily occur within USDA Cold Hardiness Zones 3a–11a, while the areas of loss will be concentrated in Zones 6b10a in the southeastern USA and Zones 8a–10b along the western coastlines.

[image: Maps of the contiguous United States show projected changes in geographical areas for 2050 and 2070 under three scenarios: SSP126, SSP370, and SSP585. Areas are categorized as unsuitable, expansion, stable, and losing. Each panel (a to f) uses red, blue, and gray shades to indicate respective changes, with a key provided. Maps illustrate spatial variations between different climate scenarios and timeframes.]
Figure 9 | The potential distribution pattern of M. grandiflora in the USA under future climate scenarios (in the 2050s and 2070s). (A) 2050-SSP126, (B) 2050-SSP370, (C) 2050-SSP585, (D) 2070-SSP126, (E) 2070-SSP370, (F) 2070-SSP585. Note: White, red, gray, and blue represent non-suitable area, expansion area, stable area, and losing area, respectively.





4 Discussion

Since the twentieth century, the continuous accumulation of greenhouse gases has led to intensified global warming and rapid decline in global biodiversity (Omann et al., 2009; Raven and Wagner, 2021). Studies on the relationship between climate and plants has gradually become a hot topic in global change ecology. Understanding the changes in potential distribution and dynamic niche of plants under climate change helps to introduce plants reasonably and protect ecological resources (Piao et al., 2019). Our study mainly investigated the effects of five categories environmental variables on the distribution patterns of M. grandiflora and the dynamic changes of its ecological niche.



4.1 The creativity in the process of SDM construction

First, in order to fit the appropriate SDMs, Pearson correlation analysis and variance inflation factor (VIF) were used to reduce spatial autocorrelation among environmental variables (Keser et al., 2012). In addition, a buffer zone with a radius of 150 km was established based on GIS tools and ENM tools to prevent overfitting and model redundancy (Hengl et al., 2018), thus improving the accuracy of experiments in the specified study area. Subsequently, an ensemble model was constructed using qualified single models, greatly improving the accuracy of SDMs and better fitting the characteristics of the target species (Hao et al., 2019). Furthermore, to minimize errors and subjective outcomes, we utilized 5,000–10,000 points randomly generated by the Wallace package as the environmental variable background instead of the entire study area (Fuller et al., 2018).




4.2 The limitation of a single model and the necessity of a combination model

We used the Biomod2 package of SDM modeling for M. grandiflora, which ensemble multiple models to enhance prediction reliability and reduce individual model biases. This approach is crucial for adaptive management and conservation strategies, particularly under changing climatic conditions (Rodriguez et al., 2024; Wu H.-Y. et al., 2024). The models used in our study have demonstrated high reliability, with a higher AUC and TSS, indicating the robustness of the ensemble model.




4.3 Environmental explanations for the potential distribution of M. grandiflora

Through comparing the dynamic realized ecological niche of M. grandiflora, not only the predictive ability of the model for the distribution expansion of M. grandiflora is improved but also the influencing variables of its realized ecological niche were verified. Our study found that besides bioclimatic variables, temperature and precipitation were the key limiting variables for the dynamic ecological niche of M. grandiflora. M. grandiflora also grows in rich, loamy, and moist soils along streams and swamps in the Coastal Plain. It is also found in mesic upland areas where occurrences of fire are infrequent; therefore, other environmental variables such as solar radiation, water pH, soil texture, and NDVI should not be ignored. The results of the ensemble model (EM) stated that solar radiation, the human impact, precipitation, temperatures, potential evaporation volume, altitude, etc., played vital roles in the dispersal and spread of M. grandiflora. This is consistent with previous research results, indicating that M. grandiflora in the south grew in warm temperate to subtropical climates. The frost-free period is at least 210 days, exceeding 240 days in most distribution areas. The average temperature in January in coastal areas is 9°–12°C (49°F–54°F) in South Carolina and Georgia and 11°C–21°C (52°F–70°F) in Florida. The average temperature in July in coastal areas is 27°C (80°F). Annual precipitation ranges from 1,020 mm to 1,270 mm (40–50 in.) in the northeastern part of the distribution range and from 1,270 mm to 1,520 mm (50–60 in.) in other areas. A small area along the Gulf Coast receives annual precipitation of 1,520–2,030 mm (60–80 in.). The summer is typically the wettest and the fall is the driest in the Atlantic coastal plain region. Summer droughts are regular in the western part of the distribution range (Area, 2011; Rao and Davis, 1982).




4.4 Climatic niche overlap, equivalency, and similarity

The ecological niche defines the necessary environment conditions for the survival space of M. grandiflora. In addition to the main influencing variables such as temperature and precipitation, variables such as soil characteristics, solar radiation, and topographical variables also affected the ecological niche condition and expansion trends of M. grandiflora. Under the background of economic globalization, human activities are more frequent, and intentional or unintentional introduction and cultivation promote M. grandiflora to adapt to new climatic conditions. Although the equivalency test showed that niche morphology, size, and species distribution density of M. grandiflora in China and the USA were not equivalent, the similarity test and the higher ecological niche stability index proved that the growth climate conditions of M. grandiflora in China are generally similar to those in the United States (Mohamed et al., 2009).




4.5 Recommendations for cultivation and re-introduction of M. grandiflora

Our study found that both China and USA have more similar temperature changes and precipitation conditions. It is reasonable to infer that under future climate change, the potential distribution pattern changes in this species in its native USA, and its introduced country, China, will show similar expansion trends, including expansion to the northwest and northeast and contraction in the south. This suggests that M. grandiflora had much stronger cold and drought resistance (Clark et al., 1981; Delcourt and Delcourt, 1977). First, M. grandiflora exhibits a strong dependence on solar radiation. To mitigate excessive shading in densely vegetated areas, selective canopy thinning and pruning should be employed. These practices ensure that M. grandiflora receives adequate sunlight, promoting optimal photosynthesis and growth. Second, to safeguard the habitat of M. grandiflora, it is critical to restrict nearby infrastructure development, transportation expansion, and the use of chemical pollutants. These anthropogenic factors pose significant risks to the natural environment of M. grandiflora, and minimizing their impact is essential for the conservation of this species. Third, to establish a comprehensive hydrological monitoring system within the habitat of M. grandiflora is imperative for tracking precipitation patterns and soil moisture levels, where variations in rainfall may affect the water availability of M. grandiflora.




4.6 Strengths and limitations of the study

Despite the findings of our research on the ecological niche shift and potential distribution expansion trends of M. grandiflora and the high credibility of the model predictions, several uncertain variables also influenced the natural distribution pattern of this species. These variables included natural geographical barriers, adverse impacts of insects, species interactions, land use, model lags, and future climate normative policies. Further investigation is required to examine the pertinent principals.





5 Conclusions

In this paper, we aimed to clarify potential distribution changes in M. grandiflora between its native range (USA) and its introduced range (China) and the response of the ecological niche to environmental variables. Three ensemble models were adopted to predict the potential suitable habitat of M. grandiflora under three climate scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5) in future periods (2050s and 2070s) and predict variation in its spatial pattern under climate change of the twenty-first century. Our research mainly found that (1) M. grandiflora exhibits similar distribution and dispersal trends in both its native USA and introduced China, with expansion towards the northeast and northwest under climate change, while shrinking in certain southern regions. (2) M. grandiflora is sensitive to environmental variables such as temperature, precipitation, water pH, and solar radiation, particularly favoring areas with lower sunshine in May and higher NDVI. (3) The high ecological niche unfilling index and similarity between the native and introduced regions suggest that M. grandiflora will likely continue expanding in areas with comparable climatic conditions. Overall, the higher ecological niche unfilling index and the similarity between the ecological niches of the native and introduced area indicated that M. grandiflora should continue to expand into introduced areas with similar climatic conditions with its native areas. The results of our study provide valuable insights into the potential distribution patterns and underlying factors driving the introduction of M. grandiflora. We propose that future research should incorporate more field data and experimental studies on the cold resistance of different M. grandiflora cultivars. This approach will help validate the model predictions and provide more detailed insights into the adaptability of M. grandiflora across various regions. In summary, the analysis of the environmental characteristics, ecological niche shift, and suitable areas of M. grandiflora provides scientific references for plant protection, landscape use, and sustainable utilization, and serves as a valuable scientific reference for the prevention and management of biological introductions. Our method could also be applied to study other similar species of Magnoliaceae.
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Altitude and ecological factors significantly influence plant growth and the accumulation of secondary metabolites. However, current research on the impact of altitude and ecological factors on the yield and medicinal quality of Artemisia argyi (A. argyi) is limited. This study established sampling sites in wild populations of A. argyi across seven altitude ranges on Funiu Mountain. We quantified the yield, output rate of moxa, and key medicinal ingredients. Additionally, we analyzed the response of yield and medicinal quality of wild A. argyi populations to various ecological factors at different altitudes. The results showed that wild populations of A. argyi exhibited higher yields and medicinal quality at altitudes below 500 m. Yield was positively correlated with higher soil total nitrogen (TN) content and lower soil total phosphorus (TP) content, while the improvements in medicinal quality were positively associated with higher population density and lower contents of both soil TN and TP. The variation in soil C/N, C/P, and N/P ratios across different altitudes was substantial, affecting soil mineralization and subsequently influencing the absorption of mineral elements by A. argyi. Notably, the phosphorus content in leaves and stems was negatively correlated with yield and medicinal quality, respectively. In contrast, the accumulation of nitrogen, phosphorus, and potassium in leaves was positively correlated with yield. The differences in the primary medicinal ingredients between the leaves and stems of A. argyi were maximum at altitudes below 500 m. The contents of neochlorogenic acid and cryptochlorogenic acid in both leaves and stems showed a significant positive correlation. In the principal component analysis, the primary medicinal ingredients from the leaves contributed more significantly to the overall quality than those from stems. These results suggest that A. argyi is best suited for cultivation at altitudes below 500 m. Population density and the soil’s TN and TP contents play a crucial role in determining the yield and medicinal quality of A. argyi. Futhermore, the medicinal quality of A. argyi is more indicative of the main medicinal ingredients found in the leaves, while the stems also serve as a key organ for accumulating flavonoids and phenolic acids.
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1 Introduction

Plant-based Chinese medicinal materials have predominantly been sourced from the wild, with their growth being influenced by various biological and abiotic factors. The synthesis and accumulation of secondary metabolites represent a crucial defense strategy for adapting to stress, while also serving as the foundation for their efficacy. Altitude acts as a crucial geographical factor, leading to variations in local environmental conditions, which subsequently affect the characteristics and functionalities of plant species. Altitude heterogeneity considerably impacts the yield and medicinal quality of plants used for medicinal purposes. For instance, the roots of Angelica sinensis exhibit an increase in both yield and ferulic acid content as altitude increases (Wang et al., 2013a, b). In addition, the growth and quality formation of medicinal plants are influenced by various other factors, including slope aspect, slope gradient, soil physical and chemical properties, as well as the diversity of associated flora (Tashi and Sushila, 2022). The natural habitats of Artemisia argyi (A. argyi) occur in arid slopes, roadside areas, riverbanks, and other locations that are susceptible to drought, intense sunlight, temperature fluctuations, nutrient deficiencies, weed competition, and various other factors. Elucidating the adaptive mechanisms employed by A. argyi to cope with such habitat stress is of immense significance for achieving high-yield and high-quality cultivation of this species.

The mineral elements and organic compounds in medicinal plants predominantly exist as complexes, playing a pivotal role in determining efficacy and influencing the yield of medicinal materials. Nitrogen (N), phosphorus (P), and potassium (K) are essential elements present in significant quantities and are extensively involved in the growth, development, and synthesis of numerous secondary metabolites. The dry matter and artemisinin yield of Artemisia annua correlated positively with the combined application of N and P (Aftab et al., 2016). A scientifically combined application of N, P, and K can effectively promote the growth of Panax ginseng and Chrysanthemum morifolium, alter the rhizosphere soil microbial community, increase its adaptability to environmental conditions, and thus improve both quality and yield (Sun et al., 2022; Fang et al., 2023). In studies of A. argyi, the contents of phenolic acids and flavonoids significantly increased under low N stress, while high N stress improved plant growth and photosynthesis, leading to improvement quality of volatile oil (Wang et al., 2023a). The contents of phenolic acids and flavonoids showed a negative correlation with the amount of P applied (Wang et al., 2023b). Currently, large-scale cultivation of A. argyi has been carried out in over 10 provinces in China (Ma et al., 2021a), resulting in substantial variations in planting habitats. However, the relationship between the yield of A. argyi, its medicinal quality, and mineral elements across different habitats has poorly documented.

The active ingredients in different organs of medicinal plants are closely related, yet their accumulation patterns can vary significantly. For example, the primary metabolite of the roots, stems, leaves and flowers of Salvia miltiorrhiza is phenolic acid; however, there are differences in content, type and synthesis pathways (Tong et al., 2022). Similarly, the flavonoid content and antioxidant capacity of the petals and receptacles of Chrysanthemum morifolium also show variation (Lu et al., 2020). In American ginseng, the ginsenoside content is the highest in the root, followed by the stem and then the leaf (Gong et al., 2023). The entire A. argyi plant possesses medicinal properties, with its primary medicinal part being the leaves, which are rich in volatile oils, flavonoids, phenolic acids, and other bioactive constituents. This composition renders the leaves suitable for direct medicinal use as well as for moxa. At present, research on the medicinal value of different organs of A. argyi is limited and not comprehensive. As A. argyi leaves are dry leaves taken without flowering in summer (Chinese Pharmacopoeia Commission, 2020), and the harvested parts include leaves and stems, it is necessary to carry out research on the medicinal value of leaves and stems and analyze the relationship between them.

Funiu Mountain, located in Henan Province, China, is one of the authentic production regions for A. argyi. This area shows significant variations in altitude and encompasses diverse wild habitats for A. argyi. To analyze the impact of altitude and ecological factors on yield and medicinal quality in wild populations of A. argyi, as well as to identify key ecological factors, we conducted comprehensive assessments that included measurements of soil chemical properties, community characteristics, individual yield, output rate of moxa, and the contents of major medicinal ingredients and mineral elements in different organs. This study aims to provide scientific insights into the ecological adaptability of A. argyi and promote the high-quality cultivation practices that enhance yields.




2 Materials and methods



2.1 Overview of the study area

The study area is located in the southern foothills of Funiu Mountain in Henan Province. Altitudes in this region range from 72.2 to 2212.5 m. The average annual rainfall varies from 703.6 to 1173.4 mm, while the average annual temperature is between 14.4 and 15.7 °C. The frost-free period spans 220 to 245 days, and the total annual sunshine duration ranges from 1897.9 to 2120.9 h. The community types in this section include forest, scrub, shrub-grass, and grassland. A. argyi is found in patches within the shrub or tussock communities.




2.2 Methods



2.2.1 Sample plot settings and sample collection

The shrub-grass and grass communities associated with A. argyi were selected for investigation in the study area. Based on the actual distribution of A. argyi, we identified 31 wild populations, each larger than 25 m2, as our study subjects across seven altitude ranges. To maintain consistency during the growth period, we conducted a harvest in each population around June 3, 2022. Following a 60-day growth period after the harvest (from late July to early August), we carried out uniform collection. The seven altitude ranges were categorized as follows: <500 m, 500-600 m, 600-700 m, 700-800 m, 800-900 m, 900-1000 m, and >1000 m, respectively. The number of populations within each altitude range was: 3, 8, 3, 3, 8, 3, and 3. For specific population distribution information, please refer to Figure 1. During sampling, we selected non-flowering plants with stable phenotypic traits as standard. Within each population, three replicates were established, each containing twenty individuals (a total of sixty individuals). The average values from these replicates represented the yield and medicinal quality of each population. The mean values from all populations within each altitude range represented the yield and medicinal quality for that range. Additionally, based on the size of each population area, we established three to five herb plots measuring two meters by two meters to assess community factors. We recorded and measured plant species using ecological counting methods, including family, genus, species, coverage rate, height. Furthermore, we collected soil samples using a five-point sampling method at depths ranging from zero to twenty centimeters within each population for chemical analysis.

[image: Map of Henan Province, China, highlighting sampling sites with red dots. An inset zooms into specific geographic coordinates, showing sampling sites at various elevations ranging from below 500 meters to over 1000 meters.]
Figure 1 | Distribution of sampling sites on Funiu Mountain.




2.2.2 Calculation of community characteristic factors

In this study, the importance value (IV) of shrub and herb species was used to assess their relative significance, indicating species dominance within each quadrat. Species richness index (D), Shannon-Wiener index (H), Simpson index (H′), and Pielou’s evenness index (J) were employed to evaluate community species diversity. The slope aspect index (TRP) was utilized to assess the heliotropism of the community habitats. Population density was measured to quantify the number of individuals per unit area within the wild population. The plant species’ ecotypes in the quadrat were classified as heliophytes, shade-demanding plants, or shade-enduring plants. The calculation formula was as follows (Guo et al., 2021; Chen et al., 2023):

	1. [image: Formula shown as IV equals the sum of relative coverage and relative height divided by two.] 

	2. [image: Formula for TRP: TRP equals open bracket one minus cosine of parenthesis pi divided by one hundred eighty, multiplied by open parenthesis aspect minus thirty close parenthesis close bracket, divided by two.] 

	3. [image: The image shows a mathematical expression: D equals S subscript x.] 

	4. [image: The formula for entropy, represented as \( H = -\sum_{i=1}^{S} P_i \ln P_i \), where \( P_i \) is the probability of outcome \( i \) and \( S \) is the total number of outcomes.] 

	5. [image: Mathematical formula showing entropy: H prime equals one minus the sum from i equals one to s of P sub i squared.] 

	6. [image: Equation showing \( J = H / \ln D \).] 



In these formulae, TRP is the slope aspect index, and the closer the value is to 1, the sunnier and drier the habitat is. aspect is slope aspect. S is the number of community species. Pi is the important value of species i.




2.2.3 Soil chemical properties

The soil samples were air-dried, ground, and sieved. Soil organic matter (SOM) and soil organic carbon (SOC) contents were determined using the external heating method of potassium dichromate oxidation. Total nitrogen (TN) and total phosphorus (TP) contents were determined using a high-resolution digital colorimeter auto analyzer 3 (AA3, SEAL Company, Germany). The readily available potassium (AK) contents in the soil was determined by flame spectrophotometry (Model 410 Flame Photometer, Sherwood, UK), while the pH value was assessed in a 1:2.5 soil-water ratio suspension using a pH meter (PHSJ-4F, Leici, China) (Bao, 2013; Shaaban et al., 2023).




2.2.4 Growth traits

Plant height is measured from the base to the top of the A. argyi. Stem diameter refers to the middle section of the main stem of A. argyi. Distance of five leaves represents the length from the mature leaf at the top of A. argyi to the fifth leaf. Leaf length and leaf width are defined as the length and width of three mature leaves located in the middle of the main stem, respectively.




2.2.5 Individual yield and main medicinal ingredients

Individual yield involves collecting all the leaves from a single A. argyi plant and determining their dry weight after they have been in the shade drying. Output rate of moxa is the ratio of the moxa weight to the weight of the A. argyi leaf sample. The determination of total volatile oil was performed following the method outlined General Rule 2204, titled “Determination Method of Volatile Oil” as described in the Chinese Pharmacopoeia (Fourth Part) (2020 edition). The contents of eucalyptus oleoresin and borneol were determined using the collected volatile oil as in conjunction with gas chromatography and mass spectrometry (Agilent 5977C, GC-MS, USA). The concentrations of eight phenolic acids and flavonoids were determined using a high-performance liquid chromatograph (Agilent 1260 Infinity II, HPLC, USA), which included six phenolic acids (neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid B, isochlorogenic acid A, and isochlorogenic acid C) as well as two flavonoids (jaceosidin and eupatilin) (Ma et al., 2021b).




2.2.6 Content of mineral elements in different organs

Mineral element contents of leaves and stems were assessed as follows: N and P contents were determined using a high-resolution digital colorimeter auto analyzer 3 (AA3, SEAL Company, Germany), while K contents were determined by flame spectrophotometry (Model 410 Flame Photometer, Sherwood, UK) (Bao, 2013; Zhang et al., 2024). The contents of N, P, and K in leaves are referred to as leaf nitrogen content (LNC), leaf phosphorus content (LPC), and leaf potassium content (LKC), respectively. Their corresponding accumulation amounts are recorded as leaf nitrogen accumulation (LNA), leaf phosphorus accumulation (LPA), and leaf potassium accumulation (LKA). Similarly, N, P, and K contents in stems are referred to as stem nitrogen content (SNC), stem phosphorus content (SPC), and stem potassium content (SKC).





2.3 Statistical analysis

The data was collated using Excel 2019, while variance analysis, principal component analysis, comprehensive evaluation, RDA redundancy analysis, correlation analysis and drawing were performed using SPSS 17.0, Canoco 5.0, GraphPad Prism 9.5 and Origin 2021. The species cumulative curve was established using R 4.3.2, and the sampling sites distribution map was drawn using ArcGIS 10.2.





3 Results



3.1 Growth traits, individual yield and medicinal quality of A. argyi at different altitudes

The variation in individual yield and medicinal quality with altitude was inconsistent and varied significantly. The individual yield, output rate of moxa, and borneol content peaked at an altitude range of 700-800 m, reaching values of 20.68 g, 38.17%, and 7.19%, respectively (Figures 2A, F). The maximum total volatile oil content of 1.69% was achieved within the altitude range of 900-1000 m (Figure 2D). Meanwhile, the eucalyptus oleoresin content reached its peak of 34.36% in the 600-700 m altitude range (Figure 2E). The variation trends of neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid B, isochlorogenic acid A, isochlorogenic acid C, and jaceosidin followed a similar pattern. Below 800 m, the contents gradually decreased with increasing altitude, reaching a minimum between 700-800 m, which was significantly lower than values observed at other altitude ranges. Above 800 m, with the exception of jaceosidin, which increased above 1000 m, the contents of the other 6 components showed fluctuations, initially increasing before ultimate decreasing, with their maximum values found below 500 m (Figures 2B, G–L). The content of eupatilin exhibited a pattern of increase-decrease-increase-decrease with rising altitude, achieving a maximum value in the 600-700 m range and a minimum below 500 m (Figure 2C). The growth traits of A. argyi across different altitude ranges showed significant differences (Figures 2M–Q). Plant height, stem diameter, and individual yield exhibited a consistent trend, peaking at an altitude range of 700-800 m, significantly higher than at other altitudes. The distance of five leaves was greatest in the 500-600 m altitude range, while leaf length and width were relatively larger in the 600-700 m and 700-800 m ranges.

[image: Charts illustrate various plant characteristics and chemical components across different altitude ranges. Panel A shows individual yield and output rates. Panels B, C, D, E, and F depict the content of jaceosidin, eupatilin, total volatile oil, eucalyptol, and borneol. Panels G through L show levels of isochlorogenic acid A, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acid B, isochlorogenic acid A, and isochlorogenic acid C. Panels M, N, O, P, and Q display plant height, stem diameter, distance of five leaves, leaf length, and leaf width, respectively. Data is categorized by altitude range.]
Figure 2 | Individual yield, leaf quality and growth traits of wild population of A. argyi at different altitudes (A), Individual yield and output rate of moxa (B), Content of jaceosidin (C), Content of eupatilin (D), Content of total volatile oil (E), Content of eucalyptus oleoresin (F), Content of borneol (G), Content of neochlorogenic acid (H), Content of chlorogenic acid (I), Content of cryptochlorogenic acid (J), Content of isochlorogenic acid B (K), Content of isochlorogenic acid A (L), Content of isochlorogenic acid C (M), Plant height (N), Stem diameter (O), Distance of five leaves (P), Leaf length (Q), Leaf width. Different lowercase letters above bars indicated significant difference (P<0.05).




3.2 Comprehensive evaluation of medicinal quality of A. argyi at different altitudes

Three principal components (PC1, PC2, PC3) were extracted from the principal component analysis of the medicinal quality of A. argyi at different altitudes, revealing a cumulative interpretation rate of 89.512%. This rate effectively reflects overall information related to medicinal quality. The variance contribution rate of PC1 was 67.733%, where the absolute values of the eigenvectors for the contents of neochlorogenic acid, chlorogenic acid, isochlorogenic acid B, isochlorogenic acid C, cryptochlorogenic acid, isochlorogenic acid A, jaceosidin, eupatilin, total volatile oil, eucalyptus oleoresin and borneol were larger. The variance contribution rate of PC2 was 11.683%, with the absolute values of the eigenvectors for eucalyptus oleoresin and borneol were higher. This suggests that the first two principal components indicate how A. argyi adjusts its active ingredients in response to changes in altitude. The variance contribution rate of PC3 was 10.097%, where the absolute value of the eigenvectors for output rate of moxa was larger, reflecting the response of output rate of moxa to altitude changes (Table 1).

Table 1 | Principal component analysis of medicinal quality of A. argyi leaves at different altitude intervals.


[image: Table showing various indices with their corresponding values across three principal components (PC1, PC2, PC3). Indices include Output rate of moxa, Total volatile oil, Eucalyptus oleoresin, and others. Initial eigenvalues and contribution rates are noted, with PC1 having the highest initial eigenvalue of 8.128 and a contribution rate of 67.733%. Accumulative contribution rates increase across components, reaching 89.512% for PC3.]
According to the results of the PCA diagram, the medicinal quality at altitudes of 500-600 m, 600-700 m, and 800-900 m was similar, while the other four altitude intervals were distinctively grouped into separate categories, showing obvious differences in medicinal quality (Figure 3A). Comprehensive values were calculated and ranked based on the membership function values. The altitude intervals, arranged from highest to lowest comprehensive value of medicinal quality of A. argyi, were <500 m, 800-900 m, 500-600 m, 600-700 m, >1000 m, 900-1000 m, and 700-800 m. The highest medicinal quality of A. argyi was observed at altitudes below 500 m (Figure 3B).

[image: Panel A shows a 3D scatter plot illustrating data distribution across three principal components. Different colored markers represent altitude ranges from less than 500 meters to over 1000 meters. Panel B shows a bar chart representing comprehensive values across these altitude categories, with bars varying in length and direction, indicating their respective values.]
Figure 3 | PCA diagram and comprehensive value of medicinal quality of A. argyi leaves at different altitudes (A), PCA diagram (B), Comprehensive value.




3.3 Community characteristics and soil chemical properties of wild populations of A. argyi at different altitudes

The slope of communities at different altitudes ranged from 1.40° to 49.05°, with habitats generally displaying steeper slopes, except in the range of 700-800 m. The TRP of the communities at different altitudes varied from 0.09 to 0.94. Habitats below 700 m were drier and sunnier compared to those above 700 m. Population density varied greatly ranging from 8.5 to 24.92 plants m-2 (Table 2).

Table 2 | Basic community information of wild populations of A. argyi at different altitudes.


[image: Table displaying data on altitude, slope, TRP, and population density. Altitude ranges from less than 500 meters to greater than 1000 meters. Slope ranges from 1.40 to 49.05 degrees. TRP values range from 0.09 to 0.94. Population density ranges from 8.5 to 24.92 plants per square meter.]
The plant richness within the quadrats initially increased with the number of quadrats but gradually slows down, eventually reaching an asymptotic line. This trend indicates that most species present in the area have been documented, demonstrating the effectiveness of quadrat set up (Figure 4A). A total of 155 plant species from 50 families and 110 genera were investigated. As altitude increases, species richness, the Shannon-Wiener index, the Simpson index, and Pielou’s evenness index consistently exhibit similar patterns within the A. argyi communities, peaking at 700-800 m and reaching a minimum at 900-1000 m (Figure 4B). Based on the ecological adaptability of plants to light intensity, the ecotypes of A. argyi communities at different altitudes consist of 58% heliophytes, 20% shade-demanding plants, and 22% shade-enduring plants, with heliophytes being dominant group (Figure 4C).

[image: Panel A shows a graph of plant species numbers increasing with the number of plots, displaying box plots and error bars. Panel B presents a bar and line graph comparing species richness, Shannon-Wiener, Simpson, and Pielou's evenness indices across altitude ranges. Panel C is a donut chart showing proportions of heliophytes, shade-demanding, and shade-enduring plants.]
Figure 4 | Community species structure of wild populations of A. argyi at different altitudes (A), Species accumulation curve of the community (B), Species diversity characteristics of the community (C), Ecotype classification of community species.

The soil TN, TP and AK contents of wild populations of A. argyi at different altitudes ranged from 1.60 to 4.21 g kg-1, 0.56 to 1.93 g kg-1, and 0.13 to 0.35 g kg-1, respectively. The pH, SOM and SOC contents were 6.82-7.80, 1.38%-3.77% and 8.02-21.86 g kg-1, respectively. Soil carbon-nitrogen ratio (C/N), soil carbon-phosphorus ratio (C/P) and soil nitrogen-phosphorus ratio (N/P) were 4.78-17.61, 6.31-31.81 and 1.40-4.60, respectively (Figure 5A). Overall, the soil chemical properties exhibited significant variation, with an uneven distribution of nutrients observed across different altitudes. According to Wilding’s classification (Cui et al., 2021) soil property variation based on the coefficient of variation, (coefficient of variation <15%, small variation; 16%-35%, medium variation; >36%, highly variable), soil pH displayed small variation, TN,  SOM, SOC, and N/P exhibited medium variation, while TP, AK, C/N, C/P showed high variation (Figure 5C). The LNC, LPC and LKC of wild populations of A. argyi at different altitudes ranged from 25.65 to 36.59 g kg-1, 5.39 to 7.01 g kg-1, and 23.84 to 31.65 g kg-1, respectively. The SNC, SPC and SKC for these populations ranged from 4.84 to 9.77 g kg-1,1.40 to 4.07g kg-1, and 14.42 to 23.04 g kg-1, respectively. The LNA, LPA and LKA varied between 0.38 to 0.72 g plant-1,0.09 to 0.12 g plant-1, and 0.35 to 0.58 g plant-1, respectively (Figure 5B). The accumulation characteristics of N, P and K in leaves and stems exhibited considerable variability at different altitudes. The coefficient of variation for LKC was relatively was small at 9.72%, while the coefficients of variation for the indices ranged between 10% and 30% (Figure 5C).

[image: Three panels of graphs displaying soil and plant nutrient variations. Panel A shows box plots of nutrient content, pH, soil organic matter (SOM), and soil organic carbon (SOC). Panel B displays box plots of leaf nitrogen, phosphorus, and potassium content and accumulation. Panel C presents a bar chart of coefficient of variation for each nutrient across different parameters.]
Figure 5 | Characteristics of soil chemical properties and mineral elements accumulation of different organs at different altitude. LNC, LPC, LKC indicated the contents of N, P, and K in leaves, respectively. SNC, SPC, SKC indicated the contents of N, P, and K in stems, respectively. LNA, LPA, LKA indicated the accumulation of N, P, and K in leaves, respectively. The unit of SOM is “%”. The unit of SOC is “g kg-1”. (A), Soil chemical properties (B), Mineral elements accumulation characteristics in different organs (C), Coefficient of variation (CV) of indexes of soil chemical properties and mineral elements accumulation of different organs.




3.4 Correlation analysis

The comprehensive value (F) of medicinal quality of leaves was used to represent the medicinal quality of A. argyi, while RDA ordination was used to analyze the community characteristic factors, soil chemical properties, and their effects on individual yield and medicinal quality. The total explanatory power of community characteristic factors concerning the individual yield and medicinal quality of A. argyi was 100%, with 64.72% and 35.28% accounted for by the first and second axes, respectively. The connection between population density, TRP, and slope was represented by relatively long arrows, indicating a greater contribution to individual yield and medicinal quality. Furthermore, these three indexes displayed a negative correlation with individual yield, but a positive correlation with medicinal quality. Notably, population density demonstrated the strongest association with medicinal quality (Figure 6A). The total explanatory power of soil chemical factors on the individual yield and medicinal quality of A. argyi was 91.25%, with 58.96% and 32.29% explained by the first and second axes, respectively. The arrows representing TN, N/P, C/N and TP were relatively long, indicating their significant contribution to individual yield and medicinal quality. Both TN and N/P showed a positive correlation with individual yield but a negative correlation with medicinal quality. Conversely, C/N was positively correlated with medicinal quality, while TP showed a negative correlation with both individual yield and medicinal quality (Figure 6B).

[image: Graphs A and B display redundancy analysis with various variables like individual yield and species richness index plotted along two axes. Graphs C and D show correlation matrix heatmaps for different variables such as LNC, LPC, and others, with color coding indicating correlation strength. Graphs E and F present heatmaps focused on variables including PH, SD, and DFL, demonstrating positive and negative correlations with distinct color gradients.]
Figure 6 | Correlation analysis. LNC, LPC, LKC indicated the contents of N, P, and K in leaves, respectively. SNC, SPC, SKC indicated the contents of N, P, and K in stems, respectively. LNA, LPA, LKA indicated the accumulation of N, P, and K in leaves, respectively. PH, SD, DFL, LL, LW indicated Plant height, Stem diameter, Distance of five leaves, Leaf length, Leaf width. Y indicated the individual yield. F indicated the comprehensive value of medicinal quality of A. argyi leaves. (A), RDA ordination among community characteristic factors, individual yield and medicinal quality (B), RDA ordination among soil chemical properties, individual yield and medicinal quality (C), Correlation of indexes of soil chemical properties and mineral elements accumulation characteristics of different organs (D), Correlation of mineral elements accumulation characteristics of different organs, individual yield and medicinal quality. (E), Correlation between growth traits and individual yield (F), Correlation between growth traits and medicinal quality. * and ** indicated significant difference at P<0.05 and P<0.01, respectively.

Regarding soil chemical properties, TP showed a negative correlation with N/P (P<0.05), while C/P showed a positive correlation with N/P (P<0.05). Moreover, was positively correlated (P<0.01) with the C/N. In terms of mineral elements in different plant organs, SNC showed significant positive correlations with SPC (P<0.05), SKC (P<0.01), LKC (P<0.01). LNA showed significant positive correlations with LNC (P<0.05), LPA(P<0.05), LKA (P<0.05). LKC showed a positive correlation with SKC (P<0.01). Correlations were also observed between soil chemical properties and mineral elements across various organs. Notably, SOC correlated significantly with and LPC, C/P correlated with SPC, TN correlated with LNA (P < 0.05) (Figure 6C). The accumulation characteristics of mineral elements in different organs affected the yield and medicinal quality of A. argyi leaves. LPC was negatively correlated with individual yield (P<0.01), whereas LNA, LPA and LKA were positively correlated with individual yield (P<0.05). SPC showed a negative correlation with medicinal quality (P<0.05) (Figure 6D). In terms of growth traits, there is a significant positive correlation between plant height and individual plant yield (P<0.01), while leaf width showed a significant negative correlation with the medicinal quality of A. argyi leaves (P<0.05) (Figures 6E, F).

Monte Carlo test was performed for eight community characteristic factors. The importance ranking results of these factors on individual yield and medicinal quality were as follows: Population density>Slope>Heliophytes>Pielou’s evenness index>TRP>Species richness index. The interpretation rate for population density was found to be 43.4%, exhibiting a significant impact on both individual yield and medicinal quality (P<0.05), while other factors did not exhibit significant effects (Table 3). Likewise, a Monte Carlo test was performed on nine soil chemical factors. The importance ranking results of these factors on individual yield and medicinal quality were as follows: TN>N/P>AK>pH>SOC>TP>SOM>C/N>C/P. TN, N/P and pH demonstrated significant effects on both individual yield and medicinal quality (P<0.01), with interpretation rates of 47.0%, 23.5% and 5.6%, respectively. AK, SOC and TP had significant effects on both individual yield and medicinal quality (P<0.05), with explanation rates of 6.6%, 4.0% and 3.7%, respectively. The contribution rates of the remaining three factors were relatively low, and their effects did not reach statistical significance (Table 4).

Table 3 | Effects of community characteristic factors on individual yield and medicinal quality.


[image: Table displaying indexes with sequence, interpretation percentage, and P values. Population density ranks first with 43.4% interpretation and a significant P value of 0.042. Other indexes include slope at 17.1% (P=0.246), heliophytes at 12.6% (P=0.264), Pielou’s evenness at 16.2% (P=0.148), TRP at 8.7% (P=0.176), and species richness at 2.0% (P=1.000). A note indicates significance at P<0.05.]
Table 4 | Effects of soil chemical properties on individual yield and medicinal quality.


[image: Table with columns labeled Indexes, Sequence, Interpretation (%), and P. Indexes: TN, N/P, AK, pH, SOC, TP, SOM, C/N, C/P. Sequences: 1 to 9. Interpretation: 47.0 to less than 0.1. P-values range from 0.002 to 0.874, with significance at P less than 0.05 and P less than 0.01 marked by asterisks.]
Multiple linear stepwise regression analysis showed no significant regression relationship between individual yield and community characteristic factors. However, a significant multiple linear regression relationship was identified between the medicinal quality of A. argyi (P<0.05) and population density, with a determination coefficient of 0.648. Individual yield was significantly (P<0.01) affected by TN, TP. Medicinal quality was significantly (P<0.01) affected by TN, pH, and TP. Both TN and TP emerged as common factors affecting both individual yield and medicinal quality of A. argyi (Table 5). Integrating the results of RDA ordination, we found population density, along with soil TN and TP contents, as common factors influencing both yield and medicinal quality.

Table 5 | Stepwise regression analysis among community characteristic factors, soil chemical properties, yield and medicinal quality.


[image: Table displaying stepwise regression equations with corresponding R-squared, impact factors, and P-values. The first equation, F=0.805D₁-1.589, has R²=0.648, impact factor as population density, and P=0.029. The second, Y=15.736+0.600X₁-0.424X₃, has R²=0.538, factors TN and TP, and P<0.001. The third, F=8.759-0.894X₁-0.416X₂-0.366X₃, has R²=0.785, factors TN, pH, TP, and P<0.001. Footnote: Y is individual yield; F is the comprehensive medicinal quality; D₁ is population density; X₁, X₂, X₃ are TN, pH, TP.]



3.5 Analysis of the main medicinal ingredients of different organs in A. argyi

To analyze the main medicinal ingredients in stems of A. argyi, we measured the contents of six phenolic acids, including neochlorogenic acid and chlorogenic acid, along with two flavonoids, jaceosidin and eupatilin (Table 6). The analysis revealed significant variability in the contents of these phenolic acids and flavonoids at different altitudes. Among them, the coefficients of variation for chlorogenic acid, jaceosidin, and eupatilin were relatively high, with values of 41.52%, 40.23% and 42.50%, respectively. There was a notable disparity between the maximum and minimum values for each index, highlighting the variability in their concentrations.

Table 6 | Content of main medicinal ingredients in stems at different altitudes.
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We compared the contents of eight flavonoids and phenolic acids in both stems and leaves (Figure 7A). The levels of neochlorogenic acid, cryptochlorogenic acid, isochlorogenic acid A, isochlorogenic acid C, jaceosidin, and eupatilin were consistently higher in the leaves compared to the stems across all seven altitude ranges. However, chlorogenic acid content exceeded that of the leaves at altitudes above 1000 m, while isochlorogenic acid B was also higher in stems than in leaves at altitudes above 600 m. The content of eupatilin showed significant variability across all altitude ranges. In the comparison of the other seven ingredients measured in both leaves and stems, the most significant disparity was observed in the below 500 m range, with differences becoming less pronounced at higher altitudes. At the same time, we analyzed the correlation between the contents of eight flavonoids and phenolic acids in leaves and stems (Figure 7B). The R2 values for neochlorogenic acid and cryptochlorogenic acid were 0.616 and 0.673, respectively, indicating a significant correlation between them (P<0.05). No statistically significant correlations were found for chlorogenic acid, isochlorogenic acid B, isochlorogenic acid A, isochlorogenic acid C, jaceosidin and eupatilin.

[image: Graphs depicting the content of various chemical compounds in leaves and stems across different altitude ranges. Set A shows the content of neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, isochlorogenic acids A, B, C, jaceosidin, and eupatilin. Set B presents correlations between the concentrations in stems and leaves. R-squared and p-values indicate significance levels, with some showing significant correlations.]
Figure 7 | Differences in the contents of main medicinal ingredients and their correlation analysis in different organs at different altitudes (A), Differences in the contents of main medicinal ingredients in different organs at different altitudes (B), Correlation analysis of the contents of main medicinal ingredients in different organs at different altitudes. * indicated significant difference at P<0.05.

Three principal components (PC1, PC2, PC3) were extracted from the principal component analysis of the main medicinal ingredients in different organs of A. argyi across various altitudes, yielding a cumulative interpretation rate of 84.620%. This rate effectively encapsulates the information regarding the main medicinal ingredients in different organs of A. argyi at varying altitudes (Table 7). The variance contribution rate of PC1 was 55.700%, characterized by substantial absolute values of the eigenvectors for the contents of eight flavonoids and phenolic acids in leaves, as along with neochlorogenic acid and cryptochlorogenic acid in stems. Therefore, PC1 mainly reflects the contents of the primary medicinal components in the leaves. PC2 accounted for a variance contribution rate of 21.543%, highlighting larger absolute values of the eigenvectors for the contents of chlorogenic acid, isochlorogenic acid B, isochlorogenic acid A and isochlorogenic acid C in stems. Therefore, PC2 primarily reflects the information related to the phenolic acids in the stems. PC3 contributed a variance rate of 7.377%, with larger absolute values of the eigenvectors for the contents of jaceosidin and eupatilin in stems, indicating that PC3 predominantly reflects the content of the flavonoids in the stems. Together, PC2 and PC3 provide insights into the main medicinal components in the stems, with a cumulative contribution rate of 28.920%.

Table 7 | Principal component analysis of main medicinal ingredients in different organs at different altitudes.


[image: A table showing principal component analysis of chemical compounds in leaves and stems. Indexes include Neochlorogenic acid, Chlorogenic acid, Isochlorogenic acids B, C, A, Jaceosidin, Eupatillin, and Cryptochlorogenic acid. Each is analyzed with PC1, PC2, and PC3. Initial eigenvalues are 8.912, 3.447, 1.180. Contribution rates are 55.700%, 21.543%, 7.377% and accumulative contribution rates are 55.700%, 77.243%, 84.620%.]




4 Discussion



4.1 Differences in yield and medicinal quality of wild populations of A. argyi at different altitudes

Altitude is a crucial environmental factor that profoundly influences the spatial distribution, growth, and development of plants. As altitude increases, temperature decreases, diurnal temperature variations become more pronounced, and light intensity increases (Feng et al., 2022; Yao et al., 2023). Light plays a vital role in the development, productivity and quality of crops (Su et al., 2024). In this study, individual yield values were notabily higher in four regions (<500 m, 500-600 m, 700-800 m, and 900-1000 m), while lower values were observed in the remaining three regions. TRP was higher in the <500 m and 500-600 m ranges, where habitats were sunnier and drier. Although the TRP in the 700-800 m and 900-1000 m ranges was lower, reduced population density increased light transmittance. Moreover, A. argyi in the 700-800 m and 900-1000 m ranges showed relatively tall plant heights, establishing a significant positive correlation between plant height and individual yield. Furthermore, the increased altitude resulted in stronger light intensity, which facilitated the optimal utilization of light energy by A. argyi. As a heliophytes, A. argyi adapts to the variation in habitats to maximize its light energy for absorption.

Altitude can also significantly influence the synthesis of medicinal ingredients. The response of different medicinal plants to altitude varies. For instance, the root biological activity of Paeonia veitchii growing at high altitudes was higher, which was associated with a lower annual mean temperature (Yuan et al., 2020). Additionally, higher altitude may enhance the biosynthesis of flavonoids in Ginkgo biloba leaves, mainly due to increased light exposure associated with altitude (Zou et al., 2019). Volatile ingredients are significantly affected by sunshine duration and temperature, with the effect of low temperatures being more pronounced than that of high temperatures (Wang et al., 2018). Adequate lighting can enhance the output rate of moxa, as well as increase the levels of flavonoids and phenolic acids (Li et al., 2023). In this study, the medicinal quality was highest at altitudes below 500 m, while altitudes between 500-600 m, 600-700 m, and 800-900 m showed similar qualities, with significant differences among the other four altitude intervals. The populations surveyed at high altitudes experienced low TRP in their habitats and received relatively few hours of adequate sunshine. Although the total volatile oil content and eupatilin levels reached higher values at 900-1000 m, the output rate of moxa and the content of jaceosidin, eucalyptus oleoresin, borneol, and six phenolic acids were lower in the wild populations of A. argyi located at these higher altitudes. Moreover, the accumulation patterns of eupatilin were found to be fundamentally opposite to those of jaceosidin and the six phenolic acids, suggesting that the synthesis of flavonoids is more susceptible to interference compared to other phenylpropanoids (phenolic acids) in response to changes in altitude.




4.2 Ecological factors influence the yield and medicinal quality of A. argyi.

A. argyi shows strong community ecological niche competitiveness and a reduced presence of weeds in its natural habitat, facilitating the establishment of a dominant population (Chen et al., 2022). This dominance can effectively minimize factors that interfere with yield and medicinal quality. Planting density in cultivation is a fundamental factor for achieving a balance between population and individual development. Thinning practices can effectively reduce leaf drop rates and increase the number of effective leaves; however, they also lead to a decrease in the content of eucalyptus oleoresin. On the other hand, dense planting can significantly increase yield, output rate of moxa, and concentrations of phenolic acids, such as chlorogenic acid in A. argyi (Ma et al., 2020). In this study, a positive correlation was observed between population density and the medicinal quality of A. argyi (P<0.05). While there was a significant positive correlation between population density and medicinal quality, no considerable relationship was noted with yield. Population density emerged as the only significant factor among community characteristics factors, indicating its key role in affecting the medicinal quality of A. argyi. Appropriate dense planting practices prove beneficial for improving the medicinal quality of A. argyi, aligning with the conclusions drawn from cultivation. The lack of significance in the relationship between density and yield may be attributed to the uneven distribution of A. argyi in wild communities. Understanding the key roles of nutrient elements in soil–plant systems is essential for the production of herbal medicine and sustainable development (Qian et al., 2024). The yield of A. argyi leaves and moxa initially increases with N fertilizer application, but subsequently decreases at higher N levels. Under conditions of N deficiency or low N levels, the synthesis of borneol is hindered. However, N application enhances the photosynthetic rate and facilitates the accumulation of carbon-based secondary metabolites such as phenolic acids and flavonoids (Ma et al., 2021a). The synergistic effects of P and N enhance photosynthesis and promote dry matter accumulation (Chen et al., 2021). However, the P content in A. argyi leaves negatively impacts both yield and total volatile oil content (Chen et al., 2022a). The key enzyme genes involved in the synthesis of flavonoids and phenolic acids are upregulated in the absence of P (Wang et al., 2023b). Potassium is linked to photosynthesis, and can promote the accumulation of Ca and increased gibberellin levels in A. argyi, which in turn encourages the growth of non-glandular hair and increases the output rate of moxa (Chen et al., 2022b).

In this study, soil TN content showed a significant positive correlation with yield while negatively correlating with medicinal quality. TP content was significantly negatively correlated with both yield and medicinal quality. This suggests that soil TN and TP contents are key driving factors affecting yield and medicinal quality. Altitude significantly influences soil TN content, and a synergistic relationship between TN content and LNA suggests that altitude may alter the N absorption of A. argyi. N/P and TP, C/P and SPC, SOC and LPC showed antagonistic relationship, which might be related to soil mineralization. The contents of N and P influence each other, with lower C/P values promoting increased available P in the soil (Liu et al., 2018), thereby affecting the uptake and utilization of P by A. argyi. In leaves and stems, the contents of N and P coexist synergistically, while the accumulation of N and P, K in leaves also exhibit a synergistic relationship. The combined effects of N, P, and K improves photosynthesis and the number of non-glandular hairs, resulting in increased individual yield. Excessive P can negatively affect A. argyi, especially affecting the contents of N, K and Ca, leading to nutritional imbalances and a reduction in output rate of moxa (Chen et al., 2021; Wang et al., 2023b). Consequently, both individual yield and medicinal quality of A. argyi decline. The altitude range associated with the highest contents of P in plant organs and soil TP was consistent in the study, yet both individual yield and medicinal quality were low. In conclusion, changes in altitude can affect soil mineralization, altering the availability of N and P that A. argyi can directly utilize. This, in turn, influences the absorption of mineral elements, impacting both the individual yield and medicinal quality of A. argyi.




4.3 Difference of main medicinal ingredients in different organs of A. argyi

Different organs of medicinal plants contain similar medicinal ingredients, but their distribution and accumulation characteristics can vary significantly. In Sapindus mukorossi, the distribution of total saponins and total flavonoids among different organs, particularly in leaves, exhibited notable differences. An indirect competitive relationship exists between the accumulation of saponins and flavonoids (Xu et al., 2021). In Lycium barbarum, the leaves are referred to as Tianjingcao, the flowers as Changshenghua, the root bark as Cortex lycii, and the fruit as Lycium Chinense. The roots, stems, and leaves of Lycium barbarum work in coordination to produce high-quality fruits (Ma et al., 2024). The roots serve as the primary medicinal part of Aconitum carmichaelii Debx. The lateral root processing product is known as radix aconiti lateralis preparate, while the mother root processing product is simply Aconitum carmichaelii. The stems and leaves of Aconitum carmichaelii Debx. are rich in aporphine alkaloids and alcohol ammonia diterpenoid alkaloids, which possess potential anti-tumor properties and therapeutic effects for rheumatic diseases, along with low levels of toxic ingredients (Zhou et al., 2024). The antioxidant capacity of lotus seeds is significantly higher than that of other parts of the ancient Chinese lotus (Wang et al., 2023). In this study, the main medicinal ingredients in the organs of A. argyi were found to be sensitive to variations in altitudes. The contents of the main medicinal ingredients in the leaves of A. argyi collected from altitudes below 500 m was much greater than that in the stems. Therefore, the primary focus should be on utilizing and developing the leaves. At high altitudes, the differences in the content of main medicinal ingredients between leaves and stems is minimal, particularly regarding chlorogenic acid and isochlorogenic acid B, where the phenomenon of stem content surpassing leaf content occurred. This suggests that the medicinal value of the stems could be explored based on altitude range and associated medicinal ingredients. A significant correlation and synergistic effect were observed between the contents of neochlorogenic acid and cryptochlorogenic acid in both leaves and stems, while the other six ingredients did not show close relationships. Principal component analysis showed that the contents of eight flavonoids and phenolic acids were higher in the leaves, reflecting their medicinal quality. The presence of neochlorogenic acid and cryptochlorogenic acid in the stems was also part of the first principal component, indicating a significant correlation with corresponding indices in the leaves. Therefore, the evaluation of the medicinal quality of A. argyi should primarily focus on its leaves, while also taking into the potential medicinal value of its stems.





5 Conclusions

The yield and medicinal quality of A. argyi vary significantly due to altitude and ecological factors, such as community characteristics and soil chemical properties. In the study area, both the yield and medicinal quality of A. argyi were found to be higher at altitudes below 500 m. Key factors influencing these attributes include population density, soil TN content, and TP content. Soil mineralization characteristics differ markedly across different altitudes, which directly affects the absorption of mineral elements by A. argyi. A significant positive correlation was observed between the accumulation of N, P, and K in leaves and yield. Conversely, the P content in leaves and stems showed a significant negative correlation with yield and medicinal quality, respectively. In practice, it is advisable to select cultivation areas below 500 m in altitude with near neutral soil for A. argyi. In addition, it is important to control planting density and strictly regulate the application of N, P, and K fertilizers, especially N and P. Compared to the stems, the leaves of A. argyi leaves more accurately reflect its medicinal quality. However, the stems also possess medicinal value. Therefore, it is recommended to explore the development of stems based on altitude and their medicinal ingredients.
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Introduction

Plants are constantly exposed to a diverse spectrum of environmental stressors that typically occur concurrently as multifactorial challenges, both spatially and temporally (Joshi et al., 2024). These stressors include abiotic stresses, such as drought, flooding, salinity, nutrient deficiencies, metal toxicity and extreme temperatures, as well as biotic pressures such as herbivory, pathogen attacks, and inter and intraspecific competition (Porter et al., 2020; González Guzmán et al., 2022). Drought and herbivory are arguably among the most critical factors that limit crop productivity in agricultural settings (Gautam et al., 2024), making it imperative to understand plant responses to their combined effects. While conventional research has tended to examine plant responses to these stressors individually, in both natural and agricultural settings, plants frequently encounter multiple stresses either simultaneously or sequentially, leading to complex interactions with consequences that cascade to multiple trophic levels.

Drought, a major abiotic stress, induces a range of morphophysiological changes in plants, such as reduced leaf area, stomatal closure, and enhanced root growth characterized by increased root biomass, surface area, and root volume (Farooq et al., 2009a). Beyond these immediate responses, drought stress can also prime plants for future stress events, influencing their susceptibility or resistance to subsequent biotic and abiotic challenges (Bilichak et al., 2015; Li et al., 2019; Sallam et al., 2019). Drought stress induced priming can also lead to epigenetic changes in gene expression, creating transcriptional memory that has been found to enhance both plant survival and response to subsequent drought events (Avramova, 2019; Nguyen et al., 2022; Kambona et al., 2023). For instance, in Arabidopsis, abiotic stress induces histone demethylation at the promoter of the proline biosynthetic gene Δ1-pyrroline-5-carboxylate synthetase (P5CS), leading to increased P5CS expression and proline accumulation, which assists in tolerating stress. This epigenetic modification remains even after the stress removal, indicating the formation of stress memory that improves tolerance to future stress (Banerjee and Roychoudhury, 2015). Similarly, Sani et al. (2013) (Sani et al., 2013) discovered that sodium ion pre-treated Arabidopsis plants gained enhanced drought tolerance through histone modification changes, specifically reduced H3K27me3 levels, which activated the HKT1 gene responsible for salt stress responses (Banerjee and Roychoudhury, 2015). This highlights the critical role of H3K27me3 in somatic stress memory (Kim et al., 2015). Although, drought stress memory, characterized by epigenetic changes in gene expression, has garnered recent attention, the mechanisms through which drought primes plants for future stressors are not well understood (Godwin and Farrona, 2020; Tian et al., 2024).

Similarly, herbivory imposes significant biotic stress on plants, often leading to changes in direct and indirect plant defenses, ecophysiology, defense-fitness trade-offs, production of defensive metabolites, and activation of defense genes, and consequently- affecting trophic interactions (Howe and Jander, 2008; Kariyat et al., 2013; Kersten et al., 2013; Müller et al., 2019; Huang and Huang, 2023). Herbivore-induced plant volatiles (HIPVs), released in response to insect damage or herbivore-cues such as saliva, frass or eggs, serve as signals for predators and parasitoids to locate herbivores at different spatial locations (Kariyat et al., 2012; Ali et al., 2023). Notably, herbivory stress responses can also prime plants to subsequent attacks. For example, feeding by caterpillars on Arabidopsis and tomato increased resistance in the subsequent progeny, indicating the presence of transgenerational memory (Van Hulten et al., 2006; Rasmann et al., 2012; Holeski et al., 2012). While existing research on herbivory primarily focuses on plant defenses and their impact on herbivore growth and development (Kariyat et al., 2017, 2018; Tayal et al., 2020; Kaur and Kariyat, 2023), a comprehensive examination in this area should also include physiological responses, such as immune response in herbivores, identification of molecular markers for faster diagnosis, and potential epigenetic modifications that may influence growth and yield traits in subsequent generations (Schmitz et al., 2019).

Despite significant advancements in molecular biology, there remains a lack of a comprehensive molecular understanding of plant responses to abiotic and biotic stresses, when they arrive in tandem. It should be noted that significant progress has been made with techniques like genome sequencing, quantitative trait locus (QTL) mapping which has enabled the identification of key genes involved in drought and herbivory tolerance (Pfalz et al., 2007; Yesudas et al., 2010; Gahlaut et al., 2017; Hassan et al., 2023). And genome wide association studies (GWAS) to identify stress-related traits (Davila Olivas et al., 2017; Thoen et al., 2017; Huang et al., 2024), clustered regularly interspaced short palindromic repeats (CRISPR) for precise genome editing to enhance stress tolerance (Liu et al., 2020; Ghosh and Dey, 2022; Sun et al., 2024), and RNA interference (RNAi) for targeted gene silencing (Li et al., 2024; Zhang et al., 2024), there remains a crucial gap in integrating these molecular tools with ecological interactions. While various biotic and abiotic stressors exist, this manuscript focuses on drought and herbivory as a model due to their synergistic effects, which often intensify plant stress responses (Gautam et al., 2024). By focusing on drought and herbivory, we aim to elucidate how plants manage multiple stresses and propose integrated approaches for studying these complex interactions. This integrated perspective will help bridge the gap between molecular biology and ecological interactions, offering new insights into plant resilience and stress management in natural and agricultural ecosystems.





Eco-physiological and biochemical approaches for studying drought and herbivory in agricultural crops

Drought and herbivory bring significant changes to the crop eco-physiological responses including root architecture, and physiological parameters (Makbul et al., 2011; Bansal et al., 2013; Kunert et al., 2016; Xu et al., 2018). Reduced stomatal conductance, impaired photosynthesis, and decreased chlorophyll content have been consistently observed under drought stress (de Freitas Bueno et al., 2009; Farooq et al., 2009b). Contrary to the consistent effects under drought, herbivory has differential impacts on plant performance; some studies show negative impact on crop performance while others report positive compensatory effects on photosynthesis and crop growth (Kucharik et al., 2016; Dong et al., 2019; Zheng et al., 2021) with an overall negative impact on crop yield (de Freitas Bueno et al., 2009; Grinnan et al., 2013; Owen et al., 2013; Musser et al., 2022). The eco-physiology of the crops under drought and herbivory are mostly resulted by the biochemical changes in the host crops (Abid et al., 2018; Chávez-Arias et al., 2021; Pati et al., 2023). For example, Pati et al. (2023) reported that the action of several defense related enzymes such as peroxidase, polyphenol oxidase, and catalase was higher in resistant genotypes of rice against brown plant hopper (Nilaparvata lugens, Stal). At the same time, Chávez-Arias et al. (2021) also summarized those changes in osmolytes such as proline, glycine, soluble sugars, and ions (K+, Na+) aid in alleviating the impacts of drought stress in crops like maize and rice.

Biochemical approaches are usually indicated by decline in membrane stability, increased reactive oxygen species (ROS) production, lipid peroxidation and injury to the membranes (Abid et al., 2018) under drought stress. Higher accumulation of proline, free amino acids, and soluble sugars have also been identified as mechanisms of plants for osmotic adjustments under drought stress (Oh and Komatsu, 2015; Mwenye et al., 2016; Du et al., 2020; Chávez-Arias et al., 2021). Similarly, based on the types of crops and herbivores, crops may respond differentially with varying quantities of phenols, soluble proteins, and activities of defense enzymes including peroxidases, and catalases (Pati et al., 2023). Interestingly, production of secondary metabolites in crops such as flavonoids, terpenoids, alkaloids, and glucosinolates are triggered in response to both drought and herbivory (Lin et al., 2023). Besides secondary metabolites, drought and herbivory also alter the volatiles (VOCs) emitted by the crops. For instance, herbivory by Spodoptera exigua in potato (Solanum tuberosum) under lower water availability induced lower VOCs than under well-watered plants (Vázquez-González et al., 2022). Most importantly, volatile compounds and secondary metabolites induced under drought and herbivory leads to signaling cascades in crops triggering the production of systemic phytohormones (Jogawat et al., 2021).

Phytohormones such as jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) have been studied to explore the possible signaling mechanism for crop responses under drought and herbivory. A decreasing trend was observed for JA and methyl jasmonate (Me-JA) under drought and herbivory stress in soybeans compared to herbivory only treatment, but SA showed a reduction only under drought but not due to insect infestation (Faustino et al., 2021). However, compared to control treatments (no drought or herbivory), JA and Me-JA levels were still upregulated indicating a defensive response under drought and herbivory interaction. Interestingly, under severe drought and simulated herbivory (exogenous application of MeJA), several volatile metabolites including methyl salicylate is strongly induced potentially due to priming under drought stress (Scott et al., 2019). At the same time, under drought stress, ABA has been found to synergize with JA to provide resistance against herbivores (Nguyen et al., 2016). Jogawat et al. (2021) mentioned that changes in level of ethylene (ET) affected growth responses in wheat and drought induced the genes encoding for ET receptors in rice, Arabidopsis thaliana and tobacco. Moreover, the expression levels of lipoxygenases (LOX) genes that are involved in the first step of jasmonic acid (JA) biosynthesis were upregulated under drought but was repressed when followed by herbivory in soybeans (Faustino et al., 2021). In a meta-analysis, transcriptomics of major crops such as wheat, maize, and tomato revealed that ET pathway and ABA pathway-related transcription factors are upregulated under drought (Benny et al., 2019). In addition to eco-physiology, biochemical and phytohormonal assessment, examination of several omics and epigenetics approaches can potentially extrapolate the mechanistic understanding of drought and herbivory interaction in crops. The current approaches focused on phenotypic effects, therefore, are mostly limited to few model species, pairwise interactions and lack an integrated approach. Omics approaches allow us to expand our understanding on the underlying mechanisms of drought and herbivory interactions that we still lack and ask more landscape level questions, which is what we propose, an integration of different approaches.





Redefining drought and herbivory interaction from omics approach

Omics approaches help in elucidating the interaction between the environment and genes, characterization and identification of biomarkers and phenotyping (Chávez-Arias et al., 2021). Innovative approaches that combine data from multiple omics layers, such as transcriptomics metabolomics, proteomics, epigenomics, and metagenomics—collectively referred to as panomics - are some of the approaches under ‘Omics’ which have recently become critical for understanding the pathways, genetic and biochemical basis of drought and herbivory interaction in agricultural crops (Figure 1).
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Figure 1 | Schematic representation of integration of eco-physiological, biochemical and omics approaches to understand plant environment interactions under biotic and abiotic stress. Eco-physiological approaches involve assessing plant growth, water use efficiency, and stress tolerance, providing valuable insights into how plants adapt to changing environments. Biochemical approaches help in identifying and quantifying stress-related metabolites, enzymes, and hormones, which help elucidate the molecular mechanisms driving stress responses. Omics approaches, including genomics, transcriptomics, proteomics, and metabolomics, generate extensive datasets that uncover the complex regulatory networks and pathways involved in stress adaptation.





Differential expression of genes under drought and herbivory

Transcriptome profiles under simultaneous drought and herbivory stress have been widely used to elucidate their interactive effects on several plants. (Coolen et al., 2016) used RNAseq to explore the transcriptome of Arabidopsis under herbivory when previously exposed to drought stress and found that the transcriptional changes due to caterpillars masked the drought-induced changes that occurred previously. Using exogenous coronatine (COR), (Attaran et al., 2014) found that JA-induced signaling repressed photosynthetic genes but defense genes were induced in Arabidopsis. Through a comprehensive RNAseq analysis, it was clear that JA-induced signaling (stress response) redirected the photosynthetic metabolism towards defense responses. Similarly, the transcriptional responses were detected with a significant level of upregulation of GmCDPK genes suggesting their integral roles in soybean-drought-insect interactions (Hettenhausen et al., 2016). In rice, 6,885 transcripts and 238 lncRNAs were detected to be contributing for drought stress response by (Li et al., 2019). Coolen et al. (2016) (Coolen et al., 2016) also reported several unique DEGs expressed under drought compared to herbivory in Arabidopsis thaliana. In soybean, the transcriptomic profiles have not been explored much in response to drought and herbivory stress either in sequence or in tandem. It is important to note that majority of such studies have been focused on model species such as Arabidopsis and it is imperative to drive future works towards exploring drought and herbivory interaction in non-model agricultural crops that vary in their degree of drought or herbivory tolerance.





Drought and herbivory interactions drives the changes in metabolome

Analysis of metabolites accumulated in plants under drought stress and herbivory provide a more holistic view on the plant responses towards both stressors. (He et al., 2022) showed that drought stress induced the production of Daidzin which also plays an anti-herbivore role in poplars. An untargeted metabolomics using ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) on the metabolites of wheat under drought revealed increased accumulation of phenolics, thymine and pyrimidine in wheat seedlings which provided further resistance against drought stress (Guo et al., 2020). Likewise, metabolomics study in maize has allowed us to identify indole, terpenoids, and green leaf volatiles [(Z)-3-hexanal and (Z)-3-hexen1-ol] as primary secondary metabolites involved in defense against herbivores (Chávez-Arias et al., 2021). Compared to other ‘Omics’ tools, metabolomics seems to be more effectively utilized by researchers when exploring drought and herbivory. However, comprehensive understanding of drought and herbivory interaction in agricultural crops using metabolomics by itself is difficult due to the involvement of myriads of biotic and abiotic factors other than drought and herbivores themselves.





Overlapping drought and herbivory stressors can alter protein expression

Proteomic approaches elucidate the role of genes related to a specific protein associated with stress, providing a snapshot of the proteome of crop under biotic or abiotic stress (Bhadauria et al., 2010; Ahmed et al., 2024). Although many studies have focused on the individual impacts of drought or herbivory on the proteomic composition of different crops, very few studies have addressed the combined effects of these stressors on crop proteomes (Zhang et al., 2010; Li et al., 2014; Gu et al., 2020). Verdugo et al. (2015) (Verdugo et al., 2015) found that Myzus persicae; (Green peach aphids) on drought-stressed susceptible plants showed higher protein expression levels compared to those on well-watered susceptible plants. A study by Dworak et al. (2016) (Dworak et al., 2016) highlights the maize leaf proteome responses to soil drought and two-spotted spider mite (Tetranychus urticae) stresses applied separately and concurrently. The findings revealed that the protein carbonylation level, a key marker of oxidative damage, increased with both soil drought and mite feeding when applied separately. However, when these stressors occurred simultaneously, there was a decrease in the protein carbonylation level, indicative of a unique response when the stresses overlap. This underscores the complexity of the interplay between different stressors and their impact on the proteomic profiles of crops, emphasizing the need for thorough research to understand the underlying mechanisms governing these interactions.





Drought and herbivory induce epigenetic modifications

Epigenetics plays a pivotal role in deciphering how plants respond to biotic and abiotic stresses, offering unique insights into the molecular mechanisms underlying stress adaptation (Mladenov et al., 2021). Epigenetic changes induced by biotic stressors like bacteria, fungi, or insect herbivores can be passed down to offspring, resulting in transgenerational priming (Holeski et al., 2012; Harris et al., 2023). Recent studies have shown that inherited epigenetic modifications can lead to acquired resistance patterns that persist for multiple generations following exposure to biotic stressors (Stassen et al., 2018). Specifically, alterations in DNA methylation, particularly in the CG context, have been observed in response to stress (Huang and Jin, 2022). Some other studies on Thale cress (Arabidopsis sp.) and rice (Oryza sp.) reveal that long-term stresses like drought-induced changes in DNA methylation can be transferred together with stress memory and improved stress tolerance to multiple generations (Wang et al., 2011; Zheng et al., 2017). Using epigenetic recombinant inbred lines (epiRILs) by (Furci et al., 2019) from a ddm1 mutant crossed with wild-type plants, a screening for downy mildew pathogen Hyaloperonospora arabidopsidis (Hpa) -resistant Arabidopsis revealed enhanced defense responses and no growth impairments post-infection, indicating defense priming. Transcriptome and DNA methylome analysis showed that priming defense genes across the genome provides lasting, inheritable disease resistance, indicating a crucial role for epigenetic responses in transgenerational acquired resistance in Arabidopsis. Hence, by studying the epigenetic landscape of plants under biotic stress conditions, researchers can identify key epigenetic signatures associated with defense responses and priming mechanisms.





Meta-genomics reveal microbial diversity under drought and herbivory

Drought and herbivory have a broader impact on multi-tropic level interactions in agricultural settings— microbial communities that could potentially directly/indirectly impact the host crop and herbivore performance are often overlooked in most of the studies. Through metagenomics analysis, (Dai et al., 2019) found that several bacteria such as Actinobacteria, and Acidobacteria significantly increased in peanut rhizosphere during drought stress. On the other hand, metagenomics along with metabolomic profile analysis in oilseed rape (Brassica napus) under root herbivory by cabbage root fly (Delia radicum) revealed significant increment in the abundances of bacterial genera like Bacillus, Pseudomonas, and Stenotrophomonas (Ourry et al., 2018). It is evident that meta-genomics in combination with other ‘Omics’ approaches can be effective in obtaining a holistic understanding of drought and herbivory interaction in crops. However, to the date, no metagenomics analysis has been conducted to unravel the interaction of these two stressors in terms of both host plants and herbivores and therefore require extensive work in the future.





Conclusion and future directions

The integration of multi-omics approaches in plant research presents a transformative opportunity to deeply explore the intricate cellular responses that underpin stress tolerance mechanisms. By integrating data from diverse omics pipelines, such as transcriptomics, proteomics, epigenomics and metabolomics, researchers gain a comprehensive understanding of how plants respond to and manage drought and herbivory. This integration allows for the identification of key regulatory networks, biomarkers, and candidate genes that differentiate between stress-tolerant and sensitive plants, providing valuable insights for breeding resilient crop varieties. Moreover, incorporating physiological studies and phytohormone signaling pathways into this multi-omics framework will further enhance our understanding of the complex interactions between plants and their environment. These approaches will elucidate how changes in physiology and hormonal signaling contribute to plant resilience under combined stress conditions. Thus, the integration of multi-omics data in plant research, augmented by physiological and phytohormonal insights, will not only deepen our understanding of stress responses and adaptive mechanisms but also pave the way for the development of resilient crop varieties that can thrive in changing environmental conditions. By merging advanced technologies with traditional breeding methods, researchers can fully harness the potential of omics-assisted breeding for ensuring food security and sustainability in agriculture.
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Hedera helix L. is a widespread liana that significantly influences forest ecosystems in temperate zones, exhibiting high adaptability to varying soil moisture and light levels. In this study, it was confirmed that H. helix dominates the herbaceous layer of the Kórnik Arboretum (Poland), with clear links between its above-ground biomass and key environmental factors. The study revealed that, under intense soil shading, the leaf to stem biomass ratio was disproportional, favoring leaves. Leaf and stem water content reflected the plant’s adaptation to soil moisture, aligning with its field capacity. Strong relationships were found between leaf water content and soil moisture, while the correlations between leaf water content and light availability were weaker. The study also confirmed positive relationships between daily light integral and leaf water content, with a less pronounced effect on stem water content. These results enhance understanding of H. helix’s role in temperate forests and its impact on ecosystem regeneration.




Keywords: ivy, vegetative individuals, soil moisture, water content, specific leaf area, light availability





Introduction

Plants residing in tree canopies are found in forest ecosystems across all climate zones (Hargis et al., 2019). As lianas influence many ecological processes within forest ecosystems (Collins et al., 2016; Reichstein et al., 2014), studying these plants is important. Similar studies provide further insight into the development and growth of woody vines but also improves understanding of relationships and patterns of the functioning and the integrity of the forest ecosystem (Schnitzer and Bongers, 2011).

Most of the previous studies on woody vines specialized in ecological investigation of perennial plants with woody stems in tropical and subtropical zones (Schnitzer and Bongers, 2011; Schnitzer et al., 2012; van der Heijden et al., 2022). The spread of lianas can alter the composition (Tobin et al., 2012), biological variability (Alvarez-Cansino et al., 2015), net primary production (Kaneko and Homma, 2006), and structure of forest communities (Schnitzer et al., 2012). Although there are studies on the distribution and ecological characteristics of woody liana species in the neotropical region, detailed and systematic data from the palearctic region (temperate biomes) remain relatively limited, particularly regarding biomass dynamics and environmental interactions. The percentage share of liana communities in temperate woodlands is smaller than in tropical forests, reaching 10% (Schnitzer and Bongers, 2011; Schnitzer et al., 2012). However, an increase in the number of liana individuals was recorded in temperate forests (Wyka et al., 2023). These changes are associated with a warming climate, the wide ecological niches of invasive species, and disturbances to the integrity of forest habitats (Yuan et al., 2009; Schnitzer et al., 2012). Specifically, factors like canopy openness, soil moisture, and average canopy height have an impact on number of individuals and their distribution (Yuan et al., 2009). Liana spread was greatest near the edges of woodlands, and was largely dependent on habitat modification and significantly negatively associated with vegetation biomass (Laurance et al., 2001). Photosynthetic capacity of lianas can serve as an indicator for forest and park productive parameters (Bi et al., 2004). Liana abundances increase in response to human-induced forest disturbance (Putz, 1983). Although an increase in the abundance of lianas was detected in the understories of deciduous temperate forests in Europe (Perring et al., 2020), detailed studies on liana biomass are still lacking. Previous research on forest biomass has emphasized the importance of direct in situ measurements for assessing above-ground biomass rather than relying solely on allometric equations (Asner et al., 2013; Smart et al., 2017). However, debate continues over which functional traits are most closely associated with above-ground biomass (Putz, 1983; Wyka et al., 2013; Zotz et al., 2006).

Hedera helix L. is one of the most widespread woody vines across Europe (Castagneri et al., 2013). H. helix belongs to the Araliaceae family (Ackerfield and Wen, 2003; Metcalfe, 2005). The species is especially abundant in its vegetative (juvenile) form (Bunk et al., 2019; Metcalfe, 2005; Okerman, 2000). During this phase, H. helix reproduces clonally and does not produce seeds, making vegetative propagation crucial for its successful spread (Okerman, 2000; Schnitzer et al., 2012). It thrives under a wide range of edaphic conditions (Ellenberg, 1998; Ellenberg and Leuschner, 2010), favoring moist, fertile soils but also tolerating environments ranging from relatively dry to moderately damp. H. helix is most frequently found in clay-rich soils and is less common in nutrient-poor, well-drained sandy soils (Thomas, 1998; Metcalfe, 2005). The primary environmental factors limiting its abundance are soil moisture and light availability (Ellenberg, 1998; Ellenberg and Leuschner, 2010; Hoflacher and Bauer, 2006; Koziarz, 2015; Sack and Grubb, 2002; Schnitzler and Heuze, 2006).

An increase of H. helix distribution in Central Europe was detected in different natural and artificial habitats within the last several years. On average, the occurrence of ivy has grown by 14% across 40 European study sites (Perring et al., 2020). In the flora of Europe, ivy (a generalist liana) stands out as an evergreen species and a potentially important component of forest ecosystem composition and productivity (Metcalfe, 2005). The old-growth forests in Central Europe are becoming fragmented as areas covered by second-growth forests increase. Consequently, the impact of widespread H. helix lianas in the remaining primary forest fragments and in forest regrowth is expected to increase in the future. Increasing distribution of ivy could relate to diaspore impact. Transition to the adult form of H. helix only occurs once the liana has reached a certain height or develops in light, and has therefore moved out of the understory layer (Perring et al., 2020).

The eastern region of Poland represents the easternmost limit of H. helix distribution within Europe (Koziarz, 2015). H. helix is typically found on the edges of deciduous and mixed forests, thriving in fresh and moist habitats, particularly in oak-hornbeam and riparian alder-ash forests throughout the country (Koziarz, 2015). Due to its frequent vegetative reproduction, H. helix has become an increasingly expansive species, with a growing number of habitats now supporting flowering individuals (Kucharski et al., 2019). Ivy often forms dense thickets in the lower story of forests. It may inhibit the growth of co-occurring native vegetation (Zotz et al., 2006).

The consistent Europe-wide pattern of ivy spread also suggests that large-scale drivers may influence its distribution (Senf et al., 2018). The evergreen nature of H. helix can extend the growing season of the vegetation beneath it, affecting tree regeneration and altering forest canopy composition (Ladwig and Meiners, 2009). Ivy can promote biological diversity in landscapes through the provision of useful habitat and resources for other organisms (Metcalfe, 2005). Studies have shown that lianas, including ivy, may drive above-ground biomass productivity in the undergrowth shrub layer (Wasof et al., 2018). The vegetative form of lianas contribute a large proportion of the community of arboreal understory plants in old-growth forests (Roeder and Meyer, 2022). While previous research has explored the environmental impacts of H. helix, no studies have specifically examined how its above-ground biomass and water content respond to varying light and soil moisture conditions in temperate forests. Therefore, understanding the relationship between limiting environmental factors and juvenile above-ground biomass of ivy is essential for explaining its colonization success and wide ecological niche.

Considering the conclusions of preceding studies, we hypothesized that: 1) above-ground biomass of H. helix vegetative shoots is positively associated with key limiting environmental factors such as soil moisture and light; 2) H. helix adjusts its above-ground biomass allocation, particularly the leaf-to-stem ratio, in response to varying light conditions, favoring leaf production in shaded environments; and 3) water content in the leaves and stems of H. helix correlates with soil moisture and light availability, helping the plant maintain water balance and survive in fluctuating environmental conditions.

This study examines the functional traits of H. helix vegetative shoots in different subpopulations within a temperate forest, focusing on how they respond to variations in key limiting ecological factors, specifically soil moisture and light availability.





Methods




Study design

The study was conducted from July to August 2022 at the Kórnik Arboretum (Poland; 52.2448°N, 17.09698°E, 75 m a.s.l.; Appx.) located in Central Poland. Fieldwork took place from 10:00 to 12:00 AM. Eleven 50×50 m experimental plots (EP) were laid out in different environmental conditions and dominant soil types within the study area (Appx.). Species identification was performed in the field and later verified in a laboratory. The analysis was carried out at the level of loci of ivy subpopulations (Appx.). Within each plot, six randomly selected subplots (5×5 m) were established for phytoindicative data collection.

The Kórnik Arboretum represents a variety of microhabitats with differing moisture and light conditions, ranging from shaded forest understories to more open areas. H. helix thrives in these diverse habitats, making it essential to select bioindicators that accurately reflect these varying environmental gradients. By integrating indirect phytoindicative values with direct measurements, we ensured the representativeness of data across all experimental plots. These methods align with established protocols in ecological field research, enabling comparison with other studies.





Phytoindicative study

The bioindication method was used to determine environmental conditions (Ellenberg, 1998; Didukh, 2012). This method is applicable for identification of edaphic factors based on the plant species composition. The environmental indicators of soil properties were determined using standardized scales of environmental amplitudes (Ellenberg, 1998; Ellenberg and Leuschner, 2010; Holtland et al., 2010). Ellenberg-type indicator values rank plant species according to their ecological niches (Tichy et al., 2023). These indicator values for abiotic environmental factors are continuously updated and refined. Phytoindicative values (Ellenberg and Leuschner, 2010) are commonly used for rapid estimation of the environmental characteristics (Holtland et al., 2010). Studies suggested that correlations exist between community means (weighted and averaged) measured by phytoindicative values and locally calculated environmental variables (Ellenberg, 1998; Diekmann, 2003). The indicator values are available at https://sci.muni.cz/botany/juice. The phytoindicative value of soil moisture (HD) and variability of soil moisture (FH) were strongly correlated with real moisture reserves in the soil (Halarewicz et al., 2021), while soil light (LC) was an important factor affecting the community composition (Ellenberg, 1998; Ellenberg and Leuschner, 2010). Therefore, the effects of these edaphic factors were analyzed for this study. Soil moisture (HD) ranges from 1 for dry soils to 23 for wet soils. Variability of soil moisture (FH) is an essential element in the dispersion of species in relation to the fluctuation of moisture conditions. Variability of soil moisture takes values from 1 (species that grow in constant conditions of the same humidity) to 9 (species that grow in conditions of constantly changing humidity). Soil light (LC) takes values from 1 on heavily shaded soils to 9 on soils receiving full sunlight.

The means of the indicator values were calculated as arithmetic averages based on the presence or absence of species on EPs (aHD, aFH, aLC) as well as weighted means based on plant cover (wHD, wFH, wLC).





Light intensity study

Photosynthetically active radiation (PAR) was measured using a Quantitherm PAR device (Hansatech Instruments). The light intensity parameter was measured at a height of 10 cm above creeping ivy individuals on the subplots. The Daily Light Integral (DLI) indicates the total amount of PAR received (mol×m-2×d-1).





Biomass measurements

A representative subset of vegetative liana individuals was sampled on the study area following the methods outlined by Condit (2008). Above-ground biomass included both leaves and stems. We used the destructive method for estimating plant biomass (H. helix and forbs) on 1 m2 plots (four-fold replication on EP). Above-ground plant organs were separated using pruning shears, tagged in the laboratory, and weighed to measure water loss. The collected plant material (leaves, stems) of H. helix individuals was oven-dried at 65°C in the ovens (ULE 600 and UF450, Memmert GmbH + Co. KG, Germany). All dry biomass samples of H. helix were weighed. Additionally, we recorded the above-ground fresh and dry biomass of herbaceous species without separating them into parts, as well as the fresh and dry biomass of shoot litter.





Productivity traits

Leaf Water Content (LWC), Stem Water Content (STWC), and Above-ground Biomass Water Content (ABWC) were calculated as follows (Garnier and Laurent, 1994; Lin et al., 2019):

[image: The image shows a mathematical formula for LWC, which equals the quotient of LWF minus LDM and LDW, multiplied by one hundred percent, labeled as equation one.] 

[image: Equation showing the calculation of STWC (Signal-to-Total Waste Concentration) as (STFW minus STDM) divided by STFW, multiplied by one hundred percent. It is labeled as equation two.] 

[image: Equation for ABWC is displayed as: ABWC equals left parenthesis LWF minus LDM right parenthesis plus left parenthesis STFW minus STDM right parenthesis over LWF plus STFW times one hundred percent.] 

where: LWF is the leaf fresh mass (g); LDM is the leaf dry mass (g); STFW is the stem fresh mass (g); and STDM is the stem dry mass (g).

Specific Leaf Area (SLA) is a salient ecological trait as it is associated with plant development processes. SLA quickly responds to environmental changes. SLA was determined as:

[image: Formula for specific leaf area (SLA) as the ratio of leaf area (LA) to leaf weight (W), denoted as SLA equals LA over W, with an equation number 4.] 

where: LA is the leaf area (cm2); W is the leaf dry mass (g).

Leaf Area was determined by a non-destructive method, based on morphometric measurements of leaf traits following the method of Rosu and Sala (2022):

[image: Equation showing \( LA = L_t \times W_t \times CE \), labeled as equation (5).] 

where: Ll is the leaf length (cm); Wl is the leaf width (cm); CF is the specific correction factor for H. helix leaves. The optimal value of the correction factor (CF) specific to H. helix leaves was calculated according to the model proposed by Sala et al. (2015).





Statistical analysis

Descriptive statistical analyses of the data were used for the analytical overview of the obtained fresh/dry above-ground biomass (leaf/stem) of ivy, fresh/dry above-ground biomass of forbs, fresh/dry shoot litter biomass and bioindicative values (min, max, average, standard deviation, standard error); variability (coefficient of variation) was also quantified. To assess the relationships between the water content of various plant parts (LWC, STWC, ABWC), phytoindicative values of soil moisture conditions (HD, FH) and soil light (LC), we performed correlation analysis (Pearson’s method; p<0.05, p<0.01, p<0.001). Linear regression analysis was used to predict the value of fresh/dry leaf/stem biomass of H. helix per area on the value of DLI/SLA as well as other interdependence links between variables. We used a generalized scatter plot matrix to estimate the links between functional traits: DLI, LWC, STWC and ABWC. For the analytical processing of the field and laboratory data, the calculation was performed using OriginPro 2022 software.






Results

In the recent studies (Blinkova et al., 2023), only individuals of H. helix in the vegetative phase of growth were recorded in the study area. No generative individuals of H. helix with flowers, fruits and seeds were found. The studied clusters of ivy subpopulations were incomplete, as generative individuals of the species were not taken into account. H. helix was a habitat-forming species of the shrub layer and forest floor plant communities in the Arboretum. The individuals of H. helix were dominant in the artificial plant community (by projected foliage cover/above-ground biomass), regardless of the age and developmental stage of individuals. The horizontal composition of the studied subpopulations appeared to be random and rare.




Phytoindicative analysis of limiting environmental conditions

Phytoindicative evaluation of soil moisture conditions revealed rather narrow ranges in values. Mesophytic conditions were predominant across the EPs, as assessed by both weighted and arithmetic HD and FH (Table 1). The weighted mean index values for soil moisture (wHD) ranged from 11.2 to 11.7, while the arithmetic mean index values (aHD) ranged from 13.0 to 13.4. Available soil water for plants at the level of 100–l45 mm was recorded, consistent with the indicative weighted and averaged environmental indicators. The weighted mean index values for variability of soil moisture (wFH) ranged from 4.9 to 5.3, and the arithmetic mean index values (aFH) ranged from 5.0 to 5.6. The wFH/aFH ratio indicated favorable abiotic conditions for plants in fresh forest-meadow habitats, characterized by moderately uneven moisture in the O-A horizons of the soil, which is maintained by atmospheric precipitation and melt water. In contrast to moisture conditions, the values for soil light (LC) showed more variation (Table 2). The weighted mean index values for soil light ranged from 4.1 to 6.2, while the arithmetic mean index values ranged from 4.2 to 6.3.

Table 1 | Phytoindicative analysis of soil moisture and variability of soil moisture.


[image: A table displaying data on soil moisture variability. It has four sections: wHD*, aHD*, wFH*, and aFH*. Each section includes columns for mean (Xmean), minimum (Xmin), maximum (Xmax), and standard deviation (σ). Data are provided for eleven exchanges (EP) with values ranging across sections. Annotations indicate that w stands for weighted, a for arithmetic, HD for soil moisture, and FH for variability of soil moisture.]
Table 2 | Phytoindicative analysis of soil light.


[image: A table comparing weighted and arithmetic soil light properties across eleven entries. Columns include EP number, mean, minimum, maximum values, and standard deviation for both wLC (weighted) and aLC (arithmetic) metrics.]




Above-ground biomass of H. helix vegetative shoots

The main functional traits of the above-ground biomass of ivy during its vegetative phase of growth on the EPs are presented in Table 3. The fresh biomass of H. helix vegetative shoots accounted for 90% of the total above-ground biomass on the studied EPs. The maximum leaf biomass recorded was 594.52 g×m-2, while the minimum was 145.14 g×m-2. For stem weight, the maximum value was 683.92 g×m-2, and the minimum was 110.09 g×m-2. The coefficients of variation for the fresh weight of leaves and stems of H. helix were 33.44% and 34.51%, respectively. The contribution of the fresh biomass of herbaceous species to the total above-ground biomass was relatively low, ranging from 4 to 8%. The proportion of the dry above-ground biomass of leaves/stems of ivy and the dry biomass of forbs had a similar tendency.

Table 3 | Functional traits of above-ground biomass of H. helix vegetative shoots.


[image: Table displaying biomass data, including fresh and dry above-ground and litter biomass for leaves, stems, and forbs. Metrics include mean, minimum, maximum, standard deviation, and coefficient of variation, with values in grams per square meter.]




Water content of various plant parts and limiting environmental conditions

The strongest relationship was found between the soil moisture index (HD) and the water content of various plant parts, particularly when compared to the indices of FH and LC. The LWC of ivy on the EPs of the Arboretum ranged from 70% to 80% (Figures 1A, 2A, 3A), with minimum and maximum values of 70.9% and 79.6%, respectively. These values ​​indicate a relative stability of LWC under the studied ecological conditions. Moderate correlations were observed between aHD and LWC (R2 = 0.52, r=0.72, p<0.001), as well as between wHD and LWC (R2 = 0.45, r=0.67, p<0.001).

[image: Three scatter plots labeled A, B, and C show relationships between HD and percentages of LWC, STWC, and ABWC. Each plot includes data points for two groups, wHD and aHD, with regression lines and correlation statistics. Panel A shows strong correlations in both groups; panel B shows weak correlations; panel C shows moderate correlations in one group and strong in another, with respective R-squared and p-values.]
Figure 1 | Relationships between water content of ivy parts and weighted/averaged means of soil moisture phytoindicator values (wHD/aHD): (A) – leaf water content (LWC), (B) – stem water content (STWC), (C) – above-ground biomass water content (ABWC).

[image: Scatter plots labeled A, B, and C, showing relationships between FH and different variables. Plot A compares FH and LWC with distinct trends for aFH and wFH groups, showing R-squared values of 0.15 and 0.26. Plot B compares FH and STWC, with minimal correlation (R-squared values of 0.00 and 0.02). Plot C compares FH and ABWC, showing moderate correlations (R-squared values of 0.17 and 0.08). Each plot displays linear trend lines with statistical significance indicated.]
Figure 2 | Relationships between water content of ivy parts and weighted/averaged means of variability of the soil moisture phytoindicator values (wFH/aFH): (A) – leaf water content (LWC), (B) – stem water content (STWC), (C) – above-ground biomass water content (ABWC).

[image: Three scatter plots labeled A, B, and C show the relationship between LC and different percentages: LWC, STWC, and ABWC, respectively. Data points represent aLC (gray circles) and wLC (black squares). Trend lines with R-squared and correlation coefficients are shown. Plot A shows a negative correlation for both categories. Plot B shows a very weak correlation. Plot C shows a moderate negative correlation for both categories.]
Figure 3 | Relationships between water content of ivy parts and weighted/averaged means of soil light phytoindicator values (wLC/aLC): (A) – leaf water content (LWC), (B) – stem water content (STWC), (C) – above-ground biomass water content (ABWC).

The value of STWC ranged from 60 to 80%, indicating relative stability under the studied ecological conditions (Figures 1B, 2B, 3B). The extrema for STWC were 61.3% and 78.3%, respectively. However, no strong relationship was found between the soil moisture indicators (aHD and wHD) and STWC when compared to LWC. The similarity coefficients were 0.20 (p<0.01) for aHD and 0.24 (p<0.01) for wHD. The ABWC values ​​varied from 66 to 78% ​​(Figures 1C, 2C, 3C). The water content of the above-ground biomass of H. helix vegetative shoots demonstrated a linear relationship with the soil moisture phytoindicative value (Figure 1C). Additionally, the wHD (0.72, p<0.001) was found to be more sensitive to changes than the aHD (0.57, p<0.05). The data on LWC, STWC, and ABWC ​​suggest that the soil water availability for different parts of H. helix aligns with the field water capacity of the species during its initial growth stage (I stage).

The analysis of relationships between FH and LWC, STWS, and ABWC revealed weaker correlations compared to those observed with the soil moisture index (HD; Figures 2A–C). In particular, the relationships between LWC and aFH/wFH had correlations of 0.39 (p<0.05) and 0.51 (p<0.01), respectively (Figure 2A). Fixed correlations between ABWC and the variability of soil moisture were slightly lower than those found for LWC and aFH/wFH (Figure 2C). It should be noted that the correlation between wFH and ABWC was stronger (R2 = 0.17, r=0.41, p<0.05) compared to the correlation between aFH and ABWC (R2 = 0.08, r=0.29, p<0.05). Additionally, there was no significant correlation between the values of aFH/wFH and STWS (Figure 2B).

It is also important to analyze the correlation between the phytoindicative value of the limiting environmental factor, i.e. LC, and water content of various plant parts. The correlations between LC and both LWC and ABWC were weak (Figures 3A, C). However, the relationship between wLC and ABWC was stronger than between aLC and ABWC. No significant correlations were found between STWC and aLC/wLC in this study.





Links between above-ground biomass of H. helix vegetative shoots and DLI and SLA

The data collected revealed that the biomass of leaves and stems of H. helix per unit area peaked at a DLI value of 3–5 mol×m-2×d-1 (Figure 4). At this DLI range, the fresh leaf biomass per unit area was slightly higher than the fresh stem biomass. However, when the DLI exceeded 10 mol×m-2×d-1, the fresh stem biomass had higher values ​​than the fresh leaf biomass per unit area, compared to the lower DLI values of 3–5 mol×m-2×d-1. In addition, the lowest leaf and stem biomass was observed at a DLI value of 63 mol×m-2×d-1. A strong correlation between the fresh biomass of H. helix and DLI was identified (Figure 4A). It is worth noting that the correlation between leaf biomass and DLI was slightly stronger (R2 = 0.66, r=0.81, p<0.001) than the correlation between stem biomass and DLI (R2 = 0.58, r=0.76, p<0.001). The regressions of the dry weight of vegetative shoots against DLI (Figure 4B) also indicated significant relationships, i.e. leaf biomass (R2 = 0.58, r=0.76, p<0.001) and stem biomass (R2 = 0.48, r=0.69, p<0.001).

[image: Graphs A and B show the relationship between Daily Light Integral (DLI, mol×m⁻²×d⁻¹) and mass per area in log scale (log 10 g×m⁻²) for leaves and stems. In Graph A, leaf and stem data are represented by squares and triangles, respectively. In Graph B, they are represented by squares and asterisks. The mass decreases as DLI increases in both graphs.]
Figure 4 | Above-ground biomass of H. helix ((A) – fresh; (B) – dry) per area and DLI.

The analysis of the relationship between the fresh and dry biomass of H. helix leaves revealed a strong correlation with the SLA (Figure 5). However, the relationship between the fresh biomass of ivy leaves and SLA was slightly stronger (R2 = 0.74, r=0.86, p<0.001) compared to the correlation between the dry biomass of ivy leaves and SLA (R2 = 0.59, r=0.77, p<0.001).

[image: Scatter plot showing the relationship between leaf mass per area (log 10 grams per square meter) and specific leaf area (log 10 square centimeters per gram). Data points represent dry mass (squares) and fresh mass (triangles). Two trend lines indicate positive correlations, with R² values of 0.74 for fresh mass and 0.59 for dry mass, both with significance p<0.001. Vertical axis ranges from 1.6 to 3.0, horizontal axis from 2.30 to 2.60.]
Figure 5 | Relationships between dry and fresh leaf mass per area and specific leaf area (SLA).





Links between water content of H. helix vegetative shoots (LWC, STWC, ABWC) and DLI/SLA

The analysis of the relationships between DLI and the water content of various parts of H. helix (LWC, STWS, ABWC) showed correlations of varying strengths (Figure 6). The strongest correlation was found between DLI and LWC (R2 = 0.32, r=-0.57, p<0.01). The correlation between DLI and ABWC weaker (R2 = 0.18, r=-0.42, p<0.05), while the relationship between DLI and STWC was even less strong (R2 = 0.06, r=-0.25, p<0.05). The correlations between STWC/ABWC and LWC/ABWC were quite as expected (R2 = 0.72, r=0.85, p<0.001 and R2 = 0.49, r=0.70, p<0.001, respectively).

[image: Scatter plot matrix showing pairwise relationships among LWC, STWC, ABWC, and DLI variables. Each subplot includes a fitted ellipse and Pearson correlation coefficient values: LWC vs STWC (r = 0.45), LWC vs ABWC (r = 0.70), LWC vs DLI (r = 0.57), STWC vs ABWC (r = 0.85), STWC vs DLI (r = 0.25), ABWC vs DLI (r = 0.42).]
Figure 6 | Dependence of water content of plant parts (LWC, STWC, ABWC) and DLI.

Additionally, it is important to examine the relationship between LWC and SLA. The data indicated that the SLA gradually increases as LWC values range from 70 to 80%. A strong correlation between LWC and SLA of vegetative leaves of H. helix was observed under the studied environmental conditions, with a correlation coefficient of 0.81 (Figure 7).

[image: Scatter plot showing the relationship between SLA (log 10 cm²/g) on the y-axis and LWC (%) on the x-axis. Data points have a positive linear trend, marked by a line with R² = 0.66, r = 0.81, and p < 0.001.]
Figure 7 | Relationship between leaf water content (LWC) and specific leaf area (SLA).






Discussion




Ecological implications and bioindicator potential

Disturbance of ecological balance can alter the relationship between biological diversity, ecosystem functions, and productivity (Isbell et al., 2018; Vančura et al., 2022). Patterns of biomass are influenced by phytodiversity, abiotic conditions, disturbance history, and/or forest type (Schnitzer and Bongers, 2011; Schnitzer et al., 2012; Viet et al., 2022). The demographic traits of dominant or abundant species are often more critical than general biological diversity indices in explaining biomass accumulation in the forest understory (Wasof et al., 2018).

H. helix is one of the most dominant lianas in Europe, where its increasing prevalence may significantly influence food webs and nutrient cycles in forest ecosystems in the future (Roeder and Meyer, 2022). In an environment changing due to climate change, where some species are becoming more dominant, litter composition will also vary. The changing litter composition in the forest alters ecosystem functioning (Badre et al., 1998). H. helix adds to the pool of fast decaying litter (relative to tree species) across seasons in the forest ecosystems (Roeder and Meyer, 2022). Interspecific competition for sunlight and plant nutrients may occur between H. helix and trees (Putz, 1991). The increasing dominance of H. helix populations will probably impact forest disturbances in the temperate zone of Europe as well. Previous studies of other authors have highlighted factors contributing to ivy’s success in European forests (Zotz et al., 2006; Paucã-Comãnescu et al., 2009). An increase in H. helix abundance has been observed both in forests and in urban ecosystems or orchards, indicating its adaptability to urban habitats. Based on the above, moderate impacts of ivy on tree population structure and diversity will likely result in transformations of forest composition and herb cover. Consequently, H. helix will also impact nutrient cycling both in forest ecosystems and urban parks (Matthews et al., 2016). Adult ivy individuals tend to thrive in forest areas with many ancient trees, where conditions are favorable for their growth. Nevertheless, completely overgrown (often shrubby) individuals are often noticed as well. There is evidence suggesting that the population density of ivy may be positively correlated with less-managed and close-to-natural forest areas in the temperate forests of Central Europe. However, this potential correlation should not be generalized to other habitats of H. helix, especially those of anthropogenic origin, such as urban parks, cemeteries, and gardens (Perring et al., 2020). In forest areas with high ivy abundance, a common silvicultural practice is to cut H. helix lianas at the base of the host tree (Roeder and Meyer, 2022).

Furthermore, the choice between direct or indirect methods of analyzing environmental conditions of the forest habitats, especially regarding the ecological dominance of the specific taxon, remains an ongoing discussion. Our results support Grime’s mass ratio hypothesis, which states that ecosystem stocks are primarily influenced by the relative abundance and plant functional traits of the most dominant species (Grime, 1998). Additionally, we confirmed the conclusions of Wasof et al. (2018) that only soil moisture indicators (HD; as mean phytoindicative values) showed a positive correlation with the above-ground biomass of ivy. This suggests that the dominance of H. helix is closely related to ecological changes. Overall, our results indicate that ivy serves as a sensitive bioindicator of soil moisture in the Kórnik Arboretum, and may be used as a biotic indicator of edaphic variables.





Physiological responses to soil moisture

The relationship between soil moisture and the biomass of H. helix provides important insights into forest floor dynamics, particularly in temperate forests where moisture availability fluctuates due to both seasonal changes and long-term climate patterns. Our findings suggest that managing soil moisture levels can directly influence the growth and competitive dynamics of species like H. helix, which in turn affects overall forest health. Understanding the interactions between soil moisture, above-ground biomass water content, stem water content, leaf water content, and specific leaf area is important for explaining the water exchange in the soil–ivy–atmosphere system and biomass accumulation. Soil water content is an important element affecting plant physiology and morphology (Lower and Orians, 2003), regulating plant growth and metabolism (Huxman et al., 2004). The water content of various plant parts reflects species-specific adaptations to environmental changes across various biomes (Wang et al., 2022). In our study, we found closer relationships between LWC and edaphic traits compared to those of ABWC and STWC.

Indirect methods for estimating forest habitat features can be reliably applied in the cases of nitrogen and soil moisture (Halarewicz et al., 2021). We concur with these authors that direct and indirect methods should be used to assess environmental habitat specifics in relevant studies. Our results showed that only weighted means based on species cover are applicable for determining the relationships between the water content of various ivy organs and phytoindicative values of limiting environmental factors. A correlation between LWC and the soil moisture phytoindicative value (wHD) was established in this study.

LWC integrates the effects of atmospheric dryness, soil moisture, and plant drought tolerance, making it a critical indicator of plant productivity and health (Zhou et al., 2021). Variations in LWC is an adaptive response to instantaneous changes in limiting environmental conditions (Zhu et al., 2017; Zhang and Zhou, 2019). These studies proposed three response levels (slow-fast-slow) for LWC concerning soil moisture conditions, identifying a threshold value of 60.86 ± 0.80%. This conclusion aligns with results based on leaf traits analysis (Yan et al., 2017), and partially supports the non-equivalence theory. Our data are consistent with the proposed response stages (Zhou et al., 2021) of LWC to soil moisture availability; a LWC value of 70–80% corresponds to Stage I of this response process.

High LWC values were related to greater temporal stability, demonstrating that lianas with more conservative economics are generally more stable over time. Results published by Krissakova et al. (2022) showed that H. helix belongs to the functional group characterized by high LWC values. Leaves with high LWC tend to be relatively tough (Smart et al., 2017) and are assumed to be more resistant to the pressures of abiotic factors than leaves with low LWC. The close relationship between SLA and LWC of vegetative Hedera leaves in the specified environmental conditions of the Arboretum was established in this study. However, we did not find evidence that increasing LWC correlated with a gradual decline in SLA. The observed LWC values ​​correspond to the field capacity of H. helix vegetative leaves and help to explain this relationship. We anticipate that a decline in SLA alongside an increase in LWC will become evident in Stages II and III of soil water availability as conditions approach the wilting point. Further studies of the dependence of water content of H. helix vegetative shoots and DLI values in different types of temperate forests ​​are extremely relevant. This area has received limited climatic attention and warrants future investigation to better understand how ecological changes affect the development and productivity of liana vegetative shoots.

Overall, LWC was weakly correlated with mean annual precipitation (Wang et al., 2022). As an important functional trait, LWC significantly impacts the leaf economics spectrum, with direct relationships to SLA (Garnier et al., 2001). Some authors have suggested that LWC may be a better sensitive indicator of forest above-ground biomass than SLA (Smart et al., 2017), especially since LWC is much easier to measure than SLA. These findings could enhance our understanding of vegetation development and provide insights into assessing the health of lianas under varying soil water conditions.





Light availability and biomass allocation

Woody vines, such as H. helix, are among the plants that are most positively affected by increasing atmospheric CO2 concentrations. This enrichment significantly stimulates the vegetative growth of juvenile individuals in the understory, allowing them to establish more aggressively in low-light conditions. While mature plants may benefit less from elevated CO2 levels, the increased growth of younger individuals could enhance their ability to colonize the understory and potentially reach the forest canopy (Zotz et al., 2006). This ability may increase their impact on forest ecosystems, potentially leading to invasive behavior in the future. Research into the interaction between limiting abiotic factors, such as soil moisture and light, and the productivity of ivy is ongoing (Metcalfe, 2005).

Previous studies have highlighted the relationship between DLI and dry/fresh biomass in ivy (Yeh and Hsu, 2004; Huang et al., 2019). Correlation coefficients between DLI and ivy vegetative shoot biomass ranged from 0.66 to 0.96 (Yeh and Hsu, 2004). Notably, the relative stimulation of length and biomass increment of ivy vegetative individuals (600µl l-1) was indeed very pronounced in deep shade (+60%), about twice as much as in other forest strata (+30%) (Zotz et al., 2006). Our findings support these results, showing a 50% increase in above-ground biomass in shaded soil conditions compared to non-shaded areas. The curvilinear regression of shoot dry weight and soil light intensity observed in our study is consistent with previous research, which also highlighted genotypic variations of above-ground dry biomass response to amount of PAR in H. helix (Gislerod et al., 1989). A closer relationship between light availability of soil and Hedera phytomass was detected for environmental conditions of the Arboretum compared to artificial culture of ivy (Kim et al., 2012).

Another debatable issue is the leaf to stem biomass ratio for lianas under varying environmental conditions. Leaf mass per area (LMA) is a trait classically established as a sensitive predictor of plant functioning under environmental changes. Lianas contribute disproportionately more to forest canopy productivity and leaf area in relation to tree stems (van der Heijden et al., 2019), and allocate more above-ground biomass to leaves than to stems (Putz, 1983; Wyka et al., 2013; van der Heijden et al., 2019; van der Heijden et al., 2022). The conclusion of these authors regarding the disproportional ratio of leaf to stem biomass of H. helix only in conditions of intensive soil light was confirmed in this study.

Leaf traits, such as specific leaf area and leaf water content, are closely correlated to plant development and environmental conditions (Diaz et al., 2004). Variation in leaf morphological traits results from both environmental and evolutionary processes (Reich et al., 2003). Sunlight availability is a key environmental driver of the convergence of functional leaf traits in plant communities (Ackerly, 2003). The leaf functional traits that have the highest phenotypic plasticity could be more significant for leaf functioning in differing light (Rozendaal et al., 2006) and soil moisture conditions (Xu et al., 2020) than stem traits. Morphological traits of leaves reflect the leaf economic spectrum and adaptive response of plants to environmental conditions (Wright et al., 2004; Fang et al., 2017; Rodriguez-Perez et al., 2017).

The relationship between plant functional traits and subpopulation temporal stability (species biomass) related to plant traits (including SLA and LWC) was confirmed (Majekova et al., 2014). This stability is largely driven by the quantitative relationships between key functional traits, such as SLA and LWC. LWC is quantitatively correlated with SLA. Moreover, SLA will be quantitatively dependent on LWC, which can change as a function of growth phase. The increases in SLA attenuate with increasing LWC, demonstrating that leaf water potential sets a constraint on the maximum SLA that leaves can reach. The SLA was increased with LWC following Michaelis-Menten dynamics (Wang et al., 2022). Results of other authors suggested that the photosynthetic capacity of leaves decreased when LWC declined from 70 to 60% (Zhou et al., 2021). The backscatter coefficient had a direct correlation with LWC (R2 = 0.66) (Zhu et al., 2017). Increasing SLA values of H. helix leaves with decreasing DLI have been confirmed by the results of our and another study (Krissakova et al., 2022). SLA was positively related to soil moisture (R2 = 0.97) for shade leaves of H. helix (Doğan et al., 2015). Photoinhibition by high irradiance due to an increase in level of incident light were detected for H. helix individuals in deep shade (Oberhuber and Bauer, 1991).

SLA and LWC are key traits because they show the potential for plant development and reflect ecological adaptations in response to environmental transformation. Our results indicate that for slight ranges in soil moisture and soil light values, measurement of two indicators (LWC, SLA) is suggested for an awareness of the response and effect of trait relationships. Whether there exists a universal model that quantitatively forecasts all the pertinent links among leaf traits remains a debate issue.






Conclusions

Hedera helix plays a key role in shaping the shrub layer and forest floor as a habitat-forming species. This study highlights the strong relationship between ivy productivity parameters and limiting environmental factors such as soil moisture and light availability, observed across clusters of ivy subpopulations by direct and indirect methods. Our findings reveal the important ecological role of H. helix as a key bioindicator of soil moisture and light in temperate forest ecosystems. Significant correlations were found between H. helix’s above-ground biomass and environmental factors, demonstrating the species strong adaptability to varying soil moisture and light levels. Notably, the disproportionate leaf-to-stem biomass ratio observed in shaded environments supports the hypothesis that H. helix prioritizes leaf production in low-light conditions to optimize photosynthetic efficiency. Furthermore, we established that water content in the leaves and stems of H. helix closely tracks soil moisture, underscoring the species capacity to maintain water balance under changing environmental conditions. These results deepen our understanding of liana dynamics in forest understories and provide practical knowledge for forest ecosystems management, particularly in regions where the expansion of H. helix may influence forest regeneration and structure.
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Nitrogen deposition and drought significantly influence plant growth and soil physicochemical properties. This study investigates the effects of nitrogen deposition and water stress on the growth and physiological responses of Quercus dentata, and how these factors interact to influence the overall productivity. Two-year-old potted seedlings were selected to simulate nitrogen deposition and water stress. Nitrogen was applied at rates of 0 kg·ha-1·year-1 (N0) and 150 kg·ha-1·year-1 (N150). The levels of water stress corresponded to 80% (W80), 50% (W50), and 20% (W20) of soil saturation moisture content. High nitrogen (N150) significantly increased stem elongation and stem diameter by enhancing photosynthetic parameters, including Pn (W80) and Gs (W50), and maintained higher water use efficiency. Under drought conditions, nitrogen enhanced leaf water content, stabilized electrical conductivity, regulated antioxidant enzyme activity, and increased the accumulation of proline. However, under severe drought, nitrogen did not significantly improve biomass, highlighting the critical role of water availability. Additionally, increased nitrogen levels enhanced soil enzyme activity, facilitated the uptake of crucial nutrients like K and Zn. Mantel tests indicated significant correlations between soil enzyme activity, water use efficiency, and leaf Fe content, suggesting that nitrogen deposition altered nutrient uptake strategies in Q. dentata to sustain normal photosynthetic capacity under water stress. This study demonstrates that nitrogen deposition substantially enhances the growth and physiological resilience of Q. dentata under W50 by optimizing photosynthetic efficiency, water use efficiency, and nutrient uptake. However, the efficacy of nitrogen is highly dependent on water availability, highlighting the necessity of integrated nutrient and water management for plant growth.
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1 Introduction

The rate of nitrogen (N) deposition has markedly increased due to heightened anthropogenic activities, particularly the combustion of fossil fuels, presenting substantial ecological challenges (Hu et al., 2019; Gao et al., 2020; Zhang et al., 2021b). Arid and semi-arid regions, which comprise approximately 40% of the Earth’s terrestrial surface, are particularly vulnerable to changes induced by N deposition (Berdugo et al., 2020; Hu et al., 2021). These alterations in precipitation patterns, compounded by increased N deposition, are significantly influencing plant growth, community structure, and biogeochemical cycles within these ecosystems (Abid et al., 2016; Liu et al., 2017).

In adaptation to drought, plants have developed sophisticated physiological strategies to optimize water utilization. These adaptations include enhancing root development to improve nutrient and water absorption (Reich et al., 2014; Chen et al., 2019) and increasing water use efficiency (WUE) through reductions in stomatal conductance (Gs) and transpiration rate (Tr) (Roddy et al., 2018; Bourbia et al., 2020; Li et al., 2023a). Concurrently, plants must adjust to the cellular alterations triggered by drought stress. This involves strengthening antioxidant defenses to counteract damage from reactive oxygen species, employing enzymatic systems such as peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT), which exhibit varied activity levels under drought conditions (Xiong et al., 2022). Additionally, plants accumulate soluble proteins (SP), soluble sugars (SS), and proline (Pro) for osmotic regulation, facilitating cellular adaptation to water scarcity (Daoudi et al., 2018).

The interaction between N deposition and drought conditions often results in multifaceted impacts that cannot be fully understood by considering their individual effects alone. Research has shown that N supplementation can alleviate the adverse effects of drought on plants, especially under conditions of soil water scarcity (Li et al., 2023b). For example, N-enhanced processes such as increased Gs facilitate greater gas exchange rates, which contribute to the accumulation of photosynthetic products and improve both the net photosynthetic rate (Pn) and WUE (Dulamsuren and Hauck, 2021; Zhang et al., 2021a; Wang et al., 2024). While excessive N may initially stimulate plant growth and biomass, it can lead to rapid soil moisture depletion, thereby intensifying the effects of drought (Zhang et al., 2015). Additionally, N deposition can modify soil nutrient dynamics, potentially increasing the availability of certain elements such as iron (Fe) and zinc (Zn) in plant tissues (Płaza and Rzążewska, 2021). However, prolonged high levels of N deposition have been linked to soil acidification, reducing the bioavailability of essential nutrients like calcium (Ca), potassium (K), magnesium (Mg), and phosphorus (P) (de Jong et al., 2022). Nitrogen deposition also affects soil microbial activity, which influences nutrient cycling and decomposition processes. It can suppress biological N fixation, enhance soil nitrification and denitrification, and decrease the activity of N-fixing microorganisms, ultimately affecting overall soil nutrient availability (Zhou et al., 2018; Tafazoli et al., 2019). Moreover, N can alter microbial-mediated processes vital for the mineralization of organic P and the dissolution of inorganic P, crucial for maintaining soil P availability (Chhabra et al., 2013; Shi et al., 2022; Xu et al., 2022). Concurrently, drought conditions can reduce WUE, decrease Tr, impair root absorption capabilities, and hinder nutrient transport. Additionally, soil water deficits can limit nutrient mineralization, further complicating nutrient uptake by plants (Manzoni et al., 2012).

Quercus dentata, a notable species within the Fagaceae family, is extensively distributed throughout Asia, especially in China. This oak species is recognized for its robust adaptation to poor soils and challenging drought conditions. It plays a crucial role in forest ecosystems, primarily due to its effective carbon sequestration capabilities (Lockwood et al., 2023). Despite its ecological significance, the interactive effects of drought and N deposition on Q. dentata, particularly under conditions characterized by abundant N and different soil moisture, remain insufficiently understood.

This study assesses the physiological responses of Q. dentate seedlings to varying levels of drought stress and N addition, examining their combined effects on gas exchange, biomass, nutrient content, and other physiological indicators. The primary objective is to elucidate how N supplementation influences drought tolerance mechanisms, with a specific focus on changes in physiological attributes and nutrient uptake strategies. Our hypotheses propose that: (1) nitrogen deposition counteracts the reduction in photosynthetic efficiency caused by drought, thereby supporting energy supply and biomass accumulation; (2) nitrogen deposition enhances nutrient utilization effectiveness, thereby helping to mitigate the impacts of drought; and (3) the interaction between drought stress and N deposition results in modified nutrient uptake and allocation strategies within the plants. Through exploring these interactions, the study aims to reveal the coping mechanisms employed by Q. dentata under the dual stresses of drought and N deposition. The findings are intended to provide valuable insights into strategies that enhance the growth and effective utilization of Q. dentata, thereby supporting ecosystem resilience and forestry management in response to global climate change.




2 Materials and method



2.1 Experimental site

The study was conducted at the experimental facility located at the Western Campus of Hebei Agricultural University, Baoding, Hebei Province, China (38°86′N, 115°48′E). This site is characterized by a temperate continental monsoon climate, with an average annual temperature of 13.4°C and an average annual precipitation of 498.9 mm, mostly occurring during the summer months due to monsoonal influence. The region benefits from a long frost-free period, averaging 211 days, facilitating extended growing seasons. Additionally, the area receives approximately 2513 hours of sunshine annually, ensuring ample solar exposure essential for plant growth. The mean annual temperature approximates 13.4°C, with a recorded maximum of 30°C and a minimum of 11°C observed during the sampling period.




2.2 Experimental design

This study was designed to evaluate the effects of simulated nitrogen (N) deposition and water stress on Quercus dentata seedlings. We used two-year-old uniformly grown seedlings, which were potted in containers measuring 31 cm in height and 28 cm in diameter, filled with a soil mixture composed of loam, sand, and peat in a 4:2:1 volumetric ratio. The soil’s electrical conductivity (EC) was recorded at 0.5 mS/cm, with a saturation moisture content was approximately 37.1%.

Nitrogen treatments were applied at two levels: 0 kg·ha-1·year-1 (control, N0) and 150 kg·ha-1·year-1 (high nitrogen, N150). Water stress was implemented at three levels of soil saturation moisture content: 80% (high moisture), 50% (moderate drought), and 20% (severe drought), creating a total of six treatment combinations (i.e., N0W80, N0W50, N0W20, N150W80, N150W50, N150W20). Nitrogen was supplied bi-weekly in the form of a urea [(NH2)2CO] solution, diluted 0.25g urea in 0.5 L of distilled water, with a comparable volume of distilled water applied to control pots, a total of eight times.

Relative water content (RWC) was consistently monitored using a portable meter, with 12cm probe (Field Scout TDR300, Spectrum Technologies, Chicago, USA).The water treatments were maintained throughout the entire growing season by measuring the RWC every three days. To eliminate the interference of direct rainfall, all plants were sheltered, and each pot was equipped with a collection tray to minimize water and nutrient loss. A completely randomized design was employed, featuring 6 experimental plots, totaling 144 trees, with random sampling to be conducted at the end of the growing season.




2.3 Photosynthetic indices

Approximately in the end of the growing season, we select a clear morning (from 9:00 to 10:00 am) to measure photosynthetic parameters, including net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr). These measurements were conducted using a Li-6400XT Portable Photosynthesis System (LI-COR, USA). To ensure uniform environmental conditions during the assessments, a constant light intensity of 900 µmol·m-2·s-1 was maintained using LED lamps (with 6 cm2 leaf chamber). For each treatment, 4 plants were randomly selected, and measurements were taken from one mature, healthy leaf in the upper-middle part of the plants. The measurements were conducted at 60% RH, an air temperature of 25°C, and a CO2 concentration of 400 µmol·mol-1.

Leaf samples were collected at the same time as the photosynthesis measurements, with four replicates for each treatment. Chlorophyll content was quantified using the ethanol extraction method. Briefly fresh leaf samples were collected immersed in 95% ethanol, and the absorbance of the resulting solution was measured at 645 nm, 663 nm, and 470 nm using a microplate reader (SpectraMax Plus 384 Molecular Devices, Sunnyvale, USA).




2.4 Plant sampling and measurement parameters

Sample Collection: At the end of the four-month experimental duration, four representative seedlings from each treatment were selected for detailed destructive analysis. These seedlings were carefully washed, immediately labeled, sealed in plastic bags, placed on ice, and transported to the laboratory for subsequent analyses.

Plant Growth Indices: Measurements of plant growth like height and stem diameter were recorded at both the beginning and end of the experimental period. Fresh and dry weights of the shoot and root biomass were documented. The leaf water content was determined using the leaf dry weight method (Zhang et al., 2024). When measuring the dry weight of plant tissues, various parts of the plant are first placed in an oven at 115°C for a half-hour to terminate biological processes, followed by drying at 75°C until a constant weight is achieved.

Physiological Assessments: Relative electrical Conductivity (REC) of plant leaf was measured using a glass electrode (Meng et al., 2015). Malondialdehyde (MDA) content, indicative of lipid peroxidation, its levels and free proline (Pro) concentrations serving as both a stress indicator and osmoprotectant were assessed using the thiobarbituric acid method and the acid ninhydrin method, respectively (Schweet, 1954; Nazari et al., 2012). Soluble sugars (SS) and proteins (SP) were quantified using the phenol-sulfuric acid method and the Coomassie brilliant blue G-250 colorimetric method, respectively (Bradford, 1976; Buysse and Merckx, 1993). Superoxide dismutase (SOD) activity was evaluated using the nitroblue tetrazolium (NBT) method (Beyer and Fridovich, 1987). Peroxidase (POD) activity was determined by measuring absorbance at 470 nm with slight modifications. Catalase (CAT) activity was measured through an improved potassium permanganate titration method (Yu et al., 2017). Water use efficiency (WUE) was calculated from the ratio of net photosynthetic rate (Pn) to transpiration rate (Tr).

Nutrient Analysis: Plant samples were segregated into main roots, fine roots, stems, twigs, and leaves for chemical analysis. Samples were ground, digested at 230°C using a wet digestion technique with H2SO4, and treated with H2O2 during digestion (Hou et al., 2021). Elemental analysis for potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), and boron (B) was conducted using inductively coupled plasma spectrometry (Prodigy, Spec, Leeman Labs Inc., USA). Total phosphorus (TP) was determined by the molybdenum blue reaction colorimetric method, and total nitrogen (TN) contents were analyzed using an automated chemical analyzer (Smartchem 600, AMS-Alliance, Italy)




2.5 Soil sampling and measurement parameter

Soil Collection: Simultaneous with plant sampling, rhizosphere soil samples were collected and allocated into three categories for distinct analyses: total nutrient content, available nutrients, and soil enzyme activities. Each soil sample was air-dried and sieved through a 100-mesh screen to remove organic debris prior to further analysis.

Soil Enzyme Activities: Urease (Ure) activity was determined by measuring the nitrate nitrogen content after incubation (Fei et al., 2020). Sucrase (SC) activity was quantified based on the amount of glucose released per gram of dry soil over a 24-hour period (Gessler et al., 2017).

Elemental Nutrients: Soil samples underwent wet digestion in a graphite furnace at 300°C using H2SO4 until fully digested. The mineral composition of these samples was analyzed using methodologies consistent with those described for plant tissues in Section 2.4, ensuring comparability in the assessment of nutrient status.

Available Nutrients: Nutrient extractions were performed using a 1 mol·L-1 KCl solution for ammonia nitrogen (NH4+-N, AN) and nitrate nitrogen (NO3−-N, NN). Available phosphorus (AP) was extracted using NaHCO3, and concentrations were determined by measuring absorbance at 700 nm (Fei et al., 2020).




2.6 Statistical analysis

Preliminary data analysis was performed using SPSS Statistics 26.0 (IBM). Differences among treatment groups were evaluated using Duncan’s Multiple Range Test to identify statistically significant variations. We utilized the General Linear Model (GLM) in SPSS to analyze the individual and interactive effects of nitrogen (N) and water (W) on the targeted response variables. In the Mantel test, pairwise comparisons of various factors are analyzed using Pearson’s correlation coefficient. For further data analysis and visualization, R software (Version 4.3.1) was employed. Principal Component Analysis (PCA) was conducted using the ‘prcomp’ function and visualized with the ‘ggbiplot’ package. Redundancy Analysis (RDA) and Mantel tests were executed using the ‘vegan’ package. The ‘ggplot2’ package facilitated the creation of histograms, radar charts, and the visualization of PCA, RDA results, and network diagrams illustrating the Mantel test outcomes.





3 Results



3.1 Plant growth

The addition of N significantly enhanced the height of Q. dentata seedlings under W50 and W80 conditions (Figure 1A). In contrast, no significant growth in height was observed under W20 conditions with N treatment. Similarly, stem diameter growth was positively influenced by N application under W50 and W80, exhibiting a marked increase in diameter. However, under W20 conditions, notable stem growth was only evident in the absence of N application (Figure 1B).

[image: Five bar charts labeled A to E compare various plant growth metrics under different conditions labeled as N0W80, N0W50, N0W20, N150W80, N150W50, and N150W20. Chart A shows height increment in centimeters; Chart B displays diameter growth in millimeters; Chart C illustrates root biomass in grams; Chart D indicates total biomass in grams; Chart E presents the root-shoot ratio. Each chart includes statistical notations for weight (W), nitrogen (N), and their interaction (W*N). Bars are color-coded to match specific conditions shown in the legend. Error bars represent variability in data.]
Figure 1 | Effects of N and water treatments on the growth of Quercus dentata. (A) Height increment, (B) Stem diameter, (C) Root biomass, (D) Total biomass, and (E) Root shoot ratio. The horizontal axis represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content). Error bars represent the standard deviation of the mean (n = 4). Statistically significant differences between treatments are indicated by lowercase letters above each bar, as determined by Duncan’s post-hoc test (P ≤ 0.05). General linear model was applied to examine the individual and interactive effects of N and water on different parameters.

The trends in aboveground and belowground biomass of trees are similar, with the highest biomass occurring in the N150W50 treatment (Figures 1C, D). This is significantly higher than all W20 treatments and also significantly exceeds the N0W80 treatment. There is a significant difference in the root shoot ratio between the highest ratio observed in N150W80 and the lower ratios in N150W20 (Figure 1E).




3.2 Gas exchange and chlorophyll content

As relative water content (RWC) decreased, Pn similarly declined, with the highest values under N150 at the W80 moisture level (Figure 2A). Gs significantly decreasing with reduced RWC but remaining higher under N150 compared to N0 at equivalent moisture levels (Figure 2B). Although Ci reaches its peak under the N150W50 treatment, overall, Ci decreases as RWC declines, with a significant downward trend, especially under severe drought conditions (Figure 2C). Tr also shows a significant decline as RWC decreases, with the highest Tr observed in the N150W80 treatment. Except for the N150W50 treatment, where Tr is significantly lower than N0 at the same RWC, Tr is significantly higher under N150 treatments in other cases (Figure 2D). The addition of N150 results in the highest WUE under the W50 among all treatments (Figure 2E). However, regardless of the presence of additional N, severe drought consistently results in a significantly higher WUE compared to the W80 treatment(Figure 2E). Chlorophyll content, indicative of photosynthetic potential, significantly decreases under the N0 drought treatment, and there are no significant differences across all drought treatments (Figure 2F). The chlorophyll content under the N150 drought treatment was significantly lower than that of N0W80 (Figure 2F).

[image: Six bar graphs compare various physiological parameters across different treatments labeled as NOW80, N0W50, N0W20, N150W80, N150W50, and N150W20. Each graph presents error bars and statistical significance. Graph (A) measures \(P_n\) in \(\mu mol \, CO_2 \, m^{-2} s^{-1}\). Graph (B) measures \(G_s\) in \(mol \, H_2O \, m^{-2} s^{-1}\). Graph (C) measures \(C_i\) in \(\mu mol \, CO_2 \, m^{-2} s^{-1}\). Graph (D) measures \(T_r\) in \(mmol \, H_2O \, m^{-2} s^{-1}\). Graph (E) shows WUE values. Graph (F) shows chlorophyll content in \(mg \, g^{-1}\). Colors denote treatment groups, ranging from red to light green.]
Figure 2 | Effects of N and water treatments on the photosynthesis of Quercus dentata. (A) Net photosynthetic rate (Pn), (B) Stomatal conductance (Gs), (C) Intercellular CO2 concentration (Ci), (D) Transpiration rate (Tr), (E) Water use efficiency (WUE) and (F) Chlorophyll content. The different color represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content). Error bars represent the standard deviation of the mean (n = 4). Statistically significant differences between different treatments at the same time are indicated by lowercase letters above each bar, and between the same treatments at different times are indicated by uppercase letters above each bar, as determined by Duncan’s post-hoc test (P ≤ 0.05). General linear model was applied to examine the individual and interactive effects of N and water on different parameters.




3.3 Cell membrane permeability and regulatory substances content

Leaf water content exhibited a slight decrease with reduced RWC under the N0 treatment. This reduction was notably more pronounced under the N150 treatment, particularly under W80 and W20 conditions, where N150 led to significantly higher water content compared to N0 (Supplementary Figure S1A). As indicators of cell membrane permeability and cellular stress response, REC levels showed significant variations influenced by both water availability and N treatment. Under N0, REC levels were highest under W20. Conversely, N150 generally maintained lower REC levels, with the lowest levels significantly noticeable at W50. Under W20, REC was significantly reduced with N150 compared to N0 (Supplementary Figure S1B). Malondialdehyde content was only significantly lower in both W50 treatments compared to N0W80 (Supplementary Figure S1C). N150 significantly reduced SP content under W20 but enhanced it under W50 and W80 levels compared to N0 treatment (Supplementary Figure S1D). SS content exhibited an increasing trend with decreased RWC under the N0 treatment, showing significant variations between W80 and W20 conditions (Supplementary Figure S1E). Proline content increased as RWC decreased. Under the N0 treatment, Pro content was significantly higher at W20 level compared to W80 condition. With the N150 treatment, Pro levels were significantly elevated across all moisture levels, showing a marked increase as RWC decreased, even when compared to the N0 treatment (Supplementary Figure S1F).




3.4 Antioxidant enzyme activity

Under the N0 condition, SOD activity was significantly higher under W80 and W20 compared to W50 (Supplementary Figure S2A). In contrast, under the N150 condition, the highest SOD activity was observed at W80, with notably higher activity at W20 than W50. Under the N0W20 treatment, POD were significantly higher than those in N150W50 (Supplementary Figure S2B). Under the N0 treatment, CAT activity was higher at W50 than in W80, with a slight, though non-significant, increase under W20 compared to W80 (Figure S2C). Under the N150 treatment, CAT activity was modestly elevated at W80 compared to W20 and was significantly higher than at W50. Across comparable water conditions, CAT activity under N150 consistently exceeded that observed under the N0 condition.




3.5 Soil enzyme activity and available nutrient content

Under the N0 treatment, SC activity increased as soil moisture decreased, with the highest activity observed under W20 (Figure 3A). Conversely, under the N150 treatment, SC activity was most pronounced at W50 and was significantly lower under W80 compared to W20. Notably, SC activity at W50 was higher under N150 than at the same moisture level under N0, but it significantly decreased under W20 with N150 compared to the N0 condition.

[image: Five bar charts, labeled A to E, each display different biochemical measurements: SC, Ure activities, AN, NN, and AP. Bars represent treatments with varying nitrate (N) and water (W) levels, indicated by colors: red, orange, peach, dark green, bright green, and light green. Significant differences between groups are marked with letters above bars and statistical values are shown within each chart.]
Figure 3 | Effects of N and water treatments on the soil enzyme activity of Quercus dentata. (A) Sucrase (SC), (B) Urease (Ure) activity, (C) Ammonia nitrogen (AN), (D) Nitrate nitrogen (NN), and (E) Available phosphorus (AP). The horizontal axis represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content). Error bars represent the standard deviation of the mean (n = 4). Statistically significant differences between treatments are indicated by lowercase letters above each bar, as determined by Duncan’s post-hoc test (P ≤ 0.05). General linear model was applied to examine the individual and interactive effects of N and water on different parameters.

Without N supplementation, Ure activity remained stable at W50 but increased significantly under W20 compared to W80 (Figure 3B). With N150 treatment, Ure activity increased with decreasing RWC, peaking under W50. Additionally, at W50, Ure activity was significantly higher under N150 than under the N0 condition.

Under the N0 condition, AN levels decreased with diminishing soil moisture, with a significant reduction observed under W20 compared to W80 (Figure 3C).

Without N supplementation, NN content showed little variation across different soil moisture levels (Figure 3D). However, NN levels under N150 were significantly elevated in comparison to all other conditions, peaking under W20.

Under the N0 treatment, AP levels increased as RWC decreased, peaking under W20 (Figure 3E). Conversely, under the N150 treatment, AP at W20 was significantly higher than at other water stress levels. Comparatively, AP content under N150W80 was significantly greater than at N0W80, while under N150W50, it was significantly lower than under N0W50.




3.6 Plant and soil nutrient elements content

Soil TN content under the N150W80 and N0W50 treatments was considerably higher compared to the N0W80 treatment (Figure 4A; Supplementary Table S1), and in plant tissues, TN concentrations were highest under the N150W80 treatment across all measured tissues, while the lowest TN content was recorded under the N0W80 treatment. Soil TP under the W80 condition was significantly greater with N150 application compared to N0. Contrarily, within plant tissues, TP content decreased under increased N loading, especially in leaves and fine roots under the W80 condition (Figure 4B; Supplementary Table S1). K content was highly responsive to water availability and N levels, particularly noted in roots and tender twigs (Figure 4C; Supplementary Table S1). The highest soil K content occurred under the W20 condition, decreasing as RWC increased. Despite this soil trend, K content in plant tissues generally increased with N application, except in the stems. The interaction between water and N significantly affected Ca content across various plant parts, with notable impacts observed in leaves and twigs under the W20 and W50 treatments without N loading, respectively (Figure 4D; Supplementary Table S1). There was a marked decrease in Ca content in leaves and main roots under the W50 and W20 treatments with N loading, respectively. Ca content in the soil remained relatively stable. Mg content was significantly influenced by the interplay of water and N, particularly in the roots of Q. dentata (Figure 4E; Supplementary Table S1). There was a notable decrease in Mg content in leaves under W20 conditions following N application. Conversely, fine roots and stems showed an increase in Mg content under conditions of ample water supply with the N150 treatment compared to the N0 condition. Soil Mg content exhibited minimal variation but was generally higher under the N150 treatment.

[image: Five radar charts labeled A to E display nutrient comparisons (TN, TP, K, Ca, Mg) in various plant parts and soil, with different colored lines representing treatment groups (N0W80, N0W50, N0W20, N150W80, N150W50, N150W20). Each chart shows nutrient levels for stem, leaf, twig, fineroot, mainroot, and soil, with annotations like asterisks indicating statistical significance.]
Figure 4 | Effects of N and water treatments on the plant and soil nutrient elements of Quercus dentata. (A) Total nitrogen (TN), (B) Total phosphorus (TP), (C) Potassium (K), (D) Calcium (Ca), and (E) Magnesium (Mg) content. The different colors represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content). General linear model was applied to examine the individual and interactive effects of N and water on different parameters (*P ≤ 0.05; **P ≤ 0.01).

The interaction between water availability and N levels significantly influences Fe content in both soil, main root and plant stems. Specifically, soil Fe content under N150W20 treatment is significantly higher than at N0 levels, while reductions are notable under both the N0W50 and N150W80 conditions (Figure 5A; Supplementary Table S1). Mn content in soil and various plant tissues, including leaves, main roots, twigs, and stems, are markedly affected by both water availability and N application (Figure 5B, Supplementary Table S1). Soil Mn content is significantly enhanced under the moderate water stress with N150W50. Meanwhile, Mn concentrations in branches are significantly higher under the N150W20 treatment compared to the N0W20, though this trend reverses in other plant tissues (Figure 5B; Supplementary Table S1). Cu content shows distinct variations in main roots and twigs, particularly under the N150 treatment, which appears to alter Cu accumulation in response to different water levels (Figure 5C; Supplementary Table S1). While soil Cu content is higher under the N0W80 compared to N150W20, changes in RWC or N150 treatment do not significantly alter overall soil Cu levels (Figure 5C; Supplementary Table S1). Zn content in fine roots and twigs are substantially influenced by water and N conditions, with a significant increase in Zn content observed in main roots under N150W20 treatment (Figure 5D; Supplementary Table S1. Fine root Zn content is considerably elevated under the N0W80 treatment compared to other treatments. Conversely, soil Zn content is significantly lower under the N0W80 treatment compared to high N treatments at W50 and W20 conditions (Figure 5D; Supplementary Table S1). B content in soil, main roots, and leaves is profoundly impacted by both water availability and N (Figure 5E; Supplementary Table S1). As RWC decreases, soil B content increases, particularly under the N150W20 treatment, while a notable decrease is observed under the N0W80. In plant tissues, the N150 generally reduces B content across all water conditions (Figure 5E; Supplementary Table S1).

[image: Five radar charts labeled A to E depict the distribution of elements (Fe, Mn, Cu, Zn, B) across different plant parts (soil, leaf, stem, twig, fineroot, mainroot) under various conditions. Each chart shows distinct patterns for different combinations like N0W80, N0W50, N0W20, N150W80, N150W50, and N150W20, illustrated by red, orange, and green lines. Statistical significance is noted by asterisks.]
Figure 5 | Effects of N and water treatments on the plant and soil nutrient elements of Quercus dentata. (A) Iron (Fe), (B) Manganese (Mn), (C) Copper (Cu), (D) Zinc (Zn), and (E) Boron (B) content. The different colors represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content). General linear model was applied to examine the individual and interactive effects of N and water on different parameters (*P ≤ 0.05; **P ≤ 0.01).




3.7 Relationships of plant growth and soil properties

The PCA revealed that the first principal component (PC1) accounted for 31.45% of the total variance, while the second principal component (PC2) explained an additional 17.06%. The parameters were distinctively grouped and arrayed across the PCA plot (Figure 6A). The treatment group subjected to severe drought was positioned negatively along PC1. In contrast, the group with medium soil moisture concentration was centrally located, and the group with optimal soil moisture appeared positively on PC1 (Figure 6A).

[image: Two graphs labeled A and B, both depicting scatter plots with colored and dotted ellipses representing different groups. Graph A shows PCA results with axes PC1 (31.45%) and PC2 (17.6%). Graph B shows RDA results with axes RDA1 (46.16%) and RDA2 (24.09%). Various data points and vectors indicating different variables are plotted. The legend identifies multiple color-coded categories such as NOW80, N150W80, and others.]
Figure 6 | Principal Component Analysis (PCA, A) illustrating the effects of N and water treatments on the growth and soil parameters of Quercus dentata. Distribution pattern of plant growth indices and physicochemical parameters by redundancy analysis (RDA, B). Plant growth indices include Height increment, Stem diameter, Root shoot ratio, Root biomass, Total biomass, Chlorophyll content, Net photosynthetic rate (Pn), Stomatal conductance (Gs), Intercellular CO2 concentration (Ci), and Transpiration rate (Tr). Soil physicochemical properties include Ammonia nitrogen (AN), Nitrate nitrogen (NN), Available phosphorus (AP), Total nitrogen (TN), Total phosphorus (TP), Potassium (K), Calcium (Ca), Magnesium (Mg), Iron (Fe), Manganese (Mn), Copper (Cu), Zinc (Zn), Boron (B), Urease (Ure), and Sucrase (SC). The different colors represents the combinations of N (0 and 150kg·ha−1·yr−1) and W (80%, 50%, and 20% saturation soil moisture content).

This PCA outcome underscores that drought conditions substantially affect plant physiological traits, with N supplementation modifying these effects, although not uniformly across different levels of water availability (Figure 6A). Significant variables influencing PC1 included Ure and K, which exhibited strong positive loadings. In contrast, Gs and Tr showed pronounced negative loadings (Supplementary Tables S2, S3). For PC2, the primary positive contributors were total biomass, root biomass, NN, and Zn, each with substantial positive loadings (Supplementary Tables S2, S3).

Redundancy analysis was employed to explore the intricate interactions between the growth indicators of Q. dentata and various soil physicochemical factors. The analysis, as detailed in Figure 6B, indicates that the first redundancy axis (RDA1) explains 46.16% of the variance, while the second axis (RDA2) accounts for an additional 24.09%. The clustering of treatment groups on the plot delineates the distribution of treatment effects across different soil moisture and N levels.

In the biplot, treatment groups with higher water availability, such as N0W80 and N150W80, are positioned towards the positive direction of RDA1. Conversely, groups under severe drought conditions, such as N0W20 and N150W20, are positioned towards the negative direction of RDA1, reflecting the stress impacts on plant physiology.

Key elements like Cu and TP are positioned towards the positive end of RDA1, suggesting their higher concentrations are associated with specific treatment conditions (N0W80, N150W80 and N150W50). AP (F=2.638, P=0.046) along with AN, shows vectors pointing towards the negative direction of RDA1, indicating a decrease or stress-associated reduction in these nutrients under certain conditions (N0W50, N0W20, N150W50 and N150W20).

Important micronutrients such as Fe and Ca align closely with the RDA1 axis, highlighting their variation across different water and N conditions, which may reflect their critical roles in plant stress response and nutrient uptake. The plot also includes vectors for Mg and SC activity, which are less aligned with the primary gradient. This suggests that their influences are modulated by a combination of factors not solely explained by N or water levels.




3.8 Relationship between soil physicochemical properties and the plant nutrient uptake

Mantel test identifies specific relationships with soil-available nutrients. Notably, variables such as Gs, Ci, leaf K, and twig Mg are all directly influenced by the availability of nutrients in the soil (Figure 7). In contrast, a broader spectrum of variables including Pro, B in leaves and twigs, Cu in fine roots, Zn in fine roots, and N in main roots, correlates strongly with the total nutrient content of the soil. Soil enzyme activity has a limited impact on Q. dentata, showing significant correlations only with WUE and leaf Fe content. It is evident that the impact of changes in soil physicochemical properties on Q. dentata is more pronounced in the leaf component (Figure 7). Furthermore, the heatmap analysis reveals that plant physiological traits and macroelements, such as Leaf water content, REC, MDA, SP, SS, SOD, POD, CAT, Pn, Tr, Chlorophyll content, P, Ca, and Mn, do not exhibit significant correlations with the measured soil physicochemical indicators and are thus omitted here.

[image: Correlation matrix with hierarchical categories: Leaf, Twig, Stem, Fine root, and Main root. Colors indicate Pearson's r values, from blue for negative correlations to red for positive. Lines connect nutrient and enzyme relationships, with line thickness showing Mantel's r value and color indicating Mantel's p significance.]
Figure 7 | Analysis of the correlations soil physicochemical properties and the plant physiology and nutrient under N and water treatments. Pairwise comparisons of the analyzed factors are displayed with a color gradient denoting Pearson correlation coefficients. Available nutrient, total nutrient and enzyme in the rhizosphere soil were related to each variable by Mantel test. The plant physiology and nutrient include Water use efficiency (WUE), Chlorophyll content, Leaf water content (WC), Relative electrical conductivity (EC), Malondialdehyde (MDA) content, Soluble protein (SP) content, Soluble sugar (SS) content, Proline (Pro) content, Superoxide dismutase (SOD), Peroxidase (POD), Catalase (CAT) activity, Net photosynthetic rate (Pn), Stomatal conductance (Gs), Intercellular CO2 concentration (Ci), and Transpiration rate (Tr), Total nitrogen (TN), Total phosphorus (TP), Potassium (K), Calcium (Ca), Magnesium (Mg), Iron (Fe), Manganese (Mn), Copper (Cu), Zinc (Zn), Boron (B). Soil available nutrient include Ammonia nitrogen (AN), Nitrate nitrogen (NN), available phosphorus (AP). Soil total nutrient include TN, TP, K, Ca, Mg, Fe, Mn, Cu, Zn, (B) And soil enzyme include Urease (Ure), and Sucrase (SC).





4 Discussion



4.1 Effects of nitrogen deposition and drought stress on Q. dentata growth

Our findings highlight that N150 significantly boosts plant height, stem diameter, and overall biomass, particularly noticeable under W50. This enhancement is not mirrored under W20, indicating that N’s effectiveness is contingent upon adequate hydration (Figures 1A–C). While N drives morphological changes such as the root shoot ratio, it does not solely govern biomass accumulation, which is primarily influenced by water availability (Li et al., 2023b). This suggests that N’s role in morphogenesis, although significant, culminates in productivity only under sufficient water conditions. We found that the interaction between N and water availability subtly influences the growth dynamics of Q. dentata. Biomass enhancements were observed at W50 and W80 when combined with N150 treatment. This implies that N potentially optimizes WUE, facilitating improved physiological adaptations that bolster plant productivity under varied hydration levels (Plett et al., 2020; Wang et al., 2024). Contrastingly, severe water stress limits the beneficial impacts of N, underscoring the pivotal role of water in growth dynamics, regardless of N levels.

Nitrogen supplementation was found to alleviate the adverse effects of moderate drought on photosynthesis, as evidenced by the reduced inhibition of Gs (Figure 2B). The Mantel test further revealed a positive correlation between soil available nutrient with the regulation of stomatal behaviors, enhancing gas exchange under stress conditions (Figures 2B, C, 3D, E, 7). These interactions suggest complex physiological adjustments that facilitate survival and productivity under environmental stresses (Gessler et al., 2017). Furthermore, the stability of chlorophyll content under N150 across different watering regimes suggests N’s protective role against degradation in stressful conditions (Wang et al., 2024). This stability is crucial for maintaining photosynthetic efficiency, which is significantly enhanced in well-watered conditions under N150, leading to superior growth performance (Figure 2F). Unexpectedly, soil enzyme activity exhibited a striking similarity to changes in WUE, particularly under the N150 conditions (Figures 2E, 3A, B, 7). This finding indicates that N not only enhances drought resistance but also boosts WUE, aligning with improved plant productivity. However, the absence of biomass increase under W20 despite N application suggests that the threshold of water stress may negate N’s benefits, highlighting the energy-intensive nature of maintaining physiological functions under extreme conditions (Liang et al., 2020).

During the growing season, initial increases in Tr and subsequent declines in WUE under normal water conditions without N supplementation indicate that while roots may efficiently absorb water, inadequate N may restrict photosynthetic capacity, leading to inefficient water use (Farshad et al., 2023). As the season progresses, plants adjust their physiological strategies, potentially over-relying on transpiration to regulate internal processes under high N conditions, which might not always correlate with efficient growth and biomass accumulation. This suggests a complex balance between water and N management to optimize photosynthetic activity and plant productivity (Luo et al., 2023). Meanwhile, the dynamics of Ci and its relationship with Gs underscore the intricate mechanisms regulating CO2 uptake and water loss. Under optimal conditions, enhanced N availability likely improves CO2 utilization within the photosynthetic machinery, optimizing the balance between CO2 influx and photosynthetic demands (Xiong et al., 2015; Liu et al., 2021; Zhang et al., 2021a).




4.2 Effects of nitrogen deposition and drought stress on physiology of Q. dentata

Our study delineated significant interactions between N deposition and water availability, profoundly affecting the physiological and biochemical parameters of Q. dentata. Notably, leaf water content was responsive to these environmental variables, decreasing with diminished soil moisture yet increasing significantly under N150 treatments at both W80 and W20 water stress levels (Supplementary Figure S1A). This enhancement underlines the synergistic impact of N in conjunction with sufficient water in sustaining cellular hydration and optimizing WUE. Meanwhile, as the proxy for cellular ion leakage, EC was elevated under N0W20 compared to N0W80, suggesting that lower water availability exacerbates membrane permeability (Supplementary Figure S2B). However, under N150, this trend was abated, indicating enhanced membrane integrity and reduced ion leakage, potentially due to N-mediated cellular stabilization (Liang et al., 2022).

This physiological process can also be explained by changes of lipid peroxidationin and antioxidant enzyme. In our study, MDA levels remained relatively stable under N150 across varying water regimes. This stability is pivotal in preserving cellular function against the typical increase in membrane permeability under drought stress, thus mitigating cellular damage (Peguero-Pina et al., 2014). However, the activity of SOD, a critical antioxidant enzyme, displayed a biphasic response; it decreased initially under mild drought but increased under severe conditions (Supplementary Figure S2A). This suggests that while mild drought may not sufficiently trigger antioxidant defenses, acute stress conditions elicit a strong antioxidative response, enhanced by N supplementation (Hussain et al., 2019).

As for osmoregulatory substances, Pro significantly increased under N150 as soil moisture declined, illustrating N’s role in bolstering osmotic adjustment and metabolic support under stress (Supplementary Figure S1F). Conversely, the levels of SP and SS, which are integral to photosynthetic efficiency and energy storage, respectively, showed less variability. Higher SP levels was found under optimal N and water conditions, which may reflect enhanced synthesis of Rubisco, a critical enzyme for photosynthesis, thereby stabilizing photosynthetic capacity in our case (Evans, 1989; Makino et al., 2003). SS levels mirrored this trend, suggesting that the biochemical capacity for photosynthesis and energy storage was more constrained by water availability than by N enhancement (Supplementary Figures S1D, E). Interestingly, despite the physiological benefits conferred by N, our results suggest that under drought conditions, the energy derived from enhanced Pn may be diverted towards combating oxidative stress rather than growth, as indicated by the negative correlation between biomass accumulation and antioxidant enzyme activity (Figure 7) (Ullah et al., 2023).

Collectively, these findings highlight the complex interplay between N deposition and water availability in regulating the physiological processes of Q. dentata. The capacity of N to modulate EC, boost Pro synthesis, and influence SP levels under various water conditions underscores its vital role in enhancing plant stress tolerance and WUE, particularly in the context of changing environmental conditions.




4.3 Effects of nitrogen deposition and drought stress on physicochemical properties and nutrient uptake of Q. dentata

Nitrogen deposition and drought stress significantly affect soil enzyme activities and nutrient cycling, essential for ecosystem functionality and plant health, though these factors may not alter the community composition and activity of soil microorganisms (Kuypers et al., 2018; Rillig et al., 2023). Mantel test indicates a significant correlation between soil enzyme activity and WUE as well as leaf Fe content. This suggests that rhizosphere microorganisms and endophytic fungi significantly impact Q. dentata under environmental stresses, enhancing WUE and facilitating Fe transport, respectively. These microorganisms, however, also consume the plant’s photosynthetic products, potentially explaining the observed limitations in biomass accumulation. Furthermore, drought conditions constrain biochemical reactions and substance exchanges in the soil, which increases microbial enzyme activities to meet the heightened energy demands of both microbes and plants. This adaptive response likely accounts for the observed increases NN, AP, and TP of soil under drought conditions (Figures 3D, E, 4B). Furthermore, the availability of N enhances enzyme production, thereby promoting organic matter decomposition and boosting nutrient availability, especially under restricted water conditions (Nouraei et al., 2022; Bender et al., 2023).

Additionally, changes in soil-available nutrients and Pn elucidate how plants resist environmental stress by energizing the soil microbial community, which in turn enhances nutrient availability through the secretion of extracellular enzymes. Urease activity, for instance, illustrates the interplay between N and water availability, intensifying under dry conditions while AN content decreases (Figures 3B–D). This phenomenon likely results from increased plant and microbial uptake and utilization under environmental stress or a rapid conversion of AN to other N forms (Gao et al., 2019). Enhanced microbial activity, a compensatory response to water stress, may also contribute to this dynamic, helping to maintain microbial metabolic functions (Dong et al., 2021). Conversely, under wet conditions, reduced Ure activity reflects more efficient N utilization by soil microbes (Zhang et al., 2023). The observed stability of AN content alongside increased NN content under N150 treatment suggests rapid absorption and nitrification, minimizing AN accumulation. Limitations in AP under N deposition, potentially due to enzymatic activity shifts within the P cycle, further complicate nutrient dynamics under drought (Cui et al., 2021; Wang et al., 2022). In our founding, a drought-induced reduction in WUE precipitates a decline in Tr, which compromises the absorptive capacity of the root system and hinders the upward transport of nutrients from soil to plant. Additionally, soil water deficits restrict nutrient mineralization, thereby exacerbating the challenges associated with nutrient uptake by seedling roots. These observations suggest that under prolonged, though not extreme, water stress conditions, the limitation of nutrient supply may pose a greater constraint than water scarcity itself (Refsland and Fraterrigo, 2018).

As for nutrient uptake, plant physiological responses to these altered soil conditions demonstrate significant shifts in nutrient uptake and metabolism. In our study, enhanced TN content in various plant tissues typically bolsters growth and resilience under drought by improving WUE and nutrient uptake (Zhao et al., 2021; Qiu et al., 2022; Wei et al., 2022). This enhancement is especially pronounced under conditions combining optimal moisture with N enrichment, promoting efficient nutrient uptake and internal translocation. The interaction between N deposition and drought also impacts the absorption and distribution of macronutrients, with reduced K and Ca in leaves under drought, which negatively affects water retention and stomatal function. However, N does not significantly enhance Ca and Mg levels, indicating that these essential nutrients might be consumed during stress responses or photosynthetic processes rather than accumulating (Bose et al., 2011; Hochmal et al., 2015; Tatagiba et al., 2016). Trace elements respond variably to environmental conditions. Our findings indicate that drought impedes the uptake of Fe, Mn, Cu, and Zn, while nitrogen enhances their translocation, maintaining elevated levels in the leaves. Despite a reduction in Zn absorption, Q. dentata seedlings accumulate greater amounts of Zn in their enlarged taproots. This increase under drought conditions is likely facilitated by nitrogen fertilization, which not only promotes root expansion and branching but also enhances the roots’ capacity to absorb Zn. Concurrently, nitrogen and Zn exhibit a synergistic relationship, enhancing the plant’s demand for and efficiency in absorbing Zn (Cakmak, 2000; Li et al., 2013; Al-flahi, 2014; Wang et al., 2017; Li et al., 2021; Rijk et al., 2023). Moreover, Mantel test results reveal a significant correlation between the transported B in the aerial parts and the total B content in the soil (Figures 5E, 7; Supplementary Table S1). Nevertheless, our research also demonstrates that the combined stresses of drought and nitrogen deposition, particularly during periods of drought, reduce the absorption and transport of B, suggesting that the prevailing environmental conditions may adversely affect the reproductive growth of Q. dentata.

Our study utilized PCA and RDA to distinguish the effects of water and N treatments on plant physiological, biochemical, and soil nutrient parameters. The clear separation between treatments highlights the significant impact of these factors on plant performance (Figure 6A). PCA analysis revealed that Ure and K have high positive loadings on the growth of Q. dentata (Figure 6A). RDA indicated that Cu, P, TN, and NN are the primary soil factors promoting the growth of Q. dentata (Figure 6B). The significant associations between soil nutrients and a variety of physiological and nutritional variables underscore that the effects of soil nutrient availability on plant health and development are broad and profound (Liu et al., 2024). Drought and soil eutrophication significantly changed the contents of various nutrients in the tissues, which highlighted the importance of balancing soil fertility for healthy growth of Q. dentata. However, compared to soil nutrients, the impact of soil enzymes on plant physiology may be indirect and more complex (Wołejko et al., 2020). Further research is necessary to elucidate the mechanisms through which soil enzymes influence plant health and to determine whether their influence varies under different environmental conditions.





5 Conclusion

This study delineates the intricate interplay between N deposition and drought stress on Quercus dentata’s growth and physiological adaptations. Enhanced N levels were particularly effective under N150W50, significantly boosting stem elongation, diameter, and overall biomass through improved Pn, Gs, and WUE. Compared to the N0W80 treatment, N150W50 significantly increased biomass, in stark contrast to the negligible effects observed with W20. This underscores the critical role of water as a primary driver of morphological changes. Moreover, N’s role in sustaining chlorophyll content and cellular integrity under drought supports persistent photosynthetic activity, particularly evident in the N150W80 treatment, where N and sufficient water synergistically enhance growth parameters and biomass accumulation. Furthermore, physiological analyses reveal N’s mitigation of drought’s adverse effects through increased leaf water content, stabilized cellular functions as evidenced by consistent electrical conductivity, and regulated antioxidant responses, particularly SOD. Additionally, N’s enhancement of Pro and SP supports better osmotic adjustment and nutrient assimilation, facilitating an improved physiological response to drought.

The interaction between N deposition and drought also profoundly impacts soil enzyme activities and nutrient cycling, with increased N availability boosting enzyme activity and nutrient availability under water stress. PCA and RDA further revealed the significant contributions of soil physicochemical properties, such as Ure, Cu, and N, to the growth of Q. dentata. This highlights the response mechanisms of Q. dentata to environmental changes. While N enhances nutrient uptake, particularly under optimal moisture conditions, drought conditions limit the effectiveness of this uptake, necessitating integrated management strategies to harness the benefits of N fully.

In conclusion, while N deposition can significantly bolster Q. dentata’s growth and physiological robustness under moderate drought, its efficacy is closely tied to water availability, highlighting the necessity for combined nutrient-water management to maximize plant productivity and ecological resilience. Further investigations are essential to unravel the long-term effects of these interactions on ecosystem health and plant physiological functionality.
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Introduction

The variety of organs carbon concentration may be important for tree survival rate, drought resistance and tree subsequent recovery. However, it remains unclear how drought affect structural carbohydrate (SC) and non–structural carbohydrate (NSC) export and transport on clonal plant, which can be correlated with sustain physiological metabolism and group drought resistance by resource sharing. To better understand the adaption ability of clone plants to drought and the linkage of organ carbon with soil organic carbon (SOC) fractions, we assessed how long–term drought affects organ carbon and its impact on SOC fractions among moso bamboo (Phyllostachys edulis) ramets.





Methods

Throughfall exclusion included two treatments with simulated drought (TE) and control sample (CK, natural rainfall) by waterproofing panels, which excluded 70–80% of the precipitation. We measured the SC and NSC of leaves, branches and roots as well as soil organic carbon components on three ramets, which emerged in 2017 (grandma, GB), ramets that appeared in 2018 (mother bamboo, MB) and ramets emerging in 2019 (current-year bamboo, CB).





Results

The results showed that there was significant difference on lignin, cellulose: lignin ratio and soluble sugar in leaves and roots (p<0.05) instead of branches (p>0.05). Effect of drought on SC and NSC varied with different organs and ramet age. Drought significantly increased soluble sugar concentration of leaves and roots by 15.5–31.0% and 10.6–24.8% for current-year bamboo. Compared with CK, drought decreased SOC by 6.7–19.1%, microbial biomass carbon (MBC) by 55.3–68.7%, readily oxidizable carbon (ROC) by 11.2–29.8%, particulate organic carbon (POC) by 25.1–47.4% but no effect on mineral–associated organic carbon (MOC). Drought changed the relationships of carbon components between plant organs and soil. In the control treatments, SC of leaves were significantly positively correlated with ROC, NSC of branches were positively correlated with ROC and MBC, NSC of roots were significantly positively correlated with SOC.





Discussion

Overall, our results suggest that drought strengthened the linkage of plant organ carbon and soil carbon cycling among moso bamboo ramets in ecosystem studies, which are critical for predicting tree resistance and management in subtropical forest under drought.





Keywords: drought, clone plant, structural carbohydrate, non-structural carbohydrate, soil organic carbon fractions





Introduction

Ongoing climate change as drought stress has exhibited a rising trajectory in recent years, leading to reduced ecosystem productivity and increased tree mortality (Salmon et al., 2019). Changes in drought patterns could potentially influence the capacity of the forest ecosystem in carbon sequester, potentially transitioning from carbon sink to carbon source, given the acknowledged role of drought in regulating soil carbon cycling (Chen et al., 2016). Drought inevitably influences the individual tree, and the carbon balance of ecosystems, intensity, and frequency of drought cause a strong decrease in the amount of newly absorbed carbon (Rog et al., 2024). Nonetheless, it has been confirmed that the variation in traits and response levels within and among species under drought conditions can mitigate the mortality rate and improve adaptation (O'Brien et al., 2014). However, the impacts of drought on soil organic carbon (SOC), particularly on its various components with plant-derived carbon quality, remain inadequately assessed within subtropical ecosystems.

The modification of plant structural carbohydrate (SC) caused by drought conditions is reported to play a significant role in enhancing plant resistance and defense (Hlahla et al., 2022). Generally, plants improve water uptake or reduce losses by resource-conservative shoot and root tissues with high structure characteristics (e.g., lignin content) with an avoidance drought strategy (Reinelt et al., 2023). Drought influenced the secondary wall by regulating the deposition of hemicellulose and lignin, with long-term drought generally leading to a profound impact on plant structure, resulting in thickening and lignification (Wang et al., 2023a). Drought has been found to decrease the synthesis of cellulose and its deposition in cotton (Gossypium hirsutum) (Ul-Allah et al., 2021), which results in thinning of cell walls and cell expansion due to plant osmotic pressure (Wang et al., 2016). Consequently, the change in SC is important for plant resistance to drought, particularly in signal transduction and cell wall architecture (Gall et al., 2015).

Non-structural carbohydrates (NSCs) primarily include starch and soluble sugars, which are important for transport, plant metabolism, osmotic adjustments, and serving as substrates for plant nutrient acquisition or defense (Hartmann and Trumbore, 2016). The concentrations and the relative contributions of organ-level NSC hold significance for plants’ annual phenological development (Montague et al., 2022), with NSC becoming increasingly critical under drought conditions (Kannenberg and Phillips, 2019). On the one hand, drought can lead to NSC depletion, causing an imbalance between carbon assimilation and respiration, ultimately resulting in tree mortality due to C starvation (O'Brien et al., 2014; Dulamsuren et al., 2023). On the other hand, the allocation amounts of NSC in organs, particularly roots, under drought conditions have been linked to tree survival, resistance, and forest resilience by osmoregulation and hydraulic function (Canham et al., 1999; O'Brien et al., 2014). The drought adaptation mechanism of NSC and the conversion relationships from sugars to starch in clonal plant ramets remain unclear. Therefore, understanding the impact of drought on the NSC dynamic is crucial for unraveling the mechanisms of drought recovery and the fundamental pattern of new carbon allocation in trees (Wang et al., 2021a; Kannenberg and Phillips, 2019).

Severe drought has a significant impact on the storage, stability, and processes of terrestrial carbon (Deng et al., 2021). Drought not only impacts aboveground C processes (Gao et al., 2021) but also influences belowground SOC fraction and stability (Sun et al., 2023; Novair et al., 2024). It has been observed that drought diminishes the quantity and quality of the SOC (Su et al., 2020), leading to a 3.3% reduction in SOC and a 59% increase in dissolved organic carbon as a meta-analysis (Deng et al., 2021). Long-term drought experiments have shown a significant reduction in soil particulate organic carbon (POC) and an increase in mineral-associated organic carbon (MOC) in the 0–10-cm layer for plant-derived carbon (Sun et al., 2023). Additionally, variation in the quality of dissolved organic carbon under drought can further regulate soil microbial metabolism and nutrient transformation (Tiwari et al., 2022). Examining the effects of drought on the quantity and quality of SOC is essential for understanding the dynamics of forest SOC pools under long-term drought (Su et al., 2020). However, drought-induced changes in the carbon linkage between above- and below-ground processes depend on SOC stability, leading to unpredictable outcomes (Wang et al., 2021b). Therefore, quantifying a threshold for improvement and formulating strategies to alleviate drought’s impact on forest growth is important for sustainable ecological provision in subtropical forest management.

Moso bamboo (Phyllostachys edulis) is extensively distributed in subtropical regions of China, covering approximately 4.68 million hectares, and it exhibits significant potential for carbon sequestration and economic advantages (Ge et al., 2022; Ouyang et al., 2022). The increasing frequency of drought occurrences in moso bamboo habitats in recent years is likely to impact the cultivation and management level of moso bamboo (Tong et al., 2020). Compared to the pot experiment, the benefits of plant–soil carbon association through whip root system exploitation and deeper soil water acquisition under drought conditions will be more credible and authentic for clonal plants in the field with comprehensive studies. Generally, mature trees with larger rooting systems have access to deeper water stores, which leads to less impact on their photosynthetic efficiency and resource acquisition as compared to younger trees (Arain et al., 2022). The impact of drought-induced alterations in organ carbon on SOC fractions within different-aged moso bamboo ramets remains uncertain. Therefore, we hypothesize that 1) drought induces significant differences in SC and NSC among ramets and 2) the changes in SC and NSC in organs would lead to fluctuations in SOC fractions and stability to adapt to drought conditions. The study would provide the plant–soil carbon feedback on drought to improve the measures of combatting drought and future research directions.





Materials and methods




Study site

This study was conducted at the Qianjiangyuan Forest Ecosystem Research Station of the State Forestry and Grassland Administration of China (30°06′ N, 120°00′ E), situated in Fuyang District, Hangzhou, China (Figure 1). The forest area of Miaoshanwu spans approximately 536.7 hm2, with a core area of 348.8 hm2, and encompasses various vegetation types including moso bamboo plantations, Cunninghamia lanceolata, Pinus massoniana, natural secondary forests, and shrub forests, with moso bamboo plantations occupying 30% of the total area. The altitude ranges from 11 m to 536 m, and the soil is classified as reddish loam with a pH of 5.72. The study area exhibits a typical subtropical monsoon climate, with an annual mean temperature of 16.9°C, a mean temperature of 25.4°C in the hottest month, and a mean temperature of 4.5°C in the coldest month. The mean annual precipitation is 1,513 mm, the annual duration of sunshine is 1,995 h, and the annual frost-free period lasts for 237 days.

[image: Map showing China with a focus on Zhejiang province. The left panel highlights China, indicating Zhejiang in grey. The right panel displays a detailed topographic map of Zhejiang, using color gradients from green to red to signify elevation values from -51 to 1850 meters. The Miaoshanwu Nature Reserve is marked with a red triangle.]
Figure 1 | The study area locates in the Miaoshanwu nature reserve, Zhejiang Province, China.





Experimental design and sampling

Three moso bamboo plantations with similar site conditions were identified within the Miaoshanwu forest station. A single fixed plot measuring 10 m × 25 m was selected in each moso bamboo plantation in 2014, subsequently partitioned into two subplots measuring 10 m × 10 m, designated for throughfall exclusion (TE; simulated drought) and control sample (CK; natural rainfall). To mitigate any potential interference, a 5-m spacing was maintained between the two subplots, and the TE and CK treatments were replicated three times. Following the end of the bamboo shoot period in July 2014, PVC waterproofing panels were erected as roofs over drought treatments at a height of 1.5 m from the ground (with an 11 m × 11 m area for the marginal effect), which excluded 70%–80% of the precipitation. Trenches (50 cm long, 20 cm wide, and 60 cm deep) were excavated around the drought subplots to minimize boundary effect and improve drainage, with the interior of the trenches being lined with PVC plastic. The control subplots were subjected to excavation of trenches of identical dimensions, devoid of any additional treatments. The monthly dynamic data of rainfall, soil temperature, and moisture in 0–60 cm (divided by 0–10 cm, 10–20 cm, 20–40 cm, and 40–60 cm) were measured using EM50 (Decagon, San Francisco, CA, USA) in each subplot (Supplementary Figure S1). The characteristics of the study plots are presented in Table 1.

Table 1 | General information for the control plots (CK) and the throughfall exclusion plots (TE) in the experimental moso bamboo stands (mean ± SD, n=3).


[image: A table comparing various environmental factors for three stands, each with two conditions: CK and TE. Factors include elevation, slope, slope aspect, soil depth, soil organic carbon (SOC), soil total nitrogen (N), soil available phosphorus (SAP), diameter at breast height (DBH), height, and density. Each factor has corresponding values under CK and TE for the three stands. Slope aspect is consistently 'S', and soil depth is 60 centimeters across all stands. The table measures factors in respective units and includes standard deviations. Abbreviations are explained below the table.]
Bamboo ramets interconnected through rhizomes were categorized into groups based on the year of sprouting: ramets that emerged in 2017 (grandma; GB), ramets that appeared in 2018 (mother bamboo; MB), and ramets emerging in 2019 (current-year bamboo; CB). In August 2019, fresh leaves, branches, and roots were gathered from both the TE and CK treatment subplots. Leaves and branches were collected from four orientations, while roots were manually excavated and rinsed with deionized water. Each series of samples obtained from the identical subplot was aggregated to create a composite sample with five replicates. The freshly collected samples were first subjected to a 30-min drying period at 105°C, followed by further drying at 70°C for 48 h until a consistent weight was achieved.

Concurrently, six rhizosphere soil samples were collected from each subplot at depths of 0–20 cm through manual excavation, with five repeated measurements. All fresh soil samples were sieved through a 2-mm mesh after the removal of fine roots and visible debris. Subsequently, the composite samples underwent natural air-drying and were subsequently shifted to a 0.25-mm mesh in preparation for SOC fraction analysis.





Sample analysis

The quantification of lignin and cellulose concentration was measured by acid washing (Wang et al., 2016). The determination of acid-soluble lignin content was measured at 205 nm using a UV spectrophotometer (UV-1800, ESM, China) and a muffle oven (CR7, Nanjing, China). In parallel, the insoluble lignin content was ascertained by subjecting the solid material to drying until a constant mass at 105°C ± 3°C using a muffle furnace (CR7, Nanjing, China). Subsequently, the relative lignin content was estimated according to the above two values, and the test was replicated twice for each sample.

NSC in moso bamboo encompasses soluble sugars and starch content, as per the definition adopted in this study. The NSC analysis followed the approach outlined by Li et al. (2008), with each sample being subjected to duplicate analyses and the mean values used to represent the NSC content of the sample. Several adjustments were implemented to ascertain the NSC content. Specifically, 0.10-g samples from various organs were accurately weighed and transferred into 10-mL centrifuge tubes. Subsequently, 2 mL of an 80% ethanol solution was introduced to the centrifuge tube and subsequently subjected to a 30-min water bath at 80°C. Upon cooling to ambient temperature, the solution was centrifuged at a speed of 4,800 r·min−1 for a duration of 10 min, the supernatant was retained to determine the soluble sugar content, while the precipitate was preserved for determination of starch content. This extraction process was repeated three times. The precipitate was then subjected to the addition of 2 mL of distilled water, followed by gelatinization in a boiling water bath for 15 min. Upon reaching room temperature, 2 mL of 9.2 M HClO4 solution was added, followed by shaking for 15 min and subsequent addition of 4 mL of distilled water. The resulting mixture was then centrifuged at 4,800 r·min−1 for 10 min. After aspiration of the supernatant, a further extraction with 2 mL of 4.6 M HClO4 was performed. The entirety of the supernatants was gathered for the purpose of ascertaining the starch content. The absorbance of the solution resulting from the reaction between sugar and starch with the anthrone reagent was quantified using a spectrophotometer set at 625 nm. The content was quantified using the standard curve and expressed as a percentage relative to the organs’ dry weight.

SOC was measured by an elemental analyzer (Elementar, Langenselbold, Germany). The determination of POC was performed according to the method of Cambardella and Elliott (1992). Specifically, 15 g of 0.25-mm air-dried soil was mixed with 100 mL of a 5 g·L−1 sodium hexametaphosphate solution. This mixture was then subjected to agitation on a reciprocal shaker with 90 r·min−1 for 18 h after manually shaking the above mixture for 5 min. Subsequently, the uniformly mixed soil sample was sieved through a 53-μm soil sieve and thoroughly washed with distilled water. The material adhering to the 53-μm soil sieve was designated as the POC fraction, while the soil sample passing through the 53-μm soil sieve was regarded as the MOC fraction. Subsequently, both soil samples were dried at 60°C and then prepared for the determination of organic carbon using an organic carbon analyzer (Shimadzu Corp., Kyoto, Japan). The determination of readily oxidizable carbon (ROC) was conducted using 333 mol·L−1 KMnO4 oxidation colorimetry (Blair et al., 2019). The measure of soil microbial biomass carbon (MBC) was carried out following the chloroform fumigation–extraction method (Vance et al., 1987).





Statistical analysis

Data analysis was conducted using the SigmaPlot 11.0 and SPSS 16.0 software. The t-test was employed to compare organ carbon and SOC fractions between control and drought conditions. After a normality test and Mauchly’s test, the ramet age variations of the parameters in relation to the treatment were analyzed using treatment and ramet age as fixed factors. For the comparison of means, one-way analysis of variance (ANOVA) and least significant difference (LSD) were utilized for multiple comparisons on NSC, SC, and SOC fractions in the different ramets at a significance level of α = 0.05. A two-way ANOVA was employed to assess the impact of treatments and ramet age on organ carbon as well as SOC fractions. Correlation analysis and the Mantel test were utilized to ascertain the relationships between organ carbon and SOC fraction. Graphs were generated using the SigmaPlot 11.0 software, with data presented as mean ± standard deviation.






Results




Effect of long-term drought on structural carbohydrate in different organs

The impact of drought on cellulose and lignin exhibited organ-specific variations (Figure 2; Table 2). Under drought conditions, no significant effect on cellulose concentration was observed across all organs (Table 2, p > 0.05). However, a significant difference was noted in the lignin and cellulose:lignin ratio in leaves and roots (Table 2, p < 0.05), whereas no such difference was evident in branches (p > 0.05). Specifically, drought led to a substantial reduction in cellulose concentration in leaves and roots by 20.0% and 25.5% for current-year bamboo, respectively. Conversely, it resulted in an increase in the lignin concentration of three ramets in leaves by 15.2%, 26.9%, and 26.9% and in roots by 29.7% for mother and grandma bamboo (no effect on current-year bamboo).

[image: Nine bar charts display the percentage of cellulose and lignin, and the cellulose to lignin ratio in three types of bamboo: current-year, mother, and grandma. Each is evaluated across leaves, branches, and roots. Bars are labeled CK (black) and TE (gray) with annotations indicating statistical significance, where different letters (a, b) denote significant differences.]
Figure 2 | Effects of rainfall manipulation treatment (TE vs. CK) on cellulose, lignin and the ratio of cellulose: lignin in different organs of moso bamboo plantations. Different letters in the same organ mean significant difference at 0.05 level between CK and TE treatments.

Table 2 | Effects of rainfall manipulation treatment (TE vs. CK), bamboo age (A) and their interactive effects on cellulose, lignin, and the ratio of cellulose:lignin in different organs of moso bamboo plantations across the sampling period, analyzed with two-way analysis of variance.


[image: Table presenting statistical results of cellulose, lignin, and cellulose-to-lignin ratio under different effects: rainfall treatment (R), age (A), and their interaction (R x A). Each category (Leaves, Branches, Roots) shows degrees of freedom (df), F values, and p values. Significant differences at the 0.05 level are highlighted in bold. Notable results: for cellulose in roots, interaction gives a p-value of 0.013; lignin in leaves has a p-value of 0.002 for rainfall; cellulose-to-lignin ratio in roots under age interaction shows a p-value of 0.000.]
The response of cellulose and lignin concentrations to drought varied among different ramets (Figure 2; Table 2). Notably, significant differences in both cellulose and lignin concentrations were observed in leaves (p < 0.05) of three ramets, as opposed to branches (p > 0.05) and roots (p > 0.05). With regard to the cellulose:lignin ratio, there were significant differences in leaves (p = 0.014) and roots (p = 0.000), but not in branches (p > 0.05). Moreover, the interaction effect between treatment and ramet age on cellulose and lignin concentrations in roots was evident across the study period.





Effect of long-term drought on non-structural carbohydrates in different organs

The impact of drought on NSC levels varied across different organs and ramet ages (Figure 3; Table 3). Notably, the concentration of soluble sugar in leaves and roots was significantly affected under drought conditions (Table 3, p < 0.05), while no significant impact was observed in branches (p > 0.05). Drought led to a substantial increase in the concentration of soluble sugar concentration of leaves and roots by 31.02% and 10.59% for current-year bamboo and by 15.47% and 24.76% for mother bamboo, respectively. Furthermore, drought had a significant effect on starch and NSC concentrations only in roots with increases of 15.21% and 15.48% for current-year bamboo, 9.24% and 16.50% for mother bamboo, 16.30% and 7.68% for grandma bamboo, respectively.

[image: Bar graphs compare sugar, starch, and NSC percentages in leaves, branches, and roots of current-year, mother, and grandma bamboo. CK and TE values are shown, with significant differences indicated by letters.]
Figure 3 | Effects of rainfall manipulation treatment (TE vs. CK) on sugar, starch and non-structural carbohydrate in different organs of moso bamboo plantations. Different letters in the same organ mean significant difference at 0.05 level between CK and TE treatments.

Table 3 | Effects of rainfall manipulation treatment (TE vs. CK), bamboo age (A) and their interactive effects on soluble sugar, starch, and non-structural carbohydrate in different organs of moso bamboo plantations across the sampling period, analyzed with two-way analysis of variance.


[image: Table showing the effects of rainfall treatment, age, and their interaction on soluble sugar, starch, and non-structural carbohydrates in leaves, branches, and roots. Each section lists degrees of freedom, F values, and p-values, with significant differences highlighted at the 0.05 level. For soluble sugar, leaves have a significant p-value under rainfall treatment. Starch and non-structural carbohydrates show significant differences, especially for roots in several comparisons.]
Significant differences were observed in the concentrations of soluble sugar, starch, and NSC concentrations among different ramets (Figure 3; Table 3). Specifically, starch concentration was significantly different in leaves (p = 0.019), branches (p = 0.000), and roots (p = 0.019). Moreover, for soluble sugar and NSC, there were significant differences in branches (p = 0.002 and p = 0.004) and roots (p = 0.001 and p = 0.000). However, no interaction effect between treatment and ramet age on the concentrations of soluble sugar, starch, and NSC in all organs was observed throughout the study period.





Effect of long-term drought on soil organic carbon components

Drought had a significant impact on SOC fractions except for MOC (Figure 4; Table 4, p = 0.005). In comparison to control treatments, the level of SOC decreased by 10.9%, 19.1%, and 6.7% for current-year bamboo, mother bamboo, and grandma bamboo, while MBC decreased by 55.3%, 68.7%, and 61.6%, respectively. Additionally, drought led to an increase in ROC by 29.8%, 11.2%, and 21.2% for current-year bamboo, mother bamboo, and grandma bamboo, respectively. Pertaining to POC, drought caused a decrease of 47.4% for current-year bamboo and an increase of 25.1% for grandma bamboo. However, for MOC, drought resulted in a decrease of 15.7% and 20.5% for current-year bamboo and mother bamboo, respectively, and an increase of 32.2% for grandma bamboo.

[image: Five bar charts compare various soil properties across three ramets (CB, MB, GB) under two treatments (CK, TE). The properties are: (a) POC, (b) MOC, (c) ROC, (d) MBC, and (e) SOC. CK is represented by black bars and TE by grey bars. Each chart shows differing letter annotations indicating statistically significant differences between treatments and ramets. Error bars indicate variability.]
Figure 4 | Effects of rainfall manipulation treatment (TE vs. CK) on soil organic carbon fractions in moso bamboo plantations. POC, soil particulate organic carbon; ROC, readily oxidizable carbon; MBC, microbial biomass carbon; MOC, mineral-associated organic carbon. Different letters in the same ramet mean significant difference at 0.05 level between CK and TE treatments.

Table 4 | Effects of rainfall manipulation treatment (TE vs. CK), bamboo age (A) and their interactive effects on soil particulate organic carbon and mineral organic carbon in rhizosphere soil of moso bamboo plantations across the sampling period, analyzed with two-way analysis of variance.


[image: Table showing the effects of rainfall treatment and ramet ages on various carbon types, including particulate, mineral, readily oxidizable, microbial biomass, and soil organic carbon. Degrees of freedom (df), F values, and p values are listed. Significant differences at the 0.05 level are highlighted in bold.]
The ages of ramet exhibited a significant impact on SOC fraction except SOC (Figure 4; Table 4, p = 0.005). Under control treatments, soil carbon fractions (excluding MBC) in current-year bamboo were significantly higher than those in grandma bamboo. In drought conditions, ROC and MBC in current-year bamboo were significantly higher than those in mother bamboo (by 27.3% and 24.2%, respectively) and grandma bamboo (by 27.4% and 24.4%, respectively) (Table 4). Moreover, POC in current-year bamboo was significantly lower than in mother bamboo (26.9%) and grandma bamboo (77.7%). There was a significant interaction effect between drought and ramet ages for POC, MOC, and MBC (p < 0.05) (Table 4, p < 0.05).





Drought on the relationships between organ carbon and SOC components

Drought changed the relationships of carbon components in plant organs and soil (Figure 5). Under the control treatments, the SC of leaves showed a significant positive correlation with ROC, while the NSC of branches exhibited a positive correlation with ROC and MBC. Furthermore, the NSC of roots was significantly positively correlated with SOC. Additionally, MOC displayed a positive correlation with ROC and MBC, while ROC exhibited a negative correlation with MBC.

[image: Two correlation matrices compare relationships among various factors, indicated by labels like POC, ROC, and MOC. Each matrix includes colored star-shaped symbols representing different levels of correlation: Mantel’s p and r values, and Pearson’s r, are indicated by color gradients ranging from red to blue. Lines connect the labels, with the top matrix featuring gray and green lines, and the bottom showing predominantly green lines. Legends explain the significance of colors for Mantel's p, Mantel's r, and Pearson's r.]
Figure 5 | Correlation between organ carbon and soil organic carbon fractions under rainfall manipulation treatment and control (TE vs. CK) in moso bamboo plantations. Blue and red in the square represent positive and negative correlations between the two variables, respectively. The deeper the color, the stronger the relationship. POC, soil particulate organic carbon; ROC, readily oxidizable carbon; MBC, microbial biomass carbon; MOC, mineral-associated organic carbon; LeNSC, non-structural carbon in leaves; BrSC, structural carbon in branches; BrNSC, non-structural carbon in branches; RoSC, structural carbon in roots; RoNSC, non-structural carbon in roots. *p < 0.05; **p < 0.01.

The drought conditions strengthened the connections between SC and NSC in various tissues and organs of moso bamboo with SOC fractions (Figure 5). Under the drought treatments, the SC of leaves exhibited a significant positive correlation with ROC, while the SC of branches showed a positive correlation with ROC and POC. Additionally, the NSC of branches displayed a positive correlation with POC, and the SC of roots was associated with POC and ROC. Moreover, the NSC of roots showed a significant positive correlation with MBC. Furthermore, the SC of leaves was significantly correlated with the SC carbohydrates of branches and roots. POC was positively linked with MBC (Figure 6).

[image: Diagram comparing bamboo plants under control and drought conditions, showing structural changes. Control side lists cellulose at twenty percent, lignin at twenty-one point one percent; drought side lists cellulose at twenty-nine point seven percent, lignin at twenty-five point five percent. Arrows indicate sugar, starch changes, and connectivity between plant parts (labeled LeSC, BrSC, RSC, NSC, etc.) under each condition.]
Figure 6 | Schematic representation of the linkage of organ carbon and soil organic carbon fractions under rainfall manipulation treatment (TE vs. CK) on moso bamboo plantations. Blue and black in the square represent positive and negative correlations between organ carbon and SOC fractions variables, respectively. The solid line represents significance, dashed line represents insignificance. The black upward arrow indicates an increase, the black downward arrow indicates a decrease. POC, soil particulate organic carbon; ROC, readily oxidizable carbon; MBC, microbial biomass carbon; MOC, mineral-associated organic carbon; LeNSC, non-structural carbon in leaves; BrSC, structural carbon in branches; BrNSC, non-structural carbon in branches; RoSC, structural carbon in roots; RoNSC, non-structural carbon in roots.






Discussion




Effect of drought on SC in different ramets

The impact of drought stress on cell wall composition remains relatively limited, despite its evident effects on cell wall (van der Weijde et al., 2017). Drought caused the shift of fiber fractions (cellulose and lignin) with more resource-conservative morphological traits, instead of becoming tougher (Reinelt et al., 2023). In Miscanthus sinensis, a reduction in cell wall content in leaves of 6%–8% under 3 weeks of drought was observed, particularly affecting SC such as cellulose and hemicellulose (Hassan et al., 2022). In a recent study, the subsequent increase in cellulose proportion by 2.2% and 3.2% after 3 weeks of drought did not affect leaf lignin levels, suggesting a downregulation of cellulose biosynthesis in response to drought (Hassan et al., 2022). Moreover, an increase in cellulose content in the branch indicated enhanced secondary growth due to drought (Rehschuh et al., 2022). However, in the current study on moso bamboo, no significant effect on cellulose in all organs under drought conditions (Table 2, p > 0.05) was observed, suggesting that drought has a limited affected on the thickness and hardness of the cell wall in moso bamboo organs. In contrast, van der Weijde et al. (2017) demonstrated a substantial decrease in cellulose content in stem tissue by 46%–51% and leaf tissue by 43% in Miscanthus under drought conditions. Furthermore, the study by Hlahla et al. (2022) revealed that drought significantly decreased cellulose at 3,800–3,000 cm−1 and lignin at 1,458 cm−1. These inconsistent results indicate that clonal plant has different drought adaptation strategies by resource sharing of whip root system without limiting chemical trait response (Tong et al., 2020).

The lignin content in roots is related to root mechanical flexibility, water uptake, and soil carbon sequestration by roots (Suseela et al., 2020). Drought has been found to significantly increase soluble lignin content by 17%–27% (Hlahla et al., 2022). In this study, significant differences in lignin and cellulose:lignin ratio were observed in leaves and roots (Table 2, p < 0.05), but not in branches (p > 0.05), indicating that the changes in chemical structure composition in leaves and roots are an important resource-conservative strategy of drought resistance (Suseela et al., 2020; Eberhardt and Samuelson, 2022). Both increases and decreases in lignin contents under drought conditions have been reported in different tissues and plant species. van der Weijde et al. (2017) found that drought had significantly affected stem lignin content (p = 0.015), but not leaf tissues (p = 0.522) in Miscanthus. The inconsistent findings suggested that the levels of lignin may either improve or reduce depending on the plant and tissue type. The change in structural rigidity facilitates the improvement of vertical growth and resistance to pathogenic and excessive transpiration (Wang et al., 2023a). Changes in SC concentration in moso bamboo indicated that enhancing lignin deposition, which enhances physical resistance to drought, could be utilized as an alternative approach to cultivating drought-resistant plants (Choi et al., 2023). Furthermore, in this study, compared with old ramets, young ramet had higher lignin and lower cellulose:lignin ratio in all organs, suggesting that young bamboo possesses stronger mechanical strength and stability of the cell wall to protect cells from external damage (Shi et al., 2022).





Effect of drought on NSC in different ramets

Drought led to a great decrease in leaf starch concentration and cut down the transport of new carbohydrates from aboveground to belowground (Huang et al., 2024). The responses of NSC concentration to drought in trees vary with drought intensity and duration as well as tree species (Thompson et al., 2023). In the present study, drought significantly increased the soluble sugar concentration of leaves (15.5%–31.0%), suggesting that drought caused an increase in carbon transportation to belowground tissues by the level of root carbon demand for fine root expansion (Liu et al., 2020); this indicates a conversion between leaf starch and soluble sugars for meeting the demand of osmotic regulation with a decrease in leaf water potential under drought (Huang et al., 2024). Similarly, the study by Wang et al. (2021c) showed that drought increased the soluble sugars content and enhanced the soluble sugars:starch ratio in all tissues of Pinus tabulaeformis seedlings but decreased the starch concentration with the increase in the drought intensity. In this study, the change in NSC components in roots confirmed that drought increased the downward translocation of aboveground organs for photosynthetic production (Wang et al., 2021a; Kono et al., 2019), suggesting that lower levels of soluble sugars in leaves may retain new photosynthates for fast turnover to meet the demand of basal respiration or other production (e.g., monoterpenes) (Alagoz et al., 2023; Huang et al., 2024). In contrast, a meta-analysis of 71 tree species showed that drought significantly reduced NSC in roots by 17.3% (Li et al., 2018). Therefore, the change in NSC under drought conditions depends on tree type, tree age, and leaf habit (Li et al., 2018).

In this study, drought led to a significant increase in soluble sugar (10.6%–24.8%), starch (9.2%–15.5%), and NSC (7.7%–16.5%) levels in roots (Figure 3). The rise in NSC levels in roots due to drought may suggest that improved carbon translocation increased more assimilated carbon toward root utilization for metabolic requirements (Li et al., 2018). This result indicates that roots play an important role in maintaining survival and improving drought resistance by regulating the NSC of the whip root system for clonal plants (Stefaniak et al., 2024; Xiao et al., 2024). It appears that the reduction in NSC availability to tree roots occurs at a faster rate than NSC utilization during water stress conditions. Conversely, Kannenberg and Phillips (2019) showed that NSC storage remained remarkably stable across different species and tissues under drought conditions despite a drastic decrease in carbon assimilation. Consequently, roots may encounter carbon deficiency or adjust the NSC storage prior to other plant parts (Stefaniak et al., 2024), offering insights for enhancing mechanistic forecasts of tree mortality in Dynamic Global Vegetation Models (DGVMs) (Deng et al., 2021).

In this study, the age of ramets was found to significantly impact soluble sugar and NSC levels in both branches and roots as well as starch in all organs (p < 0.05), indicating that old NSC storage reserves in stem and roots have more important role in sustaining survival and metabolism under drought conditions (Huang et al., 2024). In this study, the lower NSC levels in young bamboo for all organs suggest that the sensitivity to drought is higher in young trees compared to mature trees, which means young trees activated physiological regulation processes to reduce the risks of carbon starvation and improve the adaption (Li et al., 2018). Preferential allocation of NSC to belowground root NSCs is important for plant growth and metabolism under disturbance (Montague et al., 2022). The study of O'Brien et al. (2014) demonstrated that the mortality rate of NSC-enriched tropical tree seedlings (24%) was lower than that of NSC-depleted seedlings (33%) after a 90-day period. In this study, a lower NSC concentration in old ramet indicated that the growth decline of leaves and branches with plant age caused by carbon economy under drought was more significant in mature trees than that in samplings for the reconstruction of efficient hydraulic system and carbon status (Guo et al., 2024). Therefore, the maintenance of NSC storage from aboveground organs and root systems may be related to irreversible hydraulic damage with drought duration and intensity (Kannenberg and Phillips, 2019). Fluctuations between sugar and starch are used to improve survival with the functional demands of trees under environmental stress (Kannenberg and Phillips, 2019).





Effect of drought on SOC fractions and the relationship with aboveground carbon

SOC significantly affected the drought resistance and resilience of the forest ecosystem by microbial activities (Amarasinghe et al., 2024). Drought has been found to reduce the absolute amount of new carbon to SOC while also increasing the proportional amount according to the 13CO2 pulse labeling experiment (Wang et al., 2021b). In the present study, drought caused a significant decrease in rhizosphere SOC (p = 0.005), with no observed effect of ramet ages or their interaction, suggesting that roots and their activities were the important source of surface SOC under drought. These findings indicate that alterations occurring at the root–soil interface may play a crucial role in enhancing drought tolerance and resilience of SOC (Steiner et al., 2024). Extended drought in subtropical forest soils significantly transformed the composition and stability of SOC substances. The study revealed a significant reduction in POC, ROC, and MBC as well as ramet ages in response to drought, suggesting that drought resulted in decreasing the carbon allocation in plant organs to roots and rhizosphere (Wang et al., 2023b), indicating that root-derived carbon plays a more important role in soil soluble carbon (POC, ROC, and MBC) than that in MOC in rhizosphere soil under drought (Chen et al., 2016; Sun et al., 2023). Modifications occurring at the interface of roots and soil due to drought may have critical implications for the resilience of ecosystems in the context of climate change (Steiner et al., 2024).

More precisely, the relationship between SOC and the sensitivity of above-ground net primary productivity to drought exhibited a negative correlation, whereas a positive correlation was observed between SOC content and the sensitivity of belowground net primary productivity to drought (Jaman et al., 2024). In the current study, drought treatments strengthened the associations between the SC and NSC of different tissues and organs with soil carbon components on moso bamboo (Figure 5), suggesting that the variation in SOC during prolonged drought can be attributed to input changes in plant-derived carbon (Steiner et al., 2024). Xia et al. (2023) demonstrated that the change in soil 13C exhibited a decline as the plant 13C increased, whereas MB 13C content initially decreased and then increased with the rising plant 13C. In this study, the SC of branches exhibited positive correlations with ROC and POC, while the NSC of branches showed a positive correlation with POC, indicating the important role of branches for SOC components. This result verified that drought strengthened the linkages between branches and SOC components to meet the root growth demands or resource acquisition (Tang et al., 2022).

In this study, the SC of roots was significantly positively correlated with POC and ROC, while the NSC of roots showed a significantly positive correlation with MBC (Figure 6), suggesting that root-derived carbon is initially transferred to soil microbiome with enhanced resource exploitation and then sequenced within the soil. This finding is also consistent with a previous study indicating that SC and NSC could affect SOC fraction by stimulating SOC decomposition via root exudation (Adamczky et al., 2019). Additionally, the soluble carbon of POC and ROC in rhizosphere soil exhibited significant correlations with root carbon (e.g., SC), indicating that root-derived SC may increase SOC as the predominant source of SOC and that drought caused an increase in the 13C allocation to root and SOC fractions (Xia et al., 2023). Our findings highlighted that plant–soil carbon feedback in clonal plants influences soil carbon cycling, which would help to understand the group drought resistance strategy of clonal plants.






Conclusions

Carbon input through plant organs into the soil is a major flux in the global carbon cycle and is crucial for carbon sequestration and ecosystem stability under climate change. In this study, we aimed to examine the interaction between organ carbon and SOC fraction among different-aged ramets on moso bamboo under drought conditions. The study indicated that drought-induced plasticity of organ chemical traits can affect soil organic carbon storage with a more resource-conservative strategy. It also highlighted the alteration in carbon allocation has consequences for soil carbon storage during longer-term drought, where leaves function as potent carbon sinks, leading to increased accumulation of soluble sugars and starch, as drought intensifies. The soil storage depends strongly on moso bamboo age and organ carbon. These results propose that the ramet plant prioritizes the investment of assimilates belowground (root) for regaining root function during drought. The study indicates that the interlinked organ carbon with soil organic carbon stability is hampered by the response of these processes with species, ramet age, and drought intensity. Such linkages of plant-derived carbon and SOC stability will improve integrative ecological understanding of ecosystem carbon cycling processes under drought.
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Introduction

Astragali Radix is the dried root of Astragalus mongoliae or Astragalus membranaceus, a leguminous plant. Since ancient times, Astragali Radix has been widely used in Chinese traditional Chinese medicine. As people become more health-conscious, the market demand for Astragali Radix grows and its popularity is increasing in the international market. As an important medicinal plant, the growth of Astragali Radix is strongly influenced by environmental conditions. In order to meet the market demand for high quality Astragali Radix herbs, it is necessary to search and find areas suitable for the growth of Astragali Radix.





Methods

In this study, we assessed the potential impacts of climate change on the distribution of the Chinese medicinal plant Astragali Radix using the maximum entropy (MaxEnt) model in combination with a geographic information system(GIS). Distribution data and environmental variables were analyzed to predict suitable areas for Astragali Radix under the SSP126, SSP245 and SSP585 scenario for current and future (2041-2060, 2061-2080, 2081-2100). Jackknife is used to assess the importance of environmental variables, and environmental variables with a model contribution greater than 5% were considered to be the main drivers.





Results

The results showed that the current area of suitable area for Astragali Radix is 188.41 km2, and the three climate scenarios show an increasing trend in the future, with a maximum of 212.70 km2. North China has always been the main suitable area, while the area of suitable area in Southwest China is decreasing, and Xinjiang will be developed as a new suitable area in the future. Annual precipitation (41.6%), elevation (15.9%), topsoil calcium carbonate (14.8%), annual mean temperature (8.3%), precipitation seasonality (8%) and topsoil pH (6%) contributed more to the model and were the main environmental influences on the distribution of Astragali Radix. In addition, the centroids of the suitable areas shifted northward under all three climate scenarios, indicating a migratory response to global warming.





Discussion

Our study found that suitable area of Astragali Radix has been expanding for most of the time in each period of the three climate scenarios compared with the current situation. In the future, humans can focus on enhancing the cultivation techniques of Astragali Radix in these suitable areas. This study provide a scientific basis for the development of planting strategies and spatial distribution management of Astragali Radix. It helps to optimize the selection of planting areas and resource conservation of Chinese herbs.
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1 Introduction

Astragali Radix is the dried root of Astragalus mongoliae or Astragalus membranaceus, a leguminous plant, which not only has good medicinal value of tonic qi, but also has the ecological functions of windbreak, sand fixation and soil and water conservation (Zhong, 2018). It is common in Eurasian countries, including China, Russia, Kazakhstan and Mongolia (Zhang, 2007). In China, Astragali Radix is mainly distributed in Heilongjiang, Jilin, Nei Mongol, Hebei, Ningxia, Gansu, Qinghai, Sichuan, and Tibet (Liu et al., 2019; Wang et al., 2023c). The polysaccharides, saponins, and flavonoids of Astragali Radix are its main active components and the main basis for evaluating the quality of Astragali Radix herbs (Zhang et al., 2022). which make Astragali Radix have a variety of medicinal values such as improving immunity, protecting the liver, nourishing and tonifying (Ma et al., 2022; Shao et al., 2023), and have been widely used in the treatment of hypoxic-ischemic encephalopathies, circulatory disorders, respiratory disorders, renal disorders, neurological disorders, and blood sugar and blood pressure. China has focused on ecological protection in recent years and advocated standardized cultivation of Chinese herbs, which has provided an opportunity for the scientific cultivation of Astragali Radix and many other Chinese medicinal plants (National Forestry and Grassland Administration, 2022).

Climatic, meteorological, topographical and geomorphological factors are of vital importance to plant cultivation, and they not only influence the growth and development of plants, but also determine their distribution range and planting strategies. The cultivation and efficacy of herbal medicines, in particular, are greatly influenced by ecological factors (Wu et al., 2019). Soil is a factor that must be considered when conducting research on plant cultivation. Previous scholars have conducted several studies on the relationship between the active ingredients of medicinal plants and soil factors (Shang et al., 2012; Hou et al., 2024; Yang et al., 2024). These studies all indicate that soil factors affect the accumulation of active ingredients in drugs. Furthermore, the geographic distribution pattern of plants will change as global temperatures rise, precipitation patterns change, and extreme weather events become more frequent (Kosanic et al., 2018). Climatic spaces suitable for plant distribution are likely to disappear (Gómez-Ruiz and Lacher, 2019), accompanied by changes in the topography suitable for medicinal plants (Li et al., 2024a). A study on the geographic distribution of plant species in China shows that 122 plant species in China are at risk of losing their geographic ranges completely under future climate change scenarios, and 125 species will migrate to higher latitudes and higher altitudes (Wang and Wu, 2024). The same migration trend was confirmed in a study by Malaysian scholars (Muzafar et al., 2022).

Ecological niche models (ENMs) are an important tool for speculating the potential distribution areas of species by comprehensively analyzing their distribution information and related environmental variables (Zhang et al., 2024b), and a variety of models have been derived, such as the Maximum Entropy Model (MaxEnt) (Zhao et al., 2022b), the biological population growth model (CLIMEX) (Early et al., 2022), the Ecological Niche Factor Analysis (ENFA) (Rosas et al., 2022), and the Genetic Algorithm Model (GAM) (Liu et al., 2012). Among them, the MaxEnt model proposed by Edwin Thompson Jaynes in 1957 is considered to be the best tool to be used in conjunction with GIS (Geographic Information System). It is a probabilistic model based on entropy maximization, which can learn conditional probability distributions by maximizing entropy under given conditions, and is able to predict the potential range of a species using known species distribution data and environmental factors (Wang et al., 2024). Due to its simplicity in modeling and accuracy in prediction, the MaxEnt model has been widely used in the fields of ecology, geography and botany in recent years. In particular, it plays an important role in the prediction of potentially suitable areas of species (Xia et al., 2023; Chen et al., 2022), the risk assessment of biological invasion (Wang et al., 2023a), and the prediction of pest and disease trends (Chen et al., 2024). Today, the MaxEnt model has been used in the distribution studies of a variety of herbal medicines, such as gastrodia elata (Hu et al., 2023), trollius wildflowers (Fan and Luo, 2024), gymnadenia conopsea (Cha et al., 2024), cinnamomum cassia (Li et al., 2024b), and so on. This provides a scientific basis for predicting the impact of climate change on the distribution of Chinese herbal medicines in suitable areas, evaluating the amount of Chinese herbal medicine resources, and guiding the selection of areas for cultivation of Chinese herbal medicines.

In recent years, wild Astragali Radix resources have been decreasing year by year, and nowadays artificial cultivation is the mainstay (Zhang et al., 2024a). Therefore, in order to conserve and cultivate Astragali Radix, it is crucial to understand its current regional distribution in China and its spatial pattern of suitable areas under future climate change. In this study, we combined the MaxEnt model and Geographic Information System (GIS) to screen the dominant environmental factors affecting the potential distribution of Astragali Radix on the basis of the available distribution information, taking into account climate, topography and soil factors (Xu et al., 2023). Meanwhile, the changes in the distribution of the possible suitable areas and the migration of centroids of Astragali Radix were predicted under the scenarios of SSP126, SSP245, and SSP585 for the years 2041-2060, 2061-2080, and 2081-2100, respectively. This study provides an important reference for future conservation and cultivation strategies of Astragali Radix.




2 Materials and methods



2.1 Data collection

Astragali Radix distribution data were obtained from the Global Biodiversity Information Facility (GBIF, http://www.gbif.org/) and the Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn/). Bioclimatic variables were downloaded from the World Climate Database (WorldClim, http://www.worldclim.Org/). Elevation data were obtained from the Geospatial Data Cloud (http://www.gscloud.cn/) of the Chinese Academy of Sciences, from which slope and aspect were extracted. Soil data were obtained from the Harmonized World Soil Database (Harmonized World Soil Database version 1.1, http://www.fao.org/soilsportal/). A total of 35 environmental variables were used in our study, including 19 climate factors, 13 soil factors, and 3 topographic factors, and all data had a spatial resolution of 2.5min (Table 1). Where bioclimatic variables included current data and future data (2041-2060, 2061-2080, 2081-2100) under the Shared Socioeconomic Pathway 1-2.6 (SSP126), the Shared Socioeconomic Pathway 2-4.5 (SSP245) and the Shared Socioeconomic Pathway 5-8.5 (SSP585). SSP126, SSP245, and SSP585 represent future climate scenarios with radiative forcing targets of 2.6, 4.5, and 8.5 W/m², respectively, and they represent different global development paths from active climate policies to high-emission trajectories.

Table 1 | The contribution rate of environmental variables.


[image: A table displaying environmental variables across three categories: Climate, Soil, and Topographical. Each variable has columns for abbreviation, details, whether it is excluded, percent contribution, and suitable range. Climate variables like mean temperature and precipitation have specific values and ranges. Soil variables include topsoil characteristics, with some percent contributions and ranges. Topographical variables show elevation and slope details. Percent contributions and suitable ranges vary, and some variables are marked as excluded.]



2.2 Data processing



2.2.1 Analysis and processing of occurrence data

To avoid errors caused by clustering effects, the 802 Astragali Radix distribution data were filtered using the ENMTools 1.4 tool so that only one observation was retained in each 2.5 min grid. After removing redundant data, the final 195 distribution data were included in the model.




2.2.2 Analysis and processing of environmental variables

The 35 environmental data corresponding to the location of Astragali Radix were extracted using ArcGIS 10.7 software, and Pearson correlation analysis was performed using SPSS 25.0 software. For the environmental variables with correlation coefficients greater than 0.8 in the results, only one was retained (the one with higher contribution was selected), and finally 19 environmental variables were included in the model (Figure 1; Table 1).

[image: A correlation matrix displaying colored circles representing correlation values between variables labeled on the x and y axes. Blue circles indicate positive correlations, while red circles indicate negative correlations. The intensity of the color reflects the strength of the correlation. The size of the circles varies accordingly. A color gradient on the right ranges from blue (1) to red (-1).]
Figure 1 | Correlation of environment variables.





2.3 Model evaluation

The ENMeval package in R 4.3.1 was used for parameter optimization to improve the accuracy of MaxEnt model by adjusting the optimal values of the regularization multiplier (RM) and the feature categories (FC) (Muscarella et al., 2014). FC (H, L, LQ, LQH, LQHP, LQHPT) and RM (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4) were combined to calculate the Akaike Information Criterion Coefficients (AICc) and to assess the model fit and complexity. The optimal combination of parameters with the minimum AICc score (DAICc=0) was eventually incorporated into the model as a way to improve the predictive performance of the model. AUC refers to the area under the ROC (receiver operating characteristic) curve which is usually utilized for testing the accuracy of a model, and it is not affected by the proportion of subjects in the analyzed sample (Parodi et al., 2022). The accuracy of the model is assessed based on the AUC value, the magnitude of which is proportional to the predictive performance of the model. The model accuracy of AUC value prediction can be categorized into four levels: excellent (0.9-1), good (0.8-0.9), fair (0.7-0.8), and poor (<0.7) (Swets, 1988).




2.4 Classification of suitable areas

The maximum test sensitivity plus specificity threshold (MTSPS) is usually used as a dividing line to delineate the suitable area of a species (Wang et al., 2024). The range is from 0 to MTSPS values for unsuitable areas and from MTSPS values to 1.0 for suitable areas. The MTSPS value of this study was 0.362, so areas with P ≤ 0.362 were classified as suitable areas for Astragali Radix, and areas with P>0.362 were classified as unsuitable areas. The predictions were imported into ArcGIS 10.7 software and the reclassification tool was used to categorize the potentially suitable areas, and the corresponding spatial areas were calculated and visualized.




2.5 Centroids of suitable areas

Mean centers of mass (centroids) for the suitable areas were calculated for each period using the Metrics Geographic Distribution tool in the Spatial Statistics tool of the ArcGIS 10.7 software. Combine centroids from different time periods into one vector data and plot migration directions and distances using the Point Set to Line tool in the Data Management tool.





3 Results



3.1 Model optimization results and accuracy evaluation

When RM was 3.5 and FC was LQH, the DAICc was 0 and the AUC value was as high as 0.889, indicating that the model had been optimized for better prediction accuracy and less overfitting. The model has higher accuracy in predicting the suitable growth area of Astragali Radix under different climatic conditions (Supplementary Figure S1; Figure 2).

[image: Graph A shows average omission and predicted area for Scutellaria baicalensis Georgi, with fractional values plotted against cumulative threshold. Key elements include mean area and predicted omission. Graph B displays average sensitivity versus specificity for the same plant, with sensitivity plotted against specificity. Key elements include mean AUC of 0.873 and a random prediction line.]
Figure 2 | Model accuracy evaluation. AICc value of parameter combinations based on the ENMeval calculation. AICc, Akaike information criterion correction; L, linear; Q, quadratic; H, hinge; P, product; T, threshold. H, L, LQ, LQH, LQHP and LQHPT mean different feature categories. DAICc = 0 means the model with this parameter combination is the optimal one. ROC curves of MaxEnt result. (A) The ROC verification curve of Maxent model; (B) Jackknife test of the importance of variables.




3.2 Influence of major environmental factors

Of the 19 environmental variables that were ultimately included in the model, those with a contribution greater than or equal to 5% were bio12 (annual precipitation, 41.6%), d_ele (elevation, 15.9%), t_caco3 (topsoil calcium carbonate, 14.8%), bio1 (annual mean temperature, 8.3%), bio15 (precipitation seasonality, 8%), t_ph (topsoil pH, 6%). In addition, the jackknife test showed that bio12, d_ele, t_caco3, bio1, bio15 and t_ph all fit the training data well, indicating that they contained the most useful information not contained in the other variables (Figure 3).

[image: Two side-by-side horizontal bar charts compare environmental variable gains. The left chart shows regularized training gain, and the right shows test gain for variables like bio1, bio12, and t_teb. Blue bars represent performance without a specific variable; red bars represent performance with all variables. The charts demonstrate different levels of importance and contribution of each variable to the model's performance.]
Figure 3 | Results of jackknife test for the importance of the variables for MaxEnt.

The existence probability greater than and equal to 0.5 was taken as the most suitable condition for survival. From the one-factor response curve, it can be seen that when bio12 in the range of 351.96~712.77mm, d_ele in the range of -783.10~1052.71m, t_caco3 in the range of 2.08%~16.38%, bio1 was in the range of 4.86~15.08°C, bio15 in the range of -165.68~100.23, t_ph in the range of 7.31~9.34 was most suitable for growth of Astragali Radix (Figure 4).

[image: Six line graphs show the response of Scutellaria baicalensis Georgi to different environmental variables: bio12, d_ele, t_caeco3, bio1, bio15, and t_ph. Each graph includes a blue function line and pink confidence intervals, displaying various relationships such as positive, negative, and parabolic trends between the variables and the logistic output.]
Figure 4 | Response curve of Astragali Radix existence probability to the main factors.




3.3 Potential distribution of Astragali Radix in China

The results showed that under the current climatic condition, the suitable areas of Astragali Radix was 188.41×104 km2, which was mainly concentrated in North China such as Beijing, Liaoning, Hebei, Shandong, Shanxi, Shaanxi, Henan, and Southwest China, such as Yunnan, Guizhou, and Sichuan. Under the SSP126 scenario, the suitable areas increased from 187.58×104 km2 to 190.96×104 km2 and finally reached 193.70×104 km2. Under the SSP245 scenario, the suitable areas increased from 191.59×104 km2 to 195.09×104 km2 and finally reached 213.02×104 km2. Under the SSP585 scenario, the suitable areas increased from 198.46×104 km2 to 203.74×104 km2 and finally reached 212.70×104 km2 (Supplementary Table S1). The area of potential suitable areas is higher than that under the current climate conditions under all three climate scenarios. Under the same climate scenario, the area of suitable areas showed an increasing trend over time. In addition, the potential suitable areas for Astragali Radix under the three climate scenarios in the future will still be mainly distributed in North China, the suitable areas in Southwest China will be less than the current area, and new suitable areas will be developed in Northwest Xinjiang (Figure 5).

[image: Maps showing projected suitable and unsuitable areas for a species in China under various climate scenarios from 2041 to 2100. Each map depicts different SSP scenarios (SSP126, SSP245, SSP585) for specific periods. Suitable areas are marked in green, unsuitable areas in white, with a scale indicating distance in kilometers. The maps illustrate geographic changes in habitat suitability over time.]
Figure 5 | Prediction of potential suitable areas of Astragali Radix in different periods.




3.4 Dynamics of the future area of suitable areas

The results showed that under the SSP126 scenario, the suitable areas showed a slight contraction (-0.84×104 km2) during the period 2041-2060, followed by an expansion of 2.55×104 km2 and 5.29×104 km2 during the periods 2061-2080 and 2081-2100, respectively. Under the SSP245 scenario, the suitable areas will expand by 3.19×104 km2 during 2041-2060, 6.68×104 km2 during 2061-2080, and significantly by 24.61×104 km2 during 2081-2100. Under the SSP585 scenario, the suitable areas will expand by 10.05×104 km2 during 2041-2060, 15.33×104 km2 during 2061-2080 and 24.30×104 km2 during 2081-2100 (Supplementary Table S2). The expansion area is mainly located in Inner Mongolia Autonomous Region and northwestern Xinjiang, while the reduction area is mainly concentrated in the southwestern China. The suitable area of Astragali Radix has been expanding for most of the time in each period of the three climate scenarios compared with the current situation (Figure 6).

[image: Maps depicting projected changes in geographical ranges across China under different SSP scenarios and time periods. Each map shows areas of range expansion in brown, no change in yellow, and range contraction in blue. The scenarios are SSP126, SSP245, and SSP585, covering periods: 2041-2060, 2061-2080, and 2081-2100. A key indicates colors representing range changes and a scale for distance measurement.]
Figure 6 | Suitable distribution changes of Astragali Radix in different periods.




3.5 Centroids migration of suitable areas in the coming period

Currently, the centroid of the suitable area of Astragali Radix is located in Tang County, Hebei Province (115.047°E, 38.656°N). From now to 2041-2060, the centroids under the three scenarios of SSP126, SSP245, and SSP585 has moved by 193.02 km, 229.55 km, and 261.88 km, respectively, and the centroid is located in Xuanhua District (114.943°E, 40.391°N), Qiaodong District (114.944°E, 40.720°N), and Chongli District (114.914°E, 41.011°N). From 2041-2060 to 2061-2080, the centroid shifted by 26.71 km, 23.11 km, and 63.20 km, and the centroids were located in Xuanhua District (114.814°E, 40.611°N), Qiaodong District (114.779°E, 40.887°N), and Chongli District (115.088°E, 41.564°N), respectively. From 2061-2080 to 2081-2100, the centroid shifted by 27.25 km, 53.81 km, and 48.92 km, and the centroids were located in Qiaodong District (115.006°E, 40.808°N), Chongli District (115.265°E, 41.204°N), and Taibesiqi (115.125°E, 42.004°N), respectively. Under all three climate scenarios, the suitable areas of Astragali Radix showed a northward trend, but the degree of northward movement was different, as shown by SSP585 > SSP245 > SSP126 (Figure 7).

[image: Map of China highlighting climate data with a zoomed section of Hebei Province. The larger map shows color gradations from red in the west to blue in the east, indicating different climate zones. The inset focuses on counties within Hebei, showing various pathways marked by colored dots and lines representing different SSP scenarios: SSP126 (green), SSP245 (yellow), and SSP585 (red). Key regions are labeled with country and district names. A scale bar is included.]
Figure 7 | Situation of centroid shift of suitable areas of Astragali Radix in different periods.





4 Discussion

Astragali Radix is widely cultivated in China and its distribution is highly dependent on regional environmental conditions. In view of the continuing effects of climate change, it is necessary to assess the environmental influences on the distribution of Astragali Radix and to predict suitable distribution areas for the future. This study analyzed the changes in suitable areas of Astragali Radix based on the optimized MaxEnt model for the years 2041-2060, 2061-2080 and 2081-2100. More importantly, in order to avoid the overfitting problem of MaxEnt caused by the concentrated distribution points and cross-correlation among environmental variables, this study used the spatial analysis functions of ArcGIS and ENMTools to screen the distribution points and environmental variables. In addition, the key parameters RM and FC were optimized using the ENMeval software package in order to improve the prediction accuracy of the model. The AUC value of the optimized model was close to 0.9, indicating the reliability of the model for simulation and prediction. Therefore, the model can be used to predict the distribution of Astragali Radix.

Medicinal plants are affected by a variety of environmental factors during their growth and development. Wang et al. in their study of medicinal plants on the Tibetan Plateau noted that medicinal plants are greatly affected by temperature and precipitation (Wang et al., 2021). Astragali Radix, as a typical dry perennial herb, is suitable for growth in cool and dry climatic conditions. The drought environment inhibits the growth of aboveground parts of Astragali Radix, so that nutrients are preferentially transported to the roots, which affects the accumulation of flavonoid components, thus affecting the quality of Astragali Radi (Li, 2017; Liang et al., 2016). Elevation is also a major influence on the distribution of Astragali Radi in this study. Previous studies have suggested that when Astragali Radix is planted at an altitude of about 1700 m, it is more favorable for the accumulation of its main active components (Wu et al., 2021), and thus there will be a difference in the quality of Astragali Radix planted at different altitudes. Soil moisture is another important factor that affects the distribution of Astragali Radix, and it can have an impact on the activity and reproduction of Astragali Radix pests. For example, Lerin et al. found that high moisture environments promote the hatching of weevil eggs (Lerin, 2004). Excessive soil moisture can limit the growth length of the main root of Astragali Radix, reduce the formation of lateral roots, and also highly susceptible to root skin rot (Su, 2017). In addition to climatic and topographic factors, this study also found that soil calcium carbonate also affects the suitable area of Astragali Radix. It has been previously demonstrated that calcium carbonate not only restores the original pH of the soil, but also stabilizes soil pH through its acid-base buffering capacity (Yu et al., 2017). Therefore, this favors the growth of Astragali Radi, which prefers alkaline growth conditions (Wu et al., 2015). Moreover, previous studies have found strong anthropogenic correlations with medicinal plant diversity (Zhao et al., 2022a), suggesting that anthropogenic activities may also influence the regional distribution of Astragali Radix.

Intergovernmental Panel on Climate Change (IPCC) (2023) shows that compared to 1995-2014, the likely range of projected changes in global mean annual land precipitation over the period 2081-2100 is 0.0-6.6%, and the global mean surface air temperature average is likely to increase by 0.5-1.5°C (Intergovernmental Panel on Climate Change (IPCC) (2023)). Many studies have confirmed that climate change drives species migration to higher latitudes (Wang et al., 2023b; Bertrand et al., 2011). This is consistent with the overall northward migration of centroids in the Astragali Radix suitable areas. The specific migration direction and the variability of migration distance may be related to a variety of factors, such as human activities, altitude and land use type (Ding et al., 2020; Yang et al., 2013). Moreover, while previous studies have suggested that the frequency and intensity of extreme precipitation events may increase globally (Zhou et al., 2023) and that the geographic distribution of most plants may decrease (Wang and Wu, 2024). However, the area of suitable areas for Astragali Radix will expand in the future. This may be related to the fact that the main habitat of Astragali Radix is located in the Yellow River Basin area in northern China. Because some scholars have predicted that the precipitation in the Yellow River Basin will tend to decrease after the middle of the 21st century, which will undoubtedly favor the growth of Astragali Radix, which prefers to be dry (Liu et al., 2024).

In the future, the area of suitable area for Astragali Radix in Xinjiang shows an expanding trend, and the expanding area is concentrated in the northwestern oasis belt, which may be related to the change of oasis area (Jiao et al., 2024). Under global warming, the rate of alpine ice melt will accelerate in the future, potentially leading to an increase in oasis area. Meanwhile, in high-altitude and high-latitude environments, climate change is rapidly reducing the winter snowpack and accelerating the rate of spring snowmelt (Fyfe et al., 2017; Musselman et al., 2021). Therefore, the dynamics of oases in the context of climate change need to be fully taken into account when planning Astragali Radix cultivation in order to realize the long-term benign development of the cultivation. In addition, the provinces of Yunnan, Guizhou and Sichuan are located in southwest China, which have formed a unique “microclimate zone” due to their similar geographic location and natural conditions, and have been one of the major production areas of Chinese herbal medicines since ancient times (Liu, 2018). However, this study found that the area of suitable area for Astragali Radix in Southwest China showed a decreasing trend. Previously, some scholars predicted a significant increase in temperature and precipitation in Southwest China in the future (Jin et al., 2022; Liu et al., 2022), as well as the frequent occurrence of extreme weather and events in the region due to complex topographic conditions. Together, these factors constitute a potential threat to the growth environment of Astragali Radix, and thus Astragali Radix may need to migrate to areas with higher latitudes and relatively lower temperatures and humidity to adapt to the new climatic environment. This study predicted the current and future potentially suitable areas of Astragali Radix. The results can provide some basis for the screening of ecological planting areas and the control of key ecological factors for Astragali Radix in China. Nevertheless, the suitable areas of plant species depends not only on ecological conditions, but also on other factors such as economic development, government policies, and anthropogenic disturbances, and more types of environmental data need to be collected to enhance the applicability of the model predictions in future studies.




5 Conclusion

Our study identified precipitation, elevation, temperature, topsoil calcium carbonate and topsoil pH are the key environmental variables regulating the growth of Astragali Radix. Currently, the suitable area of Astragali Radix in China is mainly concentrated in North China and Southwest China, but the area of suitable area in Southwest China will be reduced in the future, and Northwest Xinjiang may develop into a new suitable area. In addition, the centroid position of the suitable area of Astragali Radix shows a northward trend, indicating that the population of Astragali Radix may migrate to higher latitudes to cope with the environmental changes caused by global warming. This study provides a scientific basis for the development of planting strategies and spatial distribution management of Astragali Radix, and helps to optimize the selection of areas for herbal medicine cultivation and resource conservation.
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Uncovering the response of plant functional types (PFTs) to nutrient limitation caused by atmospheric deposition is critical for assessing the health of terrestrial ecosystems under climate change conditions. However, it remains unclear how atmospheric deposition and underlying ecological factors affect PFTs globally. To address this, we compiled a global dataset of four PFTs, i.e., herb, evergreen broad-leaf (EB), deciduous broad-leaf (DB), and conifer (CO), and utilized both linear mixed-effects models and structural equation models to describe the thresholds of their net primary productivity (NPP), and tested the relationships between their NPP and potential environmental drivers based on the N/P threshold hypothesis. We found that atmospheric N and P deposition non-linearly affected NPP and the effects were most pronounced for the EB, DB, and CO categories, with tipping points in the ranges of 8.32–9.33 kg N·ha−1·yr−1 and 0.20–0.30 kg P·ha−1·yr−1, respectively. Atmospheric N and P deposition negatively affected the NPP of approximately 53.68% and 43.88% of terrestrial ecosystem plants, respectively, suggesting increased P limitation and N saturation in most terrestrial ecosystems worldwide. We further determined that the N/P threshold hypothesis is applicable in assessing the effects of atmospheric N and P deposition on the growth of woody plants (EB, DB, and CO) through nutrient limitation. The results of this study will contribute to more effective landscape management in changing environments.




Keywords: N deposition, P deposition, N:P threshold hypothesis, threshold effect, net primary productivity, ecosystem P limitation




1 Introduction

Ensuring sustainable increases in net primary productivity (NPP) is a top priority in policy formulation worldwide (Duarte et al., 2022), because the loss of forests disrupts the ecosystem essential to human well-being (Wang et al., 2021). However, an increase in the NPP of terrestrial ecosystems requires large amounts of nutrients, mainly nitrogen (N) and phosphorus (P), to meet the stoichiometric needs of plant growth (Zhao et al., 2024). N and P, alone or in combination, limit NPP in most terrestrial ecosystems (Luo et al., 2021). Understanding how NPP responds to N and P limitations is crucial from both ecological and social perspectives.

Studies have indicated that the overall N/P ratio is not static and may vary with the environment (Rivas-Ubach et al., 2012; Sun et al., 2019). For example, an increase in temperature and water availability raise community-level N/P ratios (Fan et al., 2016) because of relatively more favorable growth conditions (Sun et al., 2017). However, under drought conditions, the N/P ratios might shift to improve the water-use efficiency (Peñuelas et al., 2020; Sardans et al., 2021b). Based on a global leaf N and P contents database (12,055 records), Tian et al. (2018b) questioned the 2/3-power law of scaling leaf N to P (N = βPα, where both α and β are constants) and revealed that α varies considerably between stations, latitude zones (e.g., tropical versus temperate), continents, and plant functional types (PFTs). This variation may be regulated by plant growth rate, soil N or P availability, leaf lifespan, and climate (Tian et al., 2018b). In addition, fertilization experiments with Arabidopsis thaliana have shown that the N/P relationship in plants is regulated by N and P nutrient availability (Yan et al., 2018). Moreover, at a global scale, as the input of N exceeds that of P in most ecosystems, the biosphere may shift from N-limited to P-limited or N/P co-limited conditions (Du et al., 2020). Nutrient imbalances between N and P may decrease ecosystem carbon (C) retention capacity (Chen and Chen, 2021) and affect ecosystem species composition, structure, diversity, and function (Peñuelas et al., 2020; Sardans et al., 2021b).

Although the N/P ratios of plants vary with the environment, changes within a certain range do not result in changes in nutrient restriction status or plant growth (Liu et al., 2020). For example, the N/P threshold hypothesis suggests that a specific N/P threshold determines the nutrient limitation of plant growth, serving as an indicator of spatiotemporal variations in plant physiological and ecosystem biogeochemical functions, including N or P limitation or co-limitation (Güsewell, 2004). Based on this hypothesis, Güsewell (2004) and Greenwood et al. (2008) reported that N/P ratios on a mass basis of <10 indicate limited N and ratios >20 indicate limited P, in contrast to the results of Koerselman and Meuleman (1996), who reported that the N/P ratios of <14 indicate limited N and ratios >16 indicate limited P. Yan et al. (2017) evaluated the reliability of this relationship and pointed out that the N/P ratio may indicate N (or P) limitation even when leaf N (or P) content is sufficient, whereas it may not indicate N (or P) limitation even when leaf N (or P) content is deficient. They suggested that the N/P ratios of 10 and 20 carry lower error risks than those exhibited by the ratios of 14 and 16 (Yan et al., 2017) and that such error risks should be taken into account in studies reporting N (or) P limitation based on N/P ratios. To the best of our knowledge, few studies have evaluated the N/P threshold hypothesis at a global scale (Yan et al., 2017), and there are no reports of this hypothesis considering atmospheric N and P inputs.

Assessing atmospheric N and P inputs and their relationships with plant growth under nutrient-limited or non-nutrient-limited conditions helps improve our understanding the responses of terrestrial C sequestration to frequent anthropogenic disturbances. However, it remains uncertain how drastic atmospheric pollution combined with diverse vegetation site qualities impacts plant growth (Du et al., 2020; Hou et al., 2021). For instance, in N-limited ecosystems, although the extent of the impact of N limitation remains debated, additional N deposition can alleviate plant N limitation and promotes growth (You et al., 2021). However, in non-N-limited ecosystems, excessive N deposition induces nutrient imbalances, including P deficiency, nitrate leaching, soil acidification, and the loss of base cations (Tian and Niu, 2015). Moreover, N-rich leaves are relatively more susceptible to insect and animal feeding and pathogenic infections (de Vries et al., 2014a; Gessler et al., 2017). Therefore, excessive N deposition can indirectly inhibit plant growth (de Vries et al., 2014b). Globally, P deposition has received relatively less attention than N deposition. However, since the early 20th century, industrialized countries have increasingly faced P pollution caused by the excessive use of P-based fertilizers in agriculture and intensive livestock breeding (Pan et al., 2021; Li et al., 2023). Over the past two decades, atmospheric P deposition has continued to increase in Asia and Europe (Pan et al., 2021). In addition, a few studies have suggested that P deposition may reduce the biodiversity of terrestrial ecosystems (Ceulemans et al., 2013; Fujita et al., 2014). Globally, P addition has increased plant productivity in terrestrial ecosystems by 34.9% (Hou et al., 2020). A recent study indicated that 43% of natural terrestrial ecosystems are significantly limited by P, whereas only 18% are limited by N, challenging the conventional view that N limitation is relatively more important than P limitation (Du et al., 2020). Therefore, studies focusing on P limitation may be more increasingly critical in the present scenario.

In this study, we aimed to investigate the direct and indirect mechanisms underlying the effects of atmospheric N and P deposition on the terrestrial productivity of different PFTs based on the N/P threshold hypothesis. Therefore, a dataset of 5,730 observations of different PFTs from 1970 to 2021 was established, considering a range of potential environmental drivers. An initial model based on this existing ecological knowledge was established (Supplementary Figure S1). We hypothesized that (1) the effects of N and P deposition on plant growth are non-linear, changing from a positive relationship with growth at low deposition to a negative relationship at high deposition through the alteration of site quality (foliar nutrient concentrations and soil pH); and (2) the growth responses (NPP) of different PFTs to atmospheric N and P deposition depend on the level of nutrient availability and are characterized by thresholds (consistent with N/P threshold hypothesis). The results obtained in this study improve our understanding of how atmospheric N and P deposition affect plant growth and thus provide valuable insights into the consequences of global environmental change and the associated impacts of acid deposition in different geographic regions.




2 Materials and methods



2.1 Stand properties



2.1.1 Foliar N and P concentrations

Data for 21,620 plant species, including their leaf N and P traits, were obtained from the TRY database (https://www.try-db.org) (Kattge et al., 2011). The “life form, “ “leaf N,” and “leaf P” traits, with trait IDs 343, 14, and 15, respectively, were retrieved. The dataset collection was completed through the following steps: (1) species without corresponding coordinates were excluded; (2) species derived from greenhouses, plantations, arable land, and seedlings were removed; (3) herbs and woody plants sampled from forests and grasslands, respectively, were excluded after referring to the original papers and terrestrial ecoregion map of Olson et al. (2001) to eliminate the effects of the misjudgment of the NPP of both grasslands and forests; and (4) the Flora of China (http://frps.eflora.cn/), Tropical Plants (http://tropical.theferns.info/), Australian Native Plants (https://www.anbg.gov.au/index.html), Wikipedia (https://en.wikipedia.org/wiki), Australian National Botanic Gardens (https://www.anbg.gov.au/search/index.html), The World Flora Online (http://worldfloraonline.org/), and Useful Tropical Plants (http://tropical.theferns.info/) databases were used to identify plant functional groups and verify taxonomic classifications. To reduce the error risk in determining the nutrient limitation status caused by insufficient nutrient content in the leaves (Yan et al., 2017), data points with values deviating 2 × standard deviation (SD) were considered outliers and removed to avoid data collation or transcription errors. Subsequently, N/P ratios were calculated based on the remaining values, and data points with value deviating by 2 × SD were again removed. The final dataset contained 6,733 observations spanning the 2007–2021 duration and covering North America, Europe, Asia, and other regions affected significantly by atmospheric acid deposition. This dataset satisfied the requirements for a global-scale analysis.




2.1.2 NPP

We used the global annual NPP dataset obtained from the MODIS (moderate resolution imaging spectroradiometer) NPP yearly product MOD17A3HGF v006 (available from https://earthdata.nasa.gov/). The products showed no significant bias in multiple global biomes (Turner et al., 2006) and have been extensively validated and used in global-scale research (Gang et al., 2022; Hu et al., 2022; Wang et al., 2022).





2.2 Climate and site quality

Climate data, including mean annual precipitation, mean annual temperature, and elevation, were extracted from WorldClim 2 (Fick and Hijmans, 2017). Soil pH data were obtained from the World Soil Database (WISE30sec: World soil property estimates at a nominal resolution of 30 by 30 arc sec) (Batjes, 2015), and the pH of the 0–20 cm surface soil was used to represent soil pH.




2.3 Air quality

The N deposition data were extracted from the global N deposition dataset of Ackerman et al. (2019). The P deposition data were collected through a literature search combined with extrapolation (more details are provided in note S1). All selected predictors are summarized in Table 1.

Table 1 | Summary of all variables considered as predictors of net primary productivity in this study.


[image: A table displaying various environmental variables. Columns include Group, Variable (Unit), Abbreviation, and Derived from. Groups are Response variable, Air quality, Climate, Stand property, and Site quality. Variables include net primary productivity, total N and P deposition, mean annual precipitation and temperature, foliar N and P, soil pH, and elevation. Each variable has corresponding abbreviations like NPP, N dep, P dep, MAP, MAT, and data sources such as MODIS and WorldClim, with specific accuracy and time ranges noted.]



2.4 Statistical analyses

Independent analytical steps were used to quantitatively and qualitatively assess the impact of global change on the NPP of terrestrial ecosystems and identify the main driving factors. All environmental predictors were unified to a 1 km spatial scale using Kriging interpolation.



2.4.1 Mixed-effects model

A linear mixed-effects model (LME) was used to test the spatial changes in the NPP of different PFTs, both individually and together at a global scale. First, a univariate LME estimation of NPP was performed, with eight selected predictors as fixed effects and the vegetation site as a random effect. A quadratic term was included for each model. To reduce the variation caused by different magnitudes and to stabilize the model-fitting data, each variable was log10- transformed.

All eight predictors were included in multivariate LMEs to account for the compound effects on NPP, and the vegetation site was set as a random effect. Based on the results of the univariate LMEs and existing ecological knowledge, we included the quadratic terms of N and P deposition and their partial interactions in the multivariate LMEs. We obtained an “optimal model” using stepwise regression and the corrected Akaike information criterion (AICc), with the co-linearity of the predictors reduced by a variance inflation factor (VIF) < 0.5 (Zuur et al., 2010). To obtain the respective impacts of alternative predictors in multivariate LMEs, we extracted the partial path relationship of the selected variable, holding all other predictors at their mean. The data were Z-score-transformed to improve parameter estimation and ensure the comparability of regression coefficients.




2.4.2 Structural equation model

The structural equation model (SEM) is widely used to verify complex ecological conjectures because of its ability to reveal direct/indirect and multiple linear relationships between variables (Grace, 2006). To explain the impact of environmental changes on NPP, we established an initial model that included the expected causal relationships between NPP and its potential predictors. The initial model was tested with four PFTs, i.e., herb (HB), evergreen broad-leaf (EB), deciduous broad-leaf (DB), and conifer (CO), both individually and together at a global scale, using leaf nutrient status (N limitation, N/P ≤10; N/P balance, 10< N/P <20; P limitation, N/P ≥20) to verify the effects of nutrient limitations on NPP. Model estimation was completed using Fisher’s criterion (P > 0.05, indicating that the model is acceptable) and the AICc. The random forest model (RFM) was used to rank the relative importance of the predictors. Pearson’s correlation analysis was performed to describe the impact of the predictors. In addition, the data were Z-score-transformed.

Data analyses were performed using R statistical software (R Core Team, 2021). We performed SEM and RFM using piecewise SEM and randomForest packages, respectively. The lmer and step functions of the lmerTest R package were used for LME construction and optimal model selection, respectively. We obtained the VIF and AICc values of the LME using the VIF function in the car R package and the AICc function in the AICcmodavg R package. We determined the univariate path relationship, holding all other variables at their mean, using the predictorEffects function in the R package.






3 Results



3.1 NPP and predictor-based variations in NPP

Based on our dataset, the mean NPP of global terrestrial ecosystems was 752 g C·m−2·yr−1, with the EB category exhibited the highest NPP at 1,016 g C·m−2·yr−1, and HB exhibited the lowest NPP at 531 g C·m−2·yr−1 (Table 2). Global N and P deposition were 8.18 and 0.29 kg·ha−1·yr−1, respectively, with CO being exposed to the lowest P deposition and generally lower leaf N and P contents than in the other PFTs (P < 0.001). In contrast, DB exhibited the highest N and P deposition and higher leaf N and P content (P < 0.001). The HB category generally received more N and P deposition (P < 0.001) and exhibited higher inherent leaf N and P contents than those in woody plants (EB, DB, and CO).

Table 2 | Mean values ± standard deviation of net primary productivity (NPP) and growth affecting factors (air quality, climate, stand properties, and site quality).


[image: Table comparing various ecological variables across different plant functional types: HB (herb), EB (evergreen broad-leaf), DB (deciduous broad-leaf), CO (conifer), and Global. Variables include net primary productivity (NPP), nitrogen deposition (N dep), phosphorus deposition (P dep), mean annual precipitation (MAP), mean annual temperature (MAT), foliar nitrogen (Foliar N), foliar phosphorus (Foliar P), pH, elevation, site count, and observation count, each with their respective units and values given in each category.]



3.2 Non-linear relationships between NPP and N and P deposition

In all PFTs, both individually and at a global scale, both univariate and multivariate LMEs confirmed that NPP was correlated non-linearly with N and P deposition, except in the HB category (Supplementary Tables S1 and S2, Table 3, Figure 1). In univariate LMEs, under N deposition, the NPP thresholds of EB, DB, CO, and all four PFTs together at a global scale were 8.71, 9.33, 8.32, and 8.32 kg·ha−1·yr−1, respectively (Figure 1). However, a positive correlation was observed between NPP and N and P deposition in the HB (Figure 1). Before reaching NPPmax, the tipping points of foliar N (Nmax) and foliar N/P ratio (N/Pmax) of EB, DB, and all four PFTs at a global scale were observed sequentially (Figure 1, Supplementary Figure S2). Under P deposition, the tipping points of the NPPs of EB, CO, and all four PFTs at a global scale were 0.30, 0.20, and 0.25 kg·ha−1·yr−1, respectively (Figure 1). However, only limited threshold effects of P deposition were observed on leaf nutrient contents (Supplementary Figure S3).

Table 3 | Results of the optimal linear mixed-effects models with net primary productivity (NPP) as the response variable and vegetation site as a random factor for the four plant functional types, both individually and at a global scale.


[image: Table displaying fixed-effects estimates for various predictors (e.g., N dep, P dep, MAP) across different categories (HB, EB, DB, CO, Global) with standard errors and statistical significance levels indicated by asterisks for p-values less than 0.05, 0.01, and 0.001. Includes R-squared values for model variance explanations.]
[image: Graphs depict the relationship between nutrient deposition (nitrogen and phosphorus) and Log NPP across various forest types: HB, EB, DB, CO, and Global. Each panel includes plots of data points with a curved regression line, vertical lines indicating specific nutrient and NPP maximum points, and multiple panels indicating nutrient types.]
Figure 1 | Relationship of net primary productivity (NPP) to N deposition (A, C, E, G, I) and P deposition (B, D, F, H, J) for the four plant functional types, i.e., herb, evergreen broad-leaf (EB), deciduous broad-leaf (DB), conifer (CO), both individually and at a global scale. The black line indicates the most significant fit (P <0.05) derived from a linear mixed-effects model per species. The red, blue, orange, and purple dotted lines/letters indicate the thresholds of the parameters NPPmax, N/Pmax, Nleaf max, and Pleaf max, respectively, in the non-linear growth response.




3.3 Global effects of atmospheric N and P deposition on NPP

Our global maps reveal a clear pattern of N and P deposition (Figure 2). In this pattern, the hotspots of N deposition were mainly in eastern Asia, Europe, eastern North America, and southern Brazil (Figure 2A). The highest N deposition occurred in central China at 27.57 kg·ha−1·yr−1. Atmospheric P deposition is strongly associated with deserts and semiarid regions (Figure 2B), mainly in North Africa, India, northern Australia, and northern China. The highest P deposition was 0.96 kg·ha−1·yr−1 seen in the Sahara Desert of North Africa.

[image: Global maps showing nitrogen (N) and phosphorus (P) deposition. Panel (a) depicts total nitrogen deposition with higher concentrations in parts of Europe, Asia, and North America. Panel (b) shows total phosphorus deposition, with similar concentration patterns. Panel (c) illustrates the threshold effects of nitrogen deposition, highlighting areas of negative (blue) and positive (red) effects. Panel (d) maps threshold effects of phosphorus deposition with similar color coding for effects.]
Figure 2 | Global total N (A) and total P (B) depositions and their effects on net primary productivity are shown in (C, D), respectively. Positive and negative effects were defined based on the linear mixed-effects models (see Figures 1I, J).

At a global scale, the impacts of N and P deposition on the NPP of terrestrial ecosystems show clear N and P limitation patterns. Globally, 53.68 and 43.88% of the terrestrial ecosystem plants were negatively affected by N and P deposition, respectively (Figures 2C, D). In Europe, N deposition mainly exhibited an inhibitory effect on NPP (Figure 2C); however, relatively low P deposition in these regions alleviated P limitation and promoted vegetation growth (Figure 2D). The east coast of the United States also revealed that N deposition adversely affected NPP, whereas P deposition had a positive effect (Figures 2C, D). It is worth noting that in China, excessive N and P deposition significantly inhibited ecosystem NPP (Figures 2C, D).




3.4 Biophysical stand properties and site quality indicators determining NPP

Globally, NPP showed significant correlations with biophysical stand properties and site quality indicators in both multivariate LMEs and RFMs in all four PFTs (Table 3). Overall, soil pH correlated negatively with NPP (Table 3, Figure 3), through this relationship varied under nutrient-restricted conditions (Supplementary Table S3). Significant correlations between leaf N and P contents and NPP were observed only in HB (Table 3). In univariate LMEs, elevation did not exhibit a threshold effect but correlated negatively with the NPP of HB, EB, DB, and all four PFTs at a global scale (Supplementary Table S1). However, more specific relationships between elevation and NPP were found in multivariate LMEs, except for the EB and DB categories (Table 3).

[image: Grid of graphs depicting relationships between Z-scored Net Primary Production (NPP) and environmental variables: nitrogen deposition, phosphorus deposition, pH, and elevation. Each row represents different types of forests: HB, EB, DB, CO, and Global. Each column shows a specific variable's impact on NPP, with varying trends such as linear increase, linear decrease, and parabolic relationships. Graphs are labeled with axes for clarity.]
Figure 3 | Relationships between net primary productivity (NPP) and N deposition, P deposition, soil pH, and elevation in herb (A), evergreen broad-leaf (B), deciduous broad-leaf (C), and conifer (D) plant functional types (PFTs), as well as in all four PFTs together at a global scale (E). Lines indicate the response of NPP to the respective variable as derived from linear mixed-effect models, holding all other predictors at their mean value, with straight lines indicating P <0.05.




3.5 NPP responses considering the N/P threshold hypothesis

The SEMs and RFMs based on the nutrient limitation hypothesis showed that PFTs under N limitation (N/P ≤10) exhibited an apparent positive response to the fertilization effects of N deposition, reflected by the positive correlation between NPP and N deposition. In this case, P deposition was negatively correlated with NPP. Under P limitation (N/P ≥20), the opposite was true for N limitation (Figure 4). In addition, under the N/P balance (10< N/P <20), N and P deposition correlated negatively with NPP (Figure 4). The RFMs revealed that P deposition was relatively more important than N deposition determining NPP under N/P balance and P limitation (Figures 4C, F, I). Among the PFTs, the response patterns of NPP to N and P depositions were relatively diverse. Specifically, in HB, under both N and P limitation, N and P deposition correlated positively and negatively, respectively, with NPP (Supplementary Table S3, Supplementary Figure S4); however, the results were not significant under N limitation alone (P >0.1). In EB, DB, CO, and all four PFTs together at a global scale, NPP exhibited similar response patterns to N and P deposition under the nutrient limitation hypothesis (Supplementary Table S3, Supplementary Figures S5–S7).

[image: Diagram groups (a, d, g) illustrate pathways affecting soil pH through factors like MAP, MAT, and nutrient deposition. Bar charts (b, e, h) show standardized indirect and direct SEM effects, while (c, f, i) display variable importance in MSE, with MAP, MAT, and P dep among key influencers.]
Figure 4 | Results of the analyses using structural equation models (SEMs) and random forest models (RFMs) explaining net primary productivity (NPP) under N limitation (A–C), N/P balance (D–F), and P limitation (G–I). Black continuous and red dashed arrows indicate significant positive and negative relationships, respectively, whereas gray lines indicate significant interactions. The width of the lines is proportional to the level of significance (P < 0.001, P < 0.01, and P < 0.05) (and effect size) of standardized model coefficient estimates. The coefficients of determination (R2) for the explained variables are given below the variable names. See also Supplementary Table S3. A greater percentage increase in mean square error (MSE) in RFMs indicates a larger relative importance. The minus signs in the results of the RFM analyses indicate a negative correlation with NPP, and the plus signs indicate a positive correlation with NPP.

Additionally, the site quality indicators, soil pH and elevation, were strong predictors of NPP in the SEMs (Supplementary Table S3). Soil pH correlated negatively with NPP (P < 0.001). However, the elevation did not show definite patterns in the SEMs (Supplementary Table S3). In addition, our SEMs did not detect any direct correlations between foliar N and P contents and NPP, except in HB, where several pieces of correlated evidence were observed (Supplementary Table S3).





4 Discussion



4.1 Non-linear responses of NPP to atmospheric N and P deposition

Elucidating the effects of atmospheric N and P deposition on plant growth is crucial for biodiversity conservation and the maintenance of landscape heterogeneity. Numerous theoretical and empirical studies have demonstrated a “critical load” threshold in the response of plants to N deposition worldwide (Henttonen et al., 2017; Gentilesca et al., 2018; Rohner et al., 2018; Etzold et al., 2020). The most affected countries are the United States, Western Europe, Eastern Europe, South Asia, East Asia, Southeast Asia, and Japan (Dentener et al., 2006). Herein, we tested the non-linear relationships between atmospheric N and P deposition and terrestrial productivity (NPP) in the four PFTs. As expected, we found that N and P deposition non-linearly affected the NPP of woody plants globally. Studies have provided evidence for this threshold effect based on the perspectives of plant physiology and biochemistry. For example, moderate N deposition can promote plant growth; however, excess N deposition may inhibit plant photosynthesis (Li et al., 2022; Lu et al., 2023) by reducing stomatal conductance (Yao et al., 2016), chlorophyll content (Du et al., 2017), and enzyme activity (Chen et al., 2013). In addition, excess N deposition may change plant hydraulic architecture, thus affecting growth (Wang et al., 2016). Several N addition and plot control experiments (Braun et al., 2017; Salehi et al., 2021) have indicated that soil acidification and nutrient imbalances caused by excessive N deposition can inhibit plant growth. For example, in Italy and Europe, N deposition exhibited threshold effects on beech growth rates at 20 and 30 kg N·ha−1·yr−1 concentrations, respectively (Gentilesca et al., 2018; Etzold et al., 2020). A global meta-analysis based on 15N tracking also revealed that the N retention efficiency of forests begins to decline at 10–15 kg N·ha−1·yr−1, and N saturation is reached after exceeding 40–50 kg N·ha−1·yr−1 (de Vries et al., 2014a). Furthermore, when the N deposition in the temperate grasslands of North America (Clark and Tilman, 2008) and Inner Mongolia (Bai et al., 2010) reached 10 kg N·ha−1·yr−1 and 17 kg N·ha−1·yr−1, respectively, ecosystem productivity and biodiversity declined.

In contrast to the widespread attention paid to N deposition, the threshold effects of P deposition on vegetation growth have less frequently been reported. Recently, at the macro scale, it has been demonstrated that P limitation is not limited to tropical forests but is widely distributed globally, and its spatial pattern varies across continents, altitudes, climate zones, and aridity (Hou et al., 2020). Global-scale meta-analyses have suggested that P limitation exceeds N limitation to become the primary nutrient limitation in natural ecosystems (Du et al., 2020). At the microscopic scale, studies have shown that moderate P addition can significantly change the soil arbuscular mycorrhizal fungal community composition, leading to a decrease in mycorrhizal diversity (Camenzind et al., 2014; Duenas et al., 2020) and alleviate the inhibition of N deposition on photosynthesis (Hao et al., 2023). In this study, we demonstrated that P deposition also exhibited a threshold effect on plant growth. Our study further suggest an increasing P limitation in global terrestrial ecosystems, likely because of a relatively high atmospheric N/P deposition ratio, which enhances P limitation in the ecosystem (Duenas et al., 2020). Nevertheless, our results suggest that accounting for N and P deposition in a multiscale theoretical framework can provide a sound basis for sustaining terrestrial C sequestration. However, due to the small volume of atmospheric P deposition before 2000 (no more than 1.5 kg P·ha−1·yr−1, Pan et al., 2021), the tipping point of NPP caused by P deposition in this study may be smaller, but the observed threshold effect is real. In future studies, it is necessary to collect more samples of P deposition for model fitting.

The sequential threshold effects of leaf N/P ratio, leaf N and P contents, and NPP on N deposition at the leaf and individual plant scales indicate that the effects of N deposition on plant growth may be gradual and accumulated and that leaf nutrient status may be associated with plant growth. However, our results revealed that leaf N and P concentrations were significantly correlated with the NPP of HB alone (Supplementary Table S3). This finding can be attributed to the rapid growth and metabolic rate in HB, maintained by several ribosomes and intensive protein synthesis, leading to an accumulation of rRNA in the cell and correspondingly higher P content and lower N/P ratio (Harris, 2003). Therefore, HB is more likely to show higher demand for N and excess P under atmospheric N and P fertilization. Our results support the productivity–nutrient allocation hypothesis, which states that herbs allocate relatively more nutrients for growth, whereas woody plants additionally allocate nutrients for morphological development (Tang et al., 2018); thus, the leaf nutrient concentrations of HB were more closely related to NPP.




4.2 N/P threshold hypothesis applies to the growth of woody plants but not to that of herbs

N and P are the major limiting nutrients in ecosystems worldwide; thus, ecosystems can be generally classified as N- or P-limited or N/P-balanced ecosystems (Li et al., 2016; Zhu et al., 2022). For instance, N addition can significantly increase foliar N concentrations, and subsequently, P in plant leaves is assimilated to promote plant growth under N-limited conditions (Cleveland et al., 2013). However, under P-limited conditions, plants increase their P demand and uptake to maintain the stability of their internal chemical stoichiometry when foliar N concentrations are excessively increased by N addition (Marklein and Houlton, 2012). In addition, PFTs can regulate the stoichiometry of foliar N and P in response to N addition because of the different biological and ecological characteristics required for adapting to environmental changes (Townsend and Asner, 2013; Tian et al., 2016). For instance, herbaceous plants exhibit lower nutrient use efficiency but higher plant growth rates and plasticity, with relatively more sensitivity to N addition than observed for woody plants (Gilliam et al., 2016; Tian et al., 2016). A global meta-analysis based on the N/P threshold hypothesis indicated that increasing N deposition may aggravate plant P limitation under N-limited conditions but improve P limitation under P-limited conditions, and the effects are relatively more pronounced in herbaceous plants (You et al., 2018). Testing the N/P threshold hypothesis, we found that N and P deposition promoted the growth of woody plants under N and P limitation, respectively (Supplementary Table S3), suggesting that land management decisions to control the N/P deposition ratio are critical for alleviating plant nutrient constraints and maintaining ecosystem productivity.




4.3 Effects of site quality on NPP

We found that soil pH correlated negatively with NPP at a global scale but varied considerably under nutrient restriction conditions (Supplementary Table S3). This negative correlation between soil pH and NPP can be attributed to soil acidification, reducing species diversity and abundance but increasing N availability for plants globally (Gilliam, 2006; Du et al., 2014; Midolo et al., 2019). In general, soil acidification is regulated by different acid buffer compounds, including carbonate at pH >7, soil exchangeable base cations (EBCs) at 4.5< pH <7, and aluminum compounds at pH <4.5 (Bowman et al., 2008; Lieb et al., 2011). In this study, global soil pH values ranged from 5.72 to 6.92, indicating that EBCs are the main acid buffer compounds in the soil, and no apparent aluminum toxicity was observed. Therefore, a decline in soil pH and a rise in available soil N content promote plant growth. PFT-based variations may result from differences at finer spatial scales. For example, tropical forests generally exhibit the highest NPP but lower soil pH (acidic soil) than recorded for other forest types because litter in tropical forests is not converted into soil organic matter, with its decomposition completed by fungi and other benthic organisms. Long-term N deposition tends to reduce cation saturation in tropical forest soils, reducing their acid-neutralizing capacity, and does not cause aluminum toxicity (Lu et al., 2014). Our results indicate that soil acidification promotes tree growth globally and that it may be relatively more appropriate to incorporate actual microenvironments (i.e., N- or P-limited) at the regional scale.

Temperature limitations (low temperatures) associated with increases in elevation can directly inhibit plant photosynthesis (Li et al., 2008) and meristem activity (Streit et al., 2013) or indirectly impact plant growth through soil nutrient availability (e.g., soil mineralization correlates positively with soil temperature) (Carbutt et al., 2013). Distinguishing the direct and indirect effects of elevation on plant growth remains challenging. A few studies have shown that an increase in elevation results in higher foliar N concentrations (Peng et al., 2012) but lower P concentrations (Gerdol et al., 2017), which is consistent with the results reported in this study (Supplementary Figure S8). These results support the biogeochemical hypothesis, which states that low temperatures at high elevations inhibit nutrient extraction in roots and reduce N availability by reducing organic decomposition and mineralization (Güsewell, 2004; Reich and Oleksyn, 2004). In this study, univariate LMEs showed that NPP exhibited negative responses with increasing elevation (Supplementary Table S1); however, these relationships disappeared after considering additional predictors in multivariate LMEs, likely because when studies are conducted at relatively large scales, variations in the distribution patterns of water and heat (e.g., latitude patterns) may be more important than elevation.

In addition, PFTs may be another key factor in determining the effects of elevation on plant nutrient contents (Zhao et al., 2018; Kulkarni et al., 2023). For example, Korner et al. (1986) reported that leaf N concentrations in herbaceous plants, but not in evergreen woody plants, increase with increasing altitudinal elevation in New Zealand. In contrast, Soethe et al. (2008) reported that the N, P, K, and S contents in shrubs and herbs decrease significantly with increasing altitudinal elevation. These diverse results have been attributed to differences in the adaptation strategies of different PFTs in response to elevational changes because of differences in community clusters and altitudinal environments between studies (Munson et al., 2022; Zhang et al., 2022; Jaroszynska et al., 2023). However, the results obtained in our study indicate that leaf N and P contents in different PFTs respond weakly to changes in elevation (Supplementary Figures S4–S7). An integrated study of other indirect effects of elevation on the growth of PFTs may provide additional observational perspectives not readily obtained in species-specific studies.





5 Conclusions

We confirmed the threshold effects of atmospheric N and P deposition on C sequestration in woody plants based on an extensive dataset of different PFTs distributed worldwide. In addition to the driving forces exerted by site quality, N and P deposition may be as important as climate in affecting NPP at a global scale. The results of our study also proved that the N/P threshold hypothesis is feasible in determining how atmospheric N and P deposition affect the growth of woody plants through nutrient limitation. Based on these results, we suggest that policies for controlling atmospheric deposition must be based on the characteristics of different PFTs or biomes, as their “critical load” thresholds to the atmospheric environment differ.
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The Amazon forest is the largest source of isoprene emissions, and the seasonal pattern of leaf-out phenology in this forest has been indicated as an important driver of seasonal variation in emissions. Still, it is unclear how emissions vary between different leaf phenological types in this forest. To evaluate the influence of leaf phenological type over isoprene emissions, we measured leaf-level isoprene emission capacity and leaf functional traits for 175 trees from 124 species of angiosperms distributed among brevideciduous and evergreen trees in a central Amazon forest. Evergreen isoprene emitters were less likely to store monoterpenes and had tougher and less photosynthetically active leaves with higher carbon-to-nitrogen ratios compared to non-emitters. Isoprene emission rates in brevideciduous trees were higher with a higher diversity of stored sesquiterpenes and total phenolics content. Our results suggest that the way isoprene emissions relate to growth and defense traits in central Amazon trees might be influenced by leaf phenological type, and that isoprene may participate in co-regulating a chemical-mechanical defense trade-off between brevideciduous and evergreen trees. Such knowledge can be used to improve emission estimates based on leaf phenological type since, as a highly-emitted biogenic volatile organic compound (BVOC), isoprene affects atmospheric processes with implications for the Earth’s radiative balance.
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1 Introduction

Volatile isoprenoids (VIs; isoprene, monoterpenes, and sesquiterpenes) emitted by plant leaves constitute the largest share of global Biogenic Volatile Organic Compound (BVOC) emissions (Guenther et al., 2012), being involved in a wide range of processes from plant cell regulation to forest-atmosphere interaction dynamics. On the individual scale, isoprene (C5H8) has been assigned numerous roles in plant growth and defense responses. Its association with increased thermotolerance (Singsaas et al., 1997; Pollastri et al., 2014, 2019) has led to different mechanistic hypotheses, from improved thylakoid membrane stability (Velikova et al., 2011; Harvey et al., 2015), to direct antioxidant activity (Velikova, 2008) and serving as a sink of excessive reducing power (Morfopoulos et al., 2013, 2014; Rodrigues et al., 2020). Currently, multi-omic studies suggest more complex associations between the presence of isoprene emissions and multiple signaling networks, linking it to changes in transcription factors involved in plant growth and in the production of defense and stress tolerance compounds (Behnke et al., 2010; Harvey and Sharkey, 2016; Lantz et al., 2019; Zuo et al., 2019; Frank et al., 2021; Monson et al., 2021; Dani et al., 2022; Weraduwage et al., 2023; Srikanth et al., 2024). On the scale of plant populations, species, and communities, monoterpenes (C10H16) and sesquiterpenes (C15H24) - and recently isoprene - are suggested to have diverse chemical signaling roles in direct and indirect defense against herbivory, plant-plant communication, and attraction of pollinators (Pichersky and Gershenzon, 2002; Gershenzon and Dudareva, 2007; Laothawornkitkul et al., 2008; Fineschi and Loreto, 2012; Xiao et al., 2012; Monson et al., 2021). On regional and global atmospheric scales, VI emissions have an impact on the oxidative capacity of the atmosphere as these compounds are rapidly oxidized and decomposed in the presence of ozone (O3), hydroxyl radical (OH), and nitrogen oxides (NOx), and can influence light scattering and precipitation through the formation and growth of secondary organic aerosols and cloud condensation nuclei (Griffin et al., 1999b, 1999a; Kuhn et al., 2007; Lelieveld et al., 2008; Pöschl et al., 2010; Kulmala et al., 2013; Pfannerstill et al., 2018; Yáñez-Serrano et al., 2020).

Isoprene and monoterpenes are produced in the chloroplast of leaves through the methyl-erythritol 4-phosphate (MEP) pathway (Zhao et al., 2013), while sesquiterpenes are produced in the cytosolic mevalonic acid (MVA) pathway (Vranová et al., 2013). About 90% of isoprene production originates from recently assimilated photosynthetic carbon under non-stressful conditions (Delwiche and Sharkey, 1993; Affek and Yakir, 2003; Loreto et al., 2004; Sharkey and Monson, 2017), although there can be alternative carbon sources under stress (Kreuzwieser et al., 2002; Funk et al., 2004; Schnitzler et al., 2004; Jardine et al., 2014; de Souza et al., 2018). Similar to isoprene, light-dependent constitutively-emitted monoterpenes are produced and emitted from recently assimilated carbon in some plant species, although much less frequently than isoprene (Loreto et al., 1996; Jardine et al., 2017). More frequently, monoterpenes and sesquiterpenes form storage pools in the cell wall or specialized storage structures (e.g., resin ducts, oil glands, glandular trichomes) and are released slowly under constitutive conditions or emitted rapidly upon breakage of these structures (e.g., under herbivore feeding) (Arneth and Niinemets, 2010; Niinemets et al., 2013; Rasulov et al., 2019; Nagalingam et al., 2023).

The generally observed light and temperature dependence of VI emissions makes tropical forests the largest source of global fluxes, accounting for around 80% of global BVOC emissions (Guenther et al., 2012). In addition, recent studies have reported that c. 76% of tropical forest tree species are isoprene emitters (Mu et al., 2022). Considering its high plant biomass and species diversity (Fauset et al., 2015; Cardoso et al., 2017), the Amazon forest can be the greatest and most diverse - in terms of compound diversity - source of VI emissions (Yáñez-Serrano et al., 2020; Gomes Alves et al., 2023). Measuring leaf-level VI emission at remote and often inaccessible locations of the Amazon forest is logistically challenging but fundamental to identify the factors that determine global isoprene emissions, and to improve emission predictions considering global changes in temperature and precipitation. Besides light and temperature, another important driver of isoprene emissions is leaf age and possibly different leaf phenological types (Dani et al., 2014), and seasonal variation in emissions in the central Amazon forest was shown to be determined by leaf age and leaf flushing events (Alves et al., 2014, 2016, 2018; Gomes Alves et al., 2023). More specifically, this variation has been attributed to age-driven changes in leaf physiology and tree crown architecture: concerning leaf physiology, the activity of isoprene synthase is lower or even absent in young leaves, peaking in mature leaves and decreasing with leaf senescence (Schnitzler et al., 1997); concerning tree crown architecture, older leaves of evergreen trees may experience lower amounts of intercepted light because of shading caused by the flushing of new leaves, leading to lower emission rates (Niinemets et al., 2004, 2010). Other studies have proposed that isoprene emissions are probably replaced by emissions of stored terpenes in evergreen plants as a way to better handle recurrent and extended periods of stress or that, compared to evergreen species, deciduous plants would be higher isoprene emitters due to associations between emissions, resource-acquisition strategies, and shorter leaf lifespan (Harrison et al., 2013; Dani et al., 2014, 2022), but these studies tend to be biased by temperate forest tree species due to the larger data availability for these forests.

Different from temperate forests, where leaf flushing is mostly determined by temperature seasonality (Perry, 1971), leaf flushing in Amazon forests is determined by precipitation seasonality, with massive flushing crowns occurring during the driest months (Lopes et al., 2016; Wu et al., 2016; Aleixo et al., 2019). Also, in temperate forests, deciduous trees lose all of their foliage and remain bare for several months, while in central Amazon forests, deciduousness is more subtle: brevideciduous trees may not lose all their foliage at the same time, and tree crowns become fully deciduous for shorter periods, of up to one month before flushing a new cohort of leaves (Lopes et al., 2016; Gonçalves et al., 2020). Previous leaf-out phenology studies in central Amazon forests have shown the co-occurrence of brevideciduous and evergreen trees, with a prevalence of evergreen over brevideciduous trees (Condit et al., 2000; Aleixo et al., 2019). Brevideciduous trees lost part or all of their foliage and flushed new leaves concentrated in the drier months of the year, whereas evergreen trees were divided into trees that had detectable but irregular flushing events and massively flushed new leaves - predominantly in the drier months of the year - and trees that did not show visually detectable flushing events and lost and produced leaves more gradually throughout the year (Gonçalves et al., 2020; Mesquita Pinho, 2021; Botía et al., 2022). Recently, Gomes Alves et al. (2023), examined the isoprene emission trait for 194 PhenoCam-monitored trees in a central Amazon forest and observed similar fractions of potential isoprene emitters in all leaf phenological types, yet leaf-level measurements and variations in isoprene emission rates between different leaf phenological types in this forest have not been done or evaluated.

Considering the importance of climate seasonality, leaf age, and possibly leaf phenological type over isoprene emissions in Amazon forests, our study seeks to evaluate whether leaf phenological type and leaf functional traits drive variation in the presence and magnitude of isoprene emission capacity (Ec; emission measured at standard conditions: light of 1000 µmol m-2 s-1 photosynthetically active radiation and leaf temperature of 30°C) and terpene storage in central Amazon trees. We measured leaf-level isoprene Ec and leaf functional - physiological, morphological, and chemical - traits for 175 trees from 124 species of angiosperms distributed among brevideciduous and evergreen trees in a central Amazon forest. Because isoprene is lighter in terms of carbon atoms per molecule (C5), non-storable in leaves, and has been associated with resource-acquisition strategies and shorter leaf longevity, we hypothesized that a higher presence and/or magnitude of isoprene emissions would be associated with a brevideciduous behavior (i.e., annual leaf turnover); at the same time, because monoterpenes and sesquiterpenes are heavier (C10 and C15), can be stored inside the leaves, serve as herbivore deterrents, and have been associated with resource-conservation strategies and higher leaf longevity, we hypothesized that a higher presence and/or magnitude of their storage would be associated with evergreen trees (Wright et al., 2004; Harrison et al., 2013; Dani et al., 2014).




2 Materials and methods



2.1 Study site

We performed measurements in an upland forest (locally called terra firme) permanent plot at the Amazon Tall Tower Observatory (ATTO) site in central Amazonia. The ATTO site is located about 150 km northeast of Manaus in the Uatumã Sustainable Development Reserve (02° 08.9’ S, 59° 00.2’ W, 130 m a.s.l.). The site is situated in a humid tropical climate zone, with a mean annual temperature of 26.7°C and precipitation of 2376 mm and characterized by a pronounced wet season from December to May and a dry season from July to October, with a transitory moderately wet period in between the seasons (Botía et al., 2022). Vegetation in the terra firme plot is dense (leaf area index of 5.3 m2 m-2), mature, and non-flooded, with a mean canopy height of 35 m (Gomes Alves et al., 2023). The soil is a highly weathered and well-drained ferralsol (Chauvel et al., 1987). More details on the experimental site are provided by Andreae et al. (2015).




2.2 Leaf phenological type

Located inside the terra firme plot is an 80 m high tower (INSTANT, 02°08.7520′ S, 58°59.9920′ W) with a StarDot RGB camera (model NetCam XL 3MP) installed on top of it at 81 m height facing west. For more details on the camera setup, radiometric calibration, and detection of phenological stages see Lopes et al. (2016). The camera (PhenoCam) monitored upper-crown surfaces of 194 liana-free trees from July 2013 to November 2018 generating an image-derived leaf longevity dataset (i.e., PhenoCam dataset) that allowed the classification of trees into three categories of leaf phenological type which were defined as follows: i) brevideciduous (BD) - trees that lost all of their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; ii) evergreen (EV) - trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; and iii) no flushing detected (NF) - evergreen trees that possibly added and lost leaves throughout the years and did not show detectable flushing crown events during the monitoring period (Botía et al., 2022). Leaf phenological type classifications agree with satellite vegetation indices retrieved from MODIS-MAIAC (Multi-Angle Implementation of Atmospheric Correction) for this region (Gonçalves et al., 2020) and branch-level monitoring of leaf age distributions for trees from this plot (Gomes Alves et al., 2023). At the PhenoCam view, the BD group contained 49 trees from 45 species, the EV group 83 trees from 60 species, and the NF 62 trees from 53 species. Only 36 species in the dataset had replicate trees available, and trees of the same species showed different leaf phenological types. Such intra-specific variability in leaf phenological type has been observed in another tropical forest (Park et al., 2019). Moreover, leaf phenological types are subject to phenotypic plasticity, and studies have observed that “random” events such as herbivore attacks, pathogens, and environmental changes caused by extreme events can alter leaf-out phenology patterns in some trees (Borchert, 1999; Cleland et al., 2007; Gonçalves et al., 2020).




2.3 Branch collection

Of the 194 trees in the PhenoCam dataset, we were able to sample branches from 175 trees from 124 species of angiosperms. All of the trees occupied the upper canopy layer of the plot and were the most representative in terms of canopy dominance. For all trees, we measured diameter at breast height (DBH, diameter at 1.3 m height), leaf-level isoprene Ec, net photosynthesis rate (An), leaf morphological traits (leaf dry matter content, LDMC; leaf mass per area, LMA; leaf thickness, LT; leaf toughness or Force to Punch, FtP) and collected leaves for leaf stable C isotope and elemental analyses, terpene (mono- and sesquiterpene) storage analysis and total phenolics content analysis. We sampled the trees and performed measurements between October 15 - November 9, 2022. This period corresponds to the transition between dry and wet seasons, when tree canopies are mostly composed of mature leaves (Alves et al., 2018; Gonçalves et al., 2020), and variation in leaf age is expected to be low.

Given the logistical challenges of studying tall tropical trees, often exceeding 20 meters in height, leaf measurements were obtained from cut branches immediately placed in water. This method provides a practical solution for conducting gas exchange and isoprene emission measurements, enabling the capture of key ecological processes without compromising leaf viability (Llusia et al., 2014; Albert et al., 2018; Jardine et al., 2020; Taylor et al., 2021; Gomes Alves et al., 2022). Branches with diameters of at least 2 cm were collected from sun-exposed areas of the canopy to avoid shade-adapted leaves. Senescent, immature, or visibly damaged leaves were excluded, ensuring that only physiologically active leaves were analyzed. After collection, branches were immediately re-cut underwater to prevent embolism formation in open vessels, stored in water bottles for transport, and re-cut once more under water at the field camp to restore xylem flow before isoprene Ec and gas exchange measurements (section 2.5).




2.4 Leaf samples for isoprene emission capacity and functional trait measurements

We selected one visibly mature and healthy leaf of the branch to measure leaf-level isoprene Ec and An, then removed the branch from the water, wrapped the lower end of the stem in moist absorbent paper, and placed it in a closed plastic bag for further leaf morphological trait measurements. We selected between 10-20 leaves (fewer larger leaves and more smaller leaves were collected) that were immediately frozen in liquid nitrogen and further taken to Manaus for terpene storage analysis and selected another set of 10-20 leaves that were dried in an oven at 60°C for 72 h, ground and weighed for leaf stable C isotope and elemental analyses and total phenolics content analysis at the Max Planck Institutes for Biogeochemistry (MPI-BGC) and Chemical Ecology (MPI-CE). Finally, we selected four leaves (including the one used to measure isoprene Ec) to measure LDMC, LMA, and LT, and another four leaves to measure FtP. For compound leaves, we considered a leaflet as an equivalent of a simple leaf for all leaf measurements described below. Detailed descriptions of leaf morphological trait measurements, terpene storage analysis, stable C isotope and elemental analyses, and total phenolics content analysis are presented in the Supplementary Material (Supplementary Methods S1–S4).




2.5 Isoprene emission capacity and gas exchange measurements

We measured leaf-level isoprene Ec using a combined LI-6800 portable gas exchange (LiCor Inc., USA) and proton-transfer-reaction quadrupole mass spectrometer (PTR-QMS, IONICON Analytik, Innsbruck, Austria) system, which allows real-time measurements of isoprene emissions under defined environmental conditions of the LI-6800 leaf chamber. We installed a hydrocarbon filter (Restek Pure Chromatography, Restek Corporations, USA) at the air inlet of the LI-6800 to remove isoprene from incoming ambient air. All tubing in contact with the sampling air was PTFE and does not exchange isoprene. At the beginning of each day and before each measurement, we obtained a chamber blank sample from the empty leaf chamber. We separately enclosed the leaf (for compound leaves we considered a leaflet as the equivalent of a simple leaf lamina) in the leaf chamber under standard conditions: photosynthetic photon flux density (PPFD) of 1000 μmol m-2 s-1, leaf temperature of 30°C, flow rate of air going into the leaf chamber of 400 μmol s-1, CO2 and H2O concentrations of 420 μmol mol-1 and 21 mmol mol-1 and relative humidity of ~60%. The stability criterion for measurements was defined as one standard deviation of the mean An, and we visually monitored An until the value reached a plateau, beginning measurements when the instrument had reached the defined stability criterion. Leaves displaying no signs of photosynthetic activity were excluded from analyses. An was transformed to photosynthesis per leaf dry mass (Amass) and expressed in units of μg C g-1 h-1.

The air exiting the LI-6800 leaf chamber was redirected to the PTR-QMS, which operated in standard conditions with a drift tube voltage of 600 V, drift tube pressure of 2.2 mbar, and E/N 120 Td. Measurements were performed for 10 minutes, and during each PTR-QMS measurement cycle the following mass-to-charge ratios (m/z) were monitored: 21 (H318O+), 32 (O2+), and 37 (H2O-H3O+) with a dwell time of 500 ms each; 41 (isoprene fragment), 69 (isoprene) with a dwell time of 1 s each. Humidity-dependent calibrations (using water-bubbled nitrogen to dilute standard gas, simulating ambient relative humidity) were performed with a certified standard gas provided by Apel-Riemer Environmental, Inc. (Supplementary Table S1), at the beginning and end of the measurement campaign. The mixing ratios of isoprene were calculated from the calibration curves (R2 = 0.99). The detection limit of the PTR-QMS was calculated as three times the standard deviation of isoprene (ppb) detected in the water-bubbled nitrogen background of the calibration curves and was equal to 0.93 ppb. Cross-validation for isoprene data obtained by in situ PTR-QMS measurements and by adsorbent cartridges analyzed via GC-FID was performed in a previous study showing a coefficient of determination (r2) of 0.88 (Yáñez-Serrano et al., 2015). Once mixing ratios of isoprene (ppb) from the samples were obtained, isoprene emission capacity per area Ec,A was determined using the equation (Ec,A = Rppb × Q/S), where Ec,A (nmol m-2 s-1) is the leaf flux of isoprene emission; Rppb (nmol mol-1) is isoprene concentration of the outgoing air; Q is the flow rate of air into the leaf chamber (400 x 10-6 mol s-1); S is the area of leaf within the chamber (0.0002 m² or 0.0006 m²). Values of isoprene Ec,A were transformed to units of isoprene emission capacity per dry mass (Ec,M, µg C g-1 h-1).




2.6 Statistical analyses

Because the number of replicates per species available in our sampling plot prevented characterizing species-level variation, we focused on individual-level analyses and controlled potential species-level effects by performing mixed-effects models with species as random factor. To evaluate if the presence of isoprene emissions or terpene storage changed between leaf phenological types, we performed chi-squared (χ2) analysis to compare observed and expected proportions of detected isoprene Ec,A, and mono-/sesquiterpene storage in the full dataset and to compare observed and expected proportions of detected isoprene Ec,A and mono-/sesquiterpene storage in each leaf phenological type.

To evaluate if the magnitudes of isoprene emissions and terpene storage changed between leaf phenological types, we performed mixed-effects pair-wise comparisons of the magnitude of isoprene Ec,A and relative abundances of stored mono-/sesquiterpenes between leaf phenological types. To evaluate whether the interactions between leaf phenological types and functional traits influenced the presence of isoprene emissions or the variation in isoprene emission rates, we performed univariate mixed effects linear regression models (UMELMs) of detected isoprene Ec,M/magnitude of isoprene Ec,M ~ functional trait * leaf phenological type + (1| Species). Given that some traits had missing data (NA), UMELMs were performed with a reduced sample size of n = 154 for detected isoprene Ec,M and n = 81 for the magnitude of isoprene Ec,M (only trees with detected isoprene Ec,M). We performed univariate models instead of a single multiple model containing all functional traits measured because our number of observations did not allow for the inclusion of all these variables and their interactions in a single multiple model (Harrell, 2001; Burnham and Anderson, 2002; Babyak, 2004).

UMELMs were performed using the lmer function of the LME4 R package (Bates et al., 2015). The p-values of mixed effects pairwise comparisons and UMELMs were obtained with the EMMEANS package (Lenth, 2024). Distributions of detected isoprene Ec,A, and mono-/sesquiterpene storage between leaf phenological types and results of mixed effects models are presented as plots from the GGPLOT2 package (Wickham, 2016). All statistical analyses were performed using R version 4.3.2 through the platform RStudio 2023.9.1.494 (R core team, 2023).





3 Results

Values of mean, standard deviation, and ranges of values for all variables used in this study are presented in Table 1. We found a total of 14 different stored monoterpenes and 25 stored sesquiterpenes (Table 2). The distribution of detected isoprene Ec,A between leaf phenological types showed that there was a significantly higher occurrence of isoprene non-emitters among evergreen (EV) trees (chi-squared test (χ2), p = 0.04; Figure 1A). There were no significant differences in percentages of detected terpene storage comparing leaf phenological types (Figures 1B, C). We detected isoprene Ec,A in 88 trees (50%) (Figure 1D), monoterpene storage in 78 trees (46%) (Figure 1E), and sesquiterpene storage in 121 trees (71%) (Figure 1F), and there was a much higher number of sesquiterpene-storing trees than expected by chance (p < 0.001, Figure 1F). There were no significant differences in isoprene emission rates and relative abundances of stored terpenes between leaf phenological types (Figure 2).

Table 1 | Units and values of mean, standard deviation (SD), and range of values in the dataset for isoprene emission capacity per area (Ec,A) and per leaf dry mass (Ec,M) and leaf functional traits measured for 175 trees from 124 species of angiosperms in a central Amazon forest.


[image: Table displaying various plant-related variables, their units, mean values, standard deviations (SD), and range of values. Variables include isoprene emission capacity, leaf dry mass, leaf thickness, and others related to photosynthesis and stored compounds. Units differ per variable, such as nanomoles per square meter per second for isoprene emission, milligrams per gram for phosphorus concentration, and percent for phenolic content. Each entry shows calculated averages, variability, and observed value ranges. A note explains calculation methods for stored monoterpenes and sesquiterpenes and their diversity based on compound numbers.]
Table 2 | List of detected stored monoterpenes and sesquiterpenes and number (n) of trees in which each compound was detected.


[image: Table listing monoterpenes and sesquiterpenes compounds with the number of trees containing each. For monoterpenes: Limonene (56), Linalool (39), α-Terpineol (33), among others. For sesquiterpenes: Caryophyllene (97), Copaene (94), α-Calacorene (31), among others.]
[image: Bar chart series comparing the percentage of different leaf phenological types across three conditions: detected isoprene, stored monoterpenes, and stored sesquiterpenes. Panels A, B, and C show breakdowns by percentage for each condition, with BD (red), EV (green), and NF (blue) categories. Chi-square test results with p-values are shown, with Panel F significant at \(p < 0.001\).]
Figure 1 | Distribution of (A) detected isoprene Ec,A, (B) stored monoterpenes, and (C) stored sesquiterpenes between leaf phenological types and observed proportions of (D) detected isoprene Ec, (E) stored monoterpenes and (F) stored sesquiterpenes for 175 trees from 124 species of angiosperms in a central Amazon forest. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. Chi-squared (χ2) p-values in a-c correspond to comparisons between observed and expected proportions of emission/storage in each leaf phenological type (heat map of residuals for panel (A) is presented in Supplementary Figure S1), and χ2 p-values in d-f correspond to comparisons between observed and expected proportions of emission/storage in the full dataset.

[image: Box plots illustrating data for three leaf phenological types: BD, EV, and NF. Panel A shows isoprene with p-values 1, 0.6, and 0.8. Panel B presents relative abundance of stored monoterpenes with p-values 0.9, 0.2, and 0.3. Panel C depicts relative abundance of stored sesquiterpenes with p-values 0.7, 0.8, and 0.2. Each box plot displays median, quartiles, and potential outliers.]
Figure 2 | Comparisons of the magnitude of (A) detected isoprene Ec,A (nmol m-2 s-1, n = 88), (B) relative abundances of stored monoterpenes (%, n = 78), and (C) stored sesquiterpenes (%, n = 121) between leaf phenological types. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. Pairwise comparisons are mixed effect models that include tree species as a random effect.

Results of UMELMs of detected isoprene Ec,M and functional traits (Table 3) showed that the interactions between leaf phenological type and Force to Punch (FtP), photosynthesis per mass (Amass), presence of stored monoterpenes, and carbon-to-nitrogen (CN) ratio were significantly related to the presence or absence of isoprene emissions (Supplementary Table S2). Meanwhile, results of UMELMs of the magnitude of isoprene Ec,M, and functional traits (Table 3) showed that FtP, CN, and Amass alone, and the interactions between leaf phenological type and the diversity of stored sesquiterpenes and total phenolics content, were significantly related to variations in isoprene emission rates (Supplementary Table S2).

Table 3 | Statistical parameters of univariate mixed effects linear regression models (UMELMs) of detected isoprene Ec,M and magnitude of isoprene Ec,M.


[image: A table presenting statistical results for two dependent variables: detected isoprene and magnitude of isoprene. It includes various independent variables such as FtP, A\(_{mass}\), presence of stored monoterpenes, and others, interacting with phenotype. Columns show degrees of freedom (df1 and df2), F ratios, and p-values for trait, phenotype, and interaction. Statistically significant p-values (less than 0.05) are in bold, indicating significant interactions or effects for variables like presence of stored monoterpenes and total phenolics. A descriptive note explains the model construction and context.]
Isoprene-emitting trees from the no-detectable flushing (NF) group were significantly less likely to store monoterpenes (Table 4). These trees also showed significantly tougher (Figure 3) and less photosynthetically active (Figure 4) leaves with a higher carbon-to-nitrogen ratio (Figure 5). On the other hand, isoprene emission rates in brevideciduous (BD) trees were significantly higher with higher diversity of stored sesquiterpenes (Figure 6) and total phenolics content (Figure 7). Lastly, independent of the leaf phenological type, isoprene emission rates were significantly lower with FtP and CN, while higher with Amass (Figure 8).

Table 4 | Contingency table and chi-squared (χ2) p-values of comparisons of proportions of detected isoprene Ec,M and detected monoterpene storage in each leaf phenological type (n = 154).


[image: Table comparing isoprene detection and monoterpene storage in trees: EV, BD, and NF. The data shows detected and non-detected isoprene levels with their corresponding monoterpene storage numbers and p-values. Definitions for BD, EV, and NF are provided below the table.]
[image: Box plot showing the force required to punch (FtP, N per mm) related to detected isoprene under conditions labeled BD, EV, and NF. Each condition compares "No" and "Yes" groups for isoprene detection. P-values are indicated above each plot: BD (p = 0.49), EV (p = 0.067), NF (p = 0.00034). Dashed and solid lines connect medians.]
Figure 3 | Mixed effects linear regression model of detected isoprene Ec,M (No, not detected; Yes, detected) varying as a function of force to punch (FtP, N mm-1) per leaf phenological type. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. The model was performed with all trees as sample units (n = 154) and had species as a random factor. Dashed and solid lines represent p < 0.1 and p < 0.05, respectively.

[image: Box plot comparing detected isoprene levels (No, Yes) across three categories: BD, EV, and NF. Y-axis represents A_mass in micrograms of carbon per gram per hour. NF category shows a significant difference with p = 0.0021, while BD and EV have higher p-values of 0.67 and 0.4, respectively. Each category includes median lines, interquartile ranges, and outliers.]
Figure 4 | Mixed effects linear regression model of detected isoprene Ec,M (No, not detected; Yes, detected) varying as a function of photosynthesis per leaf dry mass (Amass, µg C g-1 h-1) per leaf phenological type. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. The model was performed with all trees as sample units (n = 154) and had species as a random factor. The solid line represents p < 0.05.

[image: Box plot comparing CN values for detected isoprene \(E_{C,M}\) under conditions BD, EV, and NF. Each condition shows data for "No" and "Yes" detection groups. BD and EV have similar CN distributions, while NF shows a higher CN in the "Yes" group, with p-values of 0.67, 0.079, and 0.03 for BD, EV, and NF respectively. Outliers are present across all conditions.]
Figure 5 | Mixed effects linear regression model of detected isoprene Ec,M (No, not detected; Yes, detected) varying as a function of carbon-to-nitrogen ratio (CN) per leaf phenological type. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. The model was performed with all trees as sample units (n = 154) and had species as a random factor. Dashed and solid lines represent p < 0.1 and p < 0.05, respectively.

[image: Scatter plot showing the relationship between the diversity of stored sesquiterpenes and isoprene production for three categories: BD, EV, and NF. Each category displays a trend line with corresponding p-values: BD (p = 0.016), EV (p = 0.097), NF (p = 0.46). The x-axis represents the diversity of stored sesquiterpenes, and the y-axis shows isoprene E_c, M levels in micrograms carbon per gram per hour.]
Figure 6 | Mixed effects linear regression model of isoprene Ec,M (µg C g-1 h-1) varying as a function stored sesquiterpene diversity (n of compounds) per leaf phenological type. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. The model was performed with all trees that showed detected isoprene Ec,M as sample units (n = 81), and had species as a random factor. Dashed and solid lines represent p < 0.1 and p < 0.05, respectively.

[image: Scatter plot showing the relationship between total phenolic content (x-axis, 0 to 100 percent) and isoprene emission rate (y-axis, 0 to 12.5 micrograms of carbon per gram per hour) for three conditions: BD (p = 0.037), EV (p = 0.16), and NF (p = 0.67). Each condition is represented in a separate panel with individual data points. BD shows a positive trend with a fitted line, while EV and NF appear random without clear trends.]
Figure 7 | Mixed effects linear regression model of isoprene Ec,M (µg C g-1 h-1) varying as a function of total phenolics content (% of relative abundance) per leaf phenological type. BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did not show detectable flushing crown events during the monitoring period. The model was performed with all trees that showed detected isoprene Ec,M as sample units (n = 81), and had species as a random factor. The solid line represents p < 0.05.

[image: Three scatter plots display the relationship between isoprene emissions and different variables. Plot A shows a negative correlation with force to punch (FtP) and a p-value of 0.034. Plot B indicates a negative correlation with CN and a p-value of 0.0021. Plot C demonstrates a positive correlation with A_mass and a p-value of 6e-06. Each plot includes a trend line.]
Figure 8 | Mixed effects linear regression models of isoprene Ec,M (µg C g-1 h-1) varying as a function of (A) force to punch (FtP, N mm-1), (B) carbon-to-nitrogen ratio (CN), and (C) photosynthesis per leaf dry mass (Amass, µg C g-1 h-1). The model was performed with all trees that showed detected isoprene Ec,M as sample units (n = 81), and had species as a random factor. The solid lines represent p < 0.05.




4 Discussion

Our study presents a unique dataset of isoprene emission capacity (Ec) measurements, combined with leaf phenological type and functional - physiological, morphological, and chemical - trait data for 175 trees from 124 species of angiosperms in an upland terra firme Amazon Forest. Many of these measurements represent the first-ever recorded data for numerous species. Evergreen trees that flushed leaves in the drier months of the year (EV) contained more non-emitters than emitters of isoprene, and sesquiterpene storage was detected in many more trees than expected by chance. Contrary to our hypothesis, isoprene emission rates and relative abundances of stored monoterpenes and sesquiterpenes did not vary between leaf phenological types. Yet, interactions between leaf phenological type and functional traits were significantly related to the presence of isoprene emissions and variations in isoprene emission rates. These relationships revealed that, for trees that continuously produced/lost leaves (NF), isoprene emitters were less likely to store monoterpenes and had significantly tougher and less photosynthetically active leaves, with a higher carbon-to-nitrogen ratio compared to non-emitters. Meanwhile, in brevideciduous (BD) trees, isoprene emission rates were significantly higher with a higher diversity of stored sesquiterpenes and total phenolics content. Finally, independent of leaf phenological type, isoprene emission rates were higher in softer (lower FtP) leaves, with lower carbon-to-nitrogen ratios, and higher photosynthesis per dry mass. In the following sections we discuss the i) distribution of isoprene emissions and terpene storage in the different leaf phenological types, ii) the relationships between leaf phenological type, functional traits and variations in the presence of isoprene emissions and isoprene emission rates, and iii) present a summary of the results and implications for emission modeling.



4.1 Distribution of isoprene emission capacity and terpene storage in different leaf phenological types

We have detected isoprene emissions in 88 trees from 69 species, which corresponds to c. 50% of all trees and 55.6% of all species. Most studies so far have reported only between 20-38% of tropical tree species as isoprene emitters (Harley et al., 2004; Loreto and Fineschi, 2015), but recent studies have shown that this number can be even larger, up to 76% (Jardine et al., 2020; Mu et al., 2022). Results of the distribution of isoprene emitters between leaf phenological types showed slight differences compared to what has been observed by Gomes Alves et al. (2023) through emission probability modeling, suggesting a prevalence of non-emitters of isoprene within the group of massively flushing evergreen (EV) trees. Because evergreen trees are more dominant in the central Amazon forest compared to brevideciduous trees (Condit et al., 2000; Aleixo et al., 2019), a higher fraction of non-emitters in this group may imply lower regional fluxes in this region. However, contrary to our hypothesis, we did not see significant differences in isoprene emission rates comparing leaf phenological types. The fact that brevideciduous trees in this forest may not lose all their foliage and only remain leafless/partially leafless for shorter periods, combined with the fact that this forest is mostly composed of dry-season flushing evergreen trees (Condit et al., 2000; Aleixo et al., 2019; Mesquita Pinho, 2021), could indicate that the observed seasonality of higher isoprene emissions at the end of the dry season/early wet season is probably being driven by a higher fraction of mature leaves in the canopy, regardless of leaf phenological type (Alves et al., 2018; Gomes Alves et al., 2023).

Meanwhile, we have detected sesquiterpene storage in a significantly large number of trees, with no differences in relative abundances of monoterpene and sesquiterpene storage comparing leaf phenological types, contradicting our initial hypothesis. These results show that terpene storage is widespread regardless of leaf phenological types and emphasize how tropical tree species are more complex and do not hold to general assumptions or plant trait coordinations found in temperate tree species (Dani et al., 2014). Sesquiterpenes require more carbon for production (15C) compared to isoprene (5C), with a yield rate of secondary organic aerosol (SOA) formation that can reach up to 70% (Griffin et al., 1999b, 1999a), while for isoprene it has been reported as <6% (Kroll et al., 2005; Xu et al., 2014). Studies have observed significant temperature-induced emissions of these heavier terpenes at temperatures above 35°C (Nagalingam et al., 2023; Robin et al., in preparation). Considering that tropical forest canopies can frequently experience such high temperatures (Jardine et al., 2017; Manzi et al., 2024), the large number of sesquiterpene-storing species we observed may indicate a strong potential for higher fluxes of these compounds than previously estimated by emission models (e.g., Guenther et al., 2012), and may incur higher carbon losses to the atmosphere if the forest is under more frequent stress (e.g.; heatwaves, insect outbreaks), but more research is needed to test this.




4.2 Interactions between leaf phenological type, functional traits, and isoprene emission capacity

Even though isoprene emission rates did not vary between leaf phenological types, interactions between functional traits and leaf phenological types were significantly related to variations in the presence and magnitude of isoprene emissions. Much had been discussed on the roles of isoprene in increased thermotolerance (Singsaas et al., 1997; Pollastri et al., 2014, 2019) and oxidative stress protection (Vickers et al., 2009; Morfopoulos et al., 2013, 2014; Rodrigues et al., 2020), and recent research has demonstrated that the presence of isoprene emissions is related to multiple up and down regulations of gene expression, transcription factors, and protein abundance (Behnke et al., 2010; Harvey and Sharkey, 2016; Lantz et al., 2019; Zuo et al., 2019; Frank et al., 2021; Monson et al., 2021; Dani et al., 2022; Weraduwage et al., 2023; Srikanth et al., 2024). The current view is that isoprene occupies a unique metabolic position, mediating processes that govern the supply of photosynthetic substrates and the requirements for secondary metabolite products, enabling plants to allocate resources to defense while minimizing the impact on growth (Monson et al., 2021).

Isoprene-emitting trees from the NF group were less likely to store monoterpenes and had tougher and less photosynthetically active leaves (i.e., higher mechanical defense). Meanwhile, in brevideciduous trees, isoprene emission rates were higher with a higher diversity of stored sesquiterpenes and higher total phenolics content (i.e., higher chemical defense). There are only a few multi-omic studies evaluating how the presence of isoprene emissions regulates chemical and mechanical defenses (Harvey and Sharkey, 2016; Zuo et al., 2019; Monson et al., 2020, 2021). In isoprene-emitting (IE) poplar leaves, for example, the presence of isoprene emissions was associated with increased expression of genes involved in the accumulation of lignin, supporting our observation of isoprene emitters from the NF group with higher FtP and CN ratios (Monson et al., 2020, 2021). On the other hand, opposite relationships between isoprene emission and terpene accumulation have been observed: in IE poplar and tobacco leaves, the presence of isoprene emissions was related to reductions in the expression of genes and proteins involved in terpene biosynthesis (Zuo et al., 2019; Monson et al., 2020, 2021); however, Harvey and Sharkey (2016) observed increases in transcript abundances of terpene synthesis-related genes under fumigation with isoprene for Arabidopsis plants. As for phenolics, the observed relationship between higher isoprene emission rates and higher phenolics content in BD trees corroborates with Behnke et al. (2010) and Monson et al. (2020), which showed that the presence of isoprene emissions was associated with an upregulation in the expression of genes in the phenylpropanoid pathway with consequent increases in production of phenolic compounds.

Trees from EV and BD groups presented regular flushing events in the early and mid-dry seasons, respectively, which means that their canopies have a more homogeneous leaf age composition (Lopes et al., 2016; Gonçalves et al., 2020). In contrast, since NF trees did not show detectable flushing events and probably flushed/lost new leaves continuously throughout the years, canopies from these trees likely have greater leaf age heterogeneity. Although we did not measure visually old leaves, and this group did not show significantly lower Amass or LMA compared to the other groups (Supplementary Figure S2), it is possible that we measured slightly older leaves for these trees, and isoprene emissions decrease together with photosynthesis as leaves get older (Schnitzler et al., 1997; Gomes Alves et al., 2023). On the other hand, part of the NF group could be composed of trees that did not have detectable flushing events because they flush dark green leaves that are not detected as young by the PhenoCam, hence more research at the branch or leaf levels on these trees is needed to understand the mechanisms driving their leaf renewal.

One hypothesis to explain the evolutionary drivers of leaf-out phenology in upland central Amazon forests suggests that trees flush new leaves in the dry season as a way to avoid increased herbivory pressure in the wet season, since young leaves have fewer structural defenses (i.e., softer, thinner), and are more palatable to herbivores, which are more abundant in the rainy season (Wright and van Schaik, 1994; Coley and Barone, 1996; Lopes et al., 2016). Perhaps, in brevideciduous trees, the presence of isoprene emissions could be influencing metabolic regulation towards a more functionally diverse chemical-based defense, that protects the large fractions of synchronized newly flushed and vulnerable young leaves (Coley and Barone, 1996; Lopes et al., 2016). Meanwhile, in evergreen trees that continuously flushed/lost leaves (NF), isoprene may be associated with an upregulation of defense towards a more long-term, lignin-based structural defense that supports longer leaf longevities (Monson et al., 2021). This suggests that isoprene emission in this forest could be involved in the co-regulation of a chemical-mechanical defense trade-off (van der Meijden et al., 1988; Pedersen et al., 1995) between brevideciduous (BD) and evergreen trees with continuous flushing (NF), which is reinforced by the observation that isoprene emitters in NF are also less likely to store monoterpenes.

Recent studies have demonstrated how isoprene is intrinsically interconnected with broad patterns of gene expression, and that leaf phenological types are under strong genetic control, being less of an observable trait and more of a dynamic response that results from gene-environment interactions (Satake et al., 2024). For example, studies on the seasonal expression of BVOC synthesis-related genes in two tree species of Fagaceae (Quercus glauca and Lithocarpus edulis) showed that genes downstream of the MVA pathway, involved in sesquiterpene production, had increased expression during the period that matches leaf flushing for these trees (Satake et al., 2023, 2024). Even though we did not measure visually young leaves, brevideciduous trees possibly produce new leaves earlier than evergreen trees, so it is possible that their canopies were overall composed of slightly younger leaves in comparison to other leaf phenological types, and thus had increased expression of sesquiterpene synthase genes. Considering this underlying molecular component of plasticity in leaf phenological types and associations with pathways of isoprene and sesquiterpene synthesis, perhaps our results suggest that, in this resource-abundant, species-rich, ecologically-complex upland terra-firme central Amazon forest, the direction of isoprene’s regulation over growth and defense is possibly being influenced by leaf phenological type, although more research is needed to test this hypothesis.

Lastly, isoprene emission rates were significantly higher with characteristic resource-acquisition traits (Wright et al., 2004), like lower mechanical resistance (low FtP), and higher nitrogen content (lower CN) and Amass. It is reasonable that, independent of leaf phenological type, emission rates from isoprene emitters would be higher with such traits that enable faster leaf metabolism, hence providing sufficient carbon uptake to support stronger emission rates (Loreto and Sharkey, 1990; Delwiche and Sharkey, 1993; Loreto et al., 1996; Magel et al., 2006; Sharkey and Monson, 2017). Still, isoprene emitters from evergreen trees were generally constrained towards more resource-conservative strategies (higher FtP and lower Amass, and CN) which, given the predominance of evergreen trees in central Amazon forests (Condit et al., 2000; Aleixo et al., 2019), emphasizes the importance of incorporating leaf phenological type when estimating regional and global fluxes.




4.3 Summary and implications for emission modeling

Although our results showed that isoprene emissions and terpene storage did not significantly vary between evergreen and brevideciduous trees, they revealed that interactions between traits and leaf phenological types drive variations in the presence of isoprene emissions and isoprene emission rates. Isoprene-emitting trees with no detectable flushing were less likely to store monoterpenes and had tougher and less photosynthetically active leaves, while brevideciduous trees showed higher isoprene emission rates with a higher diversity of stored sesquiterpenes and total phenolics content. Recent studies have revealed that isoprene is an integrative compound that co-regulates both growth and defense responses by promoting changes in gene expression patterns and protein abundances. Our results perhaps suggest that the direction of this co-regulation is influenced by leaf phenological types, and that isoprene emissions participate in co-regulating a chemical-mechanical defense trade-off between brevideciduous and evergreen trees with continuous flushing in central Amazonia. Moreover, we detected isoprene emissions and sesquiterpene storage in a greater number of trees than expected, which indicates a greater potential for emissions of these compounds than previously thought (Harley et al., 2004; Guenther et al., 2012; Loreto and Fineschi, 2015).

Isoprene and sesquiterpene emissions, directly and indirectly, influence atmospheric processes and cloud formation, with sesquiterpenes having a yield rate of particle formation almost 10 times that of isoprene (Griffin et al., 1999b, 1999a; Kroll et al., 2005; Xu et al., 2014). Warmer climates might favor the predominance of thermotolerant isoprene-emitting trees (Singsaas et al., 1997; Pollastri et al., 2014, 2019; Taylor et al., 2018), and increased heat stress and herbivore outbreaks can induce stronger sesquiterpene emissions (Nagalingam et al., 2023; Robin et al., in preparation), but the exact effects of current global climate changes and multiple stressors (e.g. extreme heat events, more frequent and intense droughts and flooding, elevated CO2 and O3) on forest-atmosphere emission feedbacks are uncertain (Yáñez-Serrano et al., 2020; Satake et al., 2024). The Amazon forest is the greatest source of volatile isoprenoid emissions to the atmosphere (Jardine et al., 2020; Mu et al., 2022), and a better understanding of the dynamics between emissions, leaf phenological types and functional traits in this forest is essential to provide a more mechanistic understanding of emissions and improve their representation in models.
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The functioning of ecosystem services in water-limited grassland ecosystems is significantly influenced by precipitation characteristics. This study aims to quantitatively assess the impact of different precipitation scenarios on grassland productivity using the APSIM model. Historical weather data from 1968 to 2017 and observational data from three types of steppes (meadow, typical, and desert steppe) in Inner Mongolia Autonomous Region from 2004 to 2010 were collected to determine key crop variety parameters for the APSIM model. The effects of annual precipitation, seasonal precipitation, and inter-growing season precipitation variability on aboveground net primary production (ANPP) and precipitation utilization efficiency (PUE) in different types of steppes were investigated by scenario simulation by validated model. The simulated ANPP shows distinctive responses to the changed rainfall characteristics, where the influence of precipitation decreasing is more evident than precipitation increasing by the same precipitation change. Regarding steppe types, the typical steppe responded more strongly to increased precipitation, while decreased precipitation led to higher decline in ANPP for desert steppe. Precipitation during growing seasons caused more significant change than dormancy seasons regarding ANPP, however, PUE show the opposite trend, indicating the contribution of unit level precipitation changes to productivity is significant during dormancy seasons. The effect of changing precipitation during middle growing season outweighed that of late growing season and early growing season, and the positive effect of increasing precipitation were more pronounced in typical steppe and desert steppe if facing early growing season precipitation increase in the future. The research results provide a theoretical basis and technical support for optimizing grassland production management.
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1 Introduction

Grassland, as an important component of terrestrial ecosystems, accounts for approximately 70% of the world’s available agricultural production area (Mo et al., 2012). China has a natural usable grassland area of 331 million hectares, of which alpine meadows have the largest area, about 59 million hectares, accounting for 17% of the total area (Mo et al., 2012). Next are temperate steppe, alpine steppe, and temperate desert steppe, all accounting for about 10% of the total grassland area in China (Tian et al., 2020). Semi-arid steppe is a major type of terrestrial ecosystem worldwide, with an area of approximately 9.1×106 km2 (Liu M. et al., 2017). Except for an increase in the area of typical steppe, the area of other grassland types has decreased (Zhu et al., 2020; Tian et al., 2020). Currently, the functioning of grassland ecosystems is influenced by climate change, which can lead to changes in biological habitats and even a reduction in global biodiversity (Qie et al., 2019). The ecological service functions of grassland ecosystems are particularly affected by precipitation characteristics in water-limited grassland ecosystems, which is more pronounced (Petrie et al., 2018; Zhang et al., 2018; Ru et al., 2022). It is urgent to assess the impact of different precipitation scenarios on grassland productivity.

Precipitation characteristics, such as precipitation pulse, precipitation intensity, precipitation duration, and precipitation frequency, have important effects on grassland productivity (Guan et al., 2018). Guo et al. (2015) explored the impact of different precipitation scenarios on gross primary productivity (GPP) of alpine meadows using eddy covariance technology, and found that precipitation intensity and precipitation duration are the main meteorological factors affecting GPP. Hoover and Rogers (2016) studied the impact of interannual precipitation on ecosystem carbon storage and cycling, and found that short-term episodic droughts are more likely to cause carbon loss than long-term continuous droughts. Andrew et al. (2020) found that increasing precipitation during the dry growing season reduces precipitation utilization efficiency (PUE) and aboveground net primary productivity (ANPP) by eliminating the temporal variation of extreme climate season precipitation. However, few studies have focused on the impact of precipitation on grassland productivity for intra-seasons, e.g. during the mid-late growing season, which plays a crucial role in controlling carbon and nitrogen cycling and biological interactions (Li P. et al., 2018; Yuan and Yang, 2021).

As precipitation can affect soil water content and subsequently influence vegetation phenology and growth cycles, extreme precipitation in arid grassland areas has a greater impact on grassland productivity than extreme temperature (Iturrate-Garcia et al., 2016). Although increased precipitation can alleviate the pressure of terrestrial water storage, promote water infiltration, and prevent premature wilting of grassland vegetation (Liu M. et al., 2017; Hao et al., 2017), they may also increase grassland ecosystem respiration consumption and surface runoff (Guo et al., 2015; Felton et al., 2018). The uncertainty of grassland productivity under different precipitation scenarios of different types of steppes still needs to be further investigated.

Previous studies have explored the impact of precipitation on grassland productivity through limited years of field experiments (<3 years), and whether there are legacy effects of precipitation characteristics requires verification on longer time scales (Bodner and Robles, 2017; Wang et al., 2018). Crop models can be used to simulate the impact of different precipitation scenarios on grassland productivity and solve scientific issues such as wastage of funding resources, lengthy duration, and timeliness of technological applications in actual precipitation scenario experiments. Currently, most existed vegetation models have been used to simulate the dynamic growth of different plant functional types, and their response to climate change (Susanne et al., 2018). Severe soil degradation in Inner Mongolia Autonomous Region, especially the degradation of 0-20cm layers constrained vegetation growth, while in the typical vegetation model, e.g. DGVMs (Krause et al., 2018), soil was divided into two layers (0-0.5m for top layer and 0.5-1.0m for deeper layer), which may neglect the effect of top soil layers. The APSIM model has been widely used to address the limitations of traditional field experiments, such as spatial and temporal constraints, limited research subjects, and long experimental cycles with more detailed soil layer definition may solve this problem (Holzworth et al., 2014; Gao et al., 2022; Liu et al., 2022; Gong et al., 2023; Wu et al., 2024). Existed studies demonstrate using APSIM model to simulate the impact of different precipitation scenarios on crop yields is effective, such as wheat (Gao et al., 2022), corn (Gong et al., 2023), and potatoes (Liu et al., 2022), which provide theoretical guidance and technical support for optimizing crop water and fertilizer management measures at the regional scale. Therefore, we can utilize the advantages of the APSIM model to evaluate the response of grassland ecosystems to precipitation changes.

In this study, historical meteorological data from 1968 to 2017 and observational data of three types of steppes (meadow, typical, and desert steppe) from 2004 to 2010 in Inner Mongolia Autonomous Region were collected to determine the key crop variety parameters of the APSIM model. The effects of annual, seasonal, and intra-growing season precipitation changes on ANPP and PUE of different types of steppes were explored through scenario simulation based on validated model. The results of this study will provide a theoretical basis and technical support for optimizing grassland production management.




2 Materials and methods



2.1 Study area

The present study was conducted at three types of grassland sites in Inner Mongolia Autonomous Region, namely E’erguna Qi (50.47°N, 120.41°E, meadow steppe (MS) dominated by Leymus chinensis and Stipa baicalensis), Xilinhot (43.63°N, 116.70°E, typical steppe (TS) dominated by Leymus chinensis), and Siziwang Qi (42.16°N, 111.60°E, desert steppe (DS) dominated by T. angustifolia, Artemisia scoparia, and Cleistogenes squarrosa) (Piao et al., 2007; Li QY. et al., 2018; Hou et al., 2023). The MS is located in the northeastern part of Inner Mongolia, with an average annual temperature of -2.07 ± 1.08°C and an average annual precipitation of 358.7 ± 85.7 mm. The TS is situated in the central region of Inner Mongolia, with an average annual temperature of 3.19 ± 0.99°C and an average annual precipitation of 281.5 ± 88.6 mm. The DS is found in the western part of Inner Mongolia, with an average annual temperature of 4.25 ± 0.98°C and an average annual precipitation of 316.4 ± 77.3 mm. The annual NPP was highest for meadow steppe, which was ~250 g C/m2, followed by typical steppe (~150 g C/m2), and the lowest in desert steppe (<100 g C/m2) (Hossain et al., 2021). The community height followed the same patter as annual NPP in the three steppes, with community height>23 cm in meadow steppe while community height at <14cm for desert steppe in August (Zhang and Ren, 2023). The mean LAI values in meadow steppe were 1.45 m2/m2, while in typical steppe, the LAI values had a distribution range of 0.34~2.34 m2/m2 with a mean value of 1.18 m2/m2, and for that of desert steppe, mean LAI was 0.57 m2/m2 (Shen et al., 2022). The starting of growing season (SOS) in desert steppe was around early April while in typical steppe, plant started growth by middle April. For meadow steppe, SOS occurred in early May. The end of growing season was 260~270 (DOY) in meadow steppe, 270~280 in typical steppe and 280~300 in desert steppe (Wang et al., 2019).




2.2 Data sources

The data for this study mainly includes meteorological, soil, and vegetation growth management data. Meteorological data comes from the official website of China Meteorological Administration (https://data.cma.cn/). The meteorological station data near the selected types of steppe sites, including MS, TS, and DS, with station codes 50425, 54102, and 53362 respectively, provides key indicators such as daily maximum temperature, daily minimum temperature, daily precipitation, sunshine duration, wind speed, relative humidity, solar radiation, and sun hours data for the period from 1968 to 2017. The calculation of sunshine duration and solar radiation indicators were based on the method proposed by Wu et al. (2017). The data of the top 0-20 cm soil layer is measured on-site (Table 1), while the data of the deep 20-100 cm soil layer is derived from the global soil data grid product (Wang et al., 2017). The normalized soil physicochemical properties data specific to steppe sites were extracted, including soil texture (sand, silt, and clay content), bulk density, soil organic matter, and soil pH. The natural grassland sites were fenced in the early 1980s with an area of 5 km × 5 km (Wu et al., 2022). Plant growth data includes green-up date, flowering date, as well as aboveground net primary production (ANPP, measured as above-ground biomass which was cut at 5 cm) from May to September with 1 m × 1 m plots were obtained from the animal husbandry experimental stations of China Meteorological Administration.

Table 1 | Physical and chemical characteristics of 0-20cm surface soil at three representative grassland stations.


[image: Table comparing soil characteristics across three grassland types: meadow, typical, and desert steppes. It lists experiment stations, sand, silt, clay percentages, available soil water (ASW), soil bulk density, and pH values.]



2.3 Parameter determination and validation results of APSIM model

APSIM (Agricultural Production Systems Simulator) is a modular modeling framework that reconfigures individual modules for crop production and soil management to simulate aboveground net primary productivity (Liu et al., 2022; Gong et al., 2023). The plant simulation module of APSIM is versatile (Wu et al., 2024), and an independent crop growth, soil water, and soil nitrogen module are built using a ‘plug-and-play’ structure. Based on the lucerne module, perennial module parameters and crop parameters are determined, and a natural grassland community plant module is developed. This study utilizes the APSIM-SoilN module for soil carbon and nitrogen, the APSIM-SoilWat module for soil water, the APSIM-Surface Organic Matter module for crop residue, and the crop module (Probert et al., 1998; Wang et al., 2002; Holzworth et al., 2014). Previous studies have validated the accuracy of APSIM in simulating ANPP in meadow steppe and typical steppe (Wu et al., 2022), demonstrating well acceptable simulation accuracy. In this study, an optimization method is further applied to calibrate the genetic parameters of desert steppe using measured ANPP data from 2004-2010, and the response of the three types of steppes to changes in precipitation is assessed based on the validated APSIM model.

Based on the initial soil parameters (Table 1) and experimental data from 2004-2010, three types of community vegetation genetic parameters for the three steppes were determined through trial-and-error method, while the model variety parameters for meadow steppe and typical steppe were inherited from previous studies (Wu et al., 2022). The new calibrated model variety parameters for desert steppe shown in Table 2.

Table 2 | Key parameters of desert steppe community.
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The process for determining the model parameters is as follows: 1) Prepare model input data, including meteorological data, soil physical characteristics, and soil chemical characteristics (soil organic carbon, SOC, carbon-nitrogen ratio, CN ratio). Use soil water dynamics calculation software to calculate field capacity (mm/mm) and saturated water content (mm/mm) (Saxton and Rawls, 2006), with a default soil reflectance of 0.13. 2) Run the model in advance for 2 years to reach a stable equilibrium of soil compartments. Calibrate model parameters for the green-up stage (development stage (DVS)=3) and flowering stage (DVS=6) based on accumulated temperature during the growth and development period (Holzworth et al., 2014). Considering the impact of spring drought on the green-up stage, the temperature accumulation is adjusted from no effect (value of 1.0) to a 50% slowdown (value of 0.5). 3) Calibrate model parameters such as root/shoot ratio (RS), leaf distribution coefficient (DL), leaf area (LA), specific leaf area (SLA), radiation use efficiency (RUE), and transpiration efficiency coefficient (Kc) to account for the process of dry matter accumulation and community differences for varied vegetation (Wu et al., 2022). 4) Evaluate the performance of the APSIM model using statistical indicators such as regression coefficients (α), regression constant (β), coefficient of determination (R2) (Cheng et al., 2023, 2024).

Based on the independent field observation data from 2004 to 2010, statistical validation of the APSIM model for grassland above-ground net primary productivity (ANPP) was obtained. The simulated ANPP for three types of steppe communities were found to be consistent with the observed values, with [image: Equation displaying X subscript "sim" equals 0.83 times X subscript "obs" minus 37.86, with an R squared value of 0.67.] > (R2 = 0.67) (Figure 1). This indicates that the APSIM model can quantitatively reflect the trend of ANPP variations in the three types of steppes, thereby enabling simulated analysis of different precipitation scenarios.

[image: Line graph depicting ANPP values from 1993 to 2010 for different steppe types. Red lines and triangles represent desert steppe, blue lines and diamonds represent typical steppe, green lines and squares represent meadow steppe. Data shows seasonal peaks and variations, with meadow steppe having the highest values generally.]
Figure 1 | Comparison and validation of observed and simulated net primary productivity on different steppes based on APSIM model.




2.4 Scenario design

Based on historical meteorological data from 1968 to 2017, we designed three different precipitation change scenarios (annual precipitation (AP), seasonal precipitation (SP), and growing season precipitation (GSP)) to explore the aboveground net primary productivity (ANPP) response to varying precipitation amounts for different types of steppes (Gao et al., 2013). The baseline indicated the precipitation of current meteorological data, three kinds of precipitation characteristics were selected for precipitation scenarios (Table 3). We established six levels of precipitation change gradient for the AP and twelve levels for the SP. The GSP accounts for 85% to 90% of the AP, while dormancy precipitation (DP) accounts for 10% to 15% of the AP. Furthermore, the GSP has been classified into eighteen levels of precipitation change gradient, including early, middle and late growing season precipitation (EGSP, MSSP and LGSP). For instance, AP-10% represents a daily reduction of 10% in precipitation throughout the year, whereas GSP-10% indicates a 10% reduction in daily precipitation from April to September, while there is no change in daily precipitation from October to March.

Table 3 | Design of precipitation scenarios for three types of steppes.


[image: Table depicting precipitation scenarios with adjustments ranging from minus thirty percent to plus thirty percent. The categories include annual precipitation, seasonal precipitation, growth season precipitation, dormancy precipitation, early, middle, and late growing season precipitation. Each scenario has corresponding percentage changes noted under the horizontal gradient headers.]
Based on the precipitation scenarios, the change rate of net primary productivity above ground (CRANPP, Equation 1), the precipitation utilization efficiency (PUE, Equation 2) during different precipitation scenarios were determined through simulation and comparison. Data analysis for significance was conducted using SPSS26. If the data followed a normal distribution, Duncan’s method was used to compare the significance differences among different treatments. If the data did not follow a normal distribution, non-parametric analysis (Kruskal-Wallis) was employed to analyze the significance of different factors.

[image: Equation showing the formula for CR_ANPP: CR_ANPP equals ANPP_treat minus ANPP_CK divided by ANPP_CK, all multiplied by one hundred percent.]

[image: Equation showing PUE equals the absolute difference between ANPP subscript treat and ANPP subscript CK, divided by P subscript change.]

Where [image: Text displaying "ANPP" in bold, followed by "treat" in italicized font.]  represents the maximum net primary productivity (kg·ha−1) of the steppe in a changed simulation scenario, using the maximum biomass of the community as a substitute. [image: Text reads "ANPP" with a small subscript "CK" following it.]  represents the maximum net primary productivity (kg·ha−1) of the steppe under the actual precipitation condition. [image: The subscripted text "P change" is shown, with "P" as the main variable and "change" as the subscript.]  refers to the absolute change of precipitation amount (mm) under varying precipitation scenarios.





3 Results



3.1 Response of different types of grassland productivity to annual precipitation changes

Based on the analysis of Figure 2, the three types of grassland vegetation exhibit heterogeneity in their response to annual precipitation. The response to a decrease in annual precipitation is significantly greater than the response to an increase. Under the scenario of decreased annual precipitation, all three types of steppes show a declining trend in ANPP, with desert steppe exhibiting the largest response in terms of ANPP reduction, followed by typical steppe and meadow steppe. Conversely, under the scenario of increased annual precipitation, all three types of steppes exhibit an increasing trend in ANPP, with typical steppe showing the strongest response, followed by desert steppe and meadow steppe. Specifically, the change rate of net primary productivity above ground for desert steppe (CRANPP_DS), typical steppe (CRANPP_TS), and meadow steppe (CRANPP_MS) range from -74.97% to 18.79%, -55.75% to 44.66%, and -40.92% to 16.66%, respectively. When annual precipitation changes by -30%, -20%, -10%, 10%, 20%, and 30%, the CRANPP_DS, CRANPP_TS, and CRANPP_MS range from -74.97% to -40.92%, -25.08% to -51.94%, -10.60% to -19.91%, 7.81% to 15.73%, 13.39% to 32.97%, and 16.66% to 44.66%, respectively. Further analysis reveals that the CRANPP_DS, CRANPP_TS, and CRANPP_MS exhibit a positive logarithmic correlation with the rate of change in annual precipitation (CRAP) by 10%, with all R2 exceeding 0.94. In conclusion, CRANPP_MS is less affected by changes in annual precipitation.

[image: Bar chart showing the change rate of ANPP for desert, typical, and meadow steppes under different annual precipitation scenarios. Bars represent P minus 30% to P plus 30%. Fitting lines and equations for each steppe type are displayed, indicating how ANPP changes with precipitation.]
Figure 2 | The impact of different annual precipitation changes on net primary productivity of three steppes based on APSIM model.

Based on the results of the precipitation utilization efficiency (PUE) shown in Figure 3, it can be observed that the impact of different annual precipitation on PUE is relatively small. When the annual precipitation decreases, the desert steppe has the highest PUE, followed by typical steppe, and meadow steppe has the lowest PUE. When the annual precipitation increases, the typical steppe has the highest PUE, followed by the meadow steppe, and the desert steppe has the lowest PUE. The PUE for desert steppe (PUEDS), typical steppe (PUETS), and meadow steppe (PUEMS) range from 3.87 to 20.19, 8.20 to 16.82, and 5.61 to 14.88 kg DM/mm, respectively. When annual precipitation changes by -30%, -20%, -10%, 0, 10%, 20%, and 30%, the PUEDS, PUETS, and PUEMS range from 14.88 to 18.33, 13.39 to 20.19, 11.52 to 17.57, 7.13 to 9.35, 6.74 to 14.31, 5.00 to 12.41, and 3.87 to 10.87 kg DM/mm, respectively. Further analysis reveals that the PUEDS, PUETS, and PUEMS exhibit a positive linear decrease with the CRAP by 10%.

[image: Bar chart displaying Precipitation Use Efficiency (PUE) across three steppe types: desert, typical, and meadows, under six precipitation variation scenarios. Desert steppe bars (red) show decreasing PUE from P-30% to P+30%. Typical steppe bars (blue) display similar trends. Meadows steppe bars (green) follow the same pattern, with specific equations and R-squared values noted for each steppe type. Error bars indicate variability.]
Figure 3 | The impact of annual precipitation changes during development stages on PUE of three steppes based on APSIM model.




3.2 Response of different types of grassland productivity to seasonal precipitation changes

According to Figure 4, the three types of steppes show a consistent trend in responding to seasonal precipitation variations. It is observed that, under the same degree of change, the effect of precipitation changes during the growing season on ANPP is significantly greater than that during the dormancy. As shown in Figure 4A, when the dormancy precipitation changes by ±30%, the CRANPP from -3.71% to 4.87% for desert steppe, -3.49% to 4.03% for typical steppe, and -3.64% to 3.76% for meadow steppe. When the dormancy precipitation increases or decreases by the same degree, the contribution to ANPP is comparable. Specifically, when the dormancy precipitation changes by -30%, -20%, -10%, 10%, 20%, and 30%, the CRANPP_DS, CRANPP_TS, and CRANPP_MS are as follows: -3.49% to -3.71%, -2.31% to -2.64%, -1.03% to -1.57%, 1.03% to 1.63%, 2.23% to 3.39%, and 3.76% to 4.87%. Furthermore, as shown in Figure 4B, when the growing season precipitation changes by ±30%, the CRANPP from -58.89% to 18.14% for desert steppe, -51.57% to 41.89% for typical steppe, and -34.34% to 15.55% for meadow steppe. It is worth noting that, under the same degree of change, the impact of decreasing growing season precipitation on ANPP is greater than that of increasing growing season precipitation. Specifically, when the growing season precipitation changes by -30%, -20%, -10%, 10%, 20%, and 30%, the CRANPP_DS, CRANPP_TS, and CRANPP_MS are as follows: -58.89% to -34.34%, -43.82% to -20.56%, -17.68% to -8.96%, 7.04% to 15.19%, 12.19% to 27.55%, and 15.55% to 41.89%. Additionally, the magnitude of ANPP change is in the order of desert steppe > typical steppe > MS. Further analysis reveals that under the six precipitation scenarios, the CRANPP_DS, CRANPP_TS, and CRANPP_MS show a logarithmic positive correlation with a 10% change rate in dormancy precipitation (CRDP) and growing season precipitation (CRGSP). Among them, during the growing season precipitation, the CRANPP is highest for desert steppe, followed by typical steppe and meadow steppe. During the dormancy precipitation, the CRANPP is highest for desert steppe, followed by meadow steppe and then typical steppe. In conclusion, all three types of steppes show that changes in growing season precipitation have a greater impact on ANPP compared to dormancy precipitation. Additionally, decreasing precipitation has a greater impact on ANPP than increasing precipitation.

[image: Bar charts comparing change rates of ANPP under different precipitation scenarios for desert, typical, and meadows steppes. Each chart includes fitting lines with equations and R-squared values. Panel A shows dormancy variation scenarios (D-30% to D+30%), and Panel B shows growing season scenarios (G-30% to G+30%).]
Figure 4 | The impact of seasonal precipitation changes on aboveground net primary productivity of three steppes based on the APSIM model. (A) represents the dormancy precipitation scenario, and (B) represents the growing season precipitation scenario.

The impact of precipitation variability during the growing season on ANPP is significantly greater than that during the dormancy, primarily due to higher precipitation levels in the former. This study further explores the effects of precipitation changes on ANPP using the PUE indicator. As illustrated in Figure 5, the discrepancies in contributions to ANPP from dormancy precipitation versus growing season precipitation diminish when assessed through PUE metrics. Figures 5A–C demonstrate that, among the different grassland types, typical steppe exhibited the highest PUE, followed by desert steppe, with meadow steppe showing the lowest PUE. Interestingly, desert steppe showed a higher PUE during dormancy precipitation compared to growing season precipitation, conversely to the patterns seen in typical steppe and meadow steppe. The PUEDS, PUETS, and PUEMS range between 6.97 to 14.34, 17.97 to 24.39, and 6.02 to 8.03 kg DM/mm, respectively. Variations in dormancy precipitation (-30%, -20%, -10%, 10%, 20%, and 30%) lead to changes in PUE rates among the three grassland types, which range from 9.67 to 18.87, 9.13 to 18.54, 8.03 to 24.39, 9.30 to 21.45, 7.39 to 22.60, and 6.97 to 17.97 kg DM/mm. Figures 5D–F reveal the influence of reduced growing season precipitation, where PUE follows the order: desert steppe > typical steppe > meadow steppe. Conversely, an increase in growing season precipitation results in the highest PUE for typical steppe. The PUEDS, PUETS, and PUEMS fall between 4.53 to 21.23, 12.07 to 17.70, and 6.02 to 13.97 kg DM/mm, respectively. PUE changes under different scenarios of growing season precipitation (-30%, -20%, -10%, 10%, 20%, and 30%) range from 13.97 to 17.44, 12.91 to 21.23, 11.44 to 17.70, 7.21 to 16.28, 5.57 to 13.02, and 4.53 to 12.07 kg DM/mm across the three grassland types. Additionally, when assessing the contributions of precipitation changes to ANPP based on PUE metrics, noteworthy differences emerge. For typical steppe and meadow steppe, the effect of dormancy precipitation changes stands out, with typical steppe demonstrating an equivalent contribution of dormancy precipitation to PUE as that of growing season precipitation.

[image: Bar charts labeled A to F compare Plant Utilization Efficiency (PUE) in kilograms of dry matter per millimeter under various precipitation scenarios from minus thirty percent to plus thirty percent. Charts A, B, and C represent D scenarios, while D, E, and F represent G scenarios. Each chart shows variation in PUE, with error bars indicating variability.]
Figure 5 | The impact of different seasonal precipitation changes on PUE of three steppes based on APSIM model. (A) represents the dormancy precipitation scenario design of desert steppe, (B) represents the dormancy precipitation scenario design of typical steppe, (C) represents the dormancy precipitation scenario design of meadows steppe, (D) represents the growing season precipitation scenario design of desert steppe, (E) represents the growing season precipitation scenario design of typical steppe, and (F) represents the growing season precipitation scenario design of meadows steppe.




3.3 Response of different types of grassland productivity to precipitation at different stages of the growing season

Based on the analysis of Figures 4, 5, it is evident that increased precipitation during the growing season significantly enhances ANPP and PUE. Therefore, it is important to further investigate the impact of precipitation variations during the early, middle, and late stages of the growing season on ANPP and PUE. According to Figure 6, changes in precipitation during the early, middle, and late of the growing season precipitation all affect the ANPP of three types of steppes. Meadow steppe is least affected by precipitation variations during different stages of the growing season, with the CRANPP ranging from -5.38% to 3.36% during early growing season precipitation, -5.84% to 6.53% during middle growing season precipitation, and -1.95% to 1.98% during late growing season precipitation. The CRANPP_DS, CRANPP_TS, and CRANPP_MS during early growing season precipitation range from -5.38% to 3.36%, -5.84% to 6.53%, and -1.95% to 1.98%, respectively. During middle growing season precipitation, the CRANPP_DS, CRANPP_TS, and CRANPP_MS range from -25.98% to 11.84%, -26.04% to 23.67%, and -14.79% to 10.26% respectively. Similarly, during late growing season precipitation, the CRANPP_DS, CRANPP_TS, and CRANPP_MS range from -18.07% to 7.52%, -17.56% to 14.28%, and -10.99% to 7.90% respectively. For meadow steppe, the impact of precipitation variations during the growing season on meadow steppe ANPP is within ±15%, with the smallest impact during early growing season precipitation (<2%). During middle growing season precipitation and late growing season precipitation, reductions in precipitation contribute -9.49% and -7.23% to ANPP, while increases in precipitation contribute 7.26% and 5.56% to meadow steppe ANPP respectively. For typical steppe, the impact of precipitation variations during the growing season on ANPP is within ±30%, with the smallest impact during early growing season precipitation (<7%). During middle growing season precipitation and late growing season precipitation, reductions in precipitation contribute -17.78% and -11.94% to ANPP, while increases in precipitation contribute 16.61% and 9.78% to typical steppe ANPP respectively. For desert steppe, the impact of precipitation variations during the growing season on ANPP is also within ±30%, with the smallest impact during early growing season precipitation (<6%). During middle growing season precipitation and late growing season precipitation, reductions in precipitation contribute -15.58% and -10.45% to ANPP, while increases in precipitation contribute 7.94% and 5.14% to desert steppe ANPP respectively. By quantifying the relationship between precipitation variations during different stages of the growing season and ANPP for the three steppes, it is evident that CRANPP_DS, CRANPP_TS, and CRANPP_MS exhibits a logarithmic positive correlation with the rate of change in precipitation by 10% during any growing season stage. Regardless of the precipitation scenario during any stage of the growing season, the magnitude of the CRANPP follows the order of typical steppe, desert steppe, and meadow steppe. In summary, regardless of the precipitation scenario during any stage of the growing season, ANPP is most sensitive to precipitation changes during middle growing season precipitation, followed by late growing season precipitation, and has the least impact during early growing season precipitation.

[image: Bar charts A, B, and C depict the change rate of aboveground net primary productivity (ANPP) under various precipitation scenarios in different steppes. Bars represent desert, typical, and meadows steppes, each fitted with corresponding lines. Chart A focuses on early growing seasons, B on middle growing seasons, and C on late growing seasons, with equations and R-squared values noted for each fitting line. The x-axis denotes precipitation variation scenarios ranging from negative to positive percentages, while the y-axis indicates change rates of ANPP in percentage.]
Figure 6 | The impact of precipitation changes during different growth season development stages on aboveground net primary productivity of three steppes based on the APSIM model. (A) represents the early growing season precipitation scenario, (B) represents the middle growing season precipitation scenario, and (C) represents the late growing season precipitation scenario.

According to Figure 7, the influence of precipitation changes on the PUE of desert steppe varies between 11.13 to 29.06 kg DM/mm, 9.84~24.91 kg DM/mm, and 7.74~22.65 kg DM/mm in the early growing season precipitation, middle growing season precipitation, and late growing season precipitation, showing a general downward trend followed by an upward trend. The influence on the PUE of typical steppe ranges from 21.25 to 28.22 kg DM/mm, 14.72 to 19.46 kg DM/mm, and 19.10 to 24.38 kg DM/mm in the early growing season precipitation, middle growing season precipitation, and late growing season precipitation, respectively, showing an initial increase followed by a decrease. The influence on the PUE of meadow steppe decreases gradually, ranging from 5.76 to 9.43 kg DM/mm, 8.34 to 12.61 kg DM/mm, and 8.33 to 12.94 kg DM/mm in the early growing season precipitation, middle growing season precipitation, and late growing season precipitation, respectively. Under different precipitation scenarios in early growing season precipitation, the influence of decreased precipitation on PUE is greater than that of increased precipitation for all three types of steppes. Specifically, for desert steppe, the PUE ranges from 17.00 to 29.06 kg DM/mm (decreased precipitation) and 7.74 to 24.91 kg DM/mm (increased precipitation). For typical steppe, the PUE ranges from 16.43 to 28.22 kg DM/mm (decreased precipitation) and 14.72 to 26.71 kg DM/mm (increased precipitation). For meadow steppe, the PUE ranges from 7.71 to 12.94 kg DM/mm (decreased precipitation) and 5.76 to 10.04 kg DM/mm (increased precipitation). To summarize, for desert steppe, precipitation changes in the early growing season precipitation are most important. For typical steppe, precipitation changes throughout the entire growth season are important. For meadow steppe, precipitation changes in the middle growing season precipitation, and late growing season precipitation are most important.

[image: Bar charts labeled A to I depict the Precipitation Use Efficiency (PUE) across different precipitation variation scenarios during various growing season stages. Each chart shows PUE values, measured in kilograms of dry matter per millimeter, for scenarios from minus thirty percent to plus thirty percent. Error bars indicate variability in measurements.]
Figure 7 | The impact of precipitation changes during different growth season development stages on PUE of three steppes based on APSIM model. (A) represents the early growing season precipitation scenario design of desert steppe, (B) represents the early growing season precipitation scenario design of typical steppe, (C) represents the early growing season precipitation scenario design of meadows steppe, (D) represents the middle growing season precipitation scenario design of desert steppe, (E) represents the middle growing season precipitation scenario design of typical steppe, (F) represents the middle growing season precipitation scenario design of meadows steppe, (G) represents the late growing season precipitation scenario design of desert steppe, (H) represents the late growing season precipitation scenario design of typical steppe, and (I) represents the late growing season precipitation scenario design of meadows steppe.





4 Discussion

This study utilized the APSIM model as a research tool to determine key model parameter for three types of steppe communities. Validation results showed that the APSIM model can accurately simulate the dynamic changes in aboveground net primary productivity (ANPP) for these three types of grassland sites. Furthermore, this study analyzed the impact of different precipitation scenarios on grassland productivity.

The analysis of different steppe vegetation communities in response to annual precipitation variations indicated that vegetation productivity is influenced by the precipitation time scales and amount. Moreover, the response of vegetation productivity to annual precipitation varied among different types of steppe vegetation communities (Cong et al., 2013; Andrew et al., 2020; Liu et al., 2023). This study found that the response of vegetation productivity to a significant decrease in annual precipitation was greater than that to an increase in annual precipitation. This could be attributed to water deficiency being a major limiting factor for vegetation growth in the Inner Mongolia grassland ecosystem (Gao et al., 2013; Chen et al., 2014). Further decrease in precipitation could lead to cumulative drought effects, causing deepening of plant root systems, reduction in leaf size and quantity, and a significant decrease in ANPP (Andrew et al., 2020; Liu et al., 2022; Wu et al., 2022).

The study also analyzed the response of different steppe vegetation communities to seasonal precipitation variations. Previous research has shown that the coupling effect of temperature and precipitation, characterized by rising minimum temperatures during the growing season, can significantly increase ANPP in alpine meadows. Future “warm-wet” climate change may enhance grassland productivity in the agro-pastoral transitional area of Inner Mongolia (Mo et al., 2012). Building upon previous research, this study further analyzed the response of different steppe vegetation communities to seasonal precipitation variations. Although the influence of precipitation during the growing season on ANPP was greater than that during the dormancy, both periods were equally important in terms of precipitation utilization efficiency (PUE). This may be due to the supplemental soil water and groundwater resources provided by dormancy precipitation, which can reduce the risk of water stress during grass regrowth and promote vegetation growth (Chen et al., 2014; Liu et al., 2022). Our study indicated the response of steppe community to precipitation change is different (Figures 2-4). Firstly, the natural precipitation at the three sites were different, where the precipitation in meadow steppe (358.7mm) is highest while the lowest in typical steppe (281.5mm). Therefore, the typical steppe faced with the severest drought threat, while the growth of plants in meadow steppe was temperature constrained. Additional precipitation may contribute more to ANPP improvement in typical steppe. Compared with desert steppe, although the precipitation is ~40mm higher, the soil water holding capacity at desert steppe was the smallest with a high fraction of sand, indicating the poor water storage under the same condition (He and Wang, 2019), thus the contribution of increased precipitation may not as significant as that in typical steppe. Additionally, the community type at the three steppes also showed varied characteristics, where plants at desert steppe have smaller leaf thus lower radiation use efficiency, the PUE would be smaller compared with typical steppe. The combination effect of plant, precipitation and soil contributed to the varied response of the three steppes community to changed precipitation.

Additionally, the study analyzed the response of different steppe vegetation communities to seasonal precipitation variations. Previous research has indicated that autumn and spring phenology play an equally important role in regulating carbon balance (Liu et al., 2023). While climate warming delays autumn phenology, an increase in early growing season precipitation can advance the onset of autumn phenology. Moreover, the spatiotemporal variations in temperature and precipitation can lead to significant fluctuations in steppe community growth during the late growing season (Cong et al., 2013). This study refined the response of different steppe vegetation communities to precipitation during the early, middle, and late stages of the growing season. Typically, the growing season for typical and meadow steppes spans from March to October (Li et al., 2013), whereas for desert steppes, it ranges from May to October. In order to maintain consistency, this study set the growing season as April to September, which may introduce certain errors to the research findings. The results indicated that precipitation during the middle stage of the growing season contributed the most to ANPP in meadow and typical steppes, while precipitation during the early stage contributed the most to ANPP in desert steppes. Furthermore, a decrease in precipitation had the greatest impact on ANPP within the growing season for desert steppes, while its impact on ANPP within the growing season was relatively small for meadow and typical steppes. This could be attributed to the ample precipitation resources and small inter-annual variations in meadow steppes (Gao et al., 2013), as well as the dominance of deep-rooted grass species in these communities, which exhibit certain growth advantages under drought conditions (Chen et al., 2017; Liu M. et al., 2017).

Future research prospects: In terms of model optimization, the influence of factors such as model parameters, multi-parameter equivalence, and ecological environment on model accuracy should be considered (Zhao et al., 2014; He et al., 2017). In terms of application, it is necessary to quantify the impacts of different temperature, precipitation, and CO2 concentration coupling characteristics on grassland productivity (Qu et al., 2016; Liu WJ. et al., 2017; Guan et al., 2018). This should be done by combining with Geographic Information System (GIS), Remote Sensing (RS), and Global Positioning System (GPS) technology to achieve regional model simulation (Singh and Dhadse, 2021), formulate degraded grassland management decisions that adapt to climate change, evaluate carbon sink potential and grazing capacity, optimize grazing systems, and ensure sustainable utilization of grassland resources. In terms of scenario design, we need to note that the effect of extreme precipitation (for changes exceed +30% or fall below -30%) was not explored in our study. The drought under intensified decrease of precipitation may led to plant failure, while heavy precipitation may lead to increased runoff and leaching, which need to be studied in the future research.




5 Conclusion

	Aboveground net primary productivity (ANPP) is more affected by precipitation during the growing season than during the dormancy. ANPP increases with increasing precipitation, and the rate of change in ANPP is positively correlated with the rate of change in annual precipitation (AP), seasonal precipitation (SP), and growing season precipitation (GSP) at a rate of 10%, 20%, and 30% respectively. Under the scenario of AP, precipitation show asymmetry, with a larger response from decreased precipitation than increased precipitation to productivity. The change rate of ANPP (CRANPP) is the highest in typical steppe (TS) of AP and GSP, while the opposite is true in dormancy precipitation (DP). The CRANPP is the smallest in meadow steppe (MS) of AP and GSP, while it is relatively high in DP. The CRANPP is the relatively high in desert steppe (DS) of AP and GSP, while it is highest in DP.

	When AP decreases, precipitation utilization efficiency (PUE) varies in the following order: DS, TS, and MS. Conversely, when AP increases, PUE varies in the following order: TS, MS, and DS. PUE shows the same importance for both DP and GSP. PUE in TS and MS increases with increasing DP, while the trend is opposite in DS. PUE increases with increasing GSP. PUE in MS remains unchanged with changes in early growing season precipitation (EGSP), while it decreases with increasing EGSP in DS and TS. PUE decreases with increasing middle growing season precipitation (MSSP) and late growing season precipitation (LGSP).
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Introduction

Kiwifruit species have a relatively high rate of root oxygen consumption, making them very vulnerable to low root zone oxygen concentrations resulting from soil waterlogging. Recently, kiwifruit rootstocks have been increasingly used to improve biotic and abiotic stress tolerance and crop performance under adverse conditions. The aim of the present study was to evaluate morpho-physiological changes in kiwifruit rootstocks and grafting combinations under short-term waterlogging stress.





Methods

A pot trial was conducted at the ALSIA PhenoLab, part of the Phen-Italy infrastructures, using non-destructive RGB and NIR image-based analysis and physiological measurements to identify waterlogging stress indicators and more tolerant genotypes. Three pot-grown kiwifruit rootstocks (‘Bounty 71,’ Actinidia macrosperma—B; ‘D1,’ Actinidia chinensis var. deliciosa—D; and ‘Hayward,’ A. chinensis var. deliciosa—H) and grafting combinations, with a yellow-fleshed kiwifruit cultivar (‘Zesy 002,’ A. chinensis var. chinensis) grafted on each rootstock (Z/B, Z/D, Z/H), were subjected to a control irrigation treatment (WW), restoring their daily water consumption, and to a 9-day waterlogging stress (WL), based on substrate saturation. Leaf gas exchange, photosynthetic activity, leaf temperature, RGB, and NIR data were collected during waterlogging stress.





Results

Stomatal conductance and transpiration reached very low values (less than 0.05 mol m−2 s−1 and 1 mmol m−2 s−1, respectively) in both waterlogged D and H rootstocks and their grafting combinations. In turn, leaf temperature was significantly increased and photosynthesis was reduced (1–6 μmol m−2 s−1) from the first days of waterlogging stress compared to B rootstock and combination.





Discussion

The B rootstock showed prolonged leaf gas exchange and photosynthetic activity, indicating that it can cope with short-term and temporary waterlogging and improve the tolerance of grafted kiwi vines, which showed a decrease in stomatal conductance 5 days after the onset of stress. Morphometric and colorimetric parameters from the image-based analysis confirmed the greater susceptibility of D and H rootstocks and their grafting combinations to waterlogging stress compared to B. The results presented confirm the role of physiological measurements and enhance that of RGB and NIR images in detecting the occurrence of water stress and identifying more tolerant genotypes in kiwifruit.





Keywords: scion-rootstock combinations, water stress, waterlogging tolerance, leaf gas exchanges, photosynthetic responses, affordable phenotyping, plant imaging, kiwifruit




1 Introduction

Kiwifruit is a very important fruit crop in Italy, which is actually the world’s third-largest producer, with 24,040 ha and annual production of 523,120 tons (FAOSTAT, 2022), gaining commercial importance and playing a key role in kiwifruit trade dynamics (Mian et al., 2022a). Recently, the introduction of new commercially grown kiwifruit cultivars has increased in the yellow-fleshed category (Burdon et al., 2014), reducing the choice of the most popular green cultivars. Kiwifruit vines are particularly exposed and sensitive to climatic conditions (Cradock-Henry, 2017) and to biotic (Vanneste, 2017) and abiotic stresses [e.g., water stress (Xiloyannis et al., 2023) and salinity stress (Abid et al., 2020)]. In recent years, increased solar radiation and summer temperatures and irregular rainfall distribution, both exacerbated by climate change, have posed new climatic challenges for kiwifruit cultivation (Testolin and Ferguson, 2009). Research and selection of new genetic material (rootstocks and cultivars) is essential to meet the new challenges posed by changing environmental conditions, with an increase in extreme events and the emergence of stresses.

Since kiwifruit cultivation has received particular attention, physiological disorders have been observed in orchards around the world as a long-term consequence of flooding events (Reid et al., 1991). In Italy, kiwifruit physiological disorders have been reported since 2012 and have been referred to as the “kiwifruit vine decline syndrome” (KVDS), which is seriously threatening many cultivated areas, rapidly spreading across northern and central Italy (Bardi, 2020). Although a multifactorial origin of this syndrome has been suggested (Donati et al., 2020; Bardi et al., 2022), waterlogging and asphyxiating conditions represent triggering factors for the expression of KVDS (Bardi, 2020; Donati et al., 2020; Savian et al., 2020; Spigaglia et al., 2020; Sofo et al., 2022; Di Biase et al., 2023; Prencipe et al., 2023; Sofo et al., 2024). Waterlogging stress can be injurious or even lethal to crops as water saturates the root environment, reducing oxygen availability, affecting nutrient and water uptake, and promoting a shift to the anaerobic metabolism (Sairam et al., 2008), which lead to potential economic loss in fruit tree crops (Li Z. et al., 2021). Waterlogging conditions easily occur in kiwifruit orchards due to extreme meteorological events and improper and empirical irrigation management (Bardi, 2020; Sofo et al., 2024), exacerbated by heavy and poorly drained soils characterized by clay-loam to clay textures and low organic matter content (Domingo et al., 2002). Frequent or long-term waterlogging conditions also lead to a more or less gradual deterioration of soil structure and quality and the establishment of anoxic conditions (Sofo et al., 2022, 2024). Plant growth is significantly compromised by oxygen deficiency or lack, and roots only grow in small areas of more oxygenated soil, greatly reducing the potential for root exploration of the soil volume under aerated conditions (Sairam et al., 2008). Previous studies demonstrated that kiwifruit has a high-water requirement (Holzapfel et al., 2000) but, at the same time, is extremely vulnerable to waterlogging and low oxygen concentrations in the root zone, which have a detrimental effect on plant growth and stomatal activity (Savé and Serrano, 1986; Smith et al., 1989, 1990), being one of the most waterlogging intolerant fruit trees (Bai et al., 2019). Plant responses to waterlogging and oxygen deprivation involve a wide range of metabolic, hormonal, and morphological adaptation and physiological and antioxidative defense processes (Domingo et al., 2002; Sairam et al., 2008; Li Z. et al., 2021; Zahra et al., 2021). In fruit tree crops, resistance to waterlogging and consequent oxygen deficiency can be influenced by the characteristics of the rootstock (Domingo et al., 2002), which can activate several mechanisms to delay the abiotic stress-induced effects (Fullana-Pericàs et al., 2020). Changes in environmental factors due to global climate change and the specific physiological traits and anatomy of kiwifruit vines pose emphasis on accurate orchard management and suitable techniques to avoid reductions in kiwifruit production areas, which are severely threatened by the rapid spread of physiological decline, and to increase new plantings in different climate scenarios. In order to promote the expansion in regions with soil and other environmental challenging factors, grafting kiwifruit cultivars on rootstocks with resistance or tolerance characteristics to different soil stresses could be of great importance (Mian et al., 2022b). All available measures, from the adoption of the best agronomic practices to avoid the establishment of waterlogging conditions to the identification of tolerant rootstocks, should be implemented to address the current challenges. Although genetic and breeding programs have increased the number of cultivars in recent years (Mian et al., 2022a), few rootstocks are currently commercially available for kiwifruit propagation (Clearwater et al., 2004; Li D. et al., 2021). The main cultivated kiwifruit cultivars, from Actinidia chinensis var. deliciosa and A. chinensis var. chinensis, are typically grafted onto A. chinensis var. deliciosa seedlings for commercial planting (Friend et al., 2014; Li D. et al., 2021). Previous studies focused on the physiological responses of Actinidia genotypes to waterlogging stress, including some rootstocks used for kiwifruit cultivation, with the aim of identifying tolerant genotypes and describing waterlogging tolerance mechanisms (Li et al., 2020; Li Z. et al., 2021). Among these, A. chinensis var. deliciosa (cv ‘Hayward’) has been reported as a sensitive rootstock to waterlogging stress, showing a rapid decrease in stomatal conductance, transpiration, and net photosynthetic rate with severe damages to the leaves and root system a few days after waterlogging stress application (Li Z. et al., 2021; Kataoka et al., 2021; Beppu et al., 2022). In contrast, Actinidia macrosperma has a greater tolerance to waterlogging conditions, maintaining relatively high levels of leaf gas exchange and photosynthetic activity for a longer time under waterlogging stress, with rare leaf burn and defoliation processes (Beppu et al., 2022), whose tolerance has also been reported in the kiwifruit scion grafted on it (Kataoka et al., 2021). Although several studies have been carried out to evaluate the molecular and physiological responses to waterlogging, phenotyping for waterlogging tolerance has been poorly addressed (Langan et al., 2022). Image-based phenotyping methods allow the assessment of shoot and root traits, such as shoot biomass and morphometry, photosynthesis-related traits, root biomass and architecture, with both advantages and challenges to detect and improve the characterization of waterlogging tolerance among crop species (Langan et al., 2022). In the present research, a phenotyping approach based on the identification of both morphometric and colorimetric traits and indicators, accompanied by monitoring of physiological parameters, is used for the first time in kiwifruit to improve the assessment of waterlogging response. A short-term waterlogging experiment was conducted a) to assess the tolerance/susceptibility of different kiwifruit rootstocks to waterlogging stress based on physiological and phenotyping analysis, b) to evaluate the effect of the rootstock on the responses of the grafted yellow-fleshed kiwifruit cultivar to waterlogging, and c) to define a methodology integrating physiological and phenotyping indicators to screen for more tolerant genotypes to abiotic stress.




2 Materials and methods



2.1 Plant material and growth conditions

The experimental trial was conducted at the ALSIA ‘Metapontum Agrobios’ Research Centre in Metaponto (South Italy) during the 2023 growing season. A total of 30 two-year-old self-rooted vines of ‘Bounty 71’ (B) (A. macrosperma), ‘D1’ (D) (A. chinensis var. deliciosa), and ‘Hayward’ (H) (A. chinensis var. deliciosa) and 42 one-year-old scions of A. chinensis var. chinensis (cv ‘Zesy 002,’ also known as ‘G3’) grafted on each rootstock (Z/B, Z/D and Z/H) were used in the experiment. All kiwifruit vines were transplanted in March into 3 L pots filled with a mixture of acid peat and pumice (pH 6, bulk density 0.23 g cm−3, and 90% porosity). The vines were grown in an unheated and unconditioned greenhouse under natural light conditions and randomly distributed to reduce the effect of possible microclimatic variations in the greenhouse through spatial distribution. All vines were trained with a single main shoot and tied to a wooden stick support painted blue to allow image acquisition, segmentation, and subsequent data analysis. Vines were pruned to a similar leaf area of approximately 10 leaves each. Each pot was identified by a barcode to allow the platform to automatically read and identify the vines during image acquisition. From transplanting until the beginning of the experimental trial, all vines were fully irrigated according to evapotranspiration demands.




2.2 Experimental design and irrigation treatments

Before the beginning of the experimental trial, the reference pot weight, corresponding to the field capacity (FC), was determined by fully watering each pot and then allowing the excess water to drain until a stable pot weight was reached. On 10 July, five vines from each rootstock and seven from each scion–rootstock combination were subjected to waterlogging stress, while an equal number of each rootstock and scion–rootstock combination continued to be optimally irrigated. In particular, the well-watered (WW) vines were optimally irrigated by maintaining the soil water content of the pots close to FC, replenishing water lost during the day by automatically weighing the pots three times a day and restoring the reference weight at FC. The waterlogging (WL) treatment was carried out by manually overwatering the vines. For nine consecutive days of waterlogging stress (referred to as days after waterlogging, DAW), the substrate was kept continuously saturated. Each vine was placed in a plastic container filled with water to a height of 1/3 of the pot to simulate soil conditions, which are one of the factors that trigger physiological decline in the field.




2.3 Leaf gas exchange measurements

Stomatal conductance (gs) and transpiration (E) were measured during the day at approximately 3-h intervals for rootstocks (9:00, 11:00, 14:00, and 16:00 h, solar time) and scion–rootstock combinations (8:00, 10:00, 13:00, and 15:00 h, solar time) at 1, 2, 3, and 4 DAW and at the hours of maximum efficiency (10:00–12:00 h) at 5, 7, and 9 DAW using a portable handheld LI-600 porometer system integrated with a fluorometer (Li-Cor Biosciences, Lincoln, USA). Photosynthesis (A), internal CO2 concentration (Ci), and leaf temperatures (Tleaf) were measured during the day at approximately 3-h intervals for rootstocks (9:00, 11:00, 14:00, and 16:00 h, solar time) and scion–rootstock combinations (8:00, 10:00, 13:00, and 15:00 h, solar time) at 1, 2, 3, and 4 DAW using a portable photosynthesis system Li-Cor 6800 (Li-Cor, Inc., Lincoln, NE, USA). Leaf gas exchange measurements were taken at an ambient (CO2) of 400 µmol mol−1, with temperature and external ambient photosynthetic photon flux density (PPFD) maintained at the prevailing external environmental conditions and the operating flow rate set at 500 μmol s−1. To minimize the potential effects of leaf position and developmental age, all the gas exchange measurements were taken on a fully expanded and exposed leaf, with no visual symptoms of stress, from the mid-shoot region of four randomly selected vines for each irrigation treatment, rootstock, and scion–rootstock combination. The intrinsic water-use efficiency was calculated as WUEi = A/gs (Bellasio, 2023).




2.4 High-throughput plant phenotyping

Phenotyping measurements, based on the morphological and physiological characterization of the vines, were carried out non-destructively through plant imaging. Five vines per irrigation treatment from each rootstock and scion–rootstock combination were imaged at 1, 2, 3, 4, 7, and 9 DAW using a Scanalyzer 3D plant phenotyping platform (LemnaTec GmbH, Aachen, Germany), which is part of the Phen-Italy platform located at ALSIA ‘Metapontum Agrobios.’ The vines were automatically transported by a conveyor belt into the two imaging chambers with two types of illumination, broad-spectrum halogen lighting for the near-infrared (NIR) chamber and fluorescent white lighting for the visible light (RGB) chamber, and identified using a barcode and RFID tracking system. The NIR chamber was equipped with NIR cameras operating in the 900–1,700 wavelength range (VDS Vosskühler GmbH NIR-300P), and the images were used to assess the water content of plant tissues, as reported in Petrozza et al. (2014). The visible light chamber for RGB imaging was equipped with cameras with a resolution of approximately 2 megapixels (Basler scA1600-28gc). The images were used to evaluate the health status and stress responses of the vines by analyzing color (i.e., green color corresponding to healthy tissue and degree of yellowing indicative of chlorotic tissues) and morphometric parameters such as projected shoot area and solidity. Three images were acquired from each chamber, one from the top of the plant (top view, TV) and two from the lateral sides at an orthogonal angle (0° and 90° side view, SV), to provide an average plant area correction for possible leaf overlap and then a robust representation of the total plant area (Golzarian et al., 2011). NIR acquisitions were taken at 2, 3, and 9 DAW and simultaneously with RGB images.




2.5 Image analysis

Image segmentation, which separated the plant from the background by creating sufficient contrast, and subsequent image analysis were performed using Python v3.9 and PlantCV v3.11 open-source software (Fahlgren et al., 2015). In particular, the sum of the number of pixels corresponding to the plant object area, derived from the RGB images of the two orthogonal SVs and the TV, was converted into cm2 using a calibration factor (Golzarian et al., 2011) and referred to as the projected shoot area (PSA), determined following a procedure similar to that reported by Genangeli et al. (2023):

[image: Equation showing "PSA equals Area of TV plus Area of 0-degree SV plus Area of 90-degree SV," labeled as equation (1).]

Where the result is the sum of the three target plant areas from the top and from the side views expressed in cm2.

How much of the hull area of the plant is covered by the leaves was identified through the solidity (S) and calculated as the ratio of the plant pixel area to the convex hull shape pixel area containing all plant pixels from plant images (Petrozza et al., 2023).

RGB images were then analyzed with the hue component, which corresponds to an angular position around a central point, scaled in degrees from 0° to 360°, with different degrees indicating different colors. Leaf and total plant color were obtained by calculating the weighted mean value from the histogram of the hue channel in the hue saturation value (HSV) color space, resulting in a value from 0° to 360° (Petrozza et al., 2023). Usually, leaf color is included in the hue range from 120° (green—healthy tissue) to 60° (yellow—chlorotic tissue). The component hue (in degrees) was then used to calculate the green and the greener fractions as the sum of green pixels included in the hue angle ranges of 60° ≤ hue ≤ 180° and 80° ≤ hue ≤ 180°, respectively. These fractions were used to calculate the senescence index (SI), which indicates the degree of plant senescence, as follows (Genangeli et al., 2023):

[image: Equation showing SI equals the difference between GAS and GerAS, divided by GAS, labeled as equation 2.]

where GAS is the green area calculated from the side view, corresponding to the sum of the pixels in the hue angular region from 60° to 180°. GerAS is the greener area calculated from the side view, corresponding to the sum of the pixels in the hue angular region from 80° to 180°.

NIR images were acquired from a side view. The final results were expressed as NIR intensities obtained at the typical water absorption wavelength of 1,450 nm as previously reported in Kim et al. (2020). An increased level of absorption determines a reduced level of reflectance in the NIR spectrum, corresponding to an increased water content of plant tissues. Vine tissues with a high-water content showed a low NIR intensity.




2.6 Data analysis

Statistical analysis was performed using the R software (4.3.3 version, R Foundation for Statistical Computing, Vienna, Austria), and data were plotted using SigmaPlot 15.0 (Systat Software, Inc., San Jose, CA, USA). Both physiological and phenotyping measurements were reported as mean values and standard error of the means (± SE). The normal distribution of the data was evaluated both visually (QQ-plot) and statistically (Shapiro–Wilk normality test). Levene’s test was used to check for homogeneity of variances. Two-way ANOVA analysis was used to determine the effects of irrigation treatments and cultivars on physiological and phenotypic parameters at each DAW. One-way ANOVA was used to examine the differences between irrigation treatments within each cultivar at each DAW. Multiple comparisons of means between irrigation treatments and cultivars within each DAW were made using Tukey’s honest significant difference (HSD) post-hoc test with p-values <0.05 considered significant.





3 Results



3.1 Effect of waterlogging on the photosynthetic capacity

The WW vines showed a similar behavior for both the D and H rootstocks, with values of gs approximately 0.1–0.14 mol m−2 s−1 and E approximately 2.3–3.5 mmol m−2 s−1. The B rootstock was characterized by slightly higher values, peaking at 0.2 mol m−2 s−1 and 4.6 mmol m−2 s−1, respectively. A significant effect of cultivar was observed throughout the experiment for gs and E, with a lesser treatment effect appearing from DAW 5 and 4, respectively. WL vines of the D and H rootstocks showed a significant and progressive decrease in gs and E from DAW 4. Instead, vines of the B rootstock subjected to waterlogging showed gs and E values similar to those of WW vines, with no significant differences on all days of stress (Figure 1). In particular, significant reductions of approximately 80%–85% in gs and 70%–75% in E were observed in WL vines of the D and H rootstocks at the end of the waterlogging stress experiment (DAW 9) (Figures 1A, B).

[image: Line graphs comparing the effects of two treatments, WW and WL, on stomatal conductance and transpiration over days after watering (DAW): Panels A and B depict data for three conditions labeled B, D, and H. Trends show variable responses with statistical significance indicated by asterisks. Accompanying tables list P-values for factors T, C, and TxC across DAW intervals, highlighting significance for specified interactions.]
Figure 1 | Effects of waterlogging stress on (A) stomatal conductance (gs) and (B) transpiration (E) of different rootstocks (B, D, H) during waterlogging days (11:00 h). Two-way ANOVA p-values are shown in the tables for both gs and E and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and rootstock. Data shown are means ± standard error of the means (n = 4). T, treatment effects; C, cultivar effects; ns, not significant at p≥0.05.

Z/D and Z/H combinations showed a similar behavior in gs and E, both under well-watered and stressed conditions. The Z/B combination was characterized by slightly higher values in WW vines compared to the other combinations and a slower decline in physiological parameters in WL vines compared to WW vines (Figure 2). A consistently significant (p < 0.001) effect of the waterlogging treatment was observed throughout the experiment from the start of stress application for both physiological indicators. Minimum gs values, less than 0.05 mol m−2 s−1, were reached in WL vines of all combinations at the end of the waterlogging stress experiment (DAW 9). In the Z/B combination, gs of WL vines remained within the range of control values from DAW 1 to DAW 4, then started to decrease significantly at DAW 5. A minimum of 0.03 mol m−2 s−1 was reached in the Z/B combination after 9 days of waterlogging stress, with a reduction of approximately 86% compared to WW vines. For the Z/D and Z/H combinations, WL vines already had gs values below 0.05 mol m−2 s−1 from DAW 2 and DAW 5, respectively. Reductions in gs of approximately 93% and 87% compared to WW vines were achieved in Z/D and Z/H combinations, respectively, at the end of the waterlogging stress experiment (Figure 2A). Minimum E values of less than 1 mmol m−2 s−1 were reached in WL vines of the Z/D and Z/H combinations between DAW 7 and DAW 9, while minimum values of approximately 2 mmol m−2 s−1 were reached in the Z/B combination from DAW 5. At the end of the experiment, E was reduced by approximately 51%, 78%, and 65% in the Z/B, Z/D, and Z/H combinations, respectively (Figure 2B).

[image: Line graphs display stomatal conductance and transpiration over multiple days after watering (DAW) for three genotypes (Z/B, Z/D, Z/H). Solid lines represent the WW treatment; dashed lines represent WL. Significant differences are marked with asterisks. Adjacent tables show p-values for treatment (T), cultivar (C), and their interaction (TxC).]
Figure 2 | Effects of waterlogging stress on (A) stomatal conductance (gs) and (B) transpiration (E) of different scion–rootstock combinations (Z/B, Z/D, Z/H) during waterlogging days (10:00 h). Two-way ANOVA p-values are shown in the tables for both gs and E and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and scion–rootstock combination. Data shown are means ± standard error of the means (n = 4). T, treatment effects; C, cultivar effects, ns, not significant at p≥0.05.

Diurnal trends of gs, E, and A measured 3 days after waterlogging stress are shown in Figure 3 to highlight the physiological behavior of the WW and WL vines of rootstocks and scion–rootstock combinations throughout the day. The physiological activity of the WW rootstocks appeared to be less intense than that of the combinations, with slightly lower values for gs, E, and A. In addition, the rootstocks appeared to be more resilient to waterlogging stress than the combinations, which showed a more pronounced decrease in physiological parameters under waterlogging stress. Stomatal conductance was higher in the morning hours and started to decrease from the early afternoon in WW vines of all rootstocks (Figure 3A) and Z/D and Z/H combinations (Figure 3D). In the Z/B combination, gs reached higher values in the early afternoon (Figure 3D). The WL vines of the D and H rootstocks and the Z/D and Z/H combinations showed an almost constant gs throughout the day, reaching values greatly reduced compared to the WW vines. On the other hand, the WL vines of the B rootstock and the Z/B combination behaved similarly to the WW vines, and only a slight reduction in gs was observed in the afternoon hours for the Z/B combination (Figures 3A, D). The E of the WW vines followed the gs, increasing slightly in the middle hours of the morning, when light and other environmental parameters become more demanding, and then starting to decrease from the early afternoon. The WL vines of the Z/D combination had the lowest E values, which were almost constant throughout the day (Figures 3E). The A showed a similar behavior to the gs and was strongly affected by waterlogging stress (Figures 3C, F). In particular, greater reductions in A were observed in WL vines of the D and H rootstocks (Figure 3C) and the Z/D and Z/H combinations (Figure 3F), while WL vines of the B rootstock and the Z/B combination maintained values similar to those of WW vines.

[image: Six bar charts labeled A to F display physiological responses over time, including stomatal conductance, transpiration, and photosynthesis. Different shades and patterns represent variables like B-WW, D-WW, H-WW, and others. Charts A to C show data at 9:00, 11:00, 14:00, and 16:00 hours, while D to F are at 8:00, 10:00, 13:00, and 15:00 hours. Error bars indicate variability within data sets.]
Figure 3 | Diurnal trends of (A, D) stomatal conductance (gs), (B, E) transpiration (E), and (C, F) photosynthesis (A) of the different rootstocks (B, D, H) and scion–rootstock combinations (Z/B, Z/D, Z/H) 3 days after waterlogging stress. Data presented are means ± standard error of the means (n = 4).

The D and H rootstocks had similar A values, while slightly higher values were generally observed in the B rootstock, with significant differences between rootstocks at DAW 2. As reported in Table 1, A of the D and H rootstocks gradually decreased with prolonged waterlogging exposure. A significant reduction in A due to waterlogging stress was observed in the D and H rootstocks at DAW 4, with values reduced by approximately 63% and 47%, respectively, compared to WW rootstocks. The B rootstock was unaffected by waterlogging, with values similar to those of the WW rootstocks (Table 1). All WL rootstocks showed no changes in Ci values during the first 4 days of waterlogging stress, suggesting that the stress had not yet affected the balance between CO2 intake (controlled by stomatal conductance) and CO2 fixation (controlled by photosynthetic capacity). However, significant differences in Ci were observed between B and D and H rootstocks at DAW 3 and DAW 4, with the B rootstock showing slightly higher values, which may be associated with the higher gs (Figure 1A) and then CO2 intake (Table 1). The WUEi was not affected by waterlogging stress during the first 4 days of the experiment for any of the rootstocks. Lower WUEi values were observed for the B rootstock compared to the D and H rootstocks throughout the 4 days, with significant differences at DAW 3 and DAW 4, suggesting a lower water use efficiency for the B rootstock (Table 1). In particular, high gs values in the B rootstock resulted in increased CO2 intake through the open stomata, but at the same time, more water was lost through transpiration. Higher values of Ci indicated the inability of the photosynthetic apparatus to use the increased CO2 effectively, leading to an accumulation of CO2 in the leaf, and lower values of WUEi indicated that the vines used more water (high gs, E) to assimilate the same amount of carbon. A significant increase in Tleaf due to waterlogging stress was observed at DAW 4, with values increased by approximately 2% and 1% in WL vines of D and H rootstocks, respectively, compared to WW rootstocks. The Tleaf of the B rootstock was not affected by waterlogging and showed values in the range of the WW rootstock (Table 1). Lower values of Tleaf were generally observed for the B rootstock, followed by the H and D rootstocks, suggesting that higher gs and E increased the cooling effect of the leaves in the B rootstock (Figures 1A, B).

Table 1 | Effects of waterlogging stress on photosynthesis (A), internal CO2 concentration (Ci), intrinsic water use efficiency (WUEi), and leaf temperature (Tleaf) in different rootstocks (B, D, H) during the first 4 days of the experiment (11:00 h).


[image: A table displays experimental data comparing different rootstocks (B, D, H) under various treatments (well-watered, waterlogged) across four days (DAW 1-4). Measurements include photosynthesis rate (A, in micromoles per square meter per second), water use efficiency (WUEi, in micromoles carbon dioxide per mole water), internal carbon dioxide concentration (Ci, in micromoles per mole), and leaf temperature (T_leaf in degrees Celsius). Mean values with standard deviations and significant differences are indicated with letters, assessed using Tukey’s HSD test. The interactions between values are also noted.]
Waterlogging caused significant changes in A of the scion–rootstock combinations during all the first 4 days of the experiment. In particular, the reductions in A were more pronounced in the Z/D and Z/H combinations, where A decreased from DAW 1, and with prolonged waterlogging exposure, by approximately 89% and 52%, respectively, at DAW 4 (Table 2). Higher values of A were generally observed in the Z/B combination, with significant differences at DAW 3 and DAW 4, reinforced by the little or no effect of waterlogging on the Z/B combination compared to Z/D and Z/H combinations. Slight reductions in A were observed in the Z/B combination only at DAW 1, consistent with the response in gs and E (Figures 2A, B), and at DAW 4, but with no significant differences. The Ci values were significantly lower in the WL treatment at DAW 1, consistent with the reductions in gs and E observed in the combinations (Figures 2A, B). This suggests that lower gs affected CO2 intake, leading to a decrease in Ci, which in turn limited photosynthetic activity due to less CO2 available for fixation (Table 2). This tendency of Ci is maintained in the Z/D and Z/H combinations until DAW 3 and DAW 4, respectively, supporting the occurrence of moderate water stress during which the WL vines initially showed a decrease in Ci due to partial stomatal closure (Figure 2A). After 4 days of waterlogging stress, an inverse trend for Ci was observed in the WL vines of the Z/D combination, which showed significantly higher values compared to the WW vines. At this time, a more severe water stress condition occurred, as indicated by the rapid decrease in A (equal to 1.30 μmol m−2 s−1) and the strong impairment of the photosynthetic apparatus, which was no longer able to fix CO2, leading to an increased Ci concentration. The Z/B combination showed no changes in Ci values for the remaining days (DAW 2–4), suggesting that the stress had not yet affected the balance between CO2 intake and CO2 fixation, as supported by the still control values of gs and A (Figure 2A; Table 2). Different from the rootstocks, the WUEi of the rootstock–scion combinations was affected by waterlogging stress. Higher values were observed in the Z/D and Z/H combinations under waterlogging until DAW 3 and DAW 4, respectively, suggesting a more efficient use of water from water lost through transpiration (low gs) and carbon assimilation. An inverse trend, as for Ci, was also found for WUEi 4 days after waterlogging stress in the Z/D combination, which decreased, confirming the severe impairment of the photosynthetic apparatus (Table 2). For the Z/B combination, higher WUEi values were observed in the WL vines compared to the WW vines on DAW 1 and DAW 4, confirming the observations related to other parameters on these days and suggesting that DAW 4 represented the beginning of the stress response for the Z/B combination, although no significant differences were already observed. Higher Tleaf was found in the WL treatment compared to the WW treatment on all 4 days of waterlogging stress. In particular, Tleaf increased progressively in Z/D and Z/H combinations under waterlogging from DAW 2, reaching increases of approximately 4% and 2%, respectively, compared to the WW vines at DAW 4. The Z/B combination generally showed lower values of Tleaf compared to other combinations, and WL vines maintained values similar to those of the WW vines during the first 4 days of waterlogging stress (Table 2).

Table 2 | Effects of waterlogging stress on photosynthesis (A), internal CO2 concentration (Ci), intrinsic water use efficiency (WUEi), and leaf temperature (Tleaf) in different scion–rootstock combinations (Z/B, Z/D, Z/H) during the first 4 days of waterlogging (10:00 h).


[image: A table comparing various scion-rootstock combinations and irrigation treatments over four days. Columns include treatments, photosynthetic rates (A), water use efficiency (WUEi), intercellular carbon dioxide concentrations (Ci), and leaf temperature (Tleaf). Data shows values with means and standard errors, and significant differences are noted with different letters. Statistical significance is indicated using Tukey's honest significant difference test.]
Relationships (linear or quadratic) between A and gs, as well as between E and gs, were found in both WL and WW vines of different rootstocks and scion–rootstock combinations (Figure 4). The results indicated that the reduction in gs could be related to a decrease in E and A activity of the vines, which differed according to the cultivar and treatment. No substantial differences in the relationships between A and gs and between E and gs were observed between WW and WL vines of the B rootstock (Figure 4A) and the Z/B combination (Figure 4D), indicating a similar behavior between treatments within the B cultivar. The relationships obtained for the D and H rootstocks showed very similar behavior of these rootstocks to waterlogging stress (Figures 4B, C). The WW vines of the different combinations showed similar relationships between A and gs and between E and gs, whereas the WL vines showed a different behavior (Figures 4D–F).

[image: Six scatter plot panels labeled A to F, showing relationships between stomatal conductance, photosynthesis, and transpiration. Each plot includes data points for different conditions: WW-A, WL-A, WW-E, WL-E, represented by various symbols. Plots A, B, and C depict photosynthesis versus stomatal conductance with linear trends. Plots D, E, and F show both photosynthesis and transpiration versus stomatal conductance, with transpiration on a secondary vertical axis, featuring nonlinear trends. The axes are consistently labeled across panels, with units provided.]
Figure 4 | Relationships of stomatal conductance (gs) with photosynthesis (A) and transpiration rate (E) in waterlogged (WL) and well-watered (WW) vines for each rootstock (A) ‘Bounty71’ (B), (B) ‘D1’ (D), (C) ‘Hayward’ (H) and scion–rootstock combination (D) ‘Zesy/Bounty71’ (Z/B), (E) ‘Zesy/D1’ (Z/D), and (F) ‘Zesy/Hayward’ (Z/H). Data of all the vines collected during the 9-day waterlogging experiment are shown as individual points.




3.2 RGB image-based morphometric and colorimetric parameters

RGB image-based parameters that explain plant morphological and color characteristics, in particular PSA, S, plant color (HUE), and SI, were used to study the response of kiwifruit vines to waterlogging. The WW vines of the B and D rootstocks showed a progressive increase in PSA values over the following days of analysis. PSA differed between cultivars, with D and H showing the highest values approximately 280–335 cm2 and 250–270 cm2, respectively, and B showing the lowest values approximately 95–140 cm2 (Figure 5A). A predominant effect of the cultivar was observed for PSA throughout the experiment, with the treatment effect appearing only from DAW 7. PSA started to differ significantly between WW and WL vines of the D and H rootstocks from DAW 7 and DAW 9, respectively, reaching values reduced by 56% and 32% compared to WW vines (Figure 5A). Projected shoot area and convex hull area from plant images were used to determine leaf density and spread, expressed by the S indicator. S was similar between WW and WL vines of the B and H rootstocks, with no significant differences along the days of waterlogging stress and values approximately 0.3–0.4 and 0.4–0.5, respectively. Instead, it started to differ significantly between WW and WL vines of the D rootstock from DAW 4, resulting in an increase under waterlogging stress. The predominant effect of cultivar was also reported for S and with a lesser effect of treatment (Figure 5B).

[image: Graphs illustrate the effects of treatments WW and WL on plants. Panel A displays projected shoot area over time for conditions B, D, and H. Panel B shows solidity under the same conditions. Both panels include significance markers. A table lists statistical data for DAW intervals, showing treatment significance for T, C, and TxC.]
Figure 5 | Morphometric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per rootstock (B, D, H): (A) projected shoot area (PSA) and (B) solidity (S). Two-way ANOVA p-values are shown in the tables for both PSA and S and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and rootstock. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.

Color changes in kiwifruit vines resulting from the presence of healthy green plant tissue, leaf discoloration, yellowing, or browning of plant tissue were determined by analyzing RGB images with the hue component. During the waterlogging experiment, HUE showed no significant differences between WW and WL vines of each rootstock. However, WL vines of the D and H rootstocks showed a progressive decrease in HUE from DAW 4, whereas those of the B rootstock remained at almost constant values. The WW vines of the D and H rootstocks were similar with values approximately 55°–58°, while those of the B rootstock were slightly higher, above 60° (Figure 6A). The proportion between the green and the greener areas was used to determine the SI. No significant differences were found between WW and WL vines of each rootstock during the days of waterlogging stress (Figure 6B). The B rootstock had the lowest SI compared to the D and H rootstocks, and the analysis confirmed the prevailing effect of the cultivar for both colorimetric parameters, i.e., HUE and SI, throughout the experiment.

[image: Graphical comparison of HUE Weighted Mean and Senescence Index over Days After Watering (DAW). Part A shows HUE Weighted Mean in conditions B, D, and H, with treatments WW (solid line) and WL (dashed line). Part B displays Senescence Index under the same conditions and treatments. Statistical significance is listed in adjacent tables, showing p-values for T, C, and TxC factors. The HUE Mean generally decreases, while the Senescence Index increases over time.]
Figure 6 | Colorimetric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per rootstock (B, D, H): (A) weighted mean value of the hue channel (HUE) and (B) senescence index (SI). Two-way ANOVA p-values are shown in the tables for both HUE and SI and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and rootstock. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.

PSA also varied considerably between the scion–rootstock combinations, with scions grafted on the D and H rootstocks showing the highest values approximately 270–300 cm2 and 330–340 cm2, respectively, and those grafted on the B rootstock showing the lowest values approximately 210–240 cm2 (Figure 7A). A significant effect of the cultivar on PSA was confirmed, with the treatment effect only appearing from DAW 4 and with consistent differences from DAW 7 (p < 0.001). Significant differences in PSA between WW and WL vines of the Z/D combination were found from DAW 2, with a decrease of approximately 70% compared to WW vines at the end of the waterlogging experiment. PSA started to decrease in WL vines of the Z/H combination from DAW 4, but with no significant differences compared to WW vines, and remained almost similar between WW and WL vines of the Z/B combination throughout the experiment (Figure 7A). S was similar between WW and WL vines of each scion–rootstock combination, with no significant differences along the days of waterlogging stress and values approximately 0.4–0.5, 0.3–0.5, and 0.45–0.6 for the Z/B, Z/D, and Z/H combinations, respectively (Figure 7B).

[image: Graphs depicting plant growth characteristics under different treatments. Part A shows projected shoot area over time for three conditions (Z/B, Z/D, Z/H) with treatments WW (solid line) and WL (dashed line). Significance levels are marked with asterisks. A table lists the statistical significance for treatment (T), condition (C), and interaction (TxC) effects. Part B displays solidity over time for the same conditions and treatments, with statistical significance indicated similarly in the accompanying table.]
Figure 7 | Morphometric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per scion–rootstock combination (Z/B, Z/D, Z/H): (A) projected shoot area (PSA) and (B) solidity (S). Two-way ANOVA p-values are shown in the tables for both PSA and S and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and scion–rootstock combination. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.

The HUE of WW vines was almost similar between the different scion–rootstock combinations, showing a slight decrease from DAW 4 in all combinations. No significant differences in HUE were found between WW and WL vines of the Z/B combination. HUE in WL vines of the Z/D and Z/H combinations started to decrease from DAW 4 and differed significantly from WW vines at DAW 9, where both treatment and cultivar had a significant effect (Figure 8A). No significant effects of cultivar and treatment on SI were found by two-way ANOVA analysis, and no differences were found between WW and WL vines of each scion–rootstock combination during the days of waterlogging stress (Figure 8B).

[image: Line graphs compare HUE Weighted Mean and Senescence Index for two treatments, WW and WL, across three categories: Z/B, Z/D, Z/H, over days after watering (DAW). In section A, HUE decreases, noting significant changes on DAW 9 for Z/D and Z/H. In section B, Senescence Index values slightly fluctuate across days, showing no significant differences in treatments. Tables on the right display statistical significance, with DAW 9 indicating significance for HUE with p-values of 0.005, less than 0.001, and 0.010.]
Figure 8 | Colorimetric parameters derived from the image-based analysis of well-watered (WW) and waterlogged (WL) kiwifruit vines per scion–rootstock combination (Z/B, Z/D, Z/H): (A) weighted mean value of the hue channel (HUE) and (B) senescence index (SI). Two-way ANOVA p-values are shown in the tables for both HUE and SI and for each DAW. Asterisks denote significant differences according to one-way ANOVA between WW and WL for each parameter and scion–rootstock combination. Data shown are means ± standard error of the means (n = 5). T, treatment effects; C, cultivar effects; ns, not significant at p ≥0.05.




3.3 Near-infrared imaging

NIR imaging analysis is a common tool used to assess the water content of plants. During the waterlogging days, NIR intensity was similar between WW and WL vines of each rootstock, with no significant differences (Figure 9A). However, regardless of the irrigation treatment applied, the B rootstock showed the highest NIR intensity, with values close to 200, and thus a lower water content in plant tissues compared to the D and H rootstocks, with values between 150 and 170 (Figure 9A). In the scion–rootstock combinations, NIR intensity reached higher values in all WL vines compared to WW vines (Figure 9B). During the last day of waterlogging stress (DAW 9), NIR intensity differed significantly between WW and WL vines of the Z/D combination, indicating a reduced water content of the vines achieved after the application of 9 days of waterlogging stress (Figure 9B). NIR intensity was then a good indicator of plant stress response, in accordance with the changes in morphometric and colorimetric parameters in response to waterlogging in kiwifruit.

[image: Box plots showing NIR intensity over days after watering (DAW) under two treatments: WW and WL. Section A presents data for B, D, and H, while section B shows comparisons Z/B, Z/D, and Z/H. Each plot displays median, quartiles, and outliers, with WW in filled and WL in outlined boxes.]
Figure 9 | NIR intensities of well-watered (WW) and waterlogged (WL) kiwifruit vines: (A) per rootstock (B, D, H) and (B) per scion–rootstock combination (Z/B, Z/D, Z/H). Asterisks denote significant differences according to one-way ANOVA between WW and WL vines at each DAW. Black diamond symbols represent mean values (n = 5).





4 Discussion

The results of the present study outlined the differential response of kiwifruit rootstocks and grafting combinations to waterlogging stress. Physiological and phenotypic traits of the vines were combined to increase knowledge of vine physiological behavior and RGB and NIR image-based indicators for assessing waterlogging tolerance/susceptibility in kiwifruit genotypes.



4.1 Physiological waterlogging response

Stomatal closure is widely recognized as one of the most rapid responses of many species to waterlogging stress (Kozlowski, 1997; Parent et al., 2008; Xu et al., 2022; Topali et al., 2024). Stomata are responsible for regulating A and E by opening and closing (Kozlowski, 1997), and their rapid response is correlated with an early reduction in A since the beginning of waterlogging (Xu et al., 2022). Results showed that gs and therefore E were affected by waterlogging from the first days of the experiment in both D and H rootstocks, but not in the B rootstock. Stomatal closure shortly after waterlogging and a decrease in net photosynthesis have been previously reported in kiwifruit (Li et al., 2020; Li Z. et al., 2021) and in other fruit tree species such as Prunus spp (Domingo et al., 2002; Pimentel et al., 2014; Zhang et al., 2023). This tendency was confirmed as the values of A generally decreased with those of gs, specifically from DAW 4 in the D and H rootstocks and from DAW 2 in the Z/D and Z/H combinations.

A more rapid decrease in gs was induced under waterlogging in all grafting combinations and slightly delayed in the Z/B combination.

This suggests that the B rootstock may be more tolerant to waterlogging stress than the D and H rootstocks and that the rootstock may influence the response of the grafted cultivar when exposed to waterlogging stress. Rootstocks with different waterlogging tolerance were found to influence the photosynthetic capacity of the scion, maintaining it for a longer time under waterlogging stress in peach (Zhang et al., 2023), and to improve the physiological, biochemical, and molecular responses of the scion in kiwifruit (Bai et al., 2022). This influence, which is only reflected in the Z/B combination, may be of great importance in increasing the potential tolerance of kiwifruit to excess water in poorly structured soils and should therefore be taken into account in the genotypic selection of the rootstock. However, the waterlogging tolerance of the B rootstock is not fully reflected in the grafting combination.

In particular, gs followed by a rapid decrease in A was previously observed in 3-month-old plants of ‘Hayward’ under waterlogging stress, suggesting a high sensitivity of this rootstock to waterlogging conditions (Li Z. et al., 2021). Although no information is available specifically for the D rootstock, the data analyzed suggest that the D and H rootstocks behave similarly under waterlogging stress, identifying them as waterlogging-sensitive rootstocks. Both rootstocks belong to A. chinensis var. deliciosa which has been found to have a low tolerance to waterlogging (Youn-Seop et al., 2008; Bai et al., 2019; Kataoka et al., 2021; Beppu et al., 2022). The observed physiological behavior of the B rootstock, which was not affected by the 9-day waterlogging treatment, was consistent with previous studies showing that A, gs, and E in A. macrosperma were maintained at relatively high levels even under waterlogging stress (Kataoka et al., 2021; Beppu et al., 2022), together with high root activity (Bai et al., 2019). Furthermore, Kataoka et al. (2021) found that grafting ‘Hayward’ onto A. macrosperma rootstock allowed greater tolerance to be expressed in the grafted kiwifruit scion. This is consistent with the results of the present study, where the physiological responses of the scion grafted on the B rootstock to waterlogging stress were delayed in time compared to other grafting combinations.

Maintaining an efficient and effective photosynthetic activity and undamaged photosynthetic apparatus is extremely important for plant growth and development (Zhang et al., 2023). Photosynthetic gas exchange parameters can be used to assess plant tolerance to waterlogging. Waterlogging stress can induce stomatal closure, which limits leaf gas exchange and leads to reduced CO2 absorption, thereby affecting photosynthetic rate (Pan et al., 2021). The initial reduction in A is reported to be highly correlated with stomatal closure, but after prolonged periods of waterlogging, the rate of A also decreases due to the inhibitory effects on the photosynthetic process (Kozlowski, 1997). By analyzing the different trends in Ci values, it is possible to detect the presence of mechanisms other than gs (non-stomatal factors) that influence the assimilation process and thus photosynthetic rates. Lower Ci values in the WL vines of the Z/D and Z/H combinations supported that the leaves were CO2-limited due to lower gs. Conversely, Pimentel et al. (2014) found increased Ci values in waterlogged plants of Prunus species, suggesting that the leaves were not CO2-limited and that lower A was determined by non-stomatal factors. Similar results were instead found by Baldi et al. (2024) in ‘Hayward’ kiwifruit, where high reductions in A were observed in plants exposed to waterlogging, mainly associated with significantly lower gs, resulting in lower Ci values. The higher Ci value found in WL vines of the Z/D combination at DAW 4 indicated the occurrence of non-stomatal factors, identifying a later stage of waterlogging stress when photosynthetic metabolism was almost irreversibly damaged, as indicated by very low A. Instead, WL vines of the Z/H combination maintained a lower Ci also at DAW 4, confirming the effect of lower gs on the assimilation process and thus no damage to the photosynthetic apparatus already at this time. On this basis, a slightly lower sensitivity of the Z/H combination to waterlogging stress compared to the Z/D combination is suggested. The results concerning WUEi are consistent with Xu et al. (2022), who showed that some peach rootstocks maintained high levels of WUE before gradually declining until the end of the stress and that very low values may indicate irreversible damage to photosynthetic properties. Lower WUEi values in WL vines of the Z/D combination at DAW 4 may indicate the beginning of a damage process to the photosynthetic system. Mature leaves of kiwifruit vines are characterized by large dimensions and an orbicular shape in the D and H rootstocks and in the grafted yellow-fleshed cultivar, features that contribute to increased leaf temperatures (Smith et al., 1989). Significant differences in Tleaf between WW and WL vines can be attributed to significant reductions in gs and E, which determine the attainment of lethal temperatures in parts of the leaves that can be irreversibly damaged (Smith et al., 1989). In the present study, the physiological responses to waterlogging stress varied between the three kiwifruit rootstocks and grafting combinations. Early reductions in leaf gas exchange under waterlogging stress were observed in the D and H rootstocks compared to the B rootstock, which was not affected throughout the experiment. In particular, the reductions were more pronounced in the grafting combinations where the influence of the rootstock on the scion was evident.




4.2 Image-based parameters to phenotype for waterlogging stress

Many studies have used image analysis to investigate the responses of plants to various abiotic stresses (e.g., drought, heat, and salt stress) (Briglia et al., 2019, 2020; Kim et al., 2020; Carvalho et al., 2021). Non-destructive and non-invasive phenotyping assessment of waterlogging responses using a high-throughput plant phenotyping platform in fruit tree crops has been poorly addressed, and the results obtained in the present study represent a novelty for the kiwifruit crop.

The detrimental effect of waterlogging stress on plant growth and development is well known (Manghwar et al., 2024), and plant biomass is an important trait assessed to investigate the waterlogging response of plants (Langan et al., 2022). Among the morphological parameters that can be assessed non-destructively by image analysis, PSA and S may be relevant indicators to evaluate kiwifruit vine development and changes in leaf density and spread as influenced by waterlogging. Traditional phenotypic observations can be influenced by cultivar-specific traits such as leaf surface area and maturity (Zhang et al., 2023), which in turn affect their response to waterlogging stress. The waterlogging tolerance or sensitivity of rootstocks can directly influence scion growth and development in kiwifruit (Bai et al., 2019).

Significant differences in PSA and S between rootstocks can be attributed to differences in leaf number, size, shape, and anatomy, particularly distinguishing the B rootstock from the D and H rootstocks. The reductions in PSA that occurred in the D and H rootstocks under waterlogging showed an effect of waterlogging stress on total vine area. Previous phenotyping studies have used PSA or similar indices of plant biomass in several crops and found similar deleterious effects of drought stress on plant aerial mass (Danzi et al., 2019; Briglia et al., 2020; Kim et al., 2020; Genangeli et al., 2023; Petrozza et al., 2023), reinforcing the issue that waterlogging stress affects leaves in a similar way to drought stress (Topali et al., 2024). The PSA evaluated in the grafting combinations confirmed the results found in the rootstocks, with a more pronounced effect of waterlogging stress on the aerial mass of the vines of the Z/D and Z/H combinations.

In the present study, the most sensitive D rootstock showed a higher S under waterlogging stress, as determined by the lower convex hull area values of WL vines compared to WW vines, although waterlogging induced a decrease in PSA. Higher values of S were previously observed in a drought experiment carried out on tomato plants, where drought-stressed plants lost turgor and reduced their convex hull area, resulting in increased S (Janni et al., 2019). However, reduced S has also been suggested as a consequence of water stress and could be determined by decreasing the plant area pixels while keeping the convex hull area constant (Petrozza et al., 2023). In the case of the grafting combinations, S values were lower in the WL vines compared to the WW vines, with a decreasing trend with prolonged waterlogging exposure in the Z/D and Z/H combinations, indicating a gradual wilting of the leaves, which is consistent with considering lower S values as a consequence of stress. Petrozza et al. (2023) used S as an index of the differential response of tomato plants to drought stress and reported lower S in sensitive plants under drought conditions, which was explained as a consequence of the reduced plant pixel area due to greater wilting of drought-sensitive plants. S is then a relative index that varies between species and even cultivars according to the specific behavior of plants to a given stress.

Waterlogging stress often causes leaf chlorosis, wilting, and yellowing (Langan et al., 2022), reducing green leaf area (Ren et al., 2023). The leaves turn yellow and develop necrosis as a result of prolonged exposure to waterlogging at the roots, leading to abscission (Topali et al., 2024). Furthermore, changes in the balance of leaf catabolism and anabolism processes during waterlogging stress have been reported to cause a decrease in leaf chlorophyll content (Zhang et al., 2023), which could contribute to reduced photosynthesis and leaf color change, which gradually turn from green to yellow with prolonged exposure to waterlogging. The RGB images have great potential not only for morphological studies, including parameters such as PSA and S, but also for leaf color estimation. In particular, leaf chlorosis, which is an indication of the chlorophyll degradation and contributes to a decrease in A, can be detected by measuring the number of pixels in the green and yellow regions of the hue channels. Significant differences in HUE in WL vines of the Z/D and Z/H combinations may indicate the beginning of a process of leaf chlorosis induced by waterlogging. Assessment of leaf color, degree of yellowing, or loss of greenness has been reported as a promising tool to detect the occurrence of drought stress, as an increasing fraction of the yellow color class was associated with increasing drought in a grapevine experiment (Briglia et al., 2019). The SI was used to indicate the senescence status of the vines. No significant differences in SI were found between the irrigation treatments, although an increasing trend was observed in WL vines of all rootstocks and Z/D and Z/H combinations.

While the effects of waterlogging were registered almost immediately in the RGB morphometric parameters, the color changes appeared with a delay and with greater variability between the vines, in agreement with other studies (Janni et al., 2019; Genangeli et al., 2023). The results indicate that the RGB image-based parameters that most accurately represented the differential response of kiwifruit rootstocks and grafting combinations to waterlogging were plant PSA and HUE color class. These parameters can be effective indicators for screening for more tolerant kiwifruit genotypes using non-destructive and non-invasive plant phenotyping.

The water content of plant tissues is known to influence spectral reflectance, and therefore, non-destructive techniques such as those based on NIR wavelengths are useful for assessing plant water status (Kim et al., 2020; Danzi et al., 2022). NIR intensity values showed an increasing trend (lower water content) in all WL vines of the grafting combinations, suggesting that waterlogging affected the water status of the vines as detected by NIR images. The water content of plant tissues was then reduced under waterlogging stress, which has been reported as an effect of waterlogging on plants (Sathi et al., 2022). The occurrence of partial leaf wilting and increased leaf surface necrosis area contributed to the reduction in water content of tissues that began to dry out.

Physiological measurements and RGB analysis identified the Z/D combination as the most sensitive to waterlogging stress, followed by the Z/H combination. Furthermore, 4 days of waterlogging stress can be identified as the time when a more severe stress occurred for the Z/D and Z/H combinations, as all image-based parameters began to change from the control values. Although the Z/B combination showed a delayed decrease in physiological activity compared to the other combinations, it did not show any changes in morphometric and colorimetric parameters under waterlogging stress. RGB image-based results confirmed that the B rootstock enhanced the tolerance of the scion to waterlogging stress.





5 Conclusions

Waterlogging and root hypoxia conditions are predicted to become more severe due to anomalous climatic conditions, and represent a serious threat that is increasingly affecting kiwifruit cultivation. Novel results are presented on the assessment of the waterlogging response of different kiwifruit rootstocks and grafting combinations by combining traditional physiological measurements with high throughput phenotypic analysis. Physiological performances and image-based parameters were negatively affected by soil waterlogging, but to different extents in the kiwifruit rootstocks and grafting combinations studied. D and H rootstocks showed an early reduction in stomatal conductance and photosynthetic rates, and an increase in leaf temperature already during the first days of waterlogging stress, confirming that these parameters are effective indicators of altered behavior caused by waterlogging, as by other abiotic stresses RGB and NIR image analysis, through the evaluation of parameters such as projected shoot area, leaf color, and plant tissue water content, supported the waterlogging sensitivity of the D and H rootstocks and their combinations and provided promising indicators to be used in the evaluation of the waterlogging response of kiwifruit vines. Instead, B rootstock was unaffected by 9 days of waterlogging stress in both physiological and phenotyping parameters. Waterlogging effects were more pronounced in the yellow-fleshed kiwifruit cultivar grafted on D and H rootstocks than in the cultivar grafted on B rootstock, suggesting an influence of the rootstock on the scion. However, stomatal conductance also decreased in the Z/B combination, suggesting that the B rootstock is more tolerant to waterlogging, but not able to allow the grafted cultivar to cope with prolonged and adverse soil conditions. More efforts should be made to adopt proper orchard management and to promote breeding research for the selection of well-adapted plant material (rootstocks and cultivars). The present study reveals the suitability of RGB morphometric and colorimetric parameters analyzed on kiwifruit vines under waterlogging stress as promising indicators. In conclusion, physiological and phenotyping assessment can be an effective methodology for screening for more waterlogging tolerant genotypes for the kiwifruit crop.
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Micro-sprinkler irrigation has been a promising irrigation method to promote Panax notoginseng (Burk) F. H. Chen production but their scientific irrigation frequency in improving yield and water use efficiency of P. notoginseng remains contradictory and inconclusive. The objective of this study was therefore to examine and propose a scientific irrigation frequency in water management of P. notoginseng cultivation considering their impact on soil water, soil available nutrients, root growth, yield, and water use efficiency (WUE). The micro-sprinkler irrigation experiment under shading and rain-shelter conditions was carried out in the growing season of P. notoginseng from 2017 to 2018.The treatments included four micro-sprinkler irrigation frequencies, such as IF1 (irrigation once every three days), IF2 (irrigation once every five days), IF3 (irrigation once every seven days), and IF4 (irrigation once every nine days) in 2017-2018. The results indicated that the IF3 treatment significantly increased the nitrogen accumulation of P. notoginseng (271.98 mg plant-1). In addition, the IF2 treatment enhanced the phosphorus accumulation (27.82 mg plant-1), potassium accumulation (408.38 mg plant-1), total root surface area (67.49 cm2 plant-1), total root volume (3.79 cm3 plant-1) and yield (702 kg ha-1). The IF2 treatment significantly increased WUE by 29.2%, 28.1%, and 37.7% compared with the IF1, IF3, and IF4 treatments, respectively. Our findings suggested that IF2 treatment increased the soil water content, reduced the soil nutrient content, increased the accumulation of phosphorus and potassium in P. notoginseng, promoted the root growth of P. notoginseng, and improved the quality and yield of P. notoginseng, providing a scientific theoretical basis for reasonable water control and green quality production in the cultivation of P. notoginseng under shade and rain shelter cultivation.
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1 Introduction

P. notoginseng (Burk. F. H. Chen) was a traditional perennial precious herb with an artificially cultivated history of more than 400 years (Armstrong, 2005; Bengough et al., 2011). It was widely distributed in the world, especially in southwest China (Wang et al., 2006). The roots, stems and leaves of P. notoginseng contain saponins, salicylidine, GABA (γ-aminobutyric acid), and other components, which had extremely high pharmacological effects (Li et al., 2022; Zhou et al., 2020). Modern studies confirmed that P. notoginseng has multiple pharmacological functions on antihypertensive, antithrombotic, antioxidation and neuroprotective actions, regulating the immune system and promoting metabolism and so on (Yang et al., 2015). P. notoginseng was also the main component of Yunnan Baiyao, Compound Danshen Dripping Pills, Pien Tze Huang and many other traditional Chinese medicine preparations, which had important economic value (Ji et al., 2022). Due to its unique medicinal and edible value, the market demand of P. notoginseng was growing rapidly (Chen et al., 2023). To improve the yield of P. notoginseng and pursue the maximization of economic benefits, growers often use excessive water and fertilizer applications (Xia et al., 2016). However, adequate irrigation was not sustainable for the semiarid areas of Yunnan Province. Excessive irrigation may lead to soil salinization and water resource depletion, which would have a negative impact on the ecological environment and the sustainable development of agricultural management. Therefore, it was urgent to balance the relationship between agricultural production demand and ecological protection in irrigation management, explore the demand of P. notoginseng for nutrients and water, and propose appropriate irrigation strategies.

Water and fertilizer regulation was crucial to the physiological growth and nutrient absorption of P. notoginseng (Shen, 2024). Irrigation mechanisms could regulate soil water and temperature, and soil water content directly affects plants’ water regimes and is closely related to plants’ healthy growth (Man, 2014). Excessive or low soil water content could significantly affect the growth, water absorption, and yield of P. notoginseng, thus reducing water use efficiency (Li et al., 2019). Irrigation requirements vary according to location, soil type and crop growth characteristics, involving the form of irrigation water entering the soil in the root zone of the crops (Lebourgeois et al., 2010; Ravikumar et al., 2011; Rodrigues et al., 2013). Micro-sprinkler irrigation was an effective water-saving irrigation technology, that was widely used in crop precision irrigation and could achieve sustainable economic benefits of crops. Compared with drip irrigation, micro-sprinkler irrigation significantly increased crop yield by 7.3% (Majumder et al., 2008). Appropriate micro-sprinkler irrigation could improve water use efficiency, enhance soil permeability, reduce soil water loss, and effectively increase the yield of P. notoginseng (Kumar et al., 2014; Xu et al., 2022; Zheng et al., 2021). Previous studies have found that different irrigation frequencies have significant effects on crop growth and yield (Liu H. et al., 2019; Souza and Vieira, 2020). At the same time, no irrigation frequency will also change the root water absorption capacity of crops (Brighenti, 2024). Adopting scientific and reasonable irrigation methods was of great significance for improving the growth environment of P. notoginseng and promoting the sustainable development of P. notoginseng cultivation (Yang et al., 2023).

Suitable irrigation enhanced plant immunity and promotes growth by affecting plant nutrient accumulation and soil physical properties, which was beneficial for higher yields (Chai et al., 2016). The water-demand characteristics of many crops have been studied in conventional agricultural cultivation (Kresović et al., 2016; Chai et al., 2016), however, there were few research reports on the effects of irrigation frequencies on P. notoginseng. This experiment investigated the effects of micro-sprinkler irrigation combined with organic fertilizer on the growth, root hydraulic conductivity, nutrient accumulation, yield, and water use efficiency of 2-year-old P. notoginseng. Therefore, this experiment studied the effect of irrigation frequency of micro-sprinkler irrigation on P. notoginseng under the condition of shading and rain avoidance, aiming at (1) exploring the effects of irrigation frequencies on soil water content and soil nutrients in the soil layer of 0~40 cm; (2) analyzing the effects of irrigation frequencies on the morphological characteristics of P. notoginseng roots, root hydraulic conductivity, nutrient accumulation, yield and water use efficiency; and (3) determining effective irrigation management strategies for P. notoginseng cultivation.




2 Materials and methods



2.1 Details of experimental site

The experiment was conducted in the shade and rain shelter cultivation greenhouse (102°52′13″E, 24°50′57″N) at the experimental base of Kunming University of Science and Technology (KUST) Chenggong Campus from March 2017 to November 2018. The specific geographic location was shown in Figure 1. The top of the greenhouse was covered with three layers of shading net, and the light transmittance was 8.3%. The climate was subtropical plateau monsoon. The water used for irrigation was tap water for domestic use, containing trace amounts of sodium chloride and sub-sodium chloride, as well as calcium, magnesium, potassium and sulfate. pH was 6.87, showing weak acidity. Soil properties, both physical and chemical, at the experimental site are shown in Table 1.

[image: Map series showing three locations:   (a) Yunnan Province in China, highlighted in cyan on a map of China.  (b) Kunming, marked in light green, within Yunnan Province.  (c) A topographic map detailing an experimental site in Yunnan, marked with a red star, with elevation gradient indicated in green to red shading, and a scale bar in miles.]
Figure 1 | (A) The location of Yunnan Province in China. (B) the location of Kunming in Yunnan Province. (C) The location of the experimental site.

Table 1 | The climate and soil profile of the experimental site.


[image: Table showing environmental and soil characteristics of an experimental site. Maximum temperature is 28 degrees Celsius, minimum is 5 degrees. Mean relative humidity is 58 percent, altitude is 1,945 meters, and annual sunlight is 2,200 hours. Soil pH is 6.0, bulk density is 1.30 grams per cubic centimeter, and field capacity is 0.41 cm³ per cm³. Organic matter is 1.32 percent, nitrogen content is 0.89 grams per kilogram, phosphorus is 0.73, potassium is 14.08. Alkali-hydrolyzed nitrogen is 65.83 mg/kg, ammonium nitrogen is 21.56, and available phosphorus is 13.80. Available potassium is 337.50 mg/kg.]



2.2 Experiment design

The experiment included four irrigation frequency levels (IF1:3 d time-1, IF2:5d time-1, IF3:7 d time-1, IF4: 9 d time-1). Each treatment was repeated 2 times, a total of 8 experimental cells. In the shade and rain shelter cultivation greenhouse, there were 8 ridges of P. notoginseng test field, the ridge length was 4.4 m, the width was 1.2 m, the height was 0.3 m, and the ridge distance was 0.5 m. The experiment used micro-sprinkler fertilization (water and fertilizer integration fertilization technology). The soluble fertilizer (Sichuan Shifang DEMEI company. China) dissolved in water through a proportional fertilization device (Jinhua Yurun Fountain Drip Irrigation Co., Ltd.). China) at a ratio of 1:800. During irrigation, fertilizer is applied simultaneously through a micro-sprinkler irrigation device. Fertilization frequency is 15 days a time. Irrigation and fertilization were conducted from 17:00 to 19:00. During the test, keep the greenhouse ventilated and remove the diseased plants in time.




2.3 Determination items and methods

According to previous studies, the root growth of P. notoginseng was mainly distributed in the 0-40 cm soil layer (Yue et al., 2023; Zang, 2022), so the soil indexes in this study were sampled and analyzed in 0-40 cm soil layer.



2.3.1 Soil water content

During the experiment, soil samples at depths of 10, 20, 30, and 40 cm were collected by artificial spiral drills at 1 h before irrigation, 1 day after irrigation, and in the middle of irrigation (IF1 at 1.5 days after irrigation, IF2 at 2.5 days after irrigation, IF3 at 3.5 days after irrigation and IF4 at 4.5 days after irrigation) at the seedling stage, flowering stage, fruiting stage, and root growth stage, respectively. Determine the soil water content. Each plot was repeated three times to calculate the average soil water content. The soil moisture content of soil samples was determined by the drying method. All soil samples were dried at 105°C for 6-8h to constant weight, and then the soil water content was determined by weighing method. The volumetric soil water content was calculated by multiplying the mass soil water content by the soil bulk density (Liang et al., 2021).




2.3.2 Soil nutrient content

According to the characteristics of the growth stage of P. notoginseng, soil samples were collected at seedling, flowering, fruiting, and root growth stages. The sampling depths were 10, 20, 30, and 40 cm, respectively, and each plot was repeated three times. Soil alkali hydrolyzed nitrogen content was determined by the standard method of the Agricultural industry of the People’s Republic of China (LY/T 1229-1999). Soil available phosphorus content was determined by the agricultural industry-standard method of the People’s Republic of China (NY/T 1121.7-2014) and was extracted by ammonium fluorine-hydrochloric acid solution. Soil available potassium content was determined via the flame photometer specified in the agricultural industry-standard method (NY/T 889-2004) (Cheng et al., 2023). The average soil alkali hydrolyzed nitrogen content, available phosphorus, and available potassium were calculated respectively.




2.3.3 P. notoginseng nutrients (N, P, K) content

The dried samples of the aboveground and underground parts of P. notoginseng were crushed in a grinder and filtered with a 0.5 mm sieve. The total nitrogen content was determined by an automatic Kjeldahl nitrogen analyzer (Haineng Company, China). The content of total phosphorus was determined by the molybdenum antimony anti-colorimetric method. The total potassium content was determined by a flame photometer (Fuentes-Soriano et al., 2019).




2.3.4 Root hydraulic conductivity

Three representative healthy plants were randomly selected from each plot, and the hydraulic conductivity of P. notoginseng at seedling, flowering, fruiting, and root growth stages was measured by HPFM-Gen3 high pressure flow meter (Dynamax Company, USA).




2.3.5 Root characteristics, dry matter mass and yield

The aboveground and underground parts of P. notoginseng were collected during the root growth stage, each test plot was repeated three times. After the roots were cleaned, the STD4800 root scanner (EPSON, Japan) was used to scan the whole roots. Then the total root length, total root surface area, and total root volume were analyzed and output by the WINRHIZOPRO2007 root analysis system. The aboveground and underground parts of P. notoginseng were put into file bags and then dried at 60 °C for 48 hours in the oven (Donnelly et al., 2016). Then the samples were weighed to obtain the dry matter mass of the aboveground and underground parts of P. notoginseng.

The yield was calculated by multiplying the average yield per plant by the planting density (number of plants per hectare) and then by the planting area (Xia et al., 2016).





2.4 Calculations



2.4.1 Soil water storage and soil water content

Soil water storage (SWS) in the root zone (0-40 cm) of P. notoginseng was calculated by the following equation (Liang et al., 2019):

[image: Equation depicting soil water storage (SWS) calculation. SWS equals ten multiplied by theta values at various depths: zero to ten centimeters, ten to twenty centimeters, twenty to thirty centimeters, and thirty to forty centimeters, each also multiplied by ten.]

Where SWS is soil water storage in the root zone (0-40 cm) of P. notoginseng, mm; [image: Mathematical expression showing theta subscript zero to ten centimeters with a bar above theta.]  is the average soil water content in 0-10 cm soil layer (cm3 cm-3); [image: Mathematical notation depicting theta subscript ten to twenty centimeters, with a straight line over the theta symbol.]  is the average soil water content in 10-20 cm soil layer (cm3 cm-3); [image: Mathematical expression with theta, subscript "20 minus 30 centimeters," with a bar over the theta symbol.]  is the average soil water content in 20-30 cm soil layer (cm3 cm-3); [image: The mathematical notation shows the variable theta with a bar above it, subscripted by "thirty to forty centimeters."]  is the average soil water content in 30-40 cm soil layer (cm3 cm-3).

Soil water content (SWC) in the root zone (0-40 cm) of P. notoginseng was calculated by the following equation (Liang et al., 2021):

[image: Equation for Soil Water Content (SWC) as a percentage: SWC equals the fraction of the difference between fresh weight of soil and dried weight of soil over the dried weight of soil, multiplied by one hundred percent.]




2.4.2 Evapotranspiration

Evapotranspiration (ET) in the root zone (0-40 cm) of P. notoginseng was calculated by the following equation (Liang et al., 2019):

[image: Equation showing "ET equals P plus I plus G minus D minus R minus delta SWS," followed by (3) in parentheses.]

Where ET was soil water consumption in the root zone of P. notoginseng, mm; P was the precipitation, mm; I was water consumption in each plot, mm; G is groundwater recharge, mm; D was runoff, mm; R represented the amount of deep leakage, mm. This experiment was carried out in a rain shelter unaffected by precipitation, groundwater recharge, runoff, and deep leakage. In this experiment, micro-sprinkler irrigation was used for irrigation, timing irrigation. Therefore, the P, G, D, and R were neglected. ΔSWS is the difference between SWS before and 1 day after irrigation in 0-40 cm soil layer at seedling, flowering, fruiting, and root growth stage.




2.4.3 Water use efficiency

Water use efficiency (WUE) was calculated by the following equation (Liang et al., 2019):

[image: Equation labeled (4) represents Water Use Efficiency (WUE) calculated as Y divided by ET, where Y is yield and ET is evapotranspiration.] 

Where Y was crop yield, kg ha−1; ET was evapotranspiration, mm.




2.4.4 Cost-benefit analysis

Material input mainly includes land leasing costs, labor expenditure, sunshade materials, micro-sprinkler irrigation systems, water and fertilizer integration machinery, P. notoginseng seedlings, microbial fertilizers, sunshade nets, plastic tarpaulin renewal and installation, and infrastructure strengthening. The production value was the yield of P. notoginseng with a selling price of 96.23 $ kg-1 (no pesticides are used in cultivation due to the high saponin content in P. notoginseng). Expenditure on land rent, labor, sunshade materials, irrigation, and machinery in 2017 and 2018 were assessed: 1215.25 $ ha-1, 50,219.18 $ ha-1, 47281.35 $ ha-1, 49251.54 $ ha-1and 61.52 $,151.21 $, 1126.53 $ and 185.21 $. Inputs of fertilizers were 0.54 $ kg-1. Infrastructure development of P. notoginseng seedlings and fertilizers, updating and installing shade nets, and installing plastic tarpaulins were 312.42 $ and 1073.42 $. The exchange rate is 1 USD ≈ 6.98 RMB.

[image: Formula for net profit per hectare: Net profit in dollars per hectare equals total revenue minus total cost. The equation is labeled as equation 5.]	(5)





2.5 Statistical analysis

Microsoft Excel 2018 software was used to sort out the data. SPSS 27.0 was used for the analysis of variance. The analysis of variance was one-way analysis of variance, and the Duncan (P< 0.05) method was used to test the difference significance. ArcMap 10.2 was used to map the latitude and longitude profile of the study area, Origin 2022 was used to produce bar charts. Data in the histograms were expressed as mean ± standard deviation (NS not significant, *P< 0.05, **P< 0.01, ***P< 0.001). The Mantel test was run using R software to correlate irrigation frequencies with soil environmental factors, P. notoginseng physiological indicators, and yield. Constructing structural equation model (SEM). The Mantel test was used to explore potential associations between irrigation frequencies, soil environmental factors, physiological indicators, and yield of P. notoginseng. Pearson’s correlation analysis determined the correlation between soil physicochemical properties and P. notoginseng growth parameters. The analysis of these processes was completed through the ggcor package in R. Partial Least Squares Path Modelling (PLS-PM) was used to investigate the direct or indirect effects of irrigation frequencies, soil water content, and soil nutrients on P. notoginseng growth indicators and yield.





3 Result



3.1 Soil water content and soil water storage

The soil water content (SWC) and soil water storage (SWS) in the root zone (0 - 40 cm) of the P. notoginseng plant before irrigation and first, second days after irrigation during the seedling stage, flowering stage, and fruiting stage were showed in Figure 2 and Table 2. Soil water content (SWC) decreased with increasing time after irrigation events due to soil evaporation and root water accumulation. According to Figure 2 and Table 3, there were significant (P< 0.05) differences in soil water content (SWC) and soil water storage (SWS) at the root zone (0-40 cm soil depth) of P. notoginseng among different irrigation frequency treatments. Before irrigation, the order of soil water content (SWC) and soil water storage (SWS) from high to low was IF1 > IF3 > IF2 > IF4 at the seeding stage and IF2 > IF1 > IF4 >IF3 at other growth stages. Compared with other treatments, the IF2 treatment significantly (P< 0.05) increased SWC and SWS by 2.4%-6.4% at the flowering stage, 3.0%-17.3% at the fruiting stage, and 0.6%-7.3% at the root growth stage before irrigation. After irrigation, the first and second days SWC and SWS had no significant (P< 0.05) regularity in each growth stage. The ΔSWS increased with decreasing irrigation frequencies in the seedling stage, flowering stage, and root growth stage of P. notoginseng.

[image: Four circular bar graphs display soil water content at different growth stages: seedling, flowering, fruiting, and root growth. Each graph presents data before and after irrigation across four intervals (IF1 to IF4), with varying color codes representing changes in water content over time. Periods analyzed include before irrigation, one day after, and two days after irrigation, with measurements depicted in cubic centimeters per cubic centimeter.]
Figure 2 | Effects of different irrigation frequencies on soil water content (SWC) in P. notoginseng root zone (0-40 cm). (A) Soil moisture content at seedling stage. (B) Soil water content at flowering stage. (C) Soil water content at fruiting stage. (D) Soil water content at root growth stage.

Table 2 | Effects of different irrigation frequencies on soil water storage (SWS) in the root zone (0-40 cm soil layer) of P. notoginseng.


[image: Table displaying irrigation frequencies across different plant growth stages: seedling, flowering, fruiting, and root growth. It compares measurements before and after irrigation, including changes in soil water status (∆SWS in mm) for four treatments (IF₁ to IF₄). Data includes means and standard deviations. Significant differences at various p-values (0.05, 0.01, 0.001) are noted. IF frequencies vary: IF₁ (every three days), IF₂ (every five days), IF₃ (every seven days), IF₄ (every nine days).]
Table 3 | The irrigation frequencies (I) and fertilizer rate (F) treatments of P. notoginseng.


[image: Table summarizing treatments with different irrigation frequencies and corresponding fertilizer rates from 2017 to 2018. All treatments have a fertilizer rate of 150 kilograms per hectare. Total irrigation amounts are 480 millimeters for 2017 and 510 millimeters for 2018 for each frequency: three, five, seven, and nine days. Total fertilization amount remains constant at 150 kilograms per hectare annually.]



3.2 Nutrient



3.2.1 Soil nutrient content

Irrigation frequency significantly affected (P< 0.05) the contents of soil alkali-hydrolyzable nitrogen, soil-available phosphorus, and soil-available potassium in the root zone (0-40 cm) of P. notoginseng (Table 4). The contents of soil alkali-hydrolyzable nitrogen and soil-available potassium in the root zone of P. notoginseng decreased first and then increased with the increase of irrigation frequency. The content of soil available phosphorus was IF4 > IF3 > IF1 >IF2 at the seedling stage, and IF3 > IF1 > IF4 > IF2 at the flowering and fruit stage and root weight gain stage. Under IF2 treatment the contents of soil alkali-hydrolyzable nitrogen, available phosphorus, and available potassium were the lowest. Compared with IF1, IF3, and IF4, the IF2 treatment significantly (P< 0.05) decreased the soil alkali-hydrolyzable nitrogen content by 1.0-9.3%, the soil available phosphorus content by 3.4-11.1%, and the soil available potassium content by 2.1-20.6% at each growth stages. The contents of soil available nitrogen and available potassium in the root zone of P.notoginseng under IF4 treatment were the highest in each growth stage. Compared with other treatments, the contents of soil available nitrogen and available potassium in IF4 treatment were significantly (P< 0.05) increased by 0.2-10% and 9.8-23.2%, respectively. Therefore, IF4 (9 d time-1) treatment was the best irrigation frequency to increase soil available nitrogen content and soil available potassium content.

Table 4 | Effects of different irrigation frequencies on soil alkali-hydrolyzable nitrogen content, soil available phosphorus content, and soil available potassium content in P. notoginseng root zone.


[image: Table comparing soil nutrient content across different irrigation treatments (IF₁ to IF₄) and growth stages: seedling, flowering, fruiting, and root growth. Variables assessed include soil alkali hydrolyzed nitrogen, available phosphorus, and potassium content. Each cell lists mean values with standard deviations and significance indicators. ANOVA results show significance levels with symbols: **, ***, and NS. Irrigation frequencies are defined at the bottom, indicating intervals of three to nine days.]



3.2.2 Accumulation of nutrient

The effects of different irrigation frequencies on the accumulation of nitrogen accumulation, phosphorus accumulation, and potassium accumulation, in the aboveground part (stem + leaf) and underground part (root) for P. notoginseng were significant (P< 0.05) (Table 5). The accumulation of nitrogen, phosphorus, and potassium in the aboveground part and underground part of P. notoginseng increased first and then decreased with the increase of irrigation frequency. The accumulation of nitrogen in the aboveground part and underground part of P. notoginseng under the IF3 treatment was the largest. The IF3 treatment significantly (P< 0.05) increased nitrogen accumulation by 3.18% -141.55% compared with IF1, IF2, and IF4. The accumulation of phosphorus and potassium in the aboveground and underground parts of P.notoginseng was the largest under IF2 treatment. Compared with IF1, IF3, and IF4, the IF2 treatment significant (P< 0.05) increased phosphorus accumulation by 17.44% -172.86%, and potassium accumulation by 27.57%-171.68%. The results showed that IF3 treatment helped increase the accumulation of nitrogen in P.notoginseng, and IF2 treatment helped increase the accumulation of phosphorus and potassium in P.notoginseng.

Table 5 | Effects of different irrigation frequencies on the accumulation of nitrogen, phosphorus, and potassium in P. notoginseng.


[image: Table displaying irrigation frequencies and their effects on nitrogen, phosphorus, and potassium accumulation in plants. Data is split into aboveground and underground parts for each nutrient with means and standard deviations. Significant differences are marked with letters and asterisks. IF1 shows the most potassium in the underground part; IF2 shows the most in the aboveground part. Irrigation frequencies vary from every three to nine days. Statistical significance is indicated at various levels.]




3.3 Root hydraulic conductivity

The root hydraulic conductivity (kr) of P. notoginseng was significantly (P< 0.05) different under different irrigation frequency treatments (Table 6). The root hydraulic conductivity (kr) of P. notoginseng increased first and then decreased with the increase of irrigation frequency and the root hydraulic conductivity of P. notoginseng treated with IF2 was the highest in the seedling stage, fruiting stage, and root growth stage. Affected by different irrigation frequencies, the root hydraulic conductivity (kr) of P. notoginseng under IF2 treatment was significantly (P< 0.05) increased by 6.69% -19.62% compared with IF1, IF3, and IF4 treatments. However, the root hydraulic conductivity (kr) of P. notoginseng decreased with the increase in irrigation frequency and the root hydraulic conductivity of P. notoginseng treated with IF4 was the highest in the flowering stage. The results showed that IF2 treatment was the most suitable irrigation frequency to increase the root hydraulic conductivity of P. notoginseng during the seedling stage, fruiting stage, and root growth stage of P. notoginseng.

Table 6 | Effects of different irrigation frequency on root hydraulic conductivity of P. notoginseng.


[image: Table showing root hydraulic conductivity values across different irrigation frequencies and plant stages. Values, including means and standard deviations, are given for seedling, flowering, fruiting, and root growth stages under irrigation frequencies IF₁ to IF₄. Each stage has statistical significance annotations noted as a, b, c, and ANOVA significance levels marked with asterisks: *** for high significance (P-value < 0.001). IF₁ to IF₄ correspond to irrigation every 3, 5, 7, and 9 days, respectively. Data averages three replicates.]



3.4 Root morphological characteristics

The root mean diameter, root total length, root total surface area, and root total volume of P. notoginseng were significantly (P< 0.05) affected by different irrigation frequencies (Figure 3). The average diameter of P. notoginseng from high to low was IF3 > IF2 > IF1 > IF4, the root total length of P. notoginseng from high to low was IF4 > IF2 > IF1 > IF3, the root total surface area, and root total volume of P. notoginseng from high to low were IF2 > IF3 > IF1 > IF4. The highest average root diameter was 2.04 mm under the IF3 treatment. Compared with other treatments, IF3 significantly (P< 0.05) increased the average root diameter by 1.89%-56.67%(Figure 3A). The maximum root total length of P. notoginseng was 217.65 cm under the IF4 treatment (Figure 3B). Compared with other treatments, IF4 treatment significantly (P< 0.05) increased the root total length by 1.89% -56.67%. Under the IF2 treatment, the total root surface area and total root volume of P. notoginseng reached the maximum values of 67.49 cm2 and 3.79 cm3 (Figures 3C, D) and the IF2 significantly (P< 0.05) increased root surface area by 2.76%-11.86% and root volume by 45.77%-99.47% compared with other treatments.

[image: Bar charts showing the effects of four irrigation frequencies (IF₁ to IF₄) on root characteristics. (a) Root mean diameter: IF₂ and IF₃ lead with the highest values. (b) Root total length: Increases from IF₁ to IF₄ with slight variation. (c) Root total surface area: IF₂ and IF₃ are similar and highest. (d) Root total volume: IF₂ has the highest value, followed by IF₃, IF₁, and IF₄. Error bars indicate variability, and letters show significant differences.]
Figure 3 | (A) Effects of different irrigation frequencies on the root mean diameter of P. notoginseng. (B) Effects of different irrigation frequencies on the root total length of P. notoginseng. (C) Effects of different irrigation frequencies on the root total surface area of P. notoginseng. (D) Effects of different irrigation frequencies on the root total volume of P. notoginseng.




3.5 Yield and economic benefits of P. notoginseng

The effect of different irrigation frequencies on the yield of P. notoginseng was significant (P< 0.05) (Figure 4). With the increase of irrigation frequency, the yield increased first and then decreased, and reached the highest point under IF2 treatment. The yield of P. notoginseng was 702 kg ha-1 under IF2 treatment. Compared with IF1, IF3, and IF4 treatments, IF2 treatment significantly (P< 0.05) increased by 25.13%-41.82%. The above results showed that the IF2 treatment (5 d time-1) had the most significant (P< 0.05) effect on increasing the yield of P. notoginseng. In order to determine the most suitable irrigation frequency for P. notoginseng production, the economic benefits of each treatment were evaluated. Although there was no significant (P< 0.05) difference in cost under different irrigation frequency treatments, there were significant (P< 0.05) differences in income and economic benefits among treatments. Under the IF2 treatment, the income and economic benefits of Panax notoginseng were the highest. Compared with other treatments, the economic benefits of the IF2 treatment increased by 41.66-75.96% in 2018. This showed that the IF2 treatment effectively improves the economic benefits. Therefore, it was recommended that local farmers adopt IF2 treatment to improve the yield and economic benefits of P. notoginseng.

[image: Bar chart displaying yield in kilograms per hectare across four irrigation frequencies: IF1, IF2, IF3, and IF4. IF2 has the highest yield at approximately 700 kg/ha, followed by IF1 and IF3 at around 600 kg/ha, and IF4 with the lowest yield at about 500 kg/ha. Error bars are shown for each bar.]
Figure 4 | Effects of different irrigation frequencies on the yield of P. notoginseng. The data were the average of three replicates. The mean ± standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the 0.05 level. IF1 represents irrigation frequency once every three days; IF2 represents irrigation frequency once every five days; IF3 represents irrigation frequency once every seven days. IF4 represents irrigation frequency once every nine days.




3.6 WUE

Different irrigation frequency treatments significantly affected the water use efficiency (WUE) of P. notoginseng (Table 7). The water use efficiency of the four treatments from high to low was IF2>IF3>IF1>IF4. Among them, the WUE under IF2 treatment was significantly increased by 29.2%, 28.1%, and 37.7%, respectively, compared with IF1, IF3, and IF4 treatments. These results indicated that IF2 treatment (5 d time-1) could improve the water use efficiency of P. notoginseng.

Table 7 | Effects of different irrigation frequency treatments on WUE of P. notoginseng.


[image: Table comparing the effects of different irrigation frequencies (IF₁ to IF₄) on root dry matter mass, yield, evapotranspiration, and water use efficiency. Values include means with standard deviations. Significant differences at various levels are marked by lowercase letters and asterisks, as indicated by the notes below. The irrigation frequency varies from every three to nine days.]



3.7 Analysis of relationship

The relationship between irrigation frequency and soil environmental factors and physiological indexes and yield of P. notoginseng was investigated by Mantel test and Spearman correlation analysis (Figure 5). Irrigation frequency showed significant positive correlations with soil moisture content SMC, alkaline dissolved nitrogen content AN, effective phosphorus AP, effective potassium AK, total surface area of P. notoginseng root system R-SA, root hydraulic conductivity kr, and dry matter mass, and irrigation frequency showed significant positive correlations with soil environmental factors and physiological indicators of P. notoginseng yield (Figure 5). N-accumulation, P-accumulation, K-accumulation, R-D, R-L, and R-V. The frequency of irrigation showed a significant negative correlation with N-accumulation, P-accumulation, K-accumulation, R-D, R-L, and R-V of P. notoginseng.

[image: Correlation matrix with Spearman's r values for various factors like SMC, AN, AP, AK, and nutrient accumulations against yield. Positive and negative correlations are color-coded orange and blue, respectively. Strength is indicated by square sizes, and significance is marked with asterisks. A legend shows correlation value ranges and significance levels. Arrows from irrigation highlight relationships.]
Figure 5 | Analysis of the correlation analysis between soil physicochemical properties and the P. notoginseng growth indexes under different irrigation frequencies. Pairwise comparisons of the analyzed factors are displayed with a color gradient denoting Spearman’s correlation coefficients. Irrigation frequencies was related to most variables by Mantel test. SMC, soil moisture content; AN, soil alkali hydrolyzale nitrogen content; AP, soil available phosphorus content; AK, soil available potassium content; N-accumulation, P. notoginseng nitrogen accumulation; P-accumulation, P. notoginseng phosphorus accumulation; K-accumulation, P. notoginseng potassium accumulation; R-D, root mean diameter of P. notoginseng; R-L, root total length of P. notoginseng; R-SA, root total surface area of P. notoginseng; R-V, root total volume of P. notoginseng; kr, root hydraulic conductivity of P. notoginseng; Yield, yield of P. notoginseng. The mean ± standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the 0.05 level. “NS” means no significance; significant at *Pvalue< 0.05; significant at **Pvalue< 0.01; significant at ***Pvalue< 0.001.




3.8 Structural equation model

In this study, irrigation frequency, soil moisture content, and soil nutrients were taken as influencing factors, and a structural equation model was established for their effects on root characteristics, root water conductivity, nutrient accumulation, and yield of P. notoginseng (Figure 6). Irrigation frequency, soil moisture content, soil nutrients, root characteristics, root water conductivity and nutrient accumulation of P. notoginseng. directly or indirectly affected the yield. Among them, root characteristics (0.49, contribution rate: 24.01%) and nutrient accumulation (0.30, contribution rate: 9.0%) had significant positive effects on the yield of P. notoginseng (P< 0.05), and soil water content (0.9, contribution rate: 81.0%) had a more significant positive effect on the yield of P. notoginseng (P< 0.01). Root hydraulic conductivity (kr) had a significant negative effect on the yield of P. notoginseng (P< 0.05), irrigation frequency (-0.6, contribution rate: 36%), and soil nutrient (-0.2, contribution rate: 4.0%) had a more significant negative effect on the yield of P. notoginseng (P< 0.01). Meanwhile, according to SEM, it could be found that irrigation frequency, soil moisture content, and soil nutrients significantly increase the yield of P. notoginseng by mediating the improvement of root characteristics.

[image: Conceptual diagram illustrating relationships among various factors affecting yield. Factors include irrigation frequency, soil nutrient, root characteristics, SMC, \(K_r\), nutrient accumulation, and yield. Arrows indicate direction and strength of influence, with thickness varying according to impact magnitude. R-squared values and statistical significance levels are displayed next to each factor. Colors differentiate positive and negative relationships.]
Figure 6 | Partial least squares path modeling (PLS-PM) shows the direct and indirect effects of irrigation frequency, SMC, and soil nutrients on physiological indicators and yield of P. notoginseng. Each box represents a set of variables. Orange and blue arrows indicate positive and negative flows of causality, respectively. The higher path coefficients are shown as bold arrows. ‘*’, ‘**’ and ‘***’ denote significant differences at P< 0.05, P<0.01, P<0.001, respectively.





4 Discussion

Under the current situation of uneven temporal and spatial distribution of water resources and low utilization efficiency of water resources in Yunnan Province, China, it was of great economic value to research the influence of irrigation frequency on the cultivation of P. notoginseng, which provided a sustainable development way to improve the utilization efficiency of water resources and alleviate the uneven distribution of water resources. This study suggested that the appropriate irrigation frequency has the potential to promote the growth and development of P. notoginseng, improve the water use efficiency of P. notoginseng, and increase the yield and economic benefits of P. notoginseng. The findings presented in Tables 4–8, and Figures 2–6 corroborated these hypotheses.

Table 8 | Effects of different irrigation frequency treatments on economic benefits of P. notoginseng.


[image: Table showing the effects of different irrigation frequencies (IF₁ to IF₄) on cost, income, and economic benefits in units of ten thousand dollars per hectare. Costs are constant at 14.95 across all frequencies. Income and economic benefits vary, with IF₂ having the highest values at 47.15 and 32.20, respectively. Statistical significance is indicated, with IF₂ showing significant differences. ANOVA results are noted as significant.]


4.1 Effects of irrigation frequencies on root characteristics of P. notoginseng

The root system was the foundation of plant growth, which was not only involved in regulating water balance, nutrient absorption, and growth of plants but also the key organ for plant growth and survival. It is the most direct and earliest part of the plant to feel stress stimulus signals (Li et al., 2021). Root morphological characteristics directly affect plant growth and development, material metabolism, yield, and quality (Lynch, 1995). This study indicated that the root volume and root surface area of P. notoginseng root system under medium-frequency irrigation IF2 showed a significant increase, but the average diameter of the root system was the largest in the IF3 treatment and the maximum total length of the root system under the IF4 treatment was largest (Figure 4). With this phenomenon, we speculated that the main reason may be that the shallow P. notoginseng root system was in a low-oxygen or anaerobic state under IF1(high-frequency irrigation) treatment. The morphological characteristics and physiological functions of its root system were greatly affected, and the root growth of P. notoginseng was inhibited, which was consistent with the results of previous studies on rice (Bengough et al., 2011; Armstrong, 2005). Under IF4 (low-frequency irrigation) treatment, the water content of the surface soil decreased, which stimulated the root system of P. notoginseng to penetrate deeper into the soil, and the root length of P. notoginseng increased. However, the root diameter did not increase with the growth of the root system. This may be due to the decrease of the turgor pressure of the root cells of P. notoginseng caused by the low soil moisture content, and the root growth was blocked (Ahluwalia et al., 2021). At the same time, the cell wall at the distal end of the root was extended, which was a growth strategy adopted by plants to adapt to insufficient water. This helped the roots to continue to grow deeper under drought conditions to obtain more water and nutrients, thereby maximum guaranteeing the water and nutrients required for the healthy growth of P. notoginseng. At the same time, this correlation has also been verified in the correlation analysis of each index (Figure 5) and the structural equation model (Figure 6). Therefore, compared with other treatments, the most suitable treatment for root growth of P. notoginseng was IF2 treatment.




4.2 Effects of irrigation frequencies on nutrient absorption of P. notoginseng

Soil nutrient transport and utilization of soil nutrients by plants were affected by various factors (Wang et al., 2023), including water, root absorption capacity, soil physicochemical properties, and soil microorganisms (Briat et al., 2020). Among them, water was the most active and significant factor in soil, and it is an important factor affecting the effective absorption and utilization of nutrients (Wang et al., 2023; Fischer et al., 2019). Inappropriate soil water content could destroy plants’ absorption of water and nutrients, which was not conducive to the normal growth and metabolism of plants (Lyzenga et al., 2023; Xu et al., 2022; Liu L. et al., 2019). In this study, irrigation frequencies significantly affected the distribution of soil water as well as the accumulation and utilization of soil alkali hydrolyzed nitrogen, available phosphorus, and available potassium by P. notoginseng roots. The soil water content in the root zone of P. notoginseng was the highest under IF2 treatment during the fruiting stage and root growth stage. When the irrigation frequency was IF1 (3 d time-1), soil water was mainly concentrated in the 10 cm-20 cm soil layer due to the low volume but high frequency of irrigation. At the moment, the soil surface water content was too high, which led to poor soil permeability. Soil CO2 concentration in the root zone increased and O2 content decreased, which was unfavorable for nutrient absorption and utilization by the root system. The low number of irrigations IF4 (9 d time-1) resulted in mild drought stress, which affected the growth of plant stems, leaves, and roots (Sun et al., 2017; Liu M. et al., 2016). It was detrimental to the accumulation and utilization of soil nutrients by the P. notoginseng root system. These results were consistent with Miao and Li’s study (Li et al., 2021; Miao et al., 2015), which found that too high or too low irrigation amount was not conducive to the accumulation of nutrients by P. notoginseng.

Soil moisture, soil alkali hydrolyzed nitrogen, available phosphorus, and available potassium content in P. notoginseng root zone showed seasonal changes. The trends of soil alkali hydrolyzed nitrogen and available phosphorus were both ‘S’ shaped, with an increasing trend from March 2017 to the seedling stage, a decreasing trend from the seedling stage to the fruiting stage, and an increasing trend from the fruiting stage to the period of the root growth stage. The difference was that the soil alkali hydrolyzed nitrogen decreased the most at the flowering stage, and the soil effective phosphorus content decreased the most at the fruiting stage. It indicated that the peak nitrogen requirement of 2-year-old P. notoginseng occurred at the flowering stage and the peak phosphorus requirement occurred at the fruiting stage. These results were similar to those reported by Cui Xiuming (Cui et al., 1994). P. notoginseng was a plant with a high demand for potassium, and the soil available potassium content showed a decreasing trend during the whole growth stage. The absorption of K played a key role in the growth of P. notoginseng taproots (Wei et al., 2020). The results indicated that the critical nitrogen requirement period of 2-year-old P. notoginseng was the flowering stage, the critical phosphorus requirement stage was the fruiting stage, and the critical potassium requirement was the root growth stage. The N, P, and K accumulations under IF2 (5 d time-1) and IF3 (7 d time-1) treatments were significantly higher than those under IF1 and IF4 treatments. Previous studies have shown that appropriate soil water content is more conducive to the propagation of soil microorganisms, enhances the activity of beneficial microorganisms in the soil, accelerates the decomposition of organic matter and nutrient cycling, and promotes the respiration of crop roots, thus facilitating the accumulation of nutrients by the roots of P. notoginseng (Zhu et al., 2019). In this study, the IF2 treatment had a better effect on the nutrient absorption of P. notoginseng.




4.3 Effects of irrigation frequencies on root hydraulic conductivity, yield, and WUE of P. notoginseng

Plant hydraulic conductivity (kr), also known as plant water conduction, indicates the water flux of plants under a unit pressure gradient and reflects the ability of roots to absorb and conduct water. It was one of the important water physiological indexes to evaluate the suitability of plant growth (Martre et al., 2001). Plant water conduction was related to soil water content, nutrients, and plant growth stage (Cai et al., 2022). The results of this experiment showed that compared with other treatments, IF2 treatment was the most suitable irrigation frequency to improve the root hydraulic conductivity of P. notoginseng at the seedling stage, fruiting stage, and root growth stage (Figure 4). This result may be due to the following aspects: (1) The roots of P. notoginseng are mainly distributed in the range of 0-20 cm soil layer. When the irrigation frequency was too high (the IF1 treatment), the soil surface water content was too high, and then the soil permeability became worse, the root respiration was weakened, the soil CO2 concentration in the root zone increased, and the O2 content decreased, which led to the change of root morphology and structure, accelerates the senescence and death of root cells, and reduces the water absorption and water conductivity of P. notoginseng roots (Vandeleur et al., 2005). (2) When under low-frequency irrigation (IF4 treatment), due to the long irrigation cycle, the temperature in the greenhouse is higher, the humidity is lower, and the root system is subjected to water stress for a long time, which leads to the lower root hydraulic conductivity of P. notoginseng (Comas et al., 2010). Irrigation was an important factor affecting crop WUE and yield. A meta-analysis found that too high or too low irrigation frequency would lead to a decrease in crop WUE and yield (Cavero et al., 2018). In this study, the WUE (Table 7) and yield (Figure 4) of P. notoginseng under the IF2 treatment were the highest, but too-low irrigation frequency (IF1) and too-high irrigation frequency (IF4) would lead to a decrease in WUE and yield, confirming the above view. This was because the appropriate irrigation frequency could provide a suitable soil environment for crop roots, improve the root hydraulic conductivity of crops, increase WUE, and thus increase crop yield (Zhang et al., 2019). However, too high and too low irrigation frequency would put the soil moisture content in an extreme state, resulting in water stress on crops, thereby affecting the WUE of crops, and resulting in a decrease in crop dry matter accumulation and yield (Liu et al., 2016). At the same time, some researchers found that there was a positive correlation between crop yield and kr (Du et al., 2024), which was consistent with the fact that the kr (Table 6) and yield (Figure 4) of the IF2 treatment were higher than the other treatments in this study. From the perspective of economic benefits, the cost of water resources consumed by IF2 treatment was 66.6% lower than that of IF1 treatment, but the WUE of P. notoginseng increased by 29.2% and the yield increased by 42.21%. Therefore, the IF2 treatment was more suitable as the best irrigation system for water saving and yield increase of P. notoginseng. Crop development and production are restricted by water and fertilizer. In this study, only the single variable of irrigation frequency is considered. In the future research, multivariate experiments should be carried out in combination with different fertilizers to achieve a more perfect water and fertilizer management system.





5 Conclusion

It was of great significance to research the effects of irrigation frequency on P. notoginseng root growth, nutrient absorption, and yield. According to the current study, compared with other irrigation strategies, the IF2 treatment significantly increased the hydraulic conductivity of the P. notoginseng root system, promoted the growth of the P. notoginseng root system, nutrient absorption as well as yield, and significantly improved WUE and yield. Therefore, the IF2 (irrigation once every five days) treatment was recommended as a suitable management strategy to improve the physiological growth of P. notoginseng, enhance yield and quality, promote efficient and refined cultivation, and improve farmers’ economic benefits.
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Grapes are cultivated worldwide and have a high economic value as fruit trees. However, winter frost damage and spring cold damage have limited the sustainability of the table grape industry. A novel plant growth regulator, 24-epibrassinolide (EBR), exhibits an essential regulatory function in plant life cycles, especially in its unique mechanism against various environmental stresses. We treated ‘Lihongbao’ grapes with exogenous EBR (0.2 μM), brassinazole (BRZ, 10 μM), EBR + BRZ (0.2 μM +10 μM), and deionized water (CK). We investigated the effect of exogenous EBR on ‘Lihongbao’ grape seedlings under low-temperature stress (4°C) at different periods (0 h, 12 h, 24 h, 48 h, and 96 h). We explored physiological mitigation mechanisms of exogenous EBR in grape seedlings with low-temperature injury by observing the impacts of EBR treatment on the physical and biochemical indices such as phenotypes and anatomical structures, photosynthetic characteristics, chlorophyll fluorescence parameters, antioxidant systems, and osmoregulatory substances. Exogenous EBR had an inhibitory effect on cold stress in grape seedlings at different treatment periods compared with the CK group. Based on plant phenotype and anatomical structure, the leaves of the grape seedlings treated with exogenous EBR showed no signs of water loss or wilting. At 96 h under low-temperature stress, the lower epidermal thickness (LET), palisade tissue thickness (PT), palisade-to-sea ratio (P/S), and blade structural compactness (CTR) of the exogenous EBR-treated grape leaves were significantly reduced by 6.71%, 19.59%, 14.52%, and 11.65% compared with the CK group, respectively. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Chl total), carotenoids (carotenoid), transpiration rate (Tr), and stomatal conductance (Gs) contents of exogenous EBR-treated grape leaves were significantly upregulated by 30.24%, 48.52%, 39.75%, 34.67%, 704.66%, and 277.27%, respectively. The intercellular CO2 concentration (Ci) and non-photosynthetic burst coefficient (NPQ) of exogenous EBR-treated grape leaves were significantly downregulated by 16.29% and 25.83%, respectively. Glutathione (GSH) contents of exogenous EBR-treated grape leaves were significantly upregulated by 33.63%, superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX) activities of exogenous EBR-treated grape leaves were significantly increased by 42.70%, 27.60%, and 28.64%, respectively. However, hydrogen peroxide (H2O2), superoxide anion (O2·−), and malondialdehyde (MDA) contents of exogenous EBR-treated grape leaves were reduced by 29.88%, 23.66%, and 47.96%, respectively, and significantly. Catalase (CAT) activity of exogenous EBR-treated grape leaves significantly increased by 15.03%. Soluble sugar and free proline contents increased by 5.29% and 19.44%, respectively, and significantly. Exogenous EBR could effectively alleviate growth inhibition caused by regulating the antioxidant system indices in grape seedlings under cold temperature. The results offer a theoretical basis for enhancing grape cold tolerance.
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1 Introduction

Grapes (Vitis spp.) occupy an important position in the global fruit industry and have long been ranked among the top six fruits of the world due to their unique growth habits and rich nutritional value. Grapes are primarily cultivated in temperate and subtropical areas of the Northern Hemisphere. Their fruits have considerable economic value due to excellent quality loved by most consumers (Yang et al., 2024). Grape, with its rich bioactive substances, constitutes a unique nutritional barrier. The polyphenols contained therein can not only remove free radicals from the body and slow down the aging process but also show amazing potential in the fight against cancer and the inhibition of inflammatory reactions (Ji et al., 2019). China is one of the major origins and largest number of grapes. It is also one of the richest genetic resources worldwide (Pan et al., 2024). China has the third largest area of planted vineyards, is the eighth largest wine consumer, and is the first table grape producer worldwide (International Organization of Vine and Wine, 2024a). After a long period of expansion from 2000 to 2015, vineyard growth in China slowed down with approximately 756,000 ha in 2023, which represents a decrease of 0.3% compared with 2022 (International Organisation of Vine and Wine, 2024b). The ‘Lihongbao’ grape used in this experiment was validated and named in March 2010 by the Shanxi Provincial Variety Validation Committee. The ‘Lihongbao’ grape is a new medium-maturing non-nuclear variety bred from ‘Guibao’×’Centennial Seedless’, which is specific to the Institute of Fruit Tree Research of Shanxi Academy of Agricultural Sciences and has high research value.

Low-temperature stress is a key factor leading to a reduction in production and injury of fruit trees (Jalili et al., 2023). Grape cultivation faces new challenges and threats, including various stresses that severely impact on fruit production. Cold stress poses a significant environmental challenge, directly influencing plant survival, geographic distribution, vegetative development, and agricultural productivity (Dey et al., 2023). Among challenges facing plants in nature, low temperature, an abiotic stressor, has a particularly significant impact on their life activities. When the temperature plummets, the physiological and biochemical processes in plants will be seriously interfered with, thus affecting their normal growth, and ultimately leading to the irreversible consequence of crop yield reduction (Xu et al., 2022b; Askari-Khorasgani et al., 2019; Kou et al., 2018). As a horticultural plant of high economic value, grapes have relatively limited resistance to low temperatures, a characteristic that deserves special attention in agricultural production. It could cause changes in the dynamic balance between cells under low-temperature stress. Plants undergo a huge change wherein coordinated mechanisms evolve, conferring low-temperature resistance (Xu et al., 2022b). Low-temperature stress causes inhibition of various biological processes in plants and results in changes in their physiological mechanisms of action. The cold attack causes the plant’s photosynthesis system to be severely damaged, and the stomata on the surface of the leaves have to be closed tightly. The stress response causes the leaves to take on a sickly yellow color. This physiological damage not only is reflected in the leaves but also directly affects the growth of plant. This leads to a decrease in biomass and triggers an array of physiological and biochemical responses, which disrupt the metabolic systems of plants and ultimately cause an obvious decline in productivity (Takeuchi et al., 2022; Gao et al., 2024). This has a direct impact on the fluidity of cell membranes and the functionality of enzymes and also influences cellular osmotic processes and responses to reactive oxygen species (ROS) in an indirect manner (Dey et al., 2023). The osmotic pressure imbalance and oxidative stress caused by this stress are intertwined to form a puzzle. This double whammy has an incalculable impact on the normal metabolic processes of plant cells (Dreyer and Dietz, 2018). When ice crystals form in cold environments, a complex physiological process is initiated in the plant: an osmotic pressure imbalance triggers a chain reaction that leads to the accumulation of soluble sugars and proline, in large quantities in the cells. The metabolites by participating in the intricate metabolic pathways ultimately serve as essential protectors of cells during critical damage moments (Zhang et al., 2019). Nevertheless, the persistent buildup of ROS in cold conditions gives rise to oxidative stress. In living organisms, excessive accumulation of ROS will cause irreversible damage to the organism, so that lipid molecules suffer from peroxidation damage, nucleic acid structure is destroyed, and protein conformation changes. This chain reaction of damage will eventually trigger a series of metabolic disorders (Qin et al., 2023). Therefore, it is crucial to implement measures to mitigate the harm caused by low-temperature stress in grapevine seedlings.

In the complex regulatory network in plants, brassinosteroids (BRs) play an indispensable role. Its ability to form a dynamically balanced signaling network in the plant enables the plant to maintain normal development and appropriate stress responses in the face of unfavorable environments (Nie et al., 2019). 24-Epibrassinolide (EBR) refers to a class of polyhydroxysteroidal phytohormones that serve as BR analogs (Heidari et al., 2021). They are essential for plant development. BRs as a class of endogenous steroid hormones widely found in plants, which not only regulate the growth and differentiation of plant cells but also play a pivotal role in photosynthesis. Amazingly, BRs also give plants the ability to withstand various adverse environmental factors, so that they show amazing resilience (Yang et al., 2019). EBR regulates diverse plant growth cycles and is crucial for stress defense (Hu et al., 2022; Seleiman et al., 2023). Brassinazole (BRZ) is a specific inhibitor of BR synthesis, involved in the BR signaling pathway in plants (Mumtaz et al., 2022). Exogenous EBR mitigates the negative effects of stress on plants by influencing stomatal conductance, enhancing root system vitality, and optimizing root morphological characteristics. Through its regulatory role, EBR promotes efficient gas exchange by modulating stomatal aperture, ensuring adequate CO2 supply under stress conditions. Concurrently, it strengthens root activity by improving water and nutrient uptake efficiency. These interconnected mechanisms collectively contribute to the alleviation of stress-induced suppression (Emamverdian et al., 2022). EBR enhances antioxidant levels and reduces malondialdehyde (MDA) content to mitigate lipid peroxidation harm to cell membranes (Mansoreh et al., 2021). EBR has also been used to modulate the activity of plant antioxidant enzyme regulators, such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), and to promote the accumulation of non-enzymatic systems, such as glutathione (GSH) and ascorbic acid (AsA) contents (Ma et al., 2015). Exogenous EBR has been used to regulate the metabolic homeostasis of plants under cold stress, to induce the accumulation of osmoregulatory substances. It effectively removes reactive oxygen such as hydrogen peroxide (H2O2) and superoxide anion (O2·−) from the cells and downregulates plant cell membrane permeability. Obviously, it enhances recovery by promoting the ROS system, osmotic regulation, and hormonal metabolism during extreme situations (Zeng et al., 2022).

However, limited information exists on how exogenous EBR mitigates grapevine seedlings damage under cold stress. We conducted a detailed examination of how exogenous EBR influences the physiological processes, photosynthetic efficiency, and antioxidant defense mechanisms in grape seedlings exposed to low temperature. By analyzing the interplay between these factors, this study tries to elucidate the regulatory roles of EBR in mitigating the adverse effects under cold stress in grapevine growth.




2 Materials and methods



2.1 Plant materials

The study was conducted from March to October 2022–2024 at the Horticulture Experimental Center of Shanxi Agricultural University. The grape branches for the test were the Eurasian species of table grapes ‘Lihongbao’. The grapes were harvested from the National Grape Germplasm Resource Nursery of Shanxi Agricultural University, Taigu, Shanxi, China (112°32′ E, 37°23′ N, mean annual temperature 9.8°C). The cuttings of the winter sand-stored ‘Lihongbao’ grape branches were rooted on 25 March 2022 and planted in moist fine sand for rooting. After 2 months, the plants were transplanted into pots containing raw soil, perlite, and humus (2:1:1, v/v/v). The seedlings were grown in a greenhouse for 9 weeks and irrigated once a week with tap water and 1/2 Hoagland nutrient solution. After the grapes had grown to 8–10 functional leaves, 60 uniformly sized, uniformly growing grape seedlings were selected for subsequent trials. A total of 60 grape seedlings were grouped into four according to a completely randomized design. There were 15 seedlings within each group, with five representing one biological replicate for each of the five low-temperature stress durations, replicated three times in total.

Grape seedlings were used for four treatments with deionized water only (as control, CK), 0.2 μM EBR (EBR), 10 μM BRZ (BRZ), and 0.2 μM EBR and 10 μM BRZ (EBR + BRZ). In particular, the above reagents in four treatments were dissolved with 98% ethanol at a content of 0.1% (v/v) and then diluted with deionized water, and it was also used as an unfolding agent with Tween-20 at a content of 0.1% (v/v). Three of the four groups were sprayed with reagents on the front and back of the leaves until they dripped. The seedlings were transferred to a light incubator (16°C/4°C day/night, 55% relative humidity, 10,000 1× light intensity, 14/10 h light/dark photoperiods) for low-temperature stress following 6 days of continuous treatment. The seedling morphology was observed at five time points (0 h, 12 h, 24 h, 48 h, and 96 h) from each treatment group. Seedlings were selected for photosynthetic fluorescence parameters by counting the third to fifth fully expanded functional leaves from bottom to top. Samples were immediately transferred to liquid nitrogen and stored at −80°C for further analysis.




2.2 Observation of morphological structure in grape seedling leaves

Plant growth was recorded by capturing photographs with a digital Canon camera at five time points of low-temperature stress from three seedlings randomly selected from the treatment groups.




2.3 Observations on the structure in grape seedling leaves

In this experiment, small square slices of 1 × 1 cm in the center of leaves, adjacent to the main vein for each treatment, were selected and rapidly placed in formalin–acetic acid–alcohol (FAA) fixative for fixation. This was followed by paraffin sectioning, ethanol gradient dehydration, xylene transparency, paraffin embedding, toluidine blue staining, and sealing with Canada gum. The sections were then placed under an ordinary light microscope to select the sections for observation and photographed using an Olympus DP71 (Japan) microimaging system. Simultaneously, the system’s tool was used to measure upper epidermal thickness (UET), lower epidermal thickness (LET), fence tissue thickness (PT), sponge tissue thickness (ST), and leaf thickness (LT) for five indices. The blade organization and structure parameters such as palisade-to-sea ratio (P/S), blade structural compactness (CTR), and leaf tissue structure sparseness (SR) were calculated according to the following equations:

[image: Equation showing the relationship: P divided by S equals PT divided by ST.]	

[image: Formula for calculating CTR (Click-Through Rate) as a percentage: CTR (%) equals PT divided by LT, multiplied by one hundred percent.]	

[image: SR in percentage is calculated as ST divided by LT, multiplied by one hundred percent.]	




2.4 Photosynthetic pigment content in grape seedling leaves

The photosynthetic pigment contents of the leaves were measured using direct ethanol extraction (Anwar et al., 2018). 1 g of samples was placed in a 25 mL stoppered test tube, and 10 mL of 95% ethanol was added for thorough mixing. The tubes were left in the dark for 48 h to ensure that leaves lost their green color and whitened, then shaken well every 12 h. The filtrate was used as the extract, and the absorbance values were determined at 470 nm, 665 nm, and 649 nm.




2.5 Gas exchange parameters in grape seedling leaves

Photosynthetic gas exchange parameters of leaves at the same position in seedlings were measured using a LI-6800 Portable Photosynthesis System (LI-COR, Nebraska, USA) from 9:00 to 11:00 am. The main measured parameters were transpiration rate (Tr), photosynthetic rate (Pn), intercellular CO2 concentration (Ci), and stomatal conductance (Gs). The specific parameters of the photosynthesizer for the index measurements were set to the leaf chamber light intensity of 500 μmol·m−2·s−1, the airway flow rate of 300 μmol·s−1, and the leaf chamber mixing fan speed of 5,000 r·min−1.




2.6 Chlorophyll fluorescence parameters in grape seedling leaves

A portable fluorometer (FluorPen FP110, Czech Republic) was used to determine the functional leaves of each fully expanded treatment at the same leaf position at night, and the plants were adequately dark-adapted for at least 2 h prior to measurement. The maximum photochemical efficiency of Photosystem II (Fv/Fm), the actual photochemical efficiency of Photosystem II (φPSII), the non-photosynthetic burst coefficient (NPQ), and the photochemical burst coefficient (qP) were determined.




2.7 Active oxygen content in grape seedling leaves

(1) O2·− content

O2·− content was determined using the method described by Zhao et al. (2016). 1 g of samples was weighed and added to 50 mM phosphate buffer (PBS) in batches and was fully ground, homogenized, and centrifuged for 15 min. Then, 2 mL of the supernatant of the extract and 2 mL of p-aminobenzenesulfonic acid (17 mM) was added sequentially with 2 mL of α-naphthylamine (7 mM). Next, the tubes were incubated in a 30°C water bath for 30 min and cooled to 20°C, and then the absorbance values at 530 nm were determined.

(2) H2O2 content

The H2O2 content was measured with a kit (Beijing Solepol Technology Company, Ltd.). 0.1 g of samples was added to the extract in batches to be ground and homogenized in an ice bath. They were added to 1 mL of precooled acetone for overnight maceration. This was followed by centrifugation at freezing temperature for 20 min, and the supernatant was aspirated to determine the H2O2 content.




2.8 Antioxidant content in grape seedling leaves

(1) AsA content

AsA content was determined using the method described by Liang et al. (2018). 1 g of samples and 6 mL of 5% trichloroacetic acid (TCA) solution were ground into a homogenate in an ice bath, added into tubes. The test tubes were subjected to freeze centrifugation for 15 min, and the supernatant was collected. Next, 1 mL of the supernatant was added to a test tube, followed by 1 mL of 5% TCA solution, 0.5 mL of 0.4% phosphoric acid–ethanol solution, 1 mL of anhydrous ethanol, 0.5 mL 0.03% FeCl3–ethanol solution, and BP–ethanol solution (1 mL). The mixture was shaken well and then placed in a water bath at 30°C for 60 min. The absorbance was measured at 525 nm.

(2) GSH content

GSH content was determined using the method described by Liang et al. (2018). 1 g of samples and 10 mL of precooled 5% TCA (containing 5 mM Na2EDTA) solution were ground into a homogenate in an ice bath, added into tubes. The tubes were then cryocentrifuged for 15 min, and the supernatant was collected. Next, 1 mL of supernatant, 1 mL of 0.1 mM PBS solution, and 0.5 mL of 4 mM DTNB solution were added with sufficient shaking. The absorbance value was measured at 412 nm.




2.9 Antioxidant enzyme activities in grape seedling leaves

0.6 g of samples and 6 mL of PBS (50 mM, pH 7.8) were ground into a homogenate in an ice bath, added into tubes. This was followed by centrifugation at freezing for 30 min, and the supernatant was collected for enzyme activity assays (Ozlem, 2022).

(1) SOD activity

The SOD activity was determined using the nitrogen blue tetrazolium method (Zeng et al., 2022). 0.1 mL of supernatant and 3 mL of reaction solution were added. The reaction solution was prepared with 130 mM methionine, 20 μM riboflavin, 750 μM nitro blue tetrazolium (NBT), and 100 μM EDTA with 50 mM PBS (pH 7.8). The reaction solution was placed under 10,000 1× culture light for 10 min, and the absorbance was measured at 560 nm under light-avoidance conditions.

(2) POD activity

The POD activity was determined using the guaiacol method (Zeng et al., 2022). A mixture of 3 mL containing 76 μL of guaiacol, 112 μL of H2O2, and 200 mL of PBS (pH 7.0) was mixed with 200 μL of enzyme solution. The CK tube was used with the mixture and 200 μL of phosphate buffer, and the timing was started immediately. Absorbance was measured at 470 nm.

(3) CAT activity

The CAT activity was determined using the hydrogen peroxide decomposition method (Zeng et al., 2022). The prepared enzyme solution 200 μL was placed in a cuvette. 3 mL of reaction solution containing 100 mL PBS (pH 7.0) and 154.6 μL H2O2 were added. The absorbance was measured at 240 nm.

(4) APX activity

The APX activity was determined using the hydrogen peroxide decomposition method (Zeng et al., 2022). 100 μL of enzyme solution and 2.8 mL of 50 mM PBS (pH 7.0) containing 0.1 mM EDTA and 0.5 mM AsA were added and then mixed thoroughly. Finally, 100 μL of 20 mM H2O2 was added to start the reaction. Absorbance was measured at 290 nm.




2.10 The content of oxidative stress indexes in grape seedling leaves

MDA content was determined using the colorimetric method of thiobarbituric acid (Zhong et al., 2020). 0.5 g of samples and 0.5% (w/v) TCA were added in the ice bath and thoroughly ground, and then cryocentrifuged for 20 min. The supernatant and 0.5% TCA were placed in a tube, shaken well, boiled in a water bath for 30 min, and finally centrifuged for 10 min for twice. The supernatant was determined at 450 nm, 532 nm, and 600 nm.




2.11 Content of osmoregulatory substances in grape seedling leaves

(1) Free proline content

Free proline content was determined using the ninhydrin colorimetric method (Wang et al., 2022). 0.2 g of samples and 5 mL of 3% sulfosalicylic acid were placed in tubes and covered with a boiling water bath for 15 min. The samples were centrifuged for 15 min for twice. Subsequently, 2 mL of the second supernatant was added to a centrifuge tube with 2 mL glacial acetic acid and 3 mL acidic ninhydrin, allowed to react for 30 min in a boiling water bath. Next, 5 mL of toluene was added, shaken well, and left to stand for 2–3 h away from light. Absorbance was measured at 520 nm.

(2) Soluble sugar content

Soluble sugar content was determined using the anthrone-ethyl acetate method (Li et al., 2022). 0.05 g of samples and 10 mL of deionized water were added, shaken well, and boiled in a water bath for 30 min. The tubes were then centrifuged for 10 min. Next, 0.5 mL of the supernatant, 1.5 mL of deionized water, and ethyl anthrone acetate (0.5 mL) were added into the tubes. 5 mL of concentrated H2SO4 was slowly added, and the reaction was carried out in a boiling water bath for 1 min with rapid shaking. Absorbance was measured at 620 nm.




2.12 Statistical analysis

Statistical analysis of the data was performed using Microsoft Office 2016. SPSS 26.0 was used for correlation analysis (p < 0.05), cluster analysis, and principal component analysis. All the data results were expressed as mean ± SE of three replicates. OriginPro 2021 and RStudio were used to plot the graphs, and Photoshop 2023 was used for drawing.





3 Results



3.1 Effects of exogenous EBR in grape seedling growth under low-temperature stress

Leaves of all the grape seedlings exhibited different degrees of damage over time, as shown in Figure 1A. Exogenous EBR treatment minimized low-temperature injury in grape seedlings compared with the CK group, and at 0 h, there were no substantial differences in all treatments. After 12 h of low-temperature stress, the leaves in the CK were slightly water-lost and drooped. The leaf margins were curled. However, no notable changes in leaf morphology were observed in the EBR, BRZ, and EBR + BRZ groups. After 24 h, the leaves in the BRZ lost some water and drooped. The edges of the leaves were slightly curled. The CK group showed significant water loss in the leaves of grape seedlings, with prominent curling of the leaf margins and low-temperature damage. After 48 h, the water loss drooping of leaves with curled edges gradually recovered in the EBR group. In the CK group of grapevine seedlings, water loss and drooping leaves were obvious; the edges of the leaves showed fewer yellowing spots, and the plants were more severely damaged. After 96 h, there were no obvious signs of damage to the leaves in the EBR group. The leaves observed in the EBR + BRZ group showed minimal signs of dehydration, accompanied by a subtle degree of wilting. The leaves in the CK group showed significant water loss and wilting, accompanied by leaf abscission. The leaves showed different degrees of damage with the prolongation of cold stress, and exogenous EBR helped alleviate the damage to the leaves.

[image: A composite image showing plant growth and analysis under different treatments: (a) Four sets of potted plants labeled CK, EBR, BRZ, and EBR+BRZ, observed over time at 0, 24, 48, and 96 hours. Each plant has a scale for size reference. (b) Cross-sectional views of plant tissue under the same treatments with labels UE and LE and scale bars of 50 micrometers. (c) Violin plots depicting various measurements, such as UET, LET, P/S, ST, LT, and SR, across the treatments at 0 and 96 hours, highlighting statistical differences.]
Figure 1 | Different treatments including CK, EBR, BRZ, and EBR + BRZ on the phenotypic characteristics and leaf microstructure under low-temperature stress. (A) Phenotypic characteristics. (B) Microstructures. UE, upper epidermis; LE, lower epidermis; P, palisade tissues; S, spongy tissues. (C) Anatomical structure indexes at 96 h. The * in the figure indicate significant differences between treatments (P≤0.05).




3.2 Effects of exogenous EBR on microstructure in grape seedling leaves under low-temperature stress

Figure 1B shows that the fenestrated and spongy tissues of the leaves were closely arranged under normal growth conditions, and the upper and lower epidermal cells were morphologically intact. There was a different degree of damage to the grape plants in each treatment group following low-temperature treatment. Exogenous EBR mitigated the damage to the morphological structure of leaves after 96 h. Specific manifestations showed that the cellular morphology was more complete, and the fenestrated and spongy tissues were more tightly arranged. The anatomical structures of the leaves in the EBR group could not be distinguished. However, the main manifestations were broken upper and lower epidermal cells of the leaves, spongy tissue, and poorly differentiated fenestrated tissue in the CK, BRZ, and EBR + BRZ groups. Exogenous BRZ mitigated damage to the morphological structure of leaves but was relatively ineffective, and BRZ inhibited the effects of EBR. Exogenous EBR protected the structure of leaves under low-temperature stress. In Figure 1C, the stress caused a decrease in seedling leaf UET, LET, PT, ST, LT, P/S, and CTR, with a significant decrease in PT and CTR. The exogenously sprayed EBR group showed a significant reduction of 19.59% in PT and 11.65% in CTR compared with the CK group after 96 h. Exogenous EBR treatment significantly alleviated the damage to leaf anatomical structures from low temperature.




3.3 Effects of exogenous EBR on photosynthetic pigments in grape seedling leaves under low-temperature stress

Photosynthetic pigments are crucial in plant physiology, with their concentration in leaves directly indicating the plant’s photosynthetic activity. The Chl a, Chl b, Chl total, and carotenoid contents under different treatments were determined at five sampling periods. Figure 2A shows that the response of different treatments and different pigment contents was not the same. There was an overall decreasing trend, followed by an increasing trend, and then decreasing Chl a, Chl b, and Chl total contents in the leaves of the CK, BRZ, and EBR + BRZ groups. This was characterized by a rapid decline within 12 h, a steady increase from 12 h to 48 h, and a rapid decline from 48 h to 96 h. The Chl a content significantly increased by 9.27% in the BRZ group at 96 h compared with CK. The contents of Chl a, Chl b, and Chl total significantly increased by 31.39%, 43.96%, and 39.44%, respectively, in the EBR + BRZ group at 96 h compared with CK. However, the trends in Chl a, Chl b, and total Chl content in EBR group were different from those in the CK group. It showed a rapidly increasing trend, reaching a peak after 12 h, followed by a gradual decrease. The Chl a, Chl b, and Chl total contents of the exogenous EBR treatment grapevine seedling leaves were higher than in the CK group. The contents of Chl a, Chl b, and Chl total significantly increased by 30.24%, 48.51%, and 39.75%, respectively, at 96 h compared with CK. The carotenoid content in CK, BRZ, and EBR + BRZ grape seedlings steadily decreased during 96 h. However, the trend in carotenoid content in the EBR group was different from the CK group, with an overall decreasing trend followed by an increasing trend. Exogenous EBR treatment leaves had a higher carotenoid content than the CK during 48 h, but the difference was insignificant. A significant difference was observed at 96 h compared with the CK group, which increased by 34.66%. The photosynthetic pigment contents decreased with prolonged low-temperature stress. Exogenous EBR powerfully mitigated the harm caused by low-temperature stress in grape seedlings and increased the content of photosynthetic pigments, while it enhanced the photosynthetic intensity. However, combined application of EBR and BRZ reduced photosynthesis.

[image: Bar graphs show various physiological and biochemical metrics across different treatments: CK, EBR, BRZ, and EBR+BRZ over time. Metrics include chlorophyll content, photosynthetic efficiency, antioxidant content, and enzyme activity. Each subfigure (a-h) highlights specific parameters such as Chl a and Chl b content, electron transport rates, and antioxidant levels. Error bars denote variability, and lowercase letters above bars indicate statistical analysis results.]
Figure 2 | Different treatments including CK, EBR, BRZ, and EBR + BRZ on physiological indexes of grape leaves under low-temperature stress. Different lowercase letters in the figure indicate significant differences between treatments (P ≤ 0.05). (A) Photosynthetic pigments (Chl a, Chl b, Chl total, and carotenoid). (B) Gas exchange parameters (Tr, Pn, Ci, and Gs). (C) Chlorophyll fluorescence parameters (Fv/Fm, φPSII, NPQ, and qP). (D) Content of O2·− and H2O2. (E) Content of antioxidants (AsA and GSH). (F) Antioxidant enzyme activities (SOD, POD, CAT, and APX). (G) Content of oxidative stress indexes (MDA). (H) Content of osmoregulatory substances (free proline and soluble sugar).




3.4 Effects of exogenous EBR on gas exchange parameters in grape seedling leaves under low-temperature stress

Photosynthesis not only dominates the conversion and accumulation of energy in the plant but also determines whether or not the entire plant can grow and thrive. Tr, Pn, Ci, and Gs were determined for each treatment plant. As shown in Figure 2B, the response to the cold stress was not the same for the different treatments and gas exchange parameters. The trend of Tr in the grape seedlings in the four treatment groups was the same from 0 h to 24 h, with a decreasing and then increasing trend. The changes occurred after 24 h, and Tr in grape seedlings of the CK, BRZ, and EBR + BRZ groups showed a gradual decrease with prolonged stress. However, Tr in the grape seedlings of the EBR group showed an increasing trend. It reached its highest value at 48 h and then gradually decreased to reach a significant level compared with CK. The four treatment groups showed a decreasing trend in Pn. The Pn values of EBR and CK groups did not reach significant differences after 96 h, but the Pn values in the BRZ and EBR + BRZ treatment groups were obviously different from the CK group. The overall trend of Ci in grapevine seedlings in the four treatment groups was upward, and the change in Ci in grapevine seedlings in the CK group stabilized after a significant increase at 12 h. Compared with the CK group, the Ci in the EBR, BRZ, and EBR + BRZ groups first decreased obviously at 12 h, then increased at 24 h, and then showed a relatively stable trend after reaching the highest value. The Gs in the CK, BRZ, and EBR + BRZ groups showed a significant decrease with the prolongation. However, the trend of Gs changes in EBR treatment differed from the CK group. After 12 h, it decreased rapidly and then increased significantly with the extension of the cold time to reach the highest value and then stabilize. The Tr, Pn, and Gs of grape seedling leaves decreased, and Ci increased with prolonged stress. Exogenous EBR alleviated the decrease in Tr and Gs and the increase in Ci but did not significantly alleviate the changes in Pn. Exogenous BRZ helped to alleviate the decrease in Tr and Gs but promoted the decline of Pn and did not significantly alleviate the changes in Ci under low-temperature stress.




3.5 Effects of exogenous EBR on chlorophyll fluorescence parameters in grape seedling leaves under low-temperature stress

The chlorophyll fluorescence parameter could reflect the degree of harm and the level of cold tolerance. The Fv/Fm, φPSII, NPQ, and qP parameters were determined for each treatment plant at different low-temperature times. Figure 2C shows that the different treatments and chlorophyll fluorescence parameters did not respond equally to cold stress. The change trends in Fv/Fm, φPSII, NPQ, and qP parameters in grape seedlings was the same in the four treatment groups. Fv/Fm decreased and then increased with the prolongation of stress. The Fv/Fm in BRZ treated was significantly different from the CK group after 96 h, and BRZ effectively suppressed the increase in Fv/Fm values. The trends of PSII, NPQ, and qP decreased with the prolongation of stress. Among them, the use of BRZ alone did not significantly affect φPSII, NPQ, and qP after 96 h, but coupled with EBR, it significantly promoted the reduction. Meanwhile, the EBR group only significantly promoted NPQ after 96 h and did not form an obvious difference in the changes of Fv/Fm, φPSII, and qP values. Fv/Fm in grape seedling leaves did not change significantly with the extension, and φPSII, NPQ, and qP decreased with the extension of stress time. The exogenous EBR helped to promote the rise in Fv/Fm and the decline of φPSII and NPQ in the leaves and alleviated the decline in qP. Exogenous EBR coupled with BRZ improved the chlorophyll fluorescence parameters of leaves.




3.6 Effects of exogenous EBR on ROS contents in leaves in grape seedlings under low-temperature stress

ROS are metabolic by-products in plant chloroplasts, mitochondria, and peroxisomes and have a dual function in adversity stress with a dose effect. The contents of O2·− and H2O2 were determined under each treatment plant. Figure 2D shows that the O2·− content of the CK group had an overall increasing trend except for 48 h. However, the trend of O2·− content changes in EBR, BRZ, and EBR + BRZ treatment grape seedlings was different from that of the CK, with a significant increase at 12 h. This was followed by a notable decreasing trend with the prolongation of stress. Among them, the O2·− content in the leaves of EBR-, BRZ-, and EBR + BRZ-treated grape seedlings was significantly reduced by 23.66%, 46.50%, and 38.16%, respectively, at 96 h compared with CK. The H2O2 content of the CK group increased steadily before 24 h and then decreased and increased from 24 h to 96 h, with an overall increasing trend. However, the H2O2 content in the EBR, BRZ, and EBR + BRZ groups tended to increase and then decrease, reaching the highest value at 24 h, following by a gradual decline. Subsequently, the H2O2 content was lower than the CK group at 24 h, 48 h, and 96 h, with significant reductions of 19.13%, 17.65%, and 29.88%, respectively, in the EBR group. The H2O2 and O2·− content in grape seedling leaves increased with the duration of stress. Exogenous EBR in the late stage of low-temperature stress could effectively alleviate the low-temperature damage suffered by grape plants and inhibit the rise in O2·− and H2O2 contents.




3.7 Effects of exogenous EBR on antioxidant contents in grape seedling leaves under low-temperature stress

Antioxidants, such as AsA and GSH, regulate the redox state of plant cells and balance ROS levels. In this experiment, the AsA and GSH contents of treated plants were determined at different times. Figure 2E shows that the AsA content in the CK group gradually increased, peaked after 24 h, and then gradually decreased. The change in the AsA content of grape seedling leaves in the EBR, BRZ, and EBR + BRZ groups showed a trend that was the same as the CK group. The AsA content of leaves peaked at 24 h, was notably higher than CK, and then showed a decreasing trend with prolonged stress time. AsA content of grape seedling leaves at 24 h significantly increased by 57.63% and 29.07% in the EBR and EBR + BRZ groups, respectively. At 48 h, it significantly increased by 27.08% and 17.48% in the EBR and EBR + BRZ groups, respectively. EBR effectively increased AsA content in the leaves of the plants, and BRZ exhibited some inhibitory effects. The trend in the GSH content in grape plants in the four treatment groups remained the same throughout the experiment. The GSH content decreased in the early stage of stress, followed by a gradual increase and then a decrease in GSH content. GSH peaks appeared in the four treatment groups after 48 h. The GSH content of EBR-treated was substantially greater than in the CK group. At 24 h, 48 h, and 96 h, the GSH content significantly increased by 45.36%, 41.99%, and 33.63%, respectively, in the EBR group compared with CK. The AsA and GSH content of grape plants increased with prolonged stress. Exogenous EBR enhanced the content of AsA and GSH in grape plants and mitigated the low-temperature harm to grape plants.




3.8 Effects of exogenous EBR on antioxidant enzyme activities in grape seedling leaves under low-temperature stress

Antioxidant enzymes are crucial components of the plant antioxidant enzyme system, which work together to scavenge excess ROS in the defense against cold stress. EBR-treated effectively mitigated low-temperature damage in grape plants, increased the contents of antioxidant substances, and enhanced the antioxidant capacities of grape to tolerate cold stress. Therefore, we conducted SOD, POD, CAT, and APX analyses for each treatment group at different cold times. As shown in Figure 2F, SOD activity in CK grape seedlings increased and then stabilized, reaching a peak after 24 h. Meanwhile, the SOD activity in EBR, BRZ, and EBR + BRZ groups showed a trend of increasing and then decreasing, reaching a peak at 48 h. SOD activity was obviously higher in the EBR and EBR + BRZ groups than in the CK group. Compared with CK at 24 h, 48 h, and 96 h, the SOD activity of grapevine seedling leaves significantly increased by 34.80%, 84.84%, and 42.70% in the EBR group; 19.21%, 36.53%, and 15.98% in the BRZ group; and 34.79%, 82.48%, and 28.34% in the EBR + BRZ group, respectively, during the middle and late stages of stress. The trends in POD, CAT, and APX activities in all groups first increased and then decreased. The POD activity of grape seedling leaves peaked at 48 h and increased significantly by 52.97% in EBR compared with CK. The CAT and APX activities peaked after 24 h and were significantly reduced by 23.18% and 45.96% in EBR compared with CK. At the end of the stress period, the activities of SOD, POD, and APX were markedly higher, and the activity of CAT was lower in the EBR group than in the CK group. Meanwhile, BRZ and EBR + BRZ treatments either enhanced or suppressed antioxidant enzyme activities in grape seedlings, but the effects were not as prominent as those of the EBR treatment. The enzymatic antioxidant activity of grapevine seedling leaves increased with stress. Exogenous EBR significantly elevated the activities of SOD, POD, and APX, in grape seedling leaves and inhibited the activity of CAT.




3.9 Effects of exogenous EBR on the content of oxidative stress indexes in grape seedling leaves under low-temperature stress

As shown in Figure 2G, the MDA changes in the CK group showed an upward trend, and the MDA content of the EBR, BRZ, and EBR + BRZ groups showed an increasing and then a decreasing trend. MDA content significantly decreased after reaching its maximum value after 24 h. At 48 h and 96 h, EBR treatment had the strongest inhibitory effect on the MDA content, which was reduced by 32.95% and 47.96%, respectively, compared with the CK group. An indicator of oxidative stress of grapevine seedlings, the MDA content gradually increased with the prolongation of cold stress. Exogenous EBR treatment markedly reduced the accumulation of MDA content exposed to low-temperature stress. This intervention significantly suppressed the rise in MDA levels.




3.10 Effects of exogenous EBR on the contents of osmotic mediators in grape seedling leaves under low-temperature stress

Plants can synthesize osmoregulatory substances to regulate osmotic pressure and change water potential to improve plant resistance. The free proline and soluble sugar contents of the treated plants were determined. Figure 2H shows that the trend of free proline and soluble sugars in the four treatment groups has an increasing trend. The free proline content in grapevine seedlings was markedly increased by 34.45% and 19.44% at 48 h and 96 h, respectively, in the EBR group compared with CK. Soluble sugar content of grape seedling leaves increased by 84.72%, 19.71%, and 5.29% at 24 h, 48 h, and 96 h, respectively, compared with CK. With the prolongation of cold stress, EBR-treated obviously increased soluble sugar content compared with CK. However, EBR + BRZ treatment had a better promotion effect. The soluble sugar content of grape seedlings increased by 129.19%, 27.83%, and 18.14% at 24 h, 48 h, and 96 h in the EBR + BRZ group compared with the CK group. The free proline and soluble sugar contents were significantly greater in the EBR group than CK after 96 h. The content of free proline and soluble sugar in grape seedlings increased with prolonged cold stress. When grapevine seedlings were subjected to exogenous EBR treatment and subsequently exposed to low-temperature stress, there was a notable rise in the levels of free proline and soluble sugars. This unique physiological regulation mechanism has shown its indispensable value in alleviating the damage caused by low temperature.




3.11 Evaluation of exogenous EBR on leaf indexes in grape seedling leaves under low-temperature stress

As shown in Figure 3A, the 23 physiological indices were correlated with five matrix types grouped by low-temperature stress time. Pn notably correlated with low-temperature stress at 0 h. Chl b, Chl total, carotenoids, Gs, NPQ, and APX were significantly correlated with stress at 12 h. H2O2, AsA, POD, and free proline were significantly correlated with stress at 96 h. However, no significant correlation was observed between 0 h and 48 h and the physical and chemical indices. Low-temperature stress treatments significantly affected the leaf photosynthetic pigments, photosynthetic gas exchange parameters, and chlorophyll fluorescence parameters of grapevine seedlings after 48 h. The results of this study are summarized as follows. Low-temperature stress treatment for 48 h to 96 h significantly affected the indices of ROS, antioxidant substances, antioxidant enzyme activity, and osmotic adjustment substances.
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Figure 3 | Different treatments including CK, EBR, BRZ, and EBR + BRZ on the physiological indexes under low-temperature stress. (A) Correlation analysis. (B) PCA analysis. (C) Cluster analysis.

As shown in Figure 3B, the physiological and biochemical indices of grape cuttings after exogenous EBR spray treatment were subjected to principal component analysis (PCA). Three principal components with the highest eigenvalues, PC1 (97.9%), PC2 (0.9%), and PC3 (0.6%), were extracted. The samples treated with EBR and CK exhibited significant sample separation at different low-temperature treatment times.

As shown in Figure 3C, based on the standardized data of physiological indexes of EBR sprayed grapevine seedlings under different cold stress time treatments, the seedling leaf samples of five low-temperature periods were clustered by clustering heatmap analysis to study their stoichiometric characteristics. The results showed that the 20 treated samples could be categorized into three groups. The first group of treatment samples was CK and BRZ after 96 h. The second group of treatment samples was EBR for 48 h and 96 h and EBR + BRZ for 96 h. The third group of treatment samples was CK for 0 h, 12 h, 24 h, and 48 h; EBR for 0 h, 12 h, and 24 h; BRZ for 0 h, 12 h, 24 h, and 48 h; and EBR + BRZ for 0 h, 12 h, 24 h, and 48 h. The cluster analysis plot showed that the 23 physiological indicator samples could be categorized into two groups. The first group of indicator samples included soluble sugars, free proline, SOD, GSH, POD, APX, AsA, CAT, O2·−, MDA, H2O2, and Ci. The second group of indicator samples comprised Fv/Fm, qP, NPQ, φPSII, Pn, Gs, Tr, carotenoid, Chl total, Chl b, and Chl a. Exogenous spraying of EBR effectively counteracted the low-temperature stress experienced by grapevine seedlings and was dominated by the modulation of osmoregulatory substances and antioxidant system indices in grape leaves.





4 Discussion

With increasing cold stress duration, the normal life activities of grape seedlings were inhibited, and their growth and development stagnated. Based on the changes in each index and the results of the comprehensive analysis, that is, correlation, principal component, and cluster analyses, the comprehensive ability of grape seedlings to resist cold stress after exogenous EBR treatment was greater than that of the CK group. As shown in Figure 4, exogenous EBR application significantly mitigated cold stress damage in grape seedlings, offering potential for widespread use in viticulture practices.

[image: Diagram illustrating the effects of EBR and cold stress on plant cell structure. EBR promotes enhanced antioxidant systems, impacting chlorophyll, carotenoids, and various physiological parameters. Cold stress inhibits and resists certain parameters, leading to changes in cell membrane thickness and water levels, affecting proline, sugars, and reactive oxygen species.]
Figure 4 | Schematic diagram of the physiological response mechanism of exogenous EBR to 96 h of cold stress in grape seedlings.



4.1 Effects of exogenous EBR on the external morphology and anatomical structure of grape seedling leaves

The harm caused by low temperatures in plants is reflected in both phenotypic features and anatomical structures and physiological and biochemical indices. Phenotypic traits of plants experiencing low-temperature stress usually include symptoms such as plant wilting and leaf necrosis (Lu et al., 2019). Morphological changes in grapevine seedlings were investigated in four treatments, CK, EBR, BRZ, and EBR + BRZ, at 0 h, 12 h, 24 h, 48 h, and 96 h, respectively. There was a tendency for wilting and water loss in the leaves of seedlings in the CK group at 12 h, 24 h, 48 h, and 96 h, which were significantly damaged by low-temperature stress. Although no significant damage was observed in EBR, more significant damage was observed in BRZ. However, the EBR, BRZ, and EBR + BRZ groups were more resistant to cold stress than CK. In the physiological process of plants subjected to cold stress, the application EBR showed a significant protective effect. This discovery opened up new research ideas to improve the cold tolerance of plants. EBR regulated a series of complex pathways in plants to build up a physiological barrier against cold attack. It was worth pondering that the establishment of this protective mechanism is far more subtle than we have imagined, which not only is reflected in the improvement of the apparent morphology but also involves the maintenance of the stability of the cell membrane and the dynamic balance of osmotic regulation at a deeper level. The scientific findings revealed by the experimental study of Chen et al. (2019) coincide with this phenomenon, with its insights into the EBR processing mechanism showing significant mitigating effects in response to cold stress damage. The tightly arrange fenestrated tissues of plants exposed to cold stress could effectively maintain water retention in grapes (Lu et al., 2019). After the leaves were subjected to stress, the leaves fenestrated and spongy tissues were loosely arranged, and LT, PT, and ST were reduced. In the research field of oil tea seedling growth and development, Xu et al. (2022a) confirmed the scientific validity of this viewpoint through a series of experimental design. Exogenous EBR treatment resulted in a more complete leaf cell morphology, a tighter arrangement of fenestrated tissues, and no significant reduction in LT, ST, or SR. In contrast, the fenestrated tissue was loosely arranged in the CK group after 96 h. Exogenous spraying of EBR protected the leaf structure of grape seedlings and alleviated the stressful effects of adversity on grapes. In the study of Wang et al. (2022), the effects of EBR on the anatomical structure of oil tea leaves under low-temperature stress showed a similarity, a finding that not only corroborates the conclusions of the present study but also provides a new way of thinking for in-depth exploration of phytohormone regulatory mechanisms.




4.2 Effects of exogenous EBR on photosynthetic and fluorescence properties of grape seedling leaves

When plants suffer from low-temperature stress, photosynthesis, a central mechanism of plant life activity, inevitably gets disrupted (Guan et al., 2023; Lee et al., 2021). Accumulation of photosynthetic pigments in plants showed a significant attenuation under the stress of cold environments. It was worthwhile to pay attention to the fact that, by applying exogenous EBR, this unavoidable attenuation process seemed to be alleviated to a certain extent, so that the rate of loss of photosynthetic pigments showed a relatively moderate trend, which were consistent with Li (2020) and Anwar et al. (2018). The importance of photosynthesis as a fundamental way for plants to obtain energy cannot be overstated. It was worth pondering that when the ambient temperature is persistently low, this core system of plant survival will be inhibited, which might trigger a series of chain reactions affecting growth of plant (Yudina et al., 2020). In grape seedlings, cold stress resulted in a significant decrease in Pn, Tr, and Gs, and a significant increase in Ci. This diminished the leaves’ photosynthetic traits, resulting in reduced chloroplast activity, a finding that coincides with the experimental data of Yang et al. (2019). In contrast, exogenous EBR and EBR + BRZ pretreatments restored the levels of Tr, Pn, and Gs and reduced Ci levels. This showed that damage to the photosynthetic system of grape seedlings triggered by low temperatures was significantly alleviated by exogenous EBR and that the blockage of photoinhibition and the increase in photosynthetic capacity could lead to an increase in CO2 uptake by the plants. These experimental data coincide with the findings reached by Chen et al. (2019). The electron transport chain of photosynthesis showed an irreversible blockage during low-temperature stress. This altered physiological mechanism upset the dynamic equilibrium between the absorption of light energy by the photosynthesis system and the energy consumption during metabolism, which was completely disrupted. It was worth pondering that this imbalance triggers a series of chain reactions: excessive excitation energy accumulated in the photosynthetic system inevitably induced photoinhibition of PSII (Jin et al., 2022). The values of Fv/Fm, qP, NPQ, and φPSII decreased with the increase in stress time. Cold stress inhibited the conversion efficiency of PSII primary light energy and the potential photosynthetic activity of PSII in grapevine seedling leaves. The chlorophyll fluorescence properties of grapevine seedling leaves responded strongly to cold stress. The decreases in Fv/Fm, NPQ, qP, and PSII in the leaves treated with EBR and EBR + BRZ were markedly lower than CK-treated leaves. EBR showed a significant protective effect under cold stress, which was negatively correlated with the degree of photosystem damage, when exploring the mechanism of the effect of exogenous EBR on the grapevine photosystem, aligning with the results of Stachurska et al. (2022) and Sadura and Janeczko (2022).




4.3 Effects of exogenous EBR on the antioxidant system of grape seedling leaves

Plant cells maintain a delicate balance of reactive oxygen species, an equilibrium that is particularly vulnerable to cold stress. When the cold comes, the homeostasis inside the cell is ruthlessly broken, and O2·− and H2O2, two substances, begin to accumulate. It is worth pondering that these reactive oxygen molecules, which are cellular metabolites under normal physiological conditions, not only are the key bioindicators of oxidative stress in plants but also harness their strengths against various threats to life (Singh et al., 2024). The accumulation of MDA, an important product of lipid peroxidation in cell membranes during plant stress, has always been regarded as a key indicator of the degree of harm to membrane systems. By analyzing the content of MDA, the oxidative damage suffered by cell membranes can be evaluated, and this approach is of irreplaceable value in the study of plant adversity physiology (Zhao et al., 2023). In this study, low-temperature stress caused a notable rise in O2·− and H2O2 levels, alongside enhanced activities of SOD, POD, CAT, and APX, and an increase in AsA, GSH, and MDA levels. The homeostatic balance between ROS scavenging and accumulation was disrupted, and the ROS attack resulted in peroxidative damage to the cytoplasmic membrane. This aligns with the results reported by Amin et al. (2022). In contrast, the MDA content under EBR was obviously lower than CK, and the O2·− and H2O2 contents were lower than CK. Meanwhile, the activities of SOD, POD, CAT, and APX were notably higher than in the CK group, together with AsA and GSH. Exogenous EBR and EBR + BRZ treatments alleviated the extent of oxidative harm to the cell membrane of grapevine seedling leaves. Excess ROS were efficiently scavenged in the plants, whereas membrane lipid peroxidation was mitigated. These findings align with Chen et al. (2019) and Yang et al. (2019).




4.4 Effects of exogenous EBR on osmoregulatory substances of grape seedling leaves

Stress regulatory responses are found in plants when they encounter an adverse environment, in which osmoregulation is a crucial pathway (Khanna et al., 2023). Low-temperature environments cause water condensation in plant cell tissues, dehydration of the protoplasm, denaturation of proteins, and irreversible mechanical damage (Kumari et al., 2022). The osmoregulatory functions of plants are stimulated by stress, and free proline and soluble sugars are important osmoregulators (Altaf et al., 2024). Low-temperature stress resulted in a substantial increase in the free proline and soluble sugar contents in grape. This cold environmental challenge caused varying extents of cell membrane injury, accompanied by membrane lipid peroxidation, which disrupted the structural and functional integrity of the cellular membrane system. Such observations align with the research outcomes reported by Guo et al. (2020) and Karimi (2020), underscoring the susceptibility of plant cellular structures to oxidative damage under cold stress conditions. In contrast, the free proline and soluble sugar contents of exogenous EBR and EBR+BRZ-treated seedling leaves were enhanced. The application of EBR mitigated the detrimental effects induced by low-temperature stress while exerting a notable regulatory influence on the concentrations of osmoregulatory substances. These results align closely with the observations documented by Yang et al. (2019) and Heidari et al. (2021), further substantiating the hypothesis regarding EBR in mitigating abiotic stress through physiological adjustments.





5 Conclusions

Spraying exogenous EBR under cold stress protected the structure of grapevine seedling leaves, inhibited photosynthesis and chlorophyll fluorescence, increased the accumulation of photosynthetic pigments, regulated the accumulation of antioxidant enzymes and non-enzymatic antioxidants, and promoted the accumulation of osmotically regulated substances and the catabolism of MDA. The enhancement of the cold resistance in grapevine seedling leaves significantly strengthens their ability to withstand extreme stress, reducing the extent of damage caused by such environmental conditions. In the process of exploring the cold resistance mechanism of grapevine, the application value of EBR has been impressively verified. This discovery provides a new way of thinking for grape growing under a low-temperature environment. The practical significance of this research far exceeds the theoretical level, opening up new possibilities for the development of the grape industry in cold regions, although the specific regulatory mechanisms of EBR under cold stress have not been fully elucidated in grape. In future, the mechanism of exogenous EBR remains to be deeply analyzed. By intertwining EBR with transcriptomics and metabolomics, we may be able to unravel the regulation of EBR in grapevine under extreme stress conditions. This idea is expected to provide theoretical support for the practical application of grapevine cultivation.
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Introduction

Dry-hot wind during the grain filling period is a prevalent agrometeorological challenge worldwide, causing significant functional leaf senescence, disrupting the grain filling process, and ultimately leading to wheat yield loss. Although studies have explored the alleviating effects of EBR under abiotic stress, its application in wheat and the potential mechanisms underlying its role in mitigating dry–hot wind still require further investigation.





Methods

Using the dry–hot-wind-sensitive cultivar Jinan 17 (JN17) and the dry–hot-wind-resistant cultivar Liangxing 77 (LX77) as experimental  materials. A split-plot design was employed, with cultivar as the main plot factor, dry-hot wind (DH) treatment as the subplot factor, and the foliar application of 24-epibrassinolide (EBR) at a concentration of 0.1 mg L-1 as the sub-subplot factor.





Results

EBR alleviated the negative effects of DH stress on wheat by optimizing the hormone balance. The abscisic acid (ABA) and jasmonic acid (JA) contents decreased, and the salicylic acid (SA) content increased, which promoted the stomatal opening of flag leaves. The transpiration rate (Tr) was increased by 7–10% and thus reduced the temperature of the spikes and leaves by 0.87–1.27 °C and 1.6–2.4 °C, respectively. Additionally, the activities of antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), were enhanced, which prevented early flag leaf senescence and maintained a high chlorophyll level under DH stress. Therefore, the photosynthetic performance of flag leaves was enhanced. EBR enhanced the yield of JN17 and LX77 under DH stress. JN17’s yield was increased by 9.2% and 7.5% in the 2020–2021 and 2021–2022 wheat growing seasons, respectively, and LX77’s yield was increased by 4.9% and 2.3% over two years.





Discussion

This study provides a promising approach for enhancing wheat’s resistance to DH stress, with practical implications for wheat production.
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1 Introduction

Wheat (Triticum aestivum L.) is a staple crop in the world, and its yield is intimately tied to local climatic conditions. Elevated temperatures during the grain filling stage elicit heat stress in wheat, severely affecting grain yield (Li et al., 2023). Dry–hot wind (DH), a combination of high-temperature stress, drought stress, and wind force, particularly during the latter stages of wheat growth. This phenomenon damages chloroplasts and protein structures, reduces chlorophyll synthesis, and decreases photosynthetic rates. It also intensifies transpiration, leading to water loss, and disrupts biological membranes, reducing antioxidant enzyme activities. Furthermore, it impedes organic matter accumulation and compromises root vitality, ultimately resulting in a decline in wheat yield (Akter and Rafiqul Islam, 2017). Hence, investigating the effects of DH on wheat and exploring efficacious strategies to bolster wheat’s resilience against DH are imperative for ensuring sustainable wheat production.

Brassinosteroids (BRs), a fundamental class of natural steroid hormones, have been universally recognized as the sixth major class of plant growth regulators, exhibiting a wide range of bioactivities (Peres et al., 2019). They play a central role in orchestrating plant growth and development (Clouse, 1996; Yang et al., 2011; Nolan et al., 2017; Dong et al., 2020), promoting cell elongation, modulating cell division and differentiation, facilitating reproductive organogenesis (Tanveer et al., 2018), regulating photosynthesis, and enhancing plant tolerance to abiotic stresses (Kang et al., 2017; Retzer et al., 2019). Although previous studies have demonstrated the pivotal role of BRs, including 24-epibrassinolide (EBR), in improving crop resilience against abiotic stresses such as drought, heat stress, and salinity (Yang et al., 2021; Zhong et al., 2023; Khan et al., 2024), investigations specifically addressing EBR application under dry–hot wind conditions remain insufficient, with relevant studies being notably scarce.

Plant hormones play an indispensable role in responding to abiotic stress. Previous studies have shown that there are synergistic interactions between BRs and other hormones. For example, BRs and gibberellins (GAs) share similar roles in developmental processes, such as seed germination and apical hook development (Zhao et al., 2021; Xiong et al., 2021, 2022). Under normal conditions, BRs enhance the expression of GA biosynthesis genes, leading to increased GA accumulation (Unterholzner et al., 2015). However, in rice, BRs reduce GA biosynthesis by repressing GA20ox3. In maize, jasmonic acid (JA) regulates the bHLH network by attenuating BR signaling to suppress ZmXTH1 expression, thus regulating cell elongation (Wang et al., 2024). Additionally, BRs and JA interact synergistically in response to virus infection in rice (Hu et al., 2020). Under normal conditions, BRs antagonistically interact with abscisic acid (ABA) (Hussain et al., 2023), and exogenous BL treatment can lower ABA levels by downregulating the transcription of ABA biosynthesis genes (Ha et al., 2018). In Arabidopsis, BRs interact with salicylic acid (SA) to regulate plant immune responses (Kim et al., 2022). At the same time, under abiotic stress conditions, an excessive accumulation of ROS in plants leads to cellular damage (Anjum et al., 2016; Soares et al., 2016; Guo et al., 2017; Czarnocka and Karpiński, 2018; Kaur et al., 2019; Sharma et al., 2019). To counteract this stress and eliminate reactive oxygen species (ROS), plants actively enhance the activities of antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) (Ruley et al., 2004; Šimonovičová et al., 2004). Research indicates that EBR can significantly enhance the activities of these antioxidant enzymes, effectively reducing cellular damage (Mazorra et al., 2002; Karlidag et al., 2011). Furthermore, BR treatment can decrease the production and accumulation of ROS by regulating the expression levels of related genes, such as by inhibiting the expression of the H2O2 synthesis gene RBOH (Sharma et al., 2017). Thus, EBR not only enhances the activities of antioxidant enzymes but also inhibits the expression of genes related to ROS production, thereby significantly reducing stress-induced damage to plants.

Abiotic stress markedly impacts plant photosynthesis, including reducing chlorophyll synthesis, damaging photosystems I and II and the electron transport chain, decreasing stomatal conductance (gs) and the net photosynthetic rate (Pn), and triggering ROS production, thus inhibiting the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Xia et al., 2006; Chaves et al., 2009; Kohli et al., 2017). BRs play crucial roles in plant responses to abiotic stress by enhancing CO2 fixation efficiency and photosystem II (PSII) stability, consequently boosting photosynthesis (Siddiqui et al., 2018). EBR helps in maintaining chloroplast structure and activity while facilitating the uptake of essential ions (such as Ca2+ and Mg2+) in plants, subsequently promoting chlorophyll synthesis and enhancing photosynthetic efficiency (Choudhary et al., 2012; Alam et al., 2019). Abiotic stress can disrupt plant cell structure, inhibit metabolic processes, weaken photosynthesis, and affect cell membrane and chloroplast functions through stress responses, especially electron transport in thylakoid membranes (Ashraf and Ali, 2008; Lawlor, 2009; Sade et al., 2009). In response to adversity, plants accumulate proline and soluble sugars as carbon and nitrogen sources and osmotic regulators to maintain cell structure and energy supply and to scavenge free radicals (Liu et al., 2009). In soybeans subjected to water stress, BRs analogously enhance water potential through increased soluble sugar and proline contents, ultimately leading to increased biomass accumulation (Zhang et al., 2008). Furthermore, BRs modulate ion balance by decreasing Na+ and Cl- contents and increasing K+ and Ca2+ contents, thereby maintaining osmotic potential and water balance in plants (Liaqat et al., 2020).

In summary, the application of EBR in wheat and its potential mechanisms for alleviating dry hot wind stress require further investigation. Therefore, this experiment simulated dry hot wind stress during the wheat grain-filling stage and studied the responses of the dry-hot-wind-sensitive cultivar JN17 and the dry-hot-wind-resistant cultivar LX77 under EBR treatment. Ultimately, this study aims to elucidate the mechanism by which EBR enhances wheat tolerance to dry–hot wind stress, providing a theoretical basis and technical support for improving wheat resilience under dry–hot wind conditions.




2 Materials and methods



2.1 Plant growth conditions

The experiment was conducted during the 2020–2021 and 2021–2022 wheat growing seasons at the agronomy experimental farm of Shandong Agricultural University in Tai’an, Shandong Province (36°09′ N, 117°09′ E, elevation 128 m), in a temperate monsoon climate. The soil was classified as Eutriccambisols (WRB, 2015). The preceding crop was corn, and straw incorporation was performed, with an organic matter content of 12.3 g kg−1, a total nitrogen content of 0.91 g kg−1, an alkali-hydrolyzable nitrogen content of 87.2 mg kg−1, an available phosphorus content of 12.6 mg kg−1, and an available potassium content of 57.5 mg kg−1 in the 0–20 cm soil layer.




2.2 Experimental design

The wheat cultivars utilized in the experiment were the dry–hot wind sensitive JN17 and the dry–hot wind resistant variety LX77 (Yi et al., 2015). A split-plot design was employed, with cultivar as the main plot factor, dry-hot wind (DH) treatment as the subplot factor, and the foliar application of 24-epibrassinolide (EBR) at a concentration of 0.1 mg L−1 as the sub-subplot factor. The treatments were divided into four treatment combinations: dry–hot wind + spraying water (DH + SW), dry–hot wind + EBR (DH + EBR), field + spraying water (FC + SW), and field + EBR (FC + EBR). Each treatment has three replicates, with a plot area of 9 m² (3 m × 3 m).

DH treatment: In both years, the shelters were constructed in May (with a height of 3.5 m, a width of 7 m, and a length of 22 m, using steel materials). The side walls were made of polymethyl methacrylate (PMMA) panels, and the transmittance could reach 93%. The roof covering of the DH shelters was composed of Po (Polyolefin) film, exhibiting a light transmittance rate exceeding 92%. An automatic temperature and humidity control system was used to create DH conditions inside the shelter, comprising two fan heaters (power: 90 kW; frequency: 50 Hz), two dehumidifiers (power: 1200 W; frequency: 50 Hz), and wall-mounted fans (power: 60 W, frequency: 50 Hz, specification: 400 mm, simulating natural wind, wind speed: 3.5 m s−1) installed along the long and short sides at 2.5 m intervals. Two exhaust fans (frequency: 50 Hz; power: 100 W, specification: 415 mm) were installed on the upper sections of the two short walls. When the temperature inside the shelter dropped below 35°C, the fan heaters automatically activated to provide heating, and they stopped when the temperature exceeded 40°C. Subsequently, the side windows and exhaust fans (operating at 1400 rpm) opened to reduce the temperature. In the absence of a cooling requirement, the side windows remained closed, and the exhaust fans operated at 500 rpm to ensure air circulation. The dehumidifiers started when the relative humidity exceeded 30%, and turned off when the humidity fell below 25%. The roof covers and side walls were installed on May 14, followed by the initiation of the dry–hot wind treatment, the treatment was conducted daily from 9:00 a.m. to 4:00 p.m. for 10 consecutive days, after which the shelter was removed to restore natural conditions.

EBR was sprayed according to the following method: the standard product was produced by Solarbio, with a spraying concentration of 0.1 mg L−1, and add 1 ml of Tween 20 was added to each liter of solution. The control treatment was SW, with 1 ml of Tween 20 added to each liter of solution. Spraying began on the first day of the DH treatment, with 1 L sprayed continuously per plot, for 3 days during the evening time. Figures 1A-C illustrate the temperature and humidity conditions during the DH treatments, a live map of the experimental site, and the layout of the experimental treatments. The precipitation during the DH treatment period was recorded as zero.

[image: (A) Two line and bar graphs compare relative humidity and temperature over eleven days for 2020-2021 and 2021-2022. (B) Two photographs of a greenhouse show before trial initiation with green plants and after with mature, brown plants. (C) A 3D diagram illustrates the greenhouse layout with labeled sections and directional markers.]
Figure 1 | Evolution in temperature and relative humidity inside and outside the dry-hot wind shelter during the wheat growing seasons of 2020–2021 and 2021–2022, along with display of the experimental site. (A) Temperature and relative humidity; (B) experimental setting; (C) sketch of the experimental distribution.

In this experiment, manual seeding was employed, and mechanical weeding was conducted before sowing. Phosphorus and the potassium fertilizers superphosphate (P2O5 16%) and potassium chloride (K2O 60%) were applied at rates of 70 kg ha−1 and 120 kg ha−1. Urea was used as the nitrogen fertilizer, with a total application rate of 240 kg N ha−1; 120 kg N ha−1 was applied as a basal fertilizer before sowing, and the remaining 120 kg N ha−1was top-dressed at the jointing stage. The phosphorus and potassium fertilizers were applied entirely as base fertilizers, along with the nitrogen base fertilizer. The planting density was 300 plants m−2, the basic seedling (the number of seedlings that successfully germinated and became established within a given unit area) density was 270 plants m−2, and the planting row spacing is 25 cm; other cultivation and management practices were the same as those in typical high-yield fields. The wheat was sown on October 14th in both years. The jointing stages occurred on April 8th and April 12th of the following year, respectively. The heading dates were April 25th and April 27th of the subsequent year, respectively. The harvest periods were both set for June 8nd of the following year.




2.3 Sampling and measurements

Sampling schedule: The sampling process was initiated on the first day of the dry–hot wind treatment and subsequently repeated at intervals of three days. For each treatment, sampling was consistently conducted at 14:00 each day. Thirty flag leaves of wheat were randomly selected, promptly frozen in liquid nitrogen, stored at -80°C, and subsequently ground to facilitate the measurement of enzyme activity and hormone content in the wheat flag leaves.



2.3.1 Canopy temperature

Using the infrared thermal imaging camera Testo 890-2 (TESTO, Germany), images were captured on the third day after the start of the DH treatment, during the sunny hours between 9:00 AM and 11:00 AM. Care was taken to ensure that the sky was cloud-free during the shooting. The subjects for photography were selected from areas within each plot where the wheat population exhibited uniform growth conditions, to ensure the accuracy of the thermal imaging data. Images were taken at a 45-degree angle to the horizontal, with the camera positioned 1 meter from the target area. Each treatment was photographed three times. After capturing the images, professional analysis was conducted using Testo IRSoft version 4 software (TESTO, Germany). To obtain temperature data for wheat under different treatments, we manually and randomly selected measurement points on the wheat spikes and leaves in the captured images. Specifically, for each treatment, 20 points on the spikes and leaves were randomly chosen from the images, and the temperature at each point was recorded. These values were then averaged to calculate the overall average temperature of the spikes and leaves.




2.3.2 SPAD and chlorophyll fluorescence parameters

Wheat plants of a similar size and growth vigor were selected for labeling, with 10 plants labeled for each treatment. Leaf measurements were taken using a handheld SPAD-502 (Konica Minolta, Japan) meter, starting from the first day of the DH treatment. Measurements were taken at the center of each leaf; this was conducted three times to obtain an average value, with intervals of three days between each measurement. The chlorophyll fluorescence parameters of the wheat (Fv/Fm and PIabs) were measured using the M-PEA-2 multifunctional plant efficiency analyzer (Hansatech, United Kingdom). Fv/Fm reflects the maximal ability of photosystem II (PSII) to convert absorbed light energy into chemical energy under specific conditions. PIabs serves as a quantitative measure of the actual photochemical energy conversion efficiency of PSII, providing an absolute value for direct comparisons of photosynthetic efficiency across different plants or within the same plant under varying conditions. Measurements were taken on clear mornings between 9:00 and 11:00 a.m., starting from the first day of the DH treatment, with measurements taken every 3 days.




2.3.3 Measurement of photosynthetic gas exchange parameters

During 2021–2022, using the Li-6400 photosynthesis system (LI-COR, United States of America), the net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) of wheat flag leaves with consistent light exposure and growth direction were measured. Each measurement was repeated three times, starting from the first day of the DH treatment, measurements were taken on clear mornings between 9:00 and 11:00 a.m., with measurements taken every 4 days.




2.3.4 Activities of antioxidant enzymes

SOD activity (Ug−1 FW min−1) was determined via the nitroblue tetrazolium photoreduction method, POD (Ug−1 FW min−1) activity was determined via the guaiacol method, and CAT (Ug−1 FW min−1) activity was assessed via the hydrogen peroxide method (Wu et al., 2017).




2.3.5 Determination of endogenous hormone content



2.3.5.1 JA and SA

The method for extracting endogenous JA and SA hormones referenced the previous literature (Engelberth et al., 2003) and was optimized and modified as follows: The samples were placed in a mortar and ground into powder with liquid nitrogen. An exact amount of 50–100 mg of each sample was weighed and placed into a 2 mL centrifuge tube, followed by the addition of 1000 µL of acetone–citric acid (7/3) extractant, and 20 µL of mixed internal standard was added to the sample and mixed thoroughly; then, another 800 µL of acetone–citric acid (7/3) extractant was added and mixed thoroughly. The mixture was then placed on a temperature-controlled shaker, maintained at 4°C, and shaken in the dark for 3 h. It was then taken out, kept in the dark, and placed in a fume hood to allow the acetone to evaporate completely. Thereafter, 700 µL of petroleum ether was added to the sample in the centrifuge tube, shaken thoroughly, and centrifuged at low temperature. The supernatant was collected, and another 700 µL of petroleum ether was added to the centrifuge tube, shaken thoroughly, and centrifuged again at low temperature, after which the supernatant was collected. The supernatants from the first two steps were combined and evaporated in a vacuum centrifugal concentrator (Eppendorf, Hamburg, Germany). The samples were re-dissolved in 100 µL of HPLC-grade methanol and filtered through a 0.22 µm organic filter and analyze using a Waters Triple Quadrupole Liquid Chromatography–Mass Spectrometry System (UPLC/XEVO TQ-S, Waters Corporation, United States of America) with a 5 µL injection volume.




2.3.5.2 ABA

The method for extracting ABA from wheat flag leaves was optimized and modified as follows (Dave et al., 2011). Samples were placed in a mortar and ground into powder with liquid nitrogen, and an exact amount of 80–100 mg of the sample was weighed into a 2 mL centrifuge tube. Subsequently, 1.2 mL of is propanol–acetic acid (99/1) extractant was added, followed by 20 µL of mixed internal standard, and the mixture was thoroughly combined. After thorough mixing, the centrifuge tubes were placed on a temperature-controlled shaker at 4°C and shaken for 3 h in the dark at a speed of 200 rpm. Subsequently, the mixture was centrifuged in the dark at 13,200 × g for 300 s. The supernatant was then transferred to a new centrifuge tube. Another 0.8 mL of isopropanol–acetic acid (99/1) extractant was added for a 2 h extraction. The supernatants from both extractions were combined and evaporated to dryness in a vacuum centrifugal concentrator (Eppendorf, Hamburg, Germany). The samples were re-dissolved in 100 µL of HPLC-grade methanol and filtered through a 0.22 µm organic filter and analyze using a Waters Triple Quadrupole Liquid Chromatography–Mass Spectrometry System (UPLC/XEVO TQ-S, Waters Corporation, United States of America) with a 5 µL injection volume.





2.3.6 Determination of dry matter partitioning

On the days of DH treatment, and at maturity, 10 wheat stems with consistent growth and size were taken from each plot for each treatment, with 3 replicates, giving a total of 30 wheat stems. The wheat samples on the day of DH treatment were divided into three parts: stem + sheath, leaves, and spikes. The wheat samples at maturity were divided into four parts: grains, rachis + glumes, leaves, and stem + sheath. After sampling, the samples were placed in an oven at 105°C for 30 min to deactivate enzymes and then dried at 70°C to a constant weight before weighing.

DBD represents the dry matter transported before the DH (g stalk−1); DMB is the dry matter mass before the DH (g stalk−1); DMM refers to the dry matter mass at maturity (g stalk−1); DAD is the dry matter transported after the DH (g stalk−1); GY stands for grain yield (g stalk−1); CBD is the contribution of assimilate transport to grain filling before the DH (%); and CAD is the contribution of assimilate transport to grain filling after the DH (%).

[image: Text displaying an equation: DBD equals DMB minus DMM (stem plus sheath plus leaves plus glumes), followed by (1).]

[image: Equation showing "DAD equals GY minus DBD."]

[image: The formula shown is "CBD equals DBD divided by GY times one hundred percent," labeled as equation (3).]

[image: Formula labeled as equation 4: CAD equals DAD divided by GY times one hundred percent.]




2.3.7 Yield and yield components

At the wheat maturity stage, field yield measurement was conducted, with 1 m² selected from each plot for yield measurement and three replicates. For each treatment, the number of spikes per unit area and the number of grains per spike were counted on a double row of 1 m. After threshing, the thousand-grain weight and other indicators were measured and recorded.




2.3.8 Statistical analysis and plotting

A three-way ANOVA was conducted using DPS9.01 Statistical Package (Zhejiang University, Hangzhou, China) on the wheat trait as the response variable and the ‘year’, ‘dry-hot wind’ and ‘24-epibrassinolide’ as fixed variables. Multiple comparisons of each indicator under different treatments were performed using the LSD method with a significant probability level of 0.05. All the graphs were plotted using the “ggplot” package in Origin 2020 and R (4.1.1) (R Core Team, Vienna, Austria, 2020). To explore the complex direct and indirect relationships among variables, structural equation models (SEMs) were constructed. SEMs were used to test and estimate causal relationships using a combination of statistical data and qualitative causal assumptions. The models were built using the “lavaan” package (Rosseel, 2012), which is widely used in SEMs for tasks such as confirmatory factor analysis, path analysis, and other types of structural model estimation.






3 Results



3.1 Endogenous hormone

The DH and EBR have a significant effect on the endogenous hormone content in the flag leaves of wheat (p< 0.01) (Table 1). The ABA content in wheat flag leaves showed a trend of first increasing and then decreasing, with more pronounced changes under DH treatment. Among the measured time points, ABA content under DH conditions reached its maximum on the sixth day, while it peaked on the eighth day under FC conditions. Compared to SW treatment, EBR significantly reduced ABA content in JN17 and LX77 under DH conditions, by 6% to 21% and 4% to 14%, respectively. In contrast, under FC conditions, ABA levels decreased by 5.5% to 11.5% and 1.9% to 12.1%, respectively (Figure 2A). Compared to FC, the reduction in ABA content was more pronounced under DH conditions with EBR treatment. Similarly, JA content also exhibited a trend of first increasing and then decreasing. Under DH conditions, JA content increased during the early stage of treatment and peaked on the third day of the measurement period. Compared to SW treatment, EBR treatment reduced JA content in JN17 and LX77 under DH conditions by 13.4% to 23.4% and 7.7% to 16.4%, respectively. Under FC conditions, EBR treatment decreased JA content in JN17 by 6.8% to 14.8%, while the reduction in LX77 ranged from 5.8% to 14.1% (Figure 2B).

Table 1 | The significant effects (p values) of dry–hot wind and EBR spraying on hormone levels and antioxidant enzyme activity in different wheat cultivars in 2020 and 2021.


[image: Table showing interactions of terms and significance levels for ABA, JA, SA, SOD, POD, and CAT. Significant interactions are marked with asterisks: ** for P<0.01 and * for P<0.05. 'ns' indicates not significant (P>0.05). Terms include Y (year), C (cultivar), D (dry–hot wind), and E (24-epibrassinolide), with combinations like YxC, YxD, and YxCXD.]
[image: Graphs depicting changes in hormone levels over time, divided into sections (A), (B), and (C) for two periods: 2020-2021 and 2021-2022. Each section shows data for genotypes JN17 and LX77, with lines representing different treatment conditions. The y-axes show hormone levels (ABA, JA, SA) in nanograms per gram fresh weight, and the x-axes represent days after experiment initiation. Significant differences are marked with letters above data points.]
Figure 2 | Endogenous hormone regulation of wheat flag leaves in dry–hot wind conditions. (A) Abscisic acid (ABA); (B) jasmonic acid (JA); (C) salicylic acid (SA). FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).

SA content rapidly increased during the early phase of treatment. SA content peaked on the third day of the measurement period under DH conditions, whereas it peaked on the sixth day under FC conditions. Compared to SW, under DH conditions, EBR treatment significantly increased the SA content at all measurement time points following DH treatment. In JN17, the increase ranged from 4.9% to 31.5%, while in LX77, it ranged from 5.8% to 18.4%. Under FC conditions, EBR treatment resulted in a 7.2% to 12.2% increase in SA content in JN17, but significantly affected LX77 only on day 9 after the DH treatment (Figure 2C).




3.2 Photosynthetic physiological parameters in wheat flag leaves

The photosynthetic physiological parameters of wheat flag leaves are presented in Figure 3. Under DH conditions, the Pn, gs, and Tr of flag leaves in the wheat cultivars JN17 and LX77 were significantly lower compared to the FC environment. A declining trend in Pn, gs, and Tr was observed for both cultivars as the treatment progressed. Compared to SW treatment, under DH conditions, EBR significantly increased Pn, gs, and Tr at all measurement time points after DH treatment in both JN17 and LX77. Under FC conditions, it significantly increased Pn and gs at all measurement time points after the start of the Dh treatment, as well as Tr on days 4 and 8. Treatment had no significant statistical effect on Ci in the wheat flag leaf.

[image: Six bar charts compare the effects of four treatments (FC+SW, FC+EBR, DH+SW, DH+EBR) on plant physiological parameters over 0, 4, 8, and 12 days after experiment initiation. The top row represents measurements for JN17, including net photosynthesis rate (Pn), stomatal conductance (gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci). The bottom row shows the same parameters for LX77. Each chart has a legend and uses different colors for each treatment. Bars are annotated with letters indicating statistical significance.]
Figure 3 | Photosynthesis regulation of wheat flag leaves in dry–hot wind conditions. Pn: net photosynthetic rate; gs: stomatal conductance; Tr: transpiration rate; Ci: intercellular CO2 concentration. FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n =3).




3.3 Temperatures of wheat spike and leaf

Compared to JN17, the spike and leaf temperatures of the wheat cultivar LX77 were less affected by DH (Figure 4). Under DH conditions, EBR significantly reduced spike and leaf temperatures in both cultivars compared to the SW treatment (Figure 4B). Specifically, the spike and leaf temperatures of JN17 decreased by 1.27°C and 2.4°C, respectively, while those of LX77 decreased by 0.87°C and 1.6°C, respectively. Under FC conditions, a significant difference was observed in the spike and leaf temperatures of JN17 between the EBR and SW treatments, whereas no statistically significant changes were observed in the spike and leaf temperatures of the wheat cultivar LX77.

[image: (A) Eight thermal images showing temperature variations in two cultivars, JN17 and LX77, under different treatments: DH+EBR, FC+EBR, DH+SW, and FC+SW. The color scale indicates temperature in degrees Celsius. (B) Four bar charts comparing spike and leaf temperatures for JN17 and LX77 across the same treatments, with temperature values marked with letters indicating statistical significance.]
Figure 4 | Temperature regulation of wheat spikes and leaves in dry–hot wind conditions. (A) Infrared thermograms (×M represents the specific point selected by the software for image data processing); (B) the spike and leaf temperatures under different treatments. FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).




3.4 Antioxidant enzyme activity in wheat flag leaves

The DH and EBR have a significant effect on the antioxidant enzyme activity in the flag leaves of wheat (p< 0.01) (Table 1). Under DH treatment, the activities of SOD, POD, and CAT in the flag leaves of the JN17 and LX77 wheat cultivars initially showed an increasing trend, followed by a subsequent decrease. Specifically, during the early stages of treatment, SOD activity under DH conditions was significantly higher than FC environment (Figure 5A). However, as the stress persisted, SOD activity in the wheat under DH conditions significantly decreased in the middle and later stages of treatment. During the early stages of DH stress, POD and CAT activities exhibited similar patterns (Figures 5B, C). EBR significantly increased the content of three antioxidant enzymes under DH conditions.

[image: Line graphs display SOD, POD, and CAT activity over days in genotypes JN17 and LX77 for two years. Each graph has two panels comparing treatments: FC+SW, D1+SW, FC+EBR, and D1+EBR. Activity decreases over time, with variations among treatments. Data from 2021-2022.]
Figure 5 | Antioxidant enzyme activity regulation of wheat flag leaves in dry–hot wind conditions. (A) Superoxide dismutase (SOD); (B) peroxidase (POD); (C) catalase (CAT). FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).




3.5 SPAD in wheat flag leaves

As shown in Figure 6, the SPAD values of flag leaves in the JN17 and LX77 exhibited a declining trend after the initiation of the DH treatment. Initially, the SPAD values of flag leaves under DH conditions were comparable to those under FC conditions. However, as the duration of the DH treatment increased, a noticeable difference was observed between the SPAD values under DH and FC conditions. Under DH conditions, the SPAD values in the EBR treatment were significantly higher than those in the SW treatment. Under FC conditions, there was no significant difference in SPAD values between the EBR and SW treatments at the early stages of the experimental treatment. As the experiment progressed, the SPAD values in the EBR treatment became significantly higher than those in the SW treatment.

[image: Four bar charts compare SPAD values for two groups (JN17 and LX77) over different years (2020-2021 and 2021-2022) at intervals of 0, 3, 6, 9, and 12 days after experiment initiation. Each chart displays data for four treatments: FC+SW, FC+EBR, DH+SW, and DH+EBR, with distinct colors. Data indicates different SPAD levels over time for each treatment.]
Figure 6 | SPAD values regulation of wheat flag leaves in dry-hot wind conditions. FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 10).




3.6 Fluorescence characteristics in wheat flag leaves

The maximal photochemical efficiencies of the PSII (Fv/Fm) in the flag leaves of both wheat cultivars grown under DH conditions were significantly lower than those of FC-grown wheat (Figure 7A). Notably, the LX77 flag leaves exhibited less sensitivity to the detrimental effects of DH stress on Fv/Fm values than JN17, suggesting that photosynthesis in LX77 was less impacted as well. Under DH conditions, the application of EBR significantly elevated the Fv/Fm values in the flag leaves of both wheat cultivars compared to SW. Moreover, during the course time of the treatments, the disparity in the Fv/Fm values between SW- and EBR-treated wheat leaves widened, indicating that EBR can effectively mitigate the adverse effects of DH stress on PSII photochemical efficiency.

[image: Bar charts display the effects of different treatments over time on Fv/Fm and PIabs for two varieties, JN17 and LX77, across two periods, 2020-2021 and 2021-2022. Each chart compares treatments: FC+SW, FC+EBR, DH+SW, and DH+EBR over zero, three, and six days after experiment initiation, indicated by statistical annotations (a, b, c, etc.). The Fv/Fm value charts are on the left, showing range from 0.5 to 1.0, while the PIabs charts are on the right, with values from 0 to 15.]
Figure 7 | Fluorescence characteristics regulation of wheat flag leaves in dry-hot wind conditions. (A) The maximal photochemical efficiency of the photosystem II (Fv/Fm). (B) Photosynthetic performance index based on absorption (PIabs). FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry–hot wind conditions, and spraying 24-epibrassinolide under dry–hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). Bars represent mean values ± SE (n = 3).

Similarly, photosynthetic performance indices based on the absorption (PIabs) of the flag leaves of both wheat cultivars under DH conditions significantly varied compared to the FC-grown wheat (Figure 7B). The PIabs of LX77 showed less fluctuation than that of JN17 under DH conditions, indicating a relatively more stable photosynthetic performance. Furthermore, PIabs exhibited greater variability and a faster rate of decline with the increasing duration of DH treatment compared to Fv/Fm. Under DH conditions, the EBR treatment significantly enhanced the PIabs values in the flag leaves of both wheat cultivars compared to SW.




3.7 Dry matter accumulation and distribution

Prior to DH treatment, the dry matter weights and organ proportions of the JN17 and LX77 wheat cultivars were comparable, as shown in Table 2. Significant reductions in the dry matter weights of the stem + sheath and leaf at maturity were observed in both cultivars following the DH treatment, but there was no significant impact on the rachis +glumes (Table 3). Specifically, under DH conditions, the total dry matter weight of JN17 decreased by 16%, the stem + sheath weight decreased by 8%, the leaf weight decreased by 25%, and the grain weight decreased by 23.1%, whereas LX77 showed reductions of 13.5%, 6.2%, 22.5%, and 18.6%, respectively, compared to the FC conditions.

Table 2 | Weights and proportions of dry matter in different wheat organs at the beginning dry–hot wind treatment.


[image: A table compares the effects of different treatments on two cultivars, JN17 and LX77, measuring total, stem and sheath, leaf, and spike weights and ratios. Treatments include FC + SW, FC + EBR, DH + SW, DH + EBR. Data show variations in gram per stalk weights and percentage ratios for each organ. Different letters indicate significant differences at p < 0.05, with explanations provided for treatment abbreviations and ratios.]
Table 3 | Weights and proportions of dry matter in different organs of wheat at maturity.


[image: A data table illustrates the effects of various treatments on two cultivars, JN17 and LX77, in terms of weight and ratio for different plant parts. Treatments include FC + SW, FC + EBR, DH + SW, and DH + EBR. The table shows measurements for total plant, stem and sheath, leaf, rachis and glumes, and grain, recorded as weight (g·Stalk⁻¹) and percentage ratio for each part. Lowercase letters denote statistically significant differences. The table caption explains the treatments and significance levels.]
Remarkably, EBR mitigated these reductions, significantly enhancing organ dry matter weights under DH treatment, as is evident in Table 3, compared to SW, EBR increased the total dry matter weights by 9% in JN17 and 7.9% in LX77, stem + sheath weights by 3.75% and 4.49%, leaf weights by 29.4% and 14.3%, and grain weights by 13% and 11.9%, respectively. No significant effects on the dry matter weights of rachis + glumes were observed. In addition, EBR regulated organ dry matter weight as a proportion of the whole plant in both varieties, reducing the proportion of stems + sheaths and increasing the proportion of grains (Table 4).

Table 4 | Redistribution of dry matter in vegetative organs of wheat after dry–hot wind treatment.


[image: Table comparing treatments on two cultivars, JN17 and LX77, with columns for DBD and DAD in grams per stalk, and CBD and CAD percentages. Treatments include FC + SW, FC + EBR, DH + SW, and DH + EBR. Data shows variability in values, marked by different letters indicating significant differences. Definitions and treatment conditions are noted below the table.]



3.8 Yield and yield components

DH stress significantly impacted wheat grain yield, as shown in Table 5. Compared to wheat grown under FC conditions, JN17 experienced a yield reduction of approximately 11.8% in the first year and 9.7% in the second year under DH conditions. Similarly, LX77 showed a yield reduction of around 9% in the first year and 6.6% in the second year under the same conditions. Notably, DH stress did not significantly alter the number of spikes per unit area or the number of grains per spike, but it significantly decreased wheat thousand-grain weight (Table 5). Specifically, compared to FC, JN17 exhibited a reduction in thousand-grain weight of approximately 12.1% in the first year and 9% in the second year, while LX77 showed reductions of about 6.9% and 6.3%, respectively. Analysis revealed that LX77’s yield and thousand-grain weight were less affected by DH stress compared to JN17.

Table 5 | EBR regulates wheat yield and its components under dry–hot wind conditions.


[image: Table comparing the effect of various treatments on wheat cultivars JN17 and LX77 during 2020-2021 and 2021-2022. Metrics include spike number per square meter, grain number per spike, one thousand-grain weight, and grain yield in kilograms per hectare. Treatments include combinations of field and dry-hot wind conditions with water or 24-epibrassinolide spray. ANOVA results with F-values indicate significant differences. Explanatory notes define abbreviations and significance levels.]
EBR significantly increased wheat yield and thousand-grain weight, with no significant effects on the number of spikes per unit area or grains per spike. Under DH conditions, compared to SW, EBR elevated the yield of JN17 by approximately 9.2% in the first year and 7.5% in the second year; the yield of LX77 increased by 4.9% and 2.3%, respectively. In contrast, under FC conditions, EBR increased the yield of JN17 by 5.1% and 4.3% in the first and second years, respectively, while the yield of LX77 was enhanced by about 1% in both years. Importantly, EBR’s enhancing effect on wheat yield under DH stress was markedly more pronounced than under FC conditions.




3.9 Analysis of correlation

A Pearson’s correlation analysis was conducted on the experimental measurement indicators (Figure 8). The ABA content in the flag leaves of the JN17 and LX77 wheat varieties exhibited a significant negative correlation with gs. ABA content was significantly negatively correlated with both yield and Pn in these two wheat varieties. The gs of flag leaves in JN17 and LX77 was significantly positively correlated with Tr. Conversely, gs was negatively correlated with spike temperature and leaf temperature. Spike temperature and leaf temperature were negatively correlated with the activities of antioxidant enzymes, including SOD and CAT, as well as with Fv/Fm. Notably, spike temperature and leaf temperature were significantly negatively correlated with PIabs of wheat flag leaves. Furthermore, spike temperature and leaf temperature were negatively correlated with yield in JN17 and significantly negatively correlated with yield in LX77. In summary, exogenous EBR enhanced wheat’s resistance to DH, particularly by reducing spike and leaf temperatures, optimizing hormonal balance in the leaves, and increasing antioxidant capacity. This was beneficial for improving the photosynthetic capacity of wheat leaves under DH conditions, thereby promoting dry matter accumulation and maintaining yield.

[image: Two correlation matrices labeled JN17 and LX77 display relationships between variables. Both use color gradients from blue to red to represent correlation values. Darker colors indicate stronger correlations, demonstrated with stars to signify significance levels. A color bar on the right shows values from negative one to one.]
Figure 8 | Correlation analysis. GY represents yield (kg ha-1); GW represents 1000-grain weight (g); GN represents grain number (Spike-1); SN represents spike number (plants m-2); FF represents Fv/Fm; PI represents PIabs; ST represents spike temperature (℃); and YT represents leaf temperature (℃). Pn represents net photosynthetic rate; Ci represents lntercellular CO2 concentration; gs represents stomatal conductance; Tr represents transpiration rate; SOD represents superoxide dismutase; POD represents peroxidase; CAT represents catalase. SA represents salicylic acid; ABA represents abscisic acid; JA represents jasmonic acid. * represents a significant correlation (p< 0.05), ** represents a fairly significant correlation (p< 0.01), and *** represents a very significant correlation (p< 0.001). The darker the color, the stronger the correlation (blue indicates a positive correlation and red indicates a negative correlation).




3.10 Structural equation modeling

Under the SW treatment, the model results showed a good fit (χ2 = 3.159, df = 3.000, GFI = 1.000, RMSEA = 0.047, p = 0.368), and all fit indices indicated that the data matched the model well. This model adequately explained the latent variables and their related path coefficients, revealing the effects of different factors on Pn. The positive path coefficient between leaf temperature (T) and ABA was 0.97 (p< 0.001), indicating that under SW treatment, an increase in T significantly elevated ABA content. Similarly, T had a significant negative effect on SOD activity, with a path coefficient of -1.84 (p< 0.001). However, T had no significant effect on SA and SPAD, with path coefficients of -0.17 (p > 0.05) and -0.48 (p > 0.05), respectively. Additionally, a significant positive correlation was observed between SOD and SPAD, with a path coefficient of 0.89 (p< 0.001), suggesting that increased SOD activity significantly co-occurred with higher SPAD values. Furthermore, both SOD and SPAD had significant direct positive effects on Pn, with path coefficients of 0.40 (p< 0.001) and 0.21 (p< 0.001), respectively. The R² analysis indicated that the model explained 98.1% (R2 = 0.981) of the variance in Pn.

Under EBR treatment, the model showed a reasonable fit (χ2 = 5.014, df = 3.000, GFI = 1.000, RMSEA = 0.167, p = 0.171). The positive relationship between T and ABA remained significant under this condition, with a path coefficient of 0.92 (p< 0.001), indicating that an increase in T still significantly enhanced ABA accumulation. However, the effect of T on SA was insignificant, with a path coefficient of 0.03 (p > 0.05). A significant negative relationship between T and SPAD also emerged, with a path coefficient of -0.73 (p< 0.05), while the negative effect of T on SOD remained significant, with a path coefficient of -1.87 (p< 0.001). The positive correlation between SOD and SPAD was still significant, with a path coefficient of 0.63 (p< 0.001), showing that SOD activity was positively associated with SPAD. This result was consistent with the SW treatment. However, unlike the SW treatment, SOD had no significant direct effect on Pn (path coefficient 0.04, p > 0.05), whereas the effect of SPAD on Pn was enhanced under EBR treatment, with a path coefficient of 0.32 (p< 0.001). R2 analysis revealed that the model explained 97.1% (R2 = 0.971) of the variance in Pn under EBR treatment. Overall, both under SW and EBR treatments, T and ABA showed a significant positive regulatory relationship, suggesting that T plays a crucial role in regulating ABA synthesis or accumulation. Compared to SW treatment, EBR positively regulated the effect of the SA pathway on SPAD values and the influence of SPAD on Pn, enhancing wheat’s ability to regulate hormones in response to DH stress and thereby improving its capacity to cope with such conditions. Additionally, EBR reduced the impact of antioxidant enzyme pathways, such as SOD, on the net photosynthetic rate, alleviating the damage caused by DH and decreasing wheat’s reliance on antioxidant enzymes to maintain Pn (Figure 9).

[image: Diagrams show structural equation models (SEMs) for two conditions: SW and EBR. Each model includes variables ABA, T, SA, SOD, SPAD, and Pn. Arrows indicate relationships with numerical values and significance levels such as "***," "**," "*," and "ns" representing different significance levels. R-squared values are given for each variable in red. Model fit indices include chi-square, degrees of freedom, goodness of fit index, root mean square error of approximation, and p-values, showing different outcomes for each condition.]
Figure 9 | Structural equation model. T represents leaf temperature; ABA represents abscisic acid; SA represents salicylic acid; SOD represents superoxide dismutase; Pn represents net photosynthetic rate; X2 represents chi-square statistic; df represents degrees of freedom of the model; gfi represents goodness of fit index; rmsea represents root mean square error of approximation; p represents P-value of the chi-square test. * represents p< 0.05, ** represents p< 0.01, *** represents p< 0.001, and ns represents p > 0.05. SW represent spraying water; EBR represent spraying 24-epibrassinolide.





4 Discussions



4.1 Effects of EBR on the homeostasis of endogenous hormones in wheat flag leaves subjected to dry–hot wind stress

The accumulation of ABA and JA in wheat flag leaves decreased, while the accumulation of SA increased under EBR treatment (Figure 2).

Under stress conditions such as high temperature, drought (Kong et al., 2021), and high salinity (Kaur and Asthir, 2020), ABA rapidly accumulates in wheat, activating signaling pathways that enhance stress adaptation and growth activity, thereby promoting plant growth under stress. Both JA (Pedranzani et al., 2003; De Ollas et al., 2013; Yan et al., 2015; Ali and Baek, 2020) and SA (Fayez and Bazaid, 2014; Dong et al., 2014; Yadava et al., 2015; Wang et al., 2018; La et al., 2019; Fan et al., 2022) play pivotal roles in mediating responses to abiotic stresses, including salinity, drought, waterlogging, heavy metals, and temperature variations. Prior research has established an antagonistic relationship between ABA and BRs during plant growth and development. EBR treatment can downregulate the expression of ABA pathway-regulated transcription factors (BrABI1, BrABI2, BrABI5) in fresh daylily flower buds, leading to a significant reduction in endogenous ABA content (Yao et al., 2017). In Arabidopsis, EBR can stimulate the SA-sensing pathway in response to stress (Divi et al., 2010). In cotton, the biotic -stress-induced transcription factor GhTINY2 orchestrates a balance between SA-mediated immune responses and BR-regulated growth and defense mechanisms (Xiao et al., 2021). The intricate interplay between the BRs and JA pathways is exemplified by their inhibitory effects on root elongation in both wild-type Arabidopsis and the psc1coi1 mutant, mediated by JA (Ren et al., 2009). While in bok choy, EBR delays leaf senescence by antagonizing JA and ABA (Zhu et al., 2023). In wheat, consistent with previous studies in rice and Arabidopsis (Liao et al., 2020; Li et al., 2021), EBR treatment resulted in a reduction in the levels of ABA and JA in the leaves (Figures 2A, B). The decrease in ABA content led to an increase in gs, which subsequently enhanced Tr, reduced spike leaf temperature, and contributed to an increase in antioxidant enzyme activities, ultimately improving Pn. Moreover, the elevation in SA levels indicates that wheat’s stress resistance was significantly enhanced under EBR treatment. This suggests that EBR can enhance wheat resistance to DH by modulating the hormonal balance.




4.2 Regulatory effects of EBR on photosynthesis and canopy temperature in wheat subjected to dry–hot wind stress

BRs are capable of downregulating ABA biosynthesis genes, leading to a reduced ABA content in plants, and they can directly influence stomata, regulating their aperture. Previous studies have demonstrated that low-concentration applications of BRs on tomatoes promote stomatal opening (Xia et al., 2014), and EBR has been specifically shown to increase gs in melon leaves under high-temperature stress (Zhang et al., 2013). In the current experiment, the EBR concentration used was 0.1 mg·L-1, which falls within the range of low concentrations known to directly regulate stomatal opening. Under DH stress conditions, the Tr values of flag leaves were significantly reduced in both wheat cultivars. However, EBR effectively alleviated the negative impacts of DH on Tr (Figure 3). Furthermore, DH treatment markedly increased spike and leaf temperatures in wheat, whereas EBR treatment significantly mitigated these temperature increases compared to SW (Figure 4). The enhancement of Tr in wheat by EBR can be attributed to its capacity to increase gs. Tr represents the amount of water transpired per unit leaf area over a specified time interval, and the transpired water acts as a heat dissipater, thereby enabling EBR to lower spike and leaf temperatures in wheat and mitigate heat stress. Additionally, it was previously established that EBR can elevate gs, proline content, and relative water content in mustard plants subjected to drought stress (Fariduddin et al., 2009). These findings are consistent with the current experimental results, which show that EBR increases the flag leaf Tr in wheat, thereby reducing heat stress on intracellular proteins and enzymes. Collectively, these results suggest that EBR plays a crucial role in mitigating the detrimental effects of DH stress on wheat physiology by modulating stomatal function and enhancing water relations.

However, it is worth noting a critical issue in this experiment—namely, the impact of the covering film on photosynthetically active radiation (PAR) within the greenhouse. This factor should be addressed because the light transmittance of the covering film led to a reduction in PAR, which subsequently altered the original physiological processes of wheat under DH conditions. As a result, the diminished photosynthetic capacity of wheat under DH stress can be partly attributed to the reduction in PAR. Nevertheless, previous studies suggest that the use of polyethylene films in drought tolerance research is a well-established and viable approach (Al-Madani et al., 2024). Moreover, the data in this study indicate that EBR treatment significantly improved both hormonal regulation (Figure 2) and photosynthetic capacity (Figures 3, 6, 7) of wheat under DH conditions compared to the SW treatment. Although the PAR inside the greenhouse was indeed reduced compared to that under FC conditions, this does not impede the investigation of EBR’s effects under DH stress.




4.3 Regulatory effects of EBR on the antioxidant system, SPAD values, and chlorophyll fluorescence in wheat flag leaves under dry–hot wind stress

The activities of antioxidant enzymes, including SOD, POD, and CAT, in wheat flag leaves were notably augmented under EBR treatment (Figure 5).

Abiotic stress often leads to ROS accumulation in wheat, inducing oxidative stress and compromising plant growth and development (Ru et al., 2023). Wheat maintains ROS homeostasis through its endogenous antioxidant enzyme system, particularly SOD, CAT, and POD (Miller et al., 2010). Prior studies have shown that, in Pinellia ternata EBR upregulates the expression of FeSOD, POD, and CAT genes, enhancing proline synthesis (mediated by P5CS1) (Guo et al., 2022), increasing gs and Tr (Figure 3). In the early stages of stress, SOD (Figure 5A), POD (Figure 5B), and CAT (Figure 5C) activities increased significantly to counteract ROS accumulation in the wheat cultivars under DH conditions. EBR further elevated these activities, consistent with previous findings (Khan et al., 2022).

Chlorophyll fluorescence parameters, particularly Fv/Fm and PIabs, provide insights into the intricate interplay between plant photosynthesis and environmental stresses (Kalaji et al., 2016). Fv/Fm serves as a proxy for the primary photochemical conversion efficiency of PSII, whereas PIabs values more intimately reflect the consequences of external stress on the photosynthetic machinery (Van Heerden et al., 2004). In the context of leaf senescence, chlorophyll degradation emerges as a pivotal metabolic event, with a decline in total SPAD value (Relative chlorophyll content) serving as a reliable indicator of this process (Hörtensteiner, 2006).

Wheat plants possess the capacity to maintain SPAD value during the initial phases of stress exposure through self-regulation (Figure 6). However, as stress intensity escalates beyond the plant’s tolerance threshold, chlorophyll degradation commences, accelerating leaf senescence. Notably, EBR significantly elevated the SPAD, Fv/Fm, and PIabs values of flag leaves in both wheat cultivars (Figures 6, 7). This enhancement can be attributed to the following two primary mechanisms: firstly, spike and leaf temperatures are mitigated (Figure 4), alleviating heat stress and consequently slowing chlorophyll degradation (Figure 6). Secondly, the increase in antioxidant enzyme activities (Figure 5) has effectively inhibited the accumulation of ROS. Furthermore, EBR treatment upregulates the expression of chlorophyll synthesis genes, contributing to an increase in the relative chlorophyll content (Peng et al., 2020). Additionally, EBR promotes thermal dissipation in plants, safeguarding the PSII reaction center and electron transport chain (Hu et al., 2013; Lima and Lobato, 2017), thereby enhancing both the “quantity” and “quality” of chlorophyll in a dual manner.




4.4 Regulatory effects of EBR on dry matter transport and yield in wheat subjected to dry–hot wind stress

DH stress affects wheat yield by reducing the grain weight of the two cultivars, with no notable impact on the number of spikes or grains per spike (Table 5).

Under DH conditions, the SPAD of the wheat plants decreased, leading to an insufficiency of antenna pigment molecules essential for light energy absorption. Consequently, the Fv/Fm and PIabs values of the sheltered wheat cultivars were also lower, indicating a weakened capacity of PSII to capture and transfer electrons. This diminished electron transfer resulted in insufficient chemical energy for the carbon fixation reaction, ultimately causing a significant reduction in the accumulation of total dry matter and grain weight compared to FC-grown wheat. In contrast, treatment with EBR effectively mitigated the adverse effects of DH stress in both wheat cultivars. Specifically, the variation in the ratio between grain yield and dry matter was low. This stability in the ratio indicates that the effects of the treatment on dry matter were effectively transmitted to the yield. The effect of EBR is not limited to influencing a single physiological parameter but enhanced the translocation of dry matter from various vegetative organs to the grains (Tables 2–4), thereby increasing grain weight. This finding aligns with previous studies reporting that treatment with 0.1 mg·L-1 EBR resulted in grain yield increments of 18% and 20% upon cessation of irrigation during the flowering and grain filling stages of wheat (Dehghan et al., 2020). Importantly, EBR treatment had no significant effects on the number of spikes or grains per spike (Table 5). Therefore, the yield-enhancing effect of EBR under DH stress was achieved primarily through the optimization of grain filling processes rather than by modulating spike or grain number.




4.5 Differential responses of dry–hot wind-sensitive and resistant wheat cultivars to EBR treatment

EBR treatment alleviated dry–hot wind stress in both wheat cultivars with different resistance levels; however, its regulatory effects differed significantly between JN17 and LX77. Specifically, under EBR treatment, physiological parameters (such as photosynthetic parameters and SPAD values) and antioxidant enzyme activities (SOD, POD, and CAT) exhibited a significantly greater increase in the sensitive cultivar JN17 than in the resistant cultivar LX77 (Figures 3, 5–7). This suggests that EBR may have a more pronounced relative effect in enhancing the tolerance of dry–hot wind-sensitive cultivars. This phenomenon may be attributed to the lower intrinsic resistance of sensitive cultivars to dry–hot wind stress, which allows their physiological and metabolic pathways to be more effectively activated and optimized in response to EBR treatment. In contrast, LX77 exhibited superior stomatal regulation, antioxidant systems, and photosynthetic capacity compared to the sensitive cultivar JN17. Although EBR treatment still exerted positive effects on LX77, such as improving PSII activity, enhancing photosynthesis, and increasing antioxidant enzyme activities, the overall improvement was relatively smaller. This indicates that EBR may have a “response threshold” or “effect saturation” in highly resistant wheat cultivars. That is, while EBR can enhance stress tolerance to a certain extent, its ability to further improve resistance in cultivars that already possess strong tolerance mechanisms may be limited. Furthermore, the differential effects of EBR treatment in the two cultivars may also be related to differences in endogenous hormone regulation mechanisms. Different wheat genotypes may exhibit varying sensitivities to EBR-induced hormone signaling pathways, potentially leading to a stronger hormonal response and physiological improvement in the sensitive cultivar after EBR treatment, whereas the response amplitude in the resistant cultivar remains relatively smaller. The model suggests a common regulatory pathway for EBR-mediated stress tolerance (Figure 9); however, the response may vary across wheat genotypes. In this study, the JN17 exhibited a more pronounced improvement compared to the LX77, indicating that genotype-specific differences in stress perception and physiological regulation may influence EBR effectiveness. Future studies incorporating a wider range of wheat genotypes and molecular-level analyses are needed to refine the model and assess its broader applicability.




4.6 Limitations of this study and the large-scale application and diffusion of EBR

While this study provides insights into the effects of EBR on wheat under DH, certain limitations must be acknowledged. First, the study did not evaluate transcription factors or ABA/JA/SA-responsive genes, which limits a deeper understanding of how EBR regulates molecular mechanisms involving endogenous hormones such as ABA, JA, and SA. Furthermore, the use of covering films in the experiments may have disrupted PAR, potentially affecting the plants’ photosynthetic capacity. This study was also limited to only two wheat cultivars, which may constrain the generalizability of the findings to other cultivars. In addition, wind speed was not recorded during the field trials, as natural wind fluctuations were inherently variable and typically below the threshold required to induce significant heat stress. Nevertheless, the consistency of cultivation methods and control of key environmental parameters ensured the reliability and comparability of data across the treatment groups.

EBR is a promising plant growth regulator with significant potential to enhance crop stress tolerance, improve yield, and promote growth in diverse agricultural systems. However, several technical and economic challenges remain for its large-scale application. These include issues related to cost-effectiveness, environmental adaptability, and differences in the mode of action between crop species. Additionally, EBR performance must be rigorously evaluated under varying agricultural conditions to ensure its sustainability and broad applicability. Considering the practical agricultural environment, the field trial design in this study did not control for temperature, humidity, or wind speed, effectively simulating real-world farming conditions. This approach captured the complex interactions between external environmental variables and crop performance, thereby providing a more reliable reference point for the practical application of EBR in agriculture. Nonetheless, future research should emphasize the monitoring and control of environmental variables, particularly through comparative experiments conducted in controlled or temperature-regulated environments, to more accurately dissect the underlying mechanisms of EBR action. Investigating EBR’s efficacy under diverse environmental conditions will further substantiate its adaptability and stability in dynamic agricultural settings.

In conclusion, while EBR hold great promise in improving crop resilience and productivity, overcoming the current technical and economic barriers is essential for their widespread adoption. Future studies should prioritize optimizing EBR application strategies, assessing its performance across different crops and environmental conditions, and addressing cost-related challenges to ensure its sustainable and broad application in modern agriculture.





5 Conclusions

EBR has shown significant effects in enhancing wheat resistance to DH stress; this mechanism lies in its ability to effectively reduce the ABA content in wheat flag leaves, thereby promoting stomatal opening, increasing the Tr, and ultimately achieving a significant reduction in the spike and leaf temperatures. This process effectively alleviates the heat stress caused by dry–hot wind, stabilizes the antioxidant enzyme activity in wheat, thereby significantly enhancing wheat’s resistance to dry–hot wind. Further studies have found that EBR can increase the relative chlorophyll content in wheat flag leaves, which directly enhances their Fv/Fm and PIabs values. During the grain filling period of wheat, this effect significantly enhances the dry matter transfer capacity under dry–hot wind stress, providing strong support for wheat yield and quality. Notably, EBR also enhances wheat’s hormonal regulation abilities by increasing the path coefficient of SA to SPAD and SPAD to Pn values. This enhanced regulatory ability effectively maintains the Pn of wheat, thereby significantly mitigating the adverse effects of dry–hot wind on wheat growth and development. To present a deeper understanding of the mitigating effects of EBR on wheat under dry–hot wind stress, the schematic diagram presented in Figure 10 was constructed in this study.

[image: Diagram illustrating the effects of EBR (epibrassinolide) on plants under high temperature. It shows decreases in endogenous hormones ABA, JA, and an increase in SA. The transpiration rate rises by 7% to 10%, increasing stomatal conductance. Antioxidant enzymes like SOD and POD increase by 8.5% to 31.4%, inhibiting ROS and reducing membrane lipid peroxidation. Chloroplast content increases by 5.2% to 41%. Net photosynthetic rate increases by 10.5% to 12%, boosting grain yield by 7.5%. Spike and leaf temperatures also change, affecting photosystem and photosynthetic performance indices.]
Figure 10 | Pattern diagram. EBR, 24-epibrassinolide; ABA, abscisic acid; JA, jasmonic acid; SA, salicylic acid; SOD, superoxide dismutase; POD, peroxidase; ROS, reactive oxygen species.
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Introduction

Understanding the stress recovery of trees, particularly with respect to increasing droughts due to climate change, is crucial. An often-overlooked aspect is how short versus long drought events of high intensity (i.e., low and high stress dose) result in stress damage and affect post-stress recovery.





Methods

This study examines the stress and recovery dynamics of 3-year-old Picea abies following a short drought (n = 5) of 18 days or a long drought (n = 9) of 51 days during late summer. We particularly assessed how the recovery of canopy conductance and tree transpiration is linked to i) stress intensity in terms of minimum water potential, ii) stress duration inferred by days below a water potential related to 12% hydraulic conductance loss (dP12), iii) stress dose inferred by the cumulative tree water deficit on days below P12 (TWDP12) as well as the cumulative water potential (Ψcum), and iv) the percent loss of conductive xylem area (PLA).





Results

Both drought treatments resulted in stem and root embolism with a higher PLA of 49% ± 10% in the long drought treatment compared to 18% ± 6% in the short drought treatment consistent across the measured plant parts. Suffering from embolism and leaf shedding (long drought, 32%; short drought, 12%), canopy conductance in the long drought treatment recovered to 41% ± 3% of the control and in the short drought treatment to 66% ± 4% at 12 days after drought release. These recovery rates were well explained by the observed PLA (R2 = 0.66) and the dP12 (R2 = 0.62) but best explained by stress dose metrics, particularly the cumulative TWDP12 (R2 = 0.88).





Discussion

Our study highlights that stress duration and intensity should be integrated to assess post-stress recovery rates. Here, the tree water deficit derived from point dendrometers appears promising, as it provides a non-destructive and high temporal resolution of the stress dose.





Keywords: stress recovery, drought stress, tree water deficit, stress dose, tree water fluxes




1 Introduction

Climate change is driving more frequent and severe drought periods, with significant consequences for tree performance and survival. Globally, tree dieback has been repeatedly linked to drought in the Anthropocene (Allen et al., 2010; Anderegg et al., 2013; Nardini et al., 2013; Adams et al., 2017; Cailleret et al., 2017; Choat et al., 2018). In Central Europe, an intensification of summer droughts in recent years has profoundly impacted temperate forests, causing early leaf senescence in broadleaves and increased mortality particularly in conifers (Hari et al., 2020; Schuldt et al., 2020; Salomón et al., 2022). Often, trees did not die directly during the drought event, but drought events induced functional impairments and structural damages, resulting in tree death months to years later (Cailleret et al., 2017; Trugman et al., 2018). Ultimately, the survival and post-stress recovery of trees depend on many factors including the extent of the drought period and its intensity as well as the timing (Kannenberg et al., 2020; Ruehr and Nadal-Sala, 2025). Particularly, drought stress dose (intensity over time) may play a critical role as stress impairment and damage accumulate. Prolonged periods of water deficit consequently increase the likelihood of embolism formation and cellular damages, altering plant water transport capacities with consequences for leaf-level gas exchange rates post-drought (Rehschuh et al., 2020).

In trees, water is transported passively under tension from the soil via roots, stems, and branches to the leaves, where it is transpired via the stomata (Tyree and Zimmermann, 2002). This water transport occurs within the xylem, relying on intact, continuous, water-filled columns. Due to resistances along the transport pathway, water is transported in a metastable state under tension. During drought periods, trees initially maintain hydraulic functioning by closing stomata, which reduces water loss and delays critical tension within the xylem. With further declining soil water content and/or increasing vapor pressure deficit (VPD), trees continue to dehydrate due to cuticular water loss (Beikircher and Mayr, 2013; Blackman et al., 2023), which increases hydraulic tension and decreases plant internal water storage. This decrease in plant water storage can be measured by stem diameter shrinkage using high-resolution dendrometers and has been referred to as tree water deficit (TWD; Zweifel, 2016). Unlike water potential (Ψ) measurements, which are often invasive and non-continuous, TWD allows for continuous, non-invasive tracking of plant water status and leaf Ψ (Ziegler et al., 2024). Cavitation of xylem water columns is triggered alongside increasing xylem tensions, resulting in air-filled conduits (i.e., embolism; Tyree and Sperry, 1988). Once the first conduits are embolized, the water transport capacity declines, causing further increases in xylem tension, which may trigger further embolism spread (“runaway embolism”; Tyree and Sperry, 1988). The onset of embolism spread is commonly compared among species and organs as P12, the xylem pressure at which 12% of hydraulic conductivity is lost. Concurrently, P50 is often referred to as the xylem pressure at which structural damages occur (Brodribb and Cochard, 2009; Preisler et al., 2021), and embolism refilling post-drought has been shown to be unlikely in conifers (Hammond et al., 2019; Rehschuh et al., 2020; Mantova et al., 2022; Wagner et al., 2023). The degree to which tissues are damaged during drought depends on the intensity and duration of the drought event and may differ among plant organs (Johnson et al., 2016), with consequences for post-stress recovery. The hydraulic vulnerability segmentation hypothesis (Tyree and Ewers, 1991; Tyree and Zimmermann, 2002) suggests that there are distinct patterns of vulnerability thresholds to drought-induced xylem embolism within plants. According to this hypothesis, distal plant parts like leaves or roots are more susceptible to embolism formation compared to central and older parts such as the trunk. This segmentation may protect the central water transport structures with high carbon investments. The duration of a drought event may hence affect the degree of embolism in different tree tissues. It is likely that the longer the drought lasts, the more uniform the tissue water potential becomes alongside the embolism spread. However, the drought duration may also trigger leaf damage and result in leaf shedding, which typically increases with drought duration, mitigating water loss and embolism spread (Nadal-Sala et al., 2021; Sterck et al., 2024). Thus, embolism spread and tissue damage can critically affect the post-stress recovery capacity of trees.

The post-stress recovery rate of gas exchange and embolism repair is directly dependent on the physiological impact of the drought (Choat et al., 2018; Ruehr et al., 2019). Recent findings indicate that recovery is delayed more significantly by a prolonged drought than by a short, intense drought (Jiao et al., 2021). This suggests that recovery is impacted not solely by the minimum water potential (Ψmin) reached as an indication of drought intensity but by ancillary environmental factors, species-specific traits, and genetic factors, as well as physiological responses. For example, stress accumulation over time, i.e., the time spent under a critical threshold, may have a significant impact on recovery (Choat et al., 2018). The accumulation of drought stress results in continuing tissue dehydration, causing damage to living cells and resulting in loss of tissue functionality (Mantova et al., 2022). These damages, particularly to the water-conducting system of the trees, may accumulate over time with consequences for post-stress carbon uptake. An efficient recovery of gas exchange could be vital to resume normal metabolic functions and to upregulate growth in order to form new functional tissues (Ruehr et al., 2019). Hence, the combination of duration and severity, i.e., stress dose, of the drought may be decisive, as functional damages accumulate over time and consequently impair recovery processes. While some studies have successfully used drought stress dose as a cumulative stress impact metric, either in soil water potential (Zang et al., 2014b) or in growth after successive droughts (Navarro-Cerrillo et al., 2018; Gazol et al., 2020), most studies have focused on peak stress indices, like minimum Ψ. Although not widely adopted in experimental studies, integrating stress dose as a standard metric has great potential to improve our understanding of how drought length and intensity jointly shape recovery potential.

The ability of conifers to recover post-drought appears to be lower than that in angiosperms. This may be related to a lower amount of parenchyma cells, resulting in smaller carbohydrate storage pools, which are critical for tissue repair and regrowth of new functional xylem (Martínez-Vilalta et al., 2016; DeSoto et al., 2020). Additionally, conifers have a lower ability to refill water reservoirs after prolonged drought periods (Knüver et al., 2022; Salomón et al., 2022). Particularly, drought-induced leaf shedding can alter the whole tree water balance, resulting in pronounced stress legacy (Ruehr and Nadal-Sala, 2025). These physiological factors may contribute to the recent decline in Norway spruce (Picea abies H. Karst.) in Central Europe following bark beetle outbreaks after major drought events. Norway spruce is considered an isohydric species (Grams et al., 2021), closing stomata early during drought to reduce water loss and hence minimize hydraulic tension and runaway embolism. Nonetheless, Arend et al. (2021) reported a collapse of the hydraulic system in mature Norway spruce upon drought with rapid embolism spread after the initial onset of embolism formation. This highlights the susceptibility of Norway spruce to severe drought and raises the question of how trees can recover following drought release. While some studies have investigated the recovery ability of Norway spruce to drought (Tomasella et al., 2017; Hájíčková et al., 2021; Knüver et al., 2022; Hesse et al., 2023), a detailed assessment of the instantaneous post-drought recovery in relation to drought dose and hydraulic impairment is missing thus far.

In this study, we investigated canopy transpiration (Ec) and canopy conductance (gc) of 3-year-old Norway spruce trees in response to drought and post-drought recovery. To assess potential drought impacts on recovery success, we related Ec and gc to needle water potential and tree water deficit from high-resolution dendrometer measurements as well as embolism formation based on micro-CT scans. We subjected the trees to either a control treatment or a short or long drought treatment, which resulted in a low or high stress dose. The drought treatments differed in drought progression: in the long drought treatment, the drought was initially moderate, followed by an intense drought episode, while the trees in the short drought treatment only experienced a short intense drought episode. This resulted in similar minimum water potentials reached but differences in the accumulated stress dose, which allowed us to investigate the following hypotheses: 1) drought duration under the P12 threshold is a key factor in determining embolism formation. 2) Persisting embolism post-drought are non-uniformly distributed among above- and belowground organs following a short drought, but more uniformly distributed following a long drought. 3) The recovery potential of gc and E cannot solely be explained by the minimum Ψ but is best accounted for by drought stress dose.




2 Materials and methods



2.1 Plant material

Juvenile (3-year-old) Norway spruce (P. abies H. Karst.; Baumschule Gracklauer, Gunzenhausen, Germany) trees (n = 100) were potted in November 2020, kept outside the greenhouse during winter and early spring, and transferred to the greenhouse in May 2021. Trees were planted in 5 L pots using a carbon-free potting substrate with a mixture of coarse (3–6 mm, 20 L) and fine (2–3 mm, 10 L) vermiculite and coarse (0.6–1.2 mm, 10 L) and fine (0.1–0.5 mm, 10 L) quartz sand (ratio vermiculite mixture to sand mixture 1:1), supplemented with 10 g slow-release fertilizer (Osmocote® Exact 3-4M 16-9-12 + 2MgO + TE; ICL Specialty Fertilizers, Heerlen, The Netherlands). Air temperature and humidity were assessed using a CS215 sensor (Campbell Scientific Inc., Logan, UT, USA), and photosynthetically active radiation (PAR) was measured using a PQS 1 sensor (Kipp & Zonen, Delft, The Netherlands). These environmental conditions were logged half-hourly using a CR1000 data logger (Campbell Scientific, Logan, UT, USA). Relative humidity was set to 65%, and day and night temperatures were respectively set to 21°C and 14°C during acclimation and gradually increased to 25°C and 18°C from day 180 to day 194, resulting in a mean temperature of 23.9°C. During recovery [starting on day of year (DOY) 233], day and night temperatures were gradually decreased to 22°C and 15°C, respectively. Trees were watered regularly (3× 150 mL day−1) using an automated drip irrigation system (Rain Bird, Azusa, CA, USA) and light from the outside supplemented by growth lamps (T-agro, 400 W, Phillips, Hamburg, Germany), averaging to a PAR of 290 µmol m−2 s−1. Soil water content (SWC) was measured throughout the experiment in all pots (10HS, Meter Group, Pullman, WA, USA).




2.2 Experimental design

A subset (n = 40; long drought treatment; Figure 1, red) of trees was drought-treated already before the trees were transferred to the continuous gas exchange chamber system, as follows. Irrigation was reduced by 70% (3 × 45 mL/day) starting on DOY 184, and on DOYs 194–208, water was completely withheld (Figure 1) until a water potential was reached, which indicated the onset of embolism formation (>P12, see “Hydraulic vulnerability” section). Trees of the control and short drought treatment were watered during this time. As shoot development was already complete before any drought was initiated, we did not observe any new shoot development during this period. On DOY 209, trees of similar stem diameter and height were selected from each treatment (n = 4 for control, n = 5 for short drought, and n = 9 for long), which were placed into individual tree chambers as described below. On DOY 209 and DOY 210, trees of the long drought treatment were supplied with 2 × 150 mL of water to prevent a too fast decline in water potentials while transferring trees into the individual tree chambers, which was necessary to achieve similar stress intensities (lowest water potential) at the end of the drought. Trees were acclimated in the chambers for 1 day before the measurements were started on DOY 210 and onward. On DOY 216, water was completely withheld in the previously well-watered short drought treatment (Figure 1, yellow). On DOY 214, a few trees of the long drought treatment that showed a too fast decline in water potentials (~3.3 MPa) were watered with 150 mL to achieve similar water potentials at peak drought in both treatments. From then on, water was also completely withheld in the long drought treatment. The total drought duration was 18 days and 51 days, including on average 4.2 and 6.6 days below the P12 threshold, in the short drought treatment and the long drought treatment, respectively. On DOY 233, all trees were re-watered with 1.5 L of water, matching the previously tested soil water-holding capacity in each pot. Re-watering was performed gradually over 3 hours, closely monitoring SWC, until a constant SWC was reached, which indicated fully saturated soils. From then on, all trees were regularly watered (3 × 150 mL/day). During the time from the start of the long drought treatment (DOY 184) to the end of the 12-day recovery period (DOY 244), the tree water deficit was assessed, and needle water potential was monitored frequently. After the end of the intense monitoring of the 12-day recovery period, the trees were removed from the chambers and placed in a separate compartment of the greenhouse. The trees were watered regularly, and air temperature was between 13°C and 20°C. On DOY 319, 75 days after re-watering, the trees were transported to the synchrotron facility for micro-CT imaging.

[image: Timeline chart showing tree acclimation and drought treatments with color-coded phases: blue for well-watered, yellow for short drought, and red for long drought. It starts at day 123 with 100 trees, transitioning to tree chambers on day 210 with 18 trees. Long drought begins on day 216 with 9 trees and short drought on day 234.]
Figure 1 | Experimental timeline. Norway spruce trees (n = 100) were transferred to the greenhouse on DOY 123 for acclimation before treatments were initiated. Trees per treatment (control, n = 4; short drought, n = 5; long drought, n = 9) were randomly selected and transferred to the tree chambers on DOY 209 to measure canopy conductance (gc) and transpiration (E) continuously on DOY 210 and onward. In the long drought (red) treatment, the trees were subjected to drought on DOY 184 first by reducing irrigation, and then on DOY 194, water was completely withheld. We watered trees of the long drought treatment on DOY 209/210 when transferring trees into the tree chambers and on DOY 214 to prevent a too rapid decline in water potential. For trees in the short drought treatment (yellow), drought was induced on DOY 216 and onward.




2.3 Tree- and leaf-level water fluxes

Prior to the initiation of the long drought treatment, the leaf-level gas exchange of all trees was measured to ensure comparability with a LI-COR 6400 (see Supplementary Figure S1). After the long drought treatment was initiated, the trees were moved into separate tree chambers. This previously tested system allowed us to derive tree- and leaf-level gas exchange dynamics (Birami et al., 2020; Rehschuh et al., 2020; Gattmann et al., 2021). The system comprised 20 tree chambers, with one being used as an empty chamber to offset potential fluctuations in gas exchange fluxes (on average 0.03 ± 0.07 mmol mol−1 H2O). As one of the trees died during the experiment, it was removed from the analysis, resulting in 18 tree chambers (n = 4 control, n = 5 short drought, and n = 9 long drought). Each chamber was constructed using a transparent aboveground compartment that encloses the tree shoot, sealed from an opaque belowground compartment that encloses the lower part of the stem and root system. A water-cooling system ensured that air temperatures within the shoot compartment were maintained between 22°C and 25°C during daytime. Note that the temperature of the coolant was maintained between 17°C and 19°C in order to avoid condensation within the shoot compartment. Air temperatures were derived in each shoot compartment by fast-response thermocouples (5SC-TTTI-36-2 M, Newport Electronics GmbH, Deckenpfronn, Germany). PAR was measured within each chamber using pre-calibrated photodiodes (G1118, Hamamatsu Photonics, Hamamatsu, Japan). Soil moisture was continuously logged (TS 107, Campbell Scientific, Inc., USA; EC 5, Meter Group, USA) per pot.

We constantly supplied aboveground chamber compartments with air from a compressor adding predefined CO2 (418 ± 3 µmol mol−1) and H2O concentrations (8.3 ± 0.6 mmol mol−1). Each of the aboveground compartments received an air flow of c. 14 L min−1. We determined the exact flow rate per chamber at the end of the experiment in order to calculate gas exchange fluxes. We assessed the absolute concentrations of CO2 and H2O in the supplying air (Wsupply) using a gas analyzer (Li-840, LI-COR, Lincoln, NE, USA). We then derived the differences between the supply air and the sample air (Wsample) using a differential gas analyzer (Li-7000, LI-COR, Lincoln, NE, USA). Once every 40 min, we measured each aboveground compartment, and the duration of each single measurement cycle was 120 sec, and we used the last 10 sec to calculate gas exchange fluxes. We derived VPD and transpiration fluxes at the canopy level in order to assess the overall tree-level recovery potential. We favored canopy fluxes, as we could not resolve needle area on a daily basis, we assessed drought-induced needle shedding only at the end of the experiment. Additionally, we provided leaf-level transpiration rates normalized by the needle area remaining on the tree to also examine the proportion in recovery attributable to needle area loss. We derived tree- and leaf-level fluxes, as well as chamber-specific VPD, as follows.

VPD in kPa was calculated from saturation vapor pressure (es) and actual vapor pressure (ea):

[image: Equation labeled as (1) showing the formula: \( e_s = 0.6108 \times \exp\left(\frac{17.27 \times T}{T + 237.3}\right) \).]

with air temperature (T) in °C, and

[image: Equation, e sub a equals A H P divided by the sum of 0.62198 and A H, labeled as equation 2.]

with absolute humidity (AH) in g m−3 and atmospheric pressure (P) in kPa,

[image: The formula shows "VPD equals es minus ea" followed by the number three in parentheses.]

Transpiration at canopy level (Ec) in mol H2O tree−1 s−1 was calculated as follows:

[image: Equation representing \( E_c = \dot{m} \frac{(W_{\text{sample}} - W_{\text{supply}})}{(1 - W_{\text{sample}})} \). Labeled as equation (4).]

and transpiration at leaf area (Ela) in mol H2O m−2 s−1,

[image: Equation labeled as (5) for calculating \( E_{\text{in}} \). It is expressed as \(\frac{m \cdot (W_{\text{sample}} - W_{\text{supply}})}{\text{area}_{\text{needle}} \cdot (1 - W_{\text{sample}})}\). The variables include \( W_{\text{sample}} \), \( W_{\text{supply}} \), and \(\text{area}_{\text{needle}}\).]

where [image: Lowercase letter "m" with a dot above it, resembling a mathematical symbol or a notation used in linguistics or phonetics.]  is air mass flow (mol s−1), Wsupply is the absolute [H2O] in air supply, Wsample is the absolute [H2O] in sample air, and areaneedle is the total remaining needle area per tree in m2.

Canopy conductance (gc) in mmol tree−1 s−1 was calculated accordingly:

[image: The mathematical expression defines a formula for \( g_{\xi} \). It is expressed as the product of \( E_{\xi} \) and the fraction \(\frac{1000 - \left( \frac{W_{needle} + W_{sample}}{2} \right)}{W_{needle} - W_{sample}}\).]

and stomatal conductance in mmol m−2 s−1,

[image: Equation labeled as equation seven shows the formula for \( g_s \). It is expressed as \( g_s = \frac{E_{la} \left( 1000 - \frac{(W_{needle} + W_{sample})}{2} \right)}{(W_{needle} - W_{sample})} \).]

where Wneedle is the needle saturated H2O vapor pressure, derived from saturated vapor pressure (kPa) at the prevailing Tair (°C) and atmospheric pressure P (kPa). This approach of calculating gc and gs neglects boundary layer conductance, which should be negligible under high mixing conditions inside the chamber (Birami et al., 2020).

The gas exchange data were processed by first excluding periods of obvious system malfunctioning. Then, the data for daytime conditions (6 am to 7 pm) were filtered. Further, outliers (1.5 times outside the interquartile range per chamber) were removed, which resulted in a data set containing 92% of the overall daytime data.




2.4 Tree water deficit

To observe stem diameter changes induced by variations in water supply, trees were equipped with a high-resolution dendrometer (DD-S, Ecomatik, Dachau, Germany). Before transferring the trees to the chambers, 10 trees were monitored: five in the long drought treatment and five in the control treatment. Once in the chambers, all trees were equipped with dendrometers. The dendrometer time series were processed and standardized using the “treenetproc” R package (version 0.1.4; Knüsel et al., 2021). The processed dendrometer time series were divided into growth- and water-related components of stem radius variation based on the zero-growth concept (Zweifel et al., 2016). According to this concept, growth begins when the previous maximum stem diameter is surpassed and ends when the stem starts to decrease in size. Any diameter changes below the previous maximum stem diameter were identified as a period of TWD. TWD was hence calculated as follows:

[image: Equation showing TWD equals the difference between \( d_{\text{max}} \) and \( d \), labeled as equation eight.]

and TWDrel (%)

[image: Formula for relative Tunnel Width Difference (TWD): TWD\(_{\text{rel}}\) equals one hundred multiplied by the fraction \((d_{\text{max}} - d) / d_{\text{max}}\), presented as Equation (9).]

where d is the current absolute stem diameter and dmax is the maximum diameter measured for an individual tree in the past, which sets the theoretical maximum diameter under conditions of fully hydrated tissues. To integrate the drought stress over time and derive a stress dose signal, the cumulative tree water deficit (TWDP12; mm) was derived as the integral of the TWD, i.e., the sum of TWD from days where water potential was below the P12 threshold (12% loss of hydraulic conductivity), which was derived based on leaf water potential measurements and hydraulic vulnerability curves (see next sections).




2.5 Water potential

Midday water potential (Ψmd) was measured frequently every second to third day throughout the experiment using C-52 psychrometers connected to a PSYPRO water potential system (Wescor, Logan, UT, USA). The advantage of this approach was the small sample size needed, causing little disturbance to our gas exchange measurements. Per tree, only two to three needles were needed, which we cut into small pieces and placed into the sample holders. The psychrometer chambers were then sealed, and measurements were taken after the temperature and water vapor between the needle sample and chamber air had equilibrated. The required equilibration time (15 minutes to several hours) was estimated based on previous tests and expected water potentials. For the calibration of C-52 psychrometers, filter paper disks (⌀ 5 mm) were soaked in osmolality standard solutions (Optimole™, ELITechGroup, Puteaux, France) with a defined water potential of −0.25 MPa, −0.7 MPa, and −2.5 MPa and carefully loaded into the sample psychrometer. As calibration and measurement temperature may differ throughout the experiment, a manual temperature-dependent conversion was used to calculate water potentials from the µV readings of the PSYPRO. PSYPRO water potential measurements were used to derive minimum leaf water potential (Ψmin), calculate the drought stress duration (dP12) by counting the days each tree spent under a vulnerability threshold (P12; see “Hydraulic vulnerability” section), and calculate the cumulative water potential (Ψcum) by summing the PSYPRO water potential values during the respective drought period after subtracting the baseline water potential values of the control treatment.




2.6 Hydraulic vulnerability

The hydraulic vulnerability to embolism formation was assessed prior to the experiment on stems of six randomly selected individuals using the Cavitron technique (Cochard, 2002) to infer the P12, i.e., the pressure at which 12% of hydraulic conductivity is lost. From that information, together with the water potential, the stress duration, i.e., the days each treatment has spent under this threshold (dP12), was calculated. To avoid clogging of tracheids by resin, the bark was completely removed. Further, sampling artifacts were excluded by multiple re-cutting of the distal ends under water to a sample length of c. 28 cm. A custom-built rotor of 28 cm in diameter, inside a centrifuge (Sorvall RC-5; Thermo Fisher Scientific, Waltham, MA, USA), was used, and the sample ends were placed in transparent reservoirs filled with a solution of distilled, filtered (0.22 µm), and degassed water enriched with 0.0005 v/v% “Micropur Forte MF1000F” (Katadyn, Products, Wallisellen, Switzerland). The measurements followed the standard method outlined by Beikircher et al. (2010). In brief, the hydraulic conductance (k) of the sample was measured at successively reduced xylem pressures (P; MPa), which was induced through a step-wise increase in the rotational speed. Percentage loss of conductivity (PLC) was then calculated as follows:

[image: The formula shown is PLC equals 100 times the expression open parenthesis one minus k subscript t over k subscript r close parenthesis. It is labeled as equation 10.] 

where ki is the initial hydraulic conductance and kt is the hydraulic conductance at the respective P. Vulnerability analyses were performed by plotting PLC versus P. Fitting of the vulnerability curve including the water potential at 12% and 50% loss of conductivity (P12 and P50, respectively), the lower and upper confidence intervals, as well as the slope of the curve, was performed with the software package “fitplc” in R using the Weibull model (Duursma and Choat, 2017). One model was fitted, and the sample replicates were included as a random factor (Supplementary Figure S3).




2.7 Micro-CT imaging

Synchrotron micro-CT scans enable the visualization of embolized tracheids in secondary xylem. Scans were conducted at the TopoTomo beamline of the IPS imaging cluster at the KIT Light Source in Eggenstein-Leopoldshafen on 15–19 November 2021, approximately 75 days post-drought. To assess differences in embolism spread among different plant parts and between treatments, the apical shoot (mean diameter 10 ± 2 mm), stem middle (mean diameter 22 ± 3 mm), and the first-order order root at the transition to the stem (mean diameter 17 ± 5 mm) were scanned. The potted trees, previously measured in the chamber system, were transported to the beamline just before the measurements took place. Before the micro-CT measurements were conducted, the xylem water potential of end-twigs was determined using a Scholander pressure chamber. All trees were previously well-watered, and the mean water potential was 0.7 ± 0.2 MPa. As the trees were too large for the measurement stage, samples were prepared immediately before the micro-CT scans, as follows. The samples were excised at least 5 cm above and below the point of measurement to avoid the artificial formation of embolism during sample preparation (Tyree and Zimmermann, 2002; Beikircher et al., 2010). Cut ends were then wrapped into cling film and immediately fixed into a custom-built holder on the measurement stage of the beamline. The white-beam spectrum at the beamline, delivered by a 1.5-T bending magnet, was filtered using 1-mm Al. The X-ray projections of the tomography scan were recorded using an indirectly converting X-ray area detector composed of a 200-µm-thick LuAG: Ce scintillator, an Optique Peter white beam microscope providing a magnification of ×2, and a PCO.DIMAX camera with 2,016 × 2,016 pixels. The effective pixel size was 6.11 µm, and the effective field of view was 12.31 mm. For apical shoots and main roots, 180° scans with 3,000 projections were chosen, and for stems, 360° scans with 6,000 projections at an enlarged field of view (by placing the rotation axis to the outermost detector column). The distance between the sample and the detector (propagation distance) was set to 85 mm. Scan time per sample was approximately 3 min with a frame rate of 40 to 70 frames s−1. Then, the scanned region was marked and remeasured once the sample was fully dehydrated (bench drying on a hot plate) to obtain a reference scan in which all conduits were embolized. After the manual selection of suitable slices of the tomographic reconstruction, the ImageJ/Fiji image-processing software (National Institutes of Health, Bethesda, MD, USA) was used to calculate the percent loss of water-conductive area (PLA). Brightness and contrast were adjusted individually for each sample to improve visualization of water- versus air-filled conduits. Via color thresholding, the embolized conduit areas of both the initial and reference scans were calculated. The percentage of air-filled versus water-filled stem xylem conduits was assessed by excluding the pith, the primary xylem, and the resin channels. In a few samples, which were partly blurred or cut due to geometrical restrictions, only a representative part of the scan, present in both sample and reference scans, was used. Exemplary micro-CT images can be seen in the Supplementary Data. Please note that in scans of apical shoots and roots, colors were inverted during initial processing to enhance visibility. As a result, embolisms appeared in lighter gray, while water-filled conduits appeared in darker gray. In contrast, the scans of stems display the opposite pattern (for example images, see Supplementary Figure S2).




2.8 Needle biomass and needle area

From the total needle biomass, sampled per tree on 22 November, 2 days after micro-CT measurements, the total needle area per tree was derived. Additionally, all shed needles per tree were collected. All needle biomass samples were oven-dried for 48 h at 60°C, and dry weight was determined. The total needle area of each tree was then derived from needle biomass and predetermined specific needle area (g DW cm−2), as follows. On a subsample of fresh needles, specific needle area was measured using an area meter (Li-3,100, LI-COR, Lincoln, NE, USA), and dry mass was determined. The total needle area per tree was then determined by multiplying the needle dry biomass by the specific needle area. The same calculation was used to assess loss in needle area due to needle shedding.




2.9 Data analysis and statistics

All data processing and statistics were conducted using Rstudio version 2023.06.0 + 421 (R Core Team, 2023).

Soil water content, the TWDrel, and water potential are presented as daily means and standard error (SE) per treatment derived from the daily averages per tree. Treatment differences over time were compared at specific time points during the experiment (the last 3 days before the start of the long drought, the last 3 days before the start of short drought treatment, the last 3 days of drought, and the last 3 days of recovery) using linear mixed effect models with the “lme4” R package (adding individuals as a random factor) and post-hoc Tukey’s tests. Minimum water potential (Ψmin) per treatment was compared with a Student’s t-test by comparing the minimum water potential of all trees within a drought treatment to the other drought treatment.

The recovery index for each of the two stress treatments was derived as follows:

[image: Equation showing recovery percentage calculation: \( R_x = \left( \frac{x_{recovery}}{x_{control}} \right) \times 100 \), labeled equation 11.]

where Rx is the recovery index of E or gc given in %, xrecovery is the mean value of the parameter measured (here Ec or gc) per tree during the last 8 days of the recovery period, and xmean control is the mean value of the parameter from control trees over the same period. First, Rx was calculated for each tree in the short drought and long drought treatments, and then the treatment average (± SE) was derived. Next, linear regression models with treatment as a fixed effect were used to assess associations with variation across different treatments. However, this effect was only marginally significant, and the primary explanatory variable was the drought stress metric in all cases. Therefore, linear regression models were fitted across treatments to evaluate the relationship between recovery indices and drought stress metrics (Ψmin, dP12​, TWDP12​, Ψcum​, and PLA). To assess model fit, multiple linear regression models were compared using Akaike’s information criterion (AIC) and R2. Treatment differences of these indices, minimum water potential and days under P12, cumulative water potential, TWDP12, and PLA per treatment were compared by ANOVA and post-hoc Tukey’s tests.





3 Results



3.1 Drought development

Soil water content (Figure 2A) in both treatments declined once irrigation was reduced. Daily-averaged SWC in the short drought treatment decreased at a constant rate from 28.4% ± 1.3% to a minimum of 4.3% ± 0.8% before re-watering, whereas SWC in the long drought treatment declined at 26% ± 0.9% and remained consistently low (2.5% ± 0.9%) for 24 days before re-watering. Following re-watering, a sharp increase in daily-averaged SWC to well over 23% was observed. Leveling off while further water was supplied indicated full saturation of soils on the second day of recovery and onward (Figure 2A). During the drought period, VPD in the tree chambers remained consistently higher in the long drought treatment (c. 4–6 kPa) compared to that in the control but reached 6 kPa in the short drought treatment only at the end of the drought period (Supplementary Figure S3). Differences in VPD arose due to lower transpiration rates of the trees, as supplied humidified air could not fully compensate for the impact of reduced transpiration rates, resulting in drier air in the chambers, particularly during drought stress when stomata were fully closed.

[image: Three line graphs show data over the days of a year, comparing control, short drought, and long drought conditions. Graph a) displays soil water content percentage, with noticeable declines during drought periods. Graph b) illustrates relative transpirable water deficit, showing significant drops under drought. Graph c) indicates midday leaf water potential, with sharp decreases during droughts. Different colors represent the conditions: control in gray, short drought in yellow, and long drought in brown. Arrows and annotations highlight key events and data points.]
Figure 2 | Time series of drought development during the drought and recovery experiment in Norway spruce. Dynamics of soil water content (SWC; (A), tree water deficit (relative to maximum stem diameter; TWDrel; (B), and midday water potential (Ψmd; (C) for control (gray, n = 4), short drought (yellow; n = 5), and long drought (dark red; n = 9) trees. Data are averages per day and treatment. The shaded areas represent the standard error per treatment. The first vertical line indicates the start of the long drought stress treatment, the second solid line indicates the transfer of trees into the individual tree chambers, the third vertical line indicates the start of the short drought stress treatment, and the fourth vertical line indicates the start of the recovery period. Well-watered conditions are indicated by black arrows between vertical lines; the yellow arrow indicates the drought period for the short drought treatment and the red arrow for the long drought treatment. Trees of the long drought treatment were supplied with 150 mL of water on days 194, 209, 210, and 214 to prevent a too fast decline in leaf water potential. During the transition of trees into the individual chambers, the number of trees equipped with dendrometers changed in each treatment (before, n = 5 for each control and long drought; after, n = 4 for control, n = 5 for short drought, and n = 9 for long drought). This transition led to a break in continuous data of SWC and TWD. The water potential threshold at 12% loss of hydraulic conductance (P12) is represented by the horizontal line in panel (C). Letters indicate significant differences between treatments at the end of each period (n = 3 days) following linear mixed effect models and post-hoc Tukey’s test (p < 0.01).




3.2 Dynamics of hydraulic parameters during drought and re-watering

We found a strong signal of the tree water deficit in both drought treatments (Figure 2B) leading to a maximum stem shrinkage of 8.5% ± 0.3% at the end of the short drought and 9.6% ± 0.2% at the peak of the long drought. Stem shrinkage was highly similar between samples within treatment, as tree diameters were similar in trees previously selected for the experiment. The trees under short drought exhibited a tree water deficit for 15 days, while the long-drought trees were under tree water deficit for 48 days, more than three times as long, resulting in a larger cumulative TWD. During short drought, drought-induced cumulative stem shrinkage reached 4.83 ± 0.5 mm, while a long drought resulted in a cumulative shrinkage of 14.65 ± 0.7 mm. When considering only the cumulative tree water deficit on days when water potential reached the P12 threshold (TWDP12), short drought caused a cumulative shrinkage of 3.8 ± 1.3 mm, compared to 9.3 ± 1.4 mm during long drought. Note that the short, intermitted recovery phase of TWD in the long drought trees, during placement of the trees in the gas exchange chambers, was due to extra water supplied, which allowed for a small rehydration but not a full recovery; for instance, we did not find a recovery in Ψmd.

A similar water stress progression became evident for the dynamics of Ψmd (Figure 2C). During the drought treatment, Ψmd of the long drought trees was lower than that of control trees on 36 days, whereas Ψmd of trees under short drought was below that of the control on 19 days. Trees in the long drought treatment experienced a Ψmd below the P12 (−2.56 MPa) for 6.60 ± 1.0 days on average, longer than in the short drought treatment where a Ψmd below P12 was reached for approximately 4.20 ± 0.7 days on average. This was also reflected in a tendency for a lower Ψmin before re-watering with −4.10 ± 0.2 MPa in the long drought trees compared to −3.22 ± 0.58 MPa in the short drought trees (t-test, p = 0.3). These minimum Ψmd values were close to the confidence intervals of the average P50 value derived from the vulnerability curves (P50: −3.85 [−3.67, −4.06] MPa). Accumulated water stress during short and long droughts, when Ψmd was lower than control values, resulted in a Ψcum of −7.99 ± 0.86 and −14.91 ± 1.18 MPa, respectively.

Following re-watering, we found a sharp increase in TWD reaching control values in both treatments, although it took longer for trees after the long drought stress to reach control values than after the short drought. We found a similar result for Ψmd, but leveling off at −1.15 ± 0.09 MPa for short drought and −1.26 ± 0.19 MPa for long drought; both remained significantly below the control at the end of the recovery period [Tukey’s honestly significant difference (HSD), p > 0.01].




3.3 Persistence of drought-induced embolism in specific organs

The stress dose was reflected in the persistence of xylem embolism 75 days after re-watering. We found that the largest PLA in the long drought treatment with 48.5% ± 9.5% averaged over all measured plant parts (Figure 3). In contrast, the short drought treatment showed a much lower PLA with 18.4% ± 6.1% (Figure 3). In comparison, the native PLA of control trees was on average 2.9% ± 1.2%. We found no differences in PLA levels between plant parts in the respective treatments. The individual tree-specific PLA 75 days after re-watering correlated equally well with the lowest water potential measured (Ψmin; R2 = 0.68), as well as the duration below the P12 (dP12; R2 = 0.68), cumulative water potential (Ψcum; R2 = 0.62), and the cumulative tree water deficit from days when water potential was below the P12 (TWDP12; R2 = 0.69; Supplementary Figure S5).

[image: Bar chart showing PLA percentages for stem base, apical shoot, and root under control, short drought, and long drought conditions. Control is gray, short drought is yellow, long drought is brown. Long drought consistently shows the highest PLA, particularly at the apical shoot. Statistical significance is marked with letters above bars.]
Figure 3 | Embolism in Norway spruce after drought and subsequent recovery. The percentage loss of conductive area (PLA) is shown for stem base, apical shoot, and first-order root in the control (gray, n = 4), short drought (yellow, n = 5), and long drought (dark red, n = 9) treatments. Mean and SE. Black letters indicate significant differences (p < 0.05) in PLA across both treatment and plant parts as measured by ANOVA followed by a combined post-hoc Tukey’s test.




3.4 Transpiration and canopy conductance

Transpiration and gc were monitored starting on DOY 210 (i.e., before the start of short drought stress) for 34 days, including the 12-day recovery period. Due to the preceding drought in the long drought treatment, the rates of Ec and gc were already close to zero (except for a slight increase on DOYs 214 and 215 due to additional water supply; see “Experimental Design” section). In the short drought treatment, Ec and gc strongly declined to near zero on DOY 224 and onward (Figures 4A, B). Following re-watering, clear differences were found between the short and long drought treatments with lower Ec and gc in the trees recovering from long drought (Figure 4; Tukey’s HSD, p < 0.01). The short-drought trees showed a higher recovery rate, reaching approximately 69% of Ec compared to control trees, while in the long drought, the recovery was much lower and remained at approximately 45% (Figures 4A, 5). After the short drought, gc recovered to 66% of the control rates but only to 41% following the long drought (Figures 4B, 5). Even though SWC during recovery was found to be lower in the short and long drought treatments than in the control treatment (Figure 2A), this obviously had no effect on tree water exchange rates, as pots were fully saturated and SWC at similar levels did not limit Ec/gc prior to stress.

[image: Line graphs comparing the effects of control, short drought, and long drought on two variables over days of the year. Graph (a) shows transpiration rate (E\(_c\)) and graph (b) shows canopy conductance (g\(_c\)), both measured in mmol per tree per second. Both graphs feature three conditions: control (gray), short drought (yellow), and long drought (brown). Dotted lines at days 215 and 233 mark event periods, with noticeable declines and recoveries in the drought conditions. The control remains relatively stable.]
Figure 4 | Time series of canopy transpiration (Ec) and canopy conductance (gc) during the drought and recovery in Norway spruce. Dynamics of canopy transpiration (Ec, A), and canopy conductance (gc, B) for control (n = 4, gray), short drought (n = 5, yellow), and long drought (n = 9, dark red) trees in the individual tree chambers. Data are averages per day and treatment. The shaded areas represent the standard error per treatment. The first vertical line indicates the start of the short drought stress treatment, and the second vertical line indicates the start of the recovery period. Letters indicate significant differences between treatments at the end of each period (n = 3 days) following linear mixed effect models and post-hoc Tukey’s test (p < 0.01).

[image: Scatter plots show recovery percentages against various drought stress indicators for short and long droughts. Yellow circles represent short droughts, and brown triangles represent long droughts. Each plot includes a trend line, R-squared value, and significance level (p < 0.01). Recovery generally decreases as stress indicators increase.]
Figure 5 | Recovery of Ec and gc in relation to different drought stress measures for Norway spruce. Relative recovery per tree following the release from short (n = 5, yellow) or long drought (n = 9, dark red) is given in percentage compared to the control minimum water potential measured (Ψmin; A, F) on days below P12 (B, G), tree water deficit accumulated during days where water potential was below P12 (TWDP12; C, H), cumulative water potential (Ψcum; D, I), and the average percent loss of water conductive area over all measured plant parts (PLA; E, J). Data are presented as mean ± SE, and individual data points per tree (lower opacity) are the mean of the last 5 days of recovery. Linear regression lines (gray) ± SE (light gray) are given with R2 and p-values.

We observed needle shedding in both drought treatments. Trees under short drought shed 12% ± 2% and trees under long drought shed 32% ± 3% of needle biomass. This translated into a loss of needle area of 8% in the short drought treatment and 30% in the long drought treatment (Table 1). To exclude the loss of needle area from gas exchange recovery, we derived leaf-level transpiration (Ela) and stomatal conductance (gs). We found an overall higher recovery at the leaf level. For Ela, the recovery was approximately 74% following a short drought and 60% following a long drought; for gs, it was approximately 72% after a short drought and 59% after a long drought (Supplementary Figure S6). This shows that after accounting for needle shedding, recovery was still incomplete, pointing toward intrinsic hydraulic constraints induced by stress.

Table 1 | Needle biomass and needle area of Norway spruce trees.


[image: Table comparing needle biomass, needle area, and losses for control, short drought, and long drought treatments. Control shows 25.8 g needles, 1.2 g shed, 4.8% needle loss, 0.102 m² area, and 0.6% area loss. Short drought shows 18.3 g needles, 2.6 g shed, 12.4% loss, 0.094 m² area, and 7.8% loss. Long drought shows 14.4 g needles, 6.8 g shed, 32.1% loss, 0.072 m² area, and 29.4% loss. Values are mean ± SE.]



3.5 Link of drought dose and hydraulic damage and recovery

We assessed the potential of different stress indicators, including stress intensity, duration, and dose, as well as post-drought PLA, in predicting the recovery rates of Ec and gc post-drought. First, we assessed how well minimum Ψ, drought duration (dP12), and stress dose indicators (TWDP12 and Ψcum) were related to the post-drought measured PLA. We found a clear relationship of all four indicators with PLA (Supplementary Figure S5), underlining their suitability as drought-recovery proxies. Further, we wanted to assess how well the drought duration, inferred from dP12, and stress dose, inferred from TWDP12 and Ψcum, in comparison to Ψmin or PLA, can describe the recovery delay of Ec and gc. We found all five drought-stress indicators to well describe recovery rates (Figure 5). The lowest explanatory power (lowest R2 and highest AIC; Supplementary Table S1) appeared when using minimum Ψmin to predict recovery of Ec, indicating that more factors than stress intensity play a role. For gc, recovery Ψmin, PLA, and Ψcum showed a similar explanatory power (Figure 5, Supplementary Table S1). The stress dose metrics appeared as best proxies for drought recovery of Ec (TWDP12 R2 = 0.85 and Ψcum R2 = 0.87) and gc (TWDP12 R2 = 0.88 and Ψcum R2 = 0.78), also supported by the lowest AIC of the models (Supplementary Table S1). The advantage of using TWDP12 over dP12 or Ψcum as a drought-recovery indicator is that it provides a continuous signal, and no destructive sampling is needed. Additionally, the strong linear relationship observed between Ψmd and TWD (R2 = 0.87, p < 0.001) shows that stem shrinkage is directly related to hydraulic stress (Supplementary Figure S7), underscoring the potential to use TWD to relate stress impacts and recovery rate.





4 Discussion



4.1 Drought stress dose as key factor in explaining hydraulic impairment

We addressed how differences in drought stress dose affected the post-drought recovery dynamics in 3-year-old P. abies trees. Trees in the long drought treatment were 2.5 days longer below the P12 threshold than trees in the short drought treatment, resulting in a larger accumulation of xylem embolism, even though additional watering on DOY 214 shortly recharged some water storage in the long drought treatment (Figure 2B) but did not lead to a significant recovery in SWC, Ψ, gc, or Ec. This watering delayed a too rapid decline in Ψ, which was necessary to allow similar dehydration levels in the short and long drought treatments. Once no water was supplied and Ψ thresholds related to the onset of xylem embolism were exceeded, dehydration rates accelerated. In agreement with previous studies in mature Norway spruce, this led to a rapid loss of hydraulic conductivity (Arend et al., 2021). Comparing patterns in juvenile to mature trees may be biased as age-related differences in hydraulic vulnerabilities may exist due to differences in xylem structure (Domec and Gartner, 2003). In our study, we found the difference in Ψmin at the end of the drought to be relatively small (short drought, −3.2 ± 0.2 MPa; long drought, −4.1 ± 0.6 MPa), but as these Ψ values are related to the steep part of the hydraulic vulnerability curve, the derived PLC appears remarkably different. Estimating PLC from these Ψmin would result in a PLC of 22% in the short drought compared to a PLC of 58% in the long drought treatment. It is worth mentioning that these estimates of PLC based on Ψmin are consistent with the range of hydraulic vulnerability curves reported for Norway spruce in previous studies (Tomasella et al., 2018; Rosner et al., 2019; Arend et al., 2021; Knüver et al., 2022). Comparing these Ψmin-based estimates of PLC to our actual measurements of the embolized xylem area conducted 10 weeks after the drought revealed similar patterns with a PLA of 18% in the short drought treatment and 49% in the long drought treatment. However, PLA and derived PLC cannot directly be compared, as a loss in hydraulic conductivity does not necessarily transfer into a loss of conduit area. For instance, in Scots pine, the reported PLA was much lower than the PLC at the end of the drought (Rehschuh et al., 2020). Conduits of different growth years and seasons can differ in their transport capacity and pit architecture, affecting overall conductivity. Also, partial refilling of embolized conduits, for instance, found after winter embolism in Norway spruce trees (Mayr et al., 2014) and white spruce (Laur and Hacke, 2014), or growth of new functional xylem between the start of the recovery period and micro-CT measurements, could have affected the PLA observed here. However, based on previous studies that found no evidence of xylem embolism refilling in conifers after the release from drought (Rehschuh et al., 2020; Gauthey et al., 2022) and as the relative treatment difference was similar between PLC and PLA, we assume that the observed PLA 10 weeks post-drought largely reflects the drought-induced losses in xylem functioning.

Thus, we suggest that the larger PLA post-drought in the long drought treatment corresponded to the longer drought duration (i.e., time under the P12 threshold). Trees of the long drought treatment maintained a more negative Ψmd over a longer time, as drought progression was slower and intermitted by additional water supply. However, over time, stress accumulated, visible in a higher PLA as well as a larger cumulative Ψ and cumulative TWDP12. A larger TWDP12 is related to a longer duration under embolism-forming water stress in which the trees experienced a reduction in tree water reserves and hence stem shrinkage of the elastic tissues due to cuticular water loss. The utilization of these stem water reservoirs results in further dehydration (Zweifel et al., 2016), leading to irreversible damage of distal organs including needle shedding (Nadal-Sala et al., 2021), triggering the collapse of elastic cells and further inducing embolism spread to proximal organs (Mantova et al., 2022; Andriantelomanana et al., 2024).




4.2 Embolism levels in plant segments and needle shedding affected by drought stress

The hydraulic segmentation theory posits that distal organs are more susceptible to cavitation than central plant parts, thereby protecting the core of the hydraulic system from malfunction (Johnson et al., 2016). Supporting this theory, several studies have demonstrated differences in the hydraulic vulnerability of various plant organs (Rodriguez-Dominguez et al., 2018; Bourbia et al., 2020; Harrison Day and Brodribb, 2023), with distal segments such as apical shoots often showing greater vulnerability compared to stems. In contrast, other research suggests that differences in hydraulic vulnerability between plant segments, particularly stems and woody roots, are minor and highly variable across species (e.g., Losso et al., 2019). Our findings align with this latter perspective. Specifically, we observed no differences in embolism spread among the X-rayed plant segments, even under prolonged drought conditions. This result is consistent with that of a previous study on five tree species, which reported significant convergence in the drought vulnerability of stems and roots to cavitation (Peters et al., 2021a). A relatively uniform distribution of embolism across the measured plant segments as observed here indicates that the different tissues of Norway spruce trees were dehydrating at a similar rate in both treatments. Further, the differences in embolism spread among treatments were clearly related to the duration below a critical water potential (dP12) irrespective of the plant segment measured.

The observed embolism spread also agreed well with the observed needle shedding at the end of the experiment. Approximately one-third of the total needle area was shed in the long drought treatment, which was about twice as much as under short drought. Needle shedding has been observed to occur in conifers during drought, likely due to tissue dehydration, which prevents cuticular water loss and potentially contributes to drought acclimation (Nadal-Sala et al., 2021). However, in conifers, needle shedding can also indicate a loss in tree vigor, as replacing the lost needle tissue is carbon-demanding and thus highly costly to the tree (Song et al., 2022). Such stress-induced tissue damages as observed here reduce the overall carbon uptake and growth potential of the trees (Galiano et al., 2011; Trugman et al., 2018; Nadal-Sala et al., 2024).




4.3 Post-drought recovery progression

The pace of recovery depends on the physiological impacts of the drought. While gas exchange can recover quickly after mild drought, gas exchange may only partially recover after severe drought, as structural damages, such as impaired vascular function or collapsed cell walls, can occur (Brodribb and McAdam, 2013; Ruehr et al., 2019). It has been suggested that this is primarily due to the accumulation of drought-induced hydraulic damage (Ruehr et al., 2019; Rehschuh et al., 2020). After re-watering, we found an instant, almost complete recovery of Ψmd and TWD. Indeed, a fast initial regaining of partial hydraulic functioning post-drought has been reported for a large range of species including Eucalyptus viminalis (Tonet et al., 2024), Pinus halepensis (Wagner et al., 2023), Pinus sylvestris (Rehschuh et al., 2020), and P. abies (Hájíčková et al., 2021). This was contrasted by a much slower, incomplete recovery of tree-level water loss and canopy conductance. After a first quick increment during the 3 days following re-watering, a plateau was reached with lower values in the long drought compared to the short-drought trees. While ABA has been shown to limit the initial 1–4 days of recovery (Ruehr et al., 2019), other factors are responsible for the incomplete recovery of leaf-level water fluxes. In our study, we found a persisting lower Ψmd in the short and long drought treatment trees compared to the control. This lower Ψmd could result from pronounced xylem embolism reducing tree water transport (Rehschuh et al., 2020) and consequently inducing partial closure of stomata due to the effects of reduced leaf hydration on stomatal guard cell turgor (McAdam and Brodribb, 2015) and limiting recovery of leaf-level transpiration to 60% of control values. At the canopy level, gas exchange was additionally limited by losses in needle area due to drought-induced leaf shedding. Although trees in the long drought treatment have lost 32% of their needles, canopy transpiration rates recovered to 41% of control values. This highlights the non-linear effect of leaf shedding on gas exchange, as conifers typically shed older needles (Nadal-Sala et al., 2021), which contribute less to overall gas exchange than current-year needles.

At both treatments, the tree- and leaf-level hydraulic impairment and damage are critical factors delaying post-stress recovery (Choat et al., 2018; Brodribb et al., 2020). Embolisms formed during periods of extreme water deficit can impair the ability of plants to transport water, thereby limiting the restoration of water potential, transpiration, and stomatal conductance. Furthermore, stomatal malfunctioning, such as delayed reopening or impaired stomatal control post-drought, has also contributed to the slow recovery of transpiration (McAdam and Brodribb, 2016) as observed here. Additionally, it is possible that the remaining needles suffered from partial tissue damage and functional impairment that reduced their photosynthetic capacity or hydraulic efficiency (Blackman et al., 2009), potentially due to oxidative stress, protein degradation, or other cellular damages caused by drought (Flexas et al., 2012). Root system impairment, such as reduced root hydraulic conductivity or damage to fine roots and root shedding often in concert with leaf shedding, may further limit water uptake (Anderegg et al., 2016). Thus, impaired root functionality (Brunner et al., 2015; Peters et al., 2021a), which is only slowly established again post-drought (Mackay et al., 2020), could further exacerbate the effects of needle loss. An overall reduced hydraulic functionality was reflected in non-fully recovered water potentials alongside a persistent impairment of stomatal conductance in Norway spruce, which limits carbon uptake and may delay the growth of new functional tissues and hence whole-tree recovery. Considering that the drought-induced embolism in Norway spruce were persisting in roots and stems until the end of the growing season, repair and/or new growth may be shifted to the next growing season. This highlights the potential of drought legacy impacts to prevail into the following year (Trugman et al., 2018).




4.4 Assessing drought stress dose as a predictor of recovery

We assessed the potential of different stress metrics to predict the recovery potential of Norway spruce trees post-drought. Loss of hydraulic conductivity (i.e., PLA or PLC) has previously been shown to be related to post-stress recovery potential (Ruehr et al., 2019; Rehschuh et al., 2020; Wagner et al., 2023). Loss of hydraulic conductance integrates the severity of the drought stress signal over time, with a larger PLA the longer the time spent under the P12 threshold, as found here (Supplementary Figure S5). However, measurements of hydraulic conductance are always destructive, often error-prone (Burlett et al., 2022), and/or expensive (e.g., micro-CT, Savi et al., 2017). Thus, other metrics of drought stress intensity are frequently used. Often the absolute minimum water potential is applied to characterize the severity of stress (Bhaskar and Ackerly, 2006; Martínez-Vilalta et al., 2021), which can then be linked to the recovery potential. However, this has limitations (Zang et al., 2014a, b), as it does not address the duration that the trees experience such negative tensions and hence does not necessarily relate to PLA or PLC. Hence, we explored the use of different metrics that integrate stress intensity over time.

Measures of drought dose related to recovery success reported in the literature are the cumulative Ψ (Zang et al., 2014a, b), which integrates Ψ over time, and cumulative growth responses after successive droughts (Navarro-Cerrillo et al., 2018; Gazol et al., 2020). Hence, in order to capture the full drought dose, frequent or continuous measurements are needed. Although Ψcum showed to be a reliable measure for stress dose in our study, using the cumulative Ψ as drought proxy is challenging, as measurements are typically elaborate and destructive and would require continuous Ψ measurements, but novel approaches have emerged, which may make this more feasible (Blanco and Kalcsits, 2021). In our study, we measured needle water potential using the PSYPRO on two to three needles every 2–3 days—a frequency that is rather challenging to achieve, even under controlled experimental conditions. Moreover, these Ψ measurements are typically non-continuous and represent conditions of one moment of the day. Thus, in order to make it feasible to assess the drought dose, not only in controlled experiments but also in the field, our results suggest using high-resolution point dendrometer measurements to inform about stress dose. Measurements of TWD have been found to be closely related to Ψ, providing a reliable approach to infer hydraulic stress in our study (Supplementary Figure S7), as well as in other studies (Cochard et al., 2001; Steppe et al., 2006; Drew et al., 2011; Dietrich et al., 2018; Peters et al., 2021b; Lauriks et al., 2022; Ziegler et al., 2024). Therefore, the integration of TWD measurements, particularly cumulative TWD, can complement traditional water potential assessments, offering a more accessible tool to evaluate the stress dose in real-time, especially in field conditions where continuous water potential measurements remain highly challenging. The strong linear relationship observed between water potential and TWD underscores the mechanistic link between these metrics (Supplementary Figure S7), demonstrating that TWD serves as a reliable proxy for changes in water potential by directly connecting stem shrinkage to hydraulic stress. This connection is further supported by the fact that the stress dose indices used here, the TWDP12 and Ψcum, most effectively explained the delayed recovery of Ec and gc. Prolonged periods of dehydration as well as time spent below critical water potentials impair and eventually damage tree hydraulic processes, thereby hindering the tree’s ability to rapidly recover physiological processes post-drought. Thus, we suggest that integrating continuous measurements of TWD is highly suitable for detecting the stress dose and, consequently, the recovery potential in trees.





5 Conclusion

The drought dose, representing the integral of drought intensity over time, could well explain the retarded recovery post-drought and appears as a more promising approach than focusing on minimum water potential only. Specifically, the duration spent under critical thresholds, such as the onset of embolism, and the cumulative tree water deficit derived from point-dendrometer measurements were closely related to the degree of embolism formation, as well as the recovery potential of juvenile Norway spruce trees. However, it is important to note that the findings from this experiment are not directly transferable to adult trees, which possess a larger water storage capacity and may respond differently to drought stress. Moreover, a broader combination of stress intensity and duration would provide a more complete picture of the relevance of the stress dose as a recovery metric. This underscores the importance of time-explicit measurements of stress intensity and duration for determining the post-drought recovery potential of trees in the field. Given that water potential measurements are time-consuming, destructive, and challenging in mature forests, the cumulative tree water deficit derived from high-resolution point dendrometers could serve as a viable, non-destructive method for assessing the stress dose and recovery capacity of forests.
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Understanding how species traits, climate aridity, and soil resources interact to influence beta diversity is critical for predicting changes in plant community composition. This study aims to investigate how these interactions shape species contributions to spatial turnover and beta diversity, focusing on the unique dryland ecosystems of the Saint Katherine Protectorate (SKP) in Egypt. To address this, we analyzed data from 84 vegetation plots, considering the direct and indirect effects of climatic aridity, soil resources, and species traits (e.g., plant height, leaf production, specific leaf area), as well as the relative abundance of C3 plants and phylogenetic diversity on species contribution to beta diversity (SCBDeff). Using Generalized Linear Models (GLMs) and Structural Equation Modelling (SEMs), the results revealed complex indirect effects of aridity and soil resources on SCBDeff mediated by plant traits. SCBDeff was positively influenced by climatic aridity, particularly in species with greater phylogenetic distance, taller plants, high leaf production, and a higher relative abundance of C3 plants. Conversely, specific leaf area (SLA) had a negative effect. Phylogenetic diversity emerged as a significant driver of beta diversity, with distantly related species contributing more due to functional differentiation and niche partitioning. The findings emphasize the critical role of species traits and environmental conditions in shaping beta diversity. These insights can inform conservation strategies aimed at enhancing ecosystem stability under shifting climatic conditions, particularly in dryland environments where species adaptive traits play a pivotal role.
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Introduction

Understanding the factors influencing the spatial distribution of species diversity is fundamental in ecology, as it forms the basis for biodiversity conservation and ecosystem management (MacArthur and Wilson, 1967; Hubbell, 2001; Chave, 2013). Beta diversity, defined as the variation in species composition among communities, encompasses two primary components; species turnover, which identifies regions with distinct ecological communities, and nestedness, which reflects differences in species richness due to gain or loss of species across sites (Whittaker, 1960; Legendre and De Cáceres, 2013; Baselga, 2010). Mapping the spatial variation of beta diversity identifies areas with high species turnover or unique assemblages, supporting the conservation of ecosystems vulnerable to environmental stressors like those in arid regions (Legendre and De Cáceres, 2013; Soininen et al., 2018; Frasconi Wendt et al., 2021). These arid regions, known for their unique species assemblages and high turnover rates, are primary conservation foci due to increased risks from climate change and habitat fragmentation (Nagendra et al., 2013; Maestre et al., 2012; Sala et al., 2000). These regions also face additional challenges such as habitat degradation and desertification, which are exacerbated by global change (Reynolds et al., 2007).

Legendre and De Cáceres (2013) proposed the partitioning of beta diversity into Local Contributions to Beta Diversity (LCBD) and Species Contributions to Beta Diversity (SCBDeff), which allows ecologists to discern the roles of spatial factors, species traits, and abiotic drivers (e.g., climate, soil resources) in shaping biodiversity patterns (Legendre and Gauthier, 2014; Chiu et al., 2014). Local Contributions to Beta Diversity (LCBD), on the other hand, identifies ecologically distinct sites that are essential for regional biodiversity conservation, particularly in regions vulnerable to habitat loss and degradation (Legendre and Gauthier, 2014; Cadotte and Tucker, 2017). SCBDeff pinpoints key species driving community composition differences, highlighting those that play significant ecological roles and are crucial for ecosystem stability (Anderson et al., 2011; Villéger et al., 2013). Species with high SCBDeff values are vital for ecosystem functionality, and their decline could trigger notable biodiversity loss, making their conservation imperative. This is particularly critical in arid areas, where environmental stressors such as water scarcity and extreme temperatures amplify the vulnerability of ecosystems to biodiversity loss (De et al., 2023; Liu et al., 2024; Mouillot et al., 2013). Recognizing these species is instrumental in developing conservation actions aimed at maintaining ecosystem resilience and function (Pillar et al., 2013; Soininen et al., 2018; Gonzalez et al., 2020).

A comprehensive understanding of beta diversity requires not only an examination of species distributions but also an exploration of the evolutionary relationships among these species. Phylogenetic diversity plays a critical role in explaining beta diversity and species turnover by providing insights into the evolutionary relationships among species within communities. Closely related species often exhibit similar ecological niches due to shared ancestry, which can lead to lower beta diversity as these species tend to co-occur in similar environments (Webb et al., 2002; Cavender-Bares et al., 2009). Conversely, distantly related species, which have diverged more significantly in evolutionary terms, contribute to higher beta diversity by occupying distinct niches and adapting to different environmental conditions (Graham and Fine, 2008; Swenson, 2011). This phylogenetic divergence often results in greater species turnover across environmental gradients, as different lineages respond to various selective pressures (Hardy and Senterre, 2007). By integrating phylogenetic information, researchers can better understand how evolutionary history influences current patterns of beta diversity, offering deeper insights into the mechanisms driving community assembly and ecosystem functioning (Tucker et al., 2017). This understanding lays the groundwork for examining how both evolutionary and ecological processes interact to shape biodiversity patterns, thereby complementing studies on species-specific traits and environmental gradients.

Examining SCBDeff typically involves interactions between environmental and species-based characteristics, such as occupancy, abundance, niche breadth, and niche position. These traits can exhibit inter-correlation (Tales et al., 2004; Heino, 2005; Siqueira et al., 2009; Heino and Grönroos, 2017). For instance, species with narrow niche breadths may inhabit constrained environments, contributing significantly to beta diversity (Brown, 1984; Slatyer et al., 2013). Similarly, species in marginal habitats often exist in restricted environments, impacting SCBDeff differently from species in non-marginal areas (Doledec et al., 2000; Heino and Grönroos, 2014). Investigating the biotic and abiotic factors that influence SCBDeff is also essential (Legendre and De Cáceres, 2013; Anderson et al., 2011) as it allows to pinpoint species that significantly influence compositional dissimilarities between communities, providing insights into species-specific roles in ecological processes (Baselga, 2010; Podani and Schmera, 2011; Socolar et al., 2016). These insights help predict how environmental conditions, species traits, or community interactions may alter community composition and ecosystem functioning (Legendre and De Cáceres, 2013). SCBDeff enhances the detection of keystone or functionally distinct species that disproportionately shape community structure, biodiversity patterns, and ecosystem resilience (Anderson et al., 2011). Despite the extensive focus on LCBD, SCBDeff studies are relatively limited, particularly in how environmental stressors and species traits influence beta diversity (Rodríguez-Lozano et al., 2023).

Traits that influence species’ ability to adapt to environmental gradients and ecological pressures were chosen for their key role in shaping beta diversity and co-occurrence patterns. Species traits such as seed mass and dispersal capacity were known due to their well-documented influence on beta diversity by shaping species occupancy and abundance patterns (Verberk et al., 2010; Heino and Grönroos, 2014). While many traits could impact beta diversity and co-occurrence patterns, this study focuses on traits that are particularly relevant in structuring communities across environmental gradients. Traits like drought resistance, water use efficiency, and nutrient uptake strategies are especially crucial in stress-prone ecosystems, enabling species to endure harsh conditions while maintaining functional diversity and ecosystem resilience (Chaturvedi et al., 2021). Plant functional traits such as specific leaf area (SLA), leaf nitrogen content, and wood density are emphasized due to their role in influencing resource acquisition strategies and spatial turnover. For instance, SLA is associated with dominance in resource-rich environments, contributing to spatial variation and beta diversity (Violle et al., 2007). By focusing on these traits, this study aims to highlight their role in shaping community structure and adaptation to stressors like aridity, thereby influencing beta diversity (Suding et al., 2008; Díaz et al., 2016).

This study investigated the direct, indirect, and interactive effects of abiotic factors including climatic factors and soil factors, and biotic factors including species traits on species contributions to beta diversity (SCBDeff). Our research uniquely integrates climatic aridity, soil resources, and plant traits such as height, specific leaf area (SLA), number of leaves, and the relative abundances of C3 and C4 plants. This multifaceted approach allows us to quantify and characterize the levels of aridity and soil resources comprehensively, shedding light on their direct and indirect effects on SCBDeff. Moreover, the study employs advanced statistical techniques, including structural equation modeling (SEM), to disentangle the complex pathways through which these environmental factors impact SCBDeff via plant traits. These innovative methodologies and the integration of detailed plant traits and environmental variables contribute new insights into how beta diversity operates in arid, mountainous landscapes, providing a foundation for improved conservation strategies in similar ecosystems globally.





Materials and methods




Study area

The Saint Katherine Protectorate (SKP) is an arid protected area and a biodiversity hotspot located in south Sinai, Egypt. The SKP diverse geomorphological and geological structures have led to the emergence of various microhabitat types, each harboring distinct ecological niches (Shaltout, 2018). Among these, the Wadis, acting as drainage systems, play a crucial role in water collection and provide favorable conditions for plant growth. However, the persistence of such species-rich ecosystems in this challenging arid landscape remains an intriguing subject of study (Hegazy and Doust, 2016). This region has an arid climate characterized by scarce and unpredictable rainfall, with a mean annual rainfall of about 60 mm. However, the high peaks receive orographic precipitation, some in snow, which may reach up to 300 mm annually. The area is a part of the igneous crystalline Pre-Cambrian formation, which is more than 600 million years old.

The diversity in geomorphological and geological structures of SKP resulted in a unique landscape. Six landform microhabitat types are identified: Wadis (valleys), Terraces, Slopes, Gorges, Cliffs, Farsh (basins), and Caves. Wadis are one of the most important ecosystems in SKP, acting as drainage systems that collect water from catchment areas and form favorable habitats for plant growth (Khedr, 2007; Omar, 2012). These areas are also rich in cultural and natural heritage sites, such as Mount Sinai and the Monastery of St. Catherine, as well as the Wadi Feiran watershed area. SKP harbors a large number of endemic species, further adding to its ecological importance.





Vegetation sampling

Field surveys were conducted across 84 randomly distributed 20 m × 20 m plots (see Supplementary Figure S1), to capture the vegetation composition and species abundance within the region’s sparse vegetation. In each plot, both species presence and abundance were recorded, focusing exclusively on native species. The abundance data was then used to calculate the relative abundance of C3 and C4 plants in the study area. Relative abundance was determined by dividing the total abundance of each plant species by the total abundance of C3 or C4 species within each plot.

In addition to species presence and abundance, we recorded two key ecological characteristics; species dominance, quantified as the percentage cover of each species within plots (%) and life-form categories that were classified into shrubs, herbs, and trees following Raunkiær’s system (Raunkiær, 1934).

We focused on vascular plants, which are the primary contributors to vegetation structure in the area. Surveys were conducted during April–June 2021 to coincide with peak vegetative activity, ensuring that only species with visible vegetative parts were included in the survey. This timing minimizes seasonal biases linked to extreme heat or drought-induced dormancy. This approach ensures that both common and less abundant species were adequately represented, providing a full picture of the vegetation structure across different microhabitats.





Environmental data and species traits data

The climate data, including the aridity index (AI), were downloaded from the CGIAR-CSI Global database with a resolution of 30 arc seconds (www.cgiar-csi.org, Trabucco et al., 2008; Fisher et al., 2011). These data represent average climate conditions for the period 1970–2000, aligning closely with the vegetation data collected during April–June 2021 to ensure temporal consistency.

The physical and chemical soil properties were represented by five quantitative variables downloaded from the ISRIC-World Soil Information database at a depth of 0–2 m and a spatial resolution of 30 arc seconds. These data reflect soil conditions up to 2022. We used the spatial analyst toolbox in ArcGIS 10.5 to generate mean raster layers for different soil depths, which were then resampled to a 2.5 arc-min (~5 km) resolution. A composite variable representing the five soil variables was computed using Principal Component Analysis (PCA), with the first axis capturing 79% of the variability. This composite variable included soil organic carbon content, soil pH, soil texture, cation exchange capacity, and water availability.

To link site-level environmental variables to species-level analyses, we calculated the mean aridity and soil resource values across all plots where each species occurred. This aggregation transformed site-specific environmental data into species-specific predictors, enabling direct integration with trait-based models of species contributions to beta diversity (SCBDeff). For example, a species occurring in 10 plots was assigned the mean aridity and soil values of those 10 plots, ensuring environmental drivers were contextualized to its realized niche. This approach follows established methods for scaling site-level abiotic factors to species-level responses in heterogeneous landscapes (Araújo et al., 2019).

To address potential multicollinearity among the environmental variables, we performed a Variance Inflation Factor (VIF) analysis using the ‘usdm’ package (version 1.1-18) in R 4.1.1 (Naimi, 2015). A VIF threshold of 10 was applied, which is a commonly used cut-off to identify and exclude variables that exhibit significant multicollinearity. Variables with VIF values above this threshold were excluded from the analysis to ensure robust statistical modeling. The final variables retained after the VIF analysis were the aridity index (AI), soil composite variable (captured through PCA).

The measured plant traits included height from ground level (cm), specific leaf area (SLA) in cm²/g, and the number of leaves per plant (leaf production). Due to restrictions on plant removal, SLA was measured following the method described by El-Barougy et al. (2021a, 2021c). Specific leaf area was estimated using allometric equations (Basuki et al., 2009). We scanned the leaves of native species outside their protected range and measured the total leaf area using the IMAGEJ software, version 1.49. Then, we dried the leaves and determined the leaf dry weight and calculated the SLA (cm2/g) as the leaf area divided by the leaf weight (Basuki et al., 2009).

To evaluate phylogenetic relationships among the native species, a phylogeny was constructed using four commonly sequenced genes available in GenBank (Benson et al., 2012): rbcL, matK, ITS1, and 5.8s. Among the 67 native species, 60 had at least one gene represented in GenBank. For the seven native species without available sequence data, we used sequences from congeneric relatives as a proxy, following phylogenetic guidelines by Cadotte and Jin (2014). Specifically, we selected the closest relatives within the same genus or, when unavailable, within the same family, ensuring that these substitutes shared similar ecological and morphological characteristics with the target species.

Additionally, to establish the root of the phylogeny, the genetic sequence of Amborella trichopoda Baill, an early diverging angiosperm, was included as an outgroup species. The phylogenetic tree (see Supplementary Figure S2) was constructed using methods previously described in El-Barougy et al. (2021b). Phylogenetic relatedness within plots was calculated using the mean pairwise phylogenetic distance (MPD) following Swenson’s method (2014) with the “MPD” function in the R package picante (version 1.8, Kembel et al., 2010).





Assessment of species contribution to beta diversity (SCBDeff)

According to Legendre and De Cáceres (2013), we calculated total beta diversity (BDtotal) and species contribution to beta diversity (SCBDeff). BDtotal provides a measure of the overall variability in species composition across all plots within a study. To compute BDtotal, species composition data were first transformed using the Hellinger method (Legendre and Gallagher, 2001), which standardizes the data while preserving ecological distance. This transformation enabled the calculation of SCBDeff, representing each species’ contribution to beta diversity within the dataset. We employed a species abundance matrix, where rows represented species and columns denoted different spatial units, to calculate SCBDeff using the “beta.div” function from the adespatial package in R. SCBDeff was expressed as each species’ percentage contribution, calculated as a fraction of the total contribution.





Beta regression for calculating SCBDeff

Since SCBDeff values range between 0 and 1, we applied beta regression, a statistical approach suitable for modeling dependent variables constrained within this interval. This method assumes that the dependent variable follows a beta distribution and relates it to explanatory variables using a linear predictor combined with a logit link function (e.g. Cribari-Neto and Zeileis, 2010). However, a limitation of SCBD analyses is that this metric is inherently influenced by the distribution and abundance of species across sites. Specifically, species that occur only at a single site or ubiquitously across all sites contribute minimally to beta diversity. The contribution of a species to beta diversity is not solely determined by its occurrence frequency but rather by the variability in its abundance across sites and the environmental heterogeneity influencing its distribution (see Heino and Grönroos, 2017; Xia et al., 2022). Consequently, we suggest a two steps approach. First, we remove the effect of occurrence using a quadratic beta regression with occurrence as independent variable (Figure 1) by extracting the residuals. We call this metric effective SCBD (SCBDeff), which is defined for species i as: SCBDeff,i = SCBDi – predicted (SCBDi). Second, we use linear models to relate SCBDeff to biologically meaningful explanatory variables (e.g., species traits). For the Beta regression, we utilized the R function “betareg” from the R packages betareg (Cribari-Neto and Zeileis, 2010). This approach aligns with methods for site contribution to beta diversity as proposed by Legendre and De Cáceres (2013).

[image: Plot showing SCBD versus probability of occurrence. Green dots represent data points. A blue line indicates the trend, with red dashed lines marking confidence intervals. The trend shows a general increase with some fluctuations.]
Figure 1 | Beta regression illustrating the response of species contributions to beta diversity (SCBD) to the probability of species occurrence. The x-axis represents the probability of species occurrence, while the y-axis shows SCBD values. The solid line indicates the regression trend, and dashed lines represent the 95% confidence intervals.





Generalized linear models

To explore the influence of aridity and soil resources on SCBDeff, we conducted generalized linear models (GLMs) with Gaussian family distribution, setting SCBDeff as the response variable. Explanatory variables included the soil resources composite, climate aridity index, mean pairwise phylogenetic distance (MPD), the C3/C4 relative abundance ratio, and species-level traits as defined above. Residuals were visually examined using QQ plots, confirming no transformations were necessary. The importance of interaction terms observed in initial models led us to employ structural equation modeling for a detailed analysis of direct and indirect influences.





Structural equation model

Structural equation modeling (SEM) was utilized to estimate both the direct and indirect effects of explanatory variables on SCBDeff (Grace and Pugesek, 1997; Grace, 2006). We initially constructed a comprehensive model that accounted for all possible direct and indirect effects of the variables under consideration. This model was subsequently refined through backward elimination, guided by the Akaike Information Criterion corrected for small sample sizes (AICc) values.

Prior to model fitting, the distributional assumptions of normality for all variables were assessed using the Shapiro-Wilk test and by examining Q-Q plots. SEM analyses were performed using the lavaan package (version 0.6-9; Rosseel, 2012) in R, with the function “sem” for model fitting and lavaan.survey package (version 1.1.3.1; Oberski, 2014) to account for survey design effects using the lavaan.survey function.

Model adequacy was evaluated using three fit indices: The Standardized Root Mean Square Residual (SRMR), with a threshold of less than 0.08 indicating a good fit; the Goodness-of-Fit Index (GFI), where values greater than 0.95 suggest a good fit; and the chi-squared test, where a P-value greater than 0.05 is considered satisfactory fit (Kenny et al., 2015). These indices were used synergistically rather than hierarchically to provide a comprehensive assessment of model fit, ensuring robust conclusions about model adequacy. All statistical analyses were conducted in R version 4.2.1 (R Core Team, 2022).






Results




Influences of the interactions of species traits, climate and soil on SCBD

A total of 67 native plant species was recorded during the survey period (April–June 2021; see Supplementary Table S1). The GLM analysis of two-way interactions demonstrated that SCBDeff was significantly influenced by climatic aridity and soil resources, with notable modulation by species traits (Figures 2, 3). Specifically, SCBDeff showed a positive and significant interaction with climatic aridity (β = 0.002, p = 0.001), which was further intensified by high values of mean phylogenetic distance (MPD), the relative abundance of C3 plants, increased plant height, and high leaf production, while low specific leaf area (SLA) also contributed positively (Figure 2). In contrast, SCBDeff exhibited a negative interaction with soil resources (β = -0.262, p = 0.001), with the direction and strength of this negative effect strongly influenced by low SLA values alongside high plant height and leaf production (Figure 3). These findings warranted the inclusion of species traits in the SEM analysis to examine their direct and indirect interactions with climatic aridity and soil resources.

[image: Graphs (a) to (e) show the relationship between SCBDeff and Aridity Index for various plant traits. (a) Height increases with aridity, with high, mean, and low values represented by red, green, and purple lines. (b) Specific Leaf Area (SLA) shows similar increases. (c) Leaf production follows the same trend. (d) Mean Pairwise Distance (MPD) increases sharply for high values. (e) C3/C4 plants show different trends, with C3 increasing and C4 stable. Each graph includes shaded confidence intervals.]
Figure 2 | Results of GLM models showing the response of SCBDeff to the two-way interactions between climatic aridity index and: (a–c) species traits, (d) phylogenetic relatedness (MPD), (e) C3 vs C4 plant species. In panels a to d, red solid line (High) represents species in the upper 75th percentile of the trait distribution; green dashed line (Mean) between the 25th and the 75th percentile, and purple dotted line (Low) in the lower 25th percentile. Shaded regions: Indicate the 95% confidence intervals around the regression lines.

[image: Five panel graphs showing the relationship between soil resources and various plant traits. Panels (a) to (e) include: Specific Leaf Area (SLA), leaf production, plant height, type of photosynthetic plant (C3/C4), and MPD against soil resources. Each graph shows lines for high, mean, and low values, with shaded confidence intervals. Panel labels and a legend indicate the traits and line styles for each trait.]
Figure 3 | Results of GLM models showing the response of SCBDeff to the two-way interactions between soil resources and: (a–c) species traits, (d) C3 vs C4 plant species, (e) phylogenetic relatedness (MPD). Legend as in Figure 2.





Direct and indirect effects on SCBD

The SEM results provided comprehensive insights into the direct and indirect influences of species traits and their interactions with climate and soil predictors on SCBDeff. SCBDeff was significantly and positively associated with plant height, leaf production, and the relative abundance of C3 plants (β = 0.01, 0.01, 0.032; p = 0.01, 0.026, 0.01, respectively), suggesting that increases in leaf production and the relative abundance of C3 plants are directly linked to higher contributions to beta diversity among native species. Conversely, SLA exhibited a significant direct negative effect on SCBDeff (β = -0.02, p = 0.027), indicating that species with high SLA values tend to have lower contributions to beta diversity. Additionally, MPD had a significant direct effect on SCBDeff, indicating that distantly related species contribute more to beta diversity than closely related species (Table 1; Figure 4).

Table 1 | Results of the SEM for the direct and indirect effects of the climatic aridity index, soil resources, and species traits on SCBDeff.


[image: Table showing direct and indirect effects of various predictors on the response variable SCBDeff. Direct effects include predictors such as height, SLA, leaf production, MPD, aridity index, soil resources, and C3 plants-abundance with respective coefficients, standard errors, Z-values, and P-values. Indirect effects are listed for predictors like SLA, height, MPD, leaf production, and C3 plants abundance with relationships to soil resources and aridity index, including coefficients, standard errors, and related statistics.]
[image: Diagram illustrating relationships between SCBDeff, Height, Leaf Production, SLA, MPD, C3 plant-abundance, Soil resources, and Aridity index with path coefficients and significance levels. SCBDeff has R2 of 0.69, influenced by SLA, MPD, and Leaf Production. Soil resources and Aridity index affect Height, Leaf Production, and SLA. Statistical metrics include Chi2 of 2.166, P-value of 0.714, SRMR of 0.005, and CFI of 0.99.]
Figure 4 | Structural equation model showing the effects of the climatic aridity index, soil resources, and species traits on SCBDeff. Numbers adjacent to arrows are path coefficients. Solid and dashed arrows represent positive and negative relationships, respectively. Only significant pathways are shown (P < 0.05). Asterisks (*) indicate the significance levels of the path coefficients (*P < 0.05, **P < 0.01, ***P < 0.001). The proportion of variance explained (R²) appears alongside each response variable in the model. The goodness-of-fit statistics (Chi2 and associated P-value, SRMR, CFI) are presented in the gray table within the model.





Indirect effects of climatic aridity and soil resources on SCBD

Climatic aridity and soil resources were the primary indirect influencers on SCBDeff. Climatic aridity had a significant negative effect on SLA, which was subsequently associated with an increase in SCBDeff (β = -0.034, p = 0.001). This finding suggests that higher aridity values correlate with lower SLA (β = -0.134, p = 0.012), indirectly contributing to an increase in SCBDeff. Furthermore, climatic aridity exerted negative effects on plant height and leaf production (β = -0.339, -0.163; p = 0.001, 0.012), which in turn was associated with a reduction in SCBDeff, indicating that elevated aridity leads to lower plant height and leaf production, indirectly decreasing SCBDeff.

Similarly, soil resources significantly positively affected height, SLA, and leaf production, which indirectly influenced SCBDeff. Higher soil resource availability was linked to increases in plant height and leaf production, indirectly raising SCBDeff. However, higher SLA in response to soil resources indirectly negatively affected SCBDeff. Additionally, the interaction between aridity and soil resources significantly positively affected SCBDeff (β = 0.008, p = 0.001), indicating that the combined influence of aridity and soil resources contributes positively to SCBDeff.






Discussion

The study provides useful insights into the complicated mechanisms driving SCBDeff by analyzing the interconnections of native species characteristics, climate, and soil resources. We found that the SCBDeff is regulated by soil resources and climate aridity, with species traits functioning as significant modulators (Grace and Pugesek, 1997; Díaz et al., 2016). This indicates that the distribution of native plant species and their contribution to beta diversity is strongly influenced by the availability of water resources, as measured by the aridity index and soil water content (Fick and Hijmans, 2017; Trabucco and Zomer, 2019). These findings underscore the role of environmental factors in structuring plant communities, with implications for understanding ecosystem stability and resilience in arid regions, especially as climate change intensifies water scarcity (Allen et al., 2010; IPCC, 2014). The positive direct effect of climatic aridity on SCBDeff shows that higher aridity levels are linked to a greater contribution of certain studied species to beta diversity, such as Achillea fragrantissima and Adiantum capillus-veneris. Achillea fragrantissima is a drought-tolerant shrub commonly found in arid and semi-arid environments, thriving in rocky and sandy soils with minimal water availability. In contrast, Adiantum capillus-veneris is a fern species typically associated with moist, shaded microhabitats such as the edges of springs and damp rock crevices. Despite their contrasting habitat preferences, both species coexist within transitional zones where microclimatic variations create niches that support their growth, reflecting the diverse ecological conditions influencing beta diversity in arid landscapes. This suggests that certain native plant species in the study may flourish and predominate in more arid environments (Maestre et al., 2015).

Additionally, beta diversity encompasses both spatial and temporal dimensions. Climate change, by driving temporal turnover, may further influence the interplay between biotic and abiotic factors and SCBDeff (Harrison et al., 2015; Lenoir et al., 2020). Thus, shifts in beta diversity over time could alter the balance between these factors, affecting the overall ecosystem dynamics. Species features, including the mean pairwise phylogenetic distance (MPD), the relative abundance of C3 plants, leaf production, specific leaf area (SLA), and plant height, further regulate this positive effect (Webb et al., 2002; Swenson, 2011). These traits enable species to adapt to arid conditions, contributing more to beta diversity. For example, species with higher specific leaf area (SLA) had a lower contribution to SCBDeff, likely due to their water-conservative strategies (Chaturvedi et al., 2021; Wright et al., 2004).

In comparison to previous studies, this research emphasizes the importance of climatic aridity in shaping beta diversity (Dhirendra et al., 2022; Dietrich et al., 2021; Hoffmann et al., 2019; Götzenberger et al., 2012; Kraft et al., 2011). The positive relationship between SCBDeff and the aridity index suggests that species contribute more to beta diversity in increasingly arid conditions. This aligns with studies showing that arid environments select for species with drought-adaptive traits, promoting higher species turnover and greater contributions to beta diversity (Liu et al., 2019; Panja et al., 2022; Cornwell and Ackerly, 2009). Such conditions likely favor species with efficient water-use strategies, leading to a high turnover of species adapted to dry conditions. This turnover contributes significantly to beta diversity, enhancing resilience in arid environments by supporting a diverse range of adaptive strategies (Schimper, 1903; de Bello et al., 2013).

The significant direct effects of certain species traits on SCBDeff, such as plant height, leaf production, and the relative abundance of C3 plants, regulate their crucial role in driving SCBDeff. This observation is consistent with other research that has highlighted the significance of functional traits in determining species dominance and their contributions to beta diversity (Pardo, 2021; Peya, 2018; Westoby et al., 2002; Díaz et al., 2016). The negative direct effect of specific leaf area (SLA) on species contribution to beta diversity suggests that species with lower SLA values typically follow conservative water-use strategies, contributing less to beta diversity. This finding aligns with previous research emphasizing the role of water-use efficiency traits in arid ecosystems, where efficient resource utilization can provide a competitive advantage (Wright et al., 2005; Reich, 2014; Liu et al., 2022; Carvajal et al., 2019). However, with increasing aridity, the relationship between SLA variance and ecosystem stability may shift from positive to negative (García-Palacios et al., 2018). Species with low SLA values may be favored in drylands, as their conservative water-use strategies help maintain biomass stability (Díaz et al., 2006; Shipley et al., 2006). However, communities with high SLA variance may see shifts toward more competitive, drought-avoiding species, leading to greater variability in biomass and ecosystem processes (Lohbeck et al., 2015). Under these harsh conditions, communities with high SLA variance may indicate the replacement of stress-tolerant evergreen species by competitive, summer-deciduous plants that avoid drought through leaf shedding (Grime, 2006; Poorter et al., 2009), leading to increased variability in plant biomass over time.

The positive direct effect of mean pairwise phylogenetic distance (MPD) on SCBDeff highlights the crucial role of phylogenetic diversity in shaping species’ contributions to beta diversity. This finding indicates that distantly related species with greater evolutionary divergence tend to contribute more significantly to beta diversity than closely related species (Webb et al., 2002; Cavender-Bares et al., 2009). In the context of the study area vegetation, which includes desert and shrubland ecosystems, this effect is particularly pronounced. These ecosystems are characterized by harsh environmental conditions, where phylogenetic diversity among plant species may play a pivotal role in enabling community resilience and functional differentiation (Swenson, 2011; Graham and Fine, 2008). As species diverge through evolutionary history, they accumulate distinct traits and ecological roles that promote functional differentiation between communities (Hardy and Senterre, 2007). This process, known as niche differentiation, increases ecological differences across communities and subsequently enhances beta diversity. Cadotte (2017) emphasized that greater phylogenetic diversity increases the likelihood of complementary resource use, strengthening ecological differences between communities and driving higher beta diversity (Cadotte et al., 2009).

Phylogenetic diversity can also lead to phylogenetic over-dispersion, where distantly related species co-occur due to divergent functional traits that reduce competition and allow coexistence. This over-dispersion results in communities with higher functional differentiation, further contributing to beta diversity (Tucker and Cadotte, 2013; Ding et al., 2021; Montaño-Centellas et al., 2020; Zhao et al., 2022). Additionally, evolutionary history significantly drives ecosystem processes, as distantly related species exhibit a broader range of functional traits. Communities with high phylogenetic diversity are more likely to support varied ecosystem functions, such as nutrient cycling and productivity, due to the wide range of functional traits represented. This enhanced beta diversity could strengthen ecosystem resilience by allowing functional compensation during environmental changes. Communities with greater phylogenetic diversity are more likely to differ in ecosystem functions such as productivity, nutrient cycling, and resilience to environmental changes, which further enhances beta diversity (Flynn et al., 2011).

Alternatively, environmental filtering can lead to phylogenetic clustering, where harsh environmental conditions select closely related species with similar functional traits, thereby reducing beta diversity (Webb et al., 2002; Cavender-Bares et al., 2009; Swenson, 2013). However, in ecosystems with weaker environmental filtering, distantly related species with different adaptations colonize distinct environments, promoting higher beta diversity through greater community turnover (Helmus et al., 2007; Violle et al., 2011; Pavoine and Bonsall, 2011). Overall, the positive association between MPD and SCBDeff underscores the importance of considering evolutionary history in biodiversity assessments (Cadotte et al., 2008; Tucker et al., 2017). Distantly related species contribute more to beta diversity because their evolutionary divergence translates into greater functional differentiation and niche partitioning, which supports ecosystem functioning across different environments (Kraft et al., 2007; Mouquet et al., 2012; Gerhold et al., 2015). Incorporating phylogenetic diversity in conservation planning may help preserve evolutionary distinctiveness and ensure stable ecosystem functions in the face of environmental changes, particularly in arid regions (Faith, 1992; Srivastava et al., 2012; Winter et al., 2013).

The negative indirect effects of climatic aridity and soil resources on SCBDeff through specific leaf area, plant height, and leaf production highlight the complex influence of environmental factors on plant traits and community structure, indirectly affecting beta diversity (Diaz et al., 2007; Wright et al., 2005; Reich, 2014). Water scarcity due to climatic aridity can shape plant communities by promoting species with traits adapted to conservative water-use strategies, which may reduce their contributions to beta diversity (Grime, 2006; Cornwell and Ackerly, 2009; Liu et al., 2019). Similarly, while nutrient-rich soils generally support the growth of taller plants with numerous leaves, which positively influences beta diversity, they may also promote species with lower water-use efficiency (Maire et al., 2015; Craine et al., 2013). This could lead to a decrease in contributions to beta diversity due to the dominance of such species in resource-rich environments (Chapin et al., 2000; Swenson et al., 2012). Future research could further investigate these interactions by exploring additional environmental factors, such as temperature fluctuations and anthropogenic impacts, and examining SCBDeff across different ecosystems over time (Thuiller et al., 2011; Newbold et al., 2015). Such studies would provide valuable insights into how trait-environment interactions shape biodiversity patterns and ecosystem resilience in changing climates (Lavorel and Garnier, 2002; McGill et al., 2006).





Conclusion

The results of this study highlight the complex interactions between species traits, climate aridity, and soil resources in shaping species contributions to beta diversity (SCBDeff). Climatic aridity emerged as a significant driver of SCBDeff, particularly in species with traits such as greater phylogenetic distance, taller plant height, higher leaf production, and a relative abundance of C3 plants. These traits enable species to adapt to arid conditions, contributing more to beta diversity. On the other hand, species with higher specific leaf area (SLA) had a lower contribution to SCBDeff, likely due to their water-conservative strategies. Phylogenetic diversity also played a pivotal role, with distantly related species contributing more to beta diversity due to functional differentiation and niche partitioning. Furthermore, the complex indirect effects of climatic aridity and soil resources on SCBDeff, mediated by species traits, emphasize how environmental factors shape plant communities and their contribution to ecosystem diversity. These results provide valuable insights into the mechanisms driving beta diversity, suggesting that species adapted to arid environments and with specific traits may play a pivotal role in maintaining ecosystem function and stability. The study findings highlight the importance of preserving species with key functional and phylogenetic traits, particularly in arid landscapes, where diversity is essential to sustaining ecosystem health. Understanding these interactions is essential for developing conservation strategies, particularly in arid and resource-limited ecosystems in the face of climate change, where monitoring the functional and phylogenetic diversity will be key to enhancing ecosystem stability. Future research should aim to explore the effects of additional environmental stressors, such as temperature extremes and habitat fragmentation, and assess these interactions over time. Such studies will provide essential data to guide conservation actions for ecosystem resilience in changing climates.





Study limitations

Despite the valuable insights provided by this study, several limitations should be considered when interpreting the findings. Firstly, the study was conducted within a specific region (the Saint Katherine Protectorate in Egypt), which may limit the generalizability of the results to other arid regions with different environmental conditions. Additionally, the reliance on a single set of environmental variables (climate and soil resources) and plant traits, while comprehensive, may not fully capture the complex interactions that influence beta diversity in other ecosystems. The study’s focus on a limited number of plant traits, such as height, specific leaf area (SLA), and leaf number, may not account for the full spectrum of functional traits that could influence species contributions to beta diversity, potentially oversimplifying the role of functional diversity. Furthermore, although the study used advanced statistical techniques such as structural equation modeling (SEM) and beta regression to explore the relationships between environmental factors and SCBD, the complexity of these models may lead to issues with model fit or overfitting, especially given the limited sample size (84 plots). Lastly, while phylogenetic information was incorporated, the use of gene sequences from closely related species for some species may introduce uncertainties in phylogenetic relationships, potentially affecting the accuracy of the phylogenetic analyses. These limitations highlight the need for further studies across broader scales and with more diverse datasets to refine the understanding of beta diversity dynamics in arid ecosystems.
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Thyme species, including Thymus vulgaris, T. kotschyanus (drought-tolerant) and T. serpyllum (drought-sensitive), are valuable medicinal herbs. They are often grown in arid regions and are increasingly suffering from water stress due to climate change. Here, we analyzed the metabolome and expression of selected genes in leaves of these species under drought stress with and without treatment with the phytohormone abscisic acid (ABA). Among the terpenes, dominant metabolites in thyme, thymol was the most important terpenoid component, followed by thymoquinone, carvacrol and p-cymene in all three species. Drought stress reduced terpene concentrations, while moderate ABA levels increased them. T. kotschyanus showed the highest concentrations of thymol and carvacrol after combined treatment with drought and ABA. Metabolite accumulation was partially correlated with genes related to terpenoid biosynthesis. The combined treatment of drought stress and ABA resulted in a significant reduction of the stress hormone jasmonic acid and an increase of its biosynthetic precursor, OPDA (cis-12-oxophytodienoic acid), in all species. The present research results indicate that ABA treatment at moderate concentrations could be used as a measure to increase the production of some pharmaceutically active phenolic monoterpenes in T. vulgaris, T. serpyllum and T. kotschyanus and increase the stress resistance of the plants.
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1 Introduction

Medicinal plants are a key part in the pharmaceutical, health, and food industries. The Lamiaceae family is the largest plant family studied in pharmaceuticals, and its therapeutic significance stems from its essences (Askary et al., 2023). Thymus is one of the most popular medicinal genera and widely used in several industries, including food, cosmetics, and medicines (Mahdavi et al., 2020). It is commercially grown in the Mediterranean and middle East regions, with 215 species belonging to the Lamiaceae family (Rahimi et al., 2023).

Thyme species are perennial herbs that produce monoterpenes, sesquiterpenes, and phenolic compounds such as flavonoids and coumarins, which are important sources for treating different disorders. They show e.g. antitumor, antibacterial and antifungal activity and they are active against respiratory diseases (Patil et al., 2021). Rosmarinic acid is the most abundant phenolic acids in T. vulgaris, while thymol and carvacrol are the most common terpenoid components in its essential oils (Kianersi et al., 2021; Tohidi et al., 2017). These two terpenoid substances are derived from the methyl erythritol phosphate (MEP) pathway, which produces dimethylallyl diphosphate (DMADP) and isopentenyl diphosphate (IDP), which are subsequently used to eventually biosynthesize thymol and carvacrol as phenol monoterpenes (Dudareva et al., 2005). Geranyl diphosphate synthase (GDS) plays a crucial role in this metabolic pathway. It can catalyze the condensation of IDP and DMADP to geranyl diphosphate (GDP), the universal monoterpene precursor (Lichtenthaler, 1999). Following that, γ-terpinene synthase (TPS), a monoterpene synthase, generates γ-terpinene by cyclizing GDP. Furthermore, cytochrome P450 (CYP) monooxygenases CYP71D178, CYP71D180, and CYP71D181 are involved in further alteration of the γ-terpinene skeleton to form thymol and carvacrol but only CYP71D178 produces thymol, while CYP71D180, CYP71D181, and CYP71D182 biosynthesize carvacrol (Kianersi et al., 2021; Krause et al., 2021; Tohidi et al., 2020).

The amounts of the different metabolites depend on the species (Yang et al., 2024), and also on environmental factors, in particular the availability of water (Arpanahi et al., 2020; Pant et al., 2021). Previous studies have shown that under extreme drought stress conditions, T. kotschyanus can grow and survive better than T. vulgaris (Ashrafi et al., 2018; Mohammadi et al., 2019). Thyme species have a high variation regarding drought tolerance and this might be attributed to differences in primary and secondary metabolite regulations (Ashrafi et al., 2022). Tolerant plants sometimes accumulate fewer metabolites than sensitive plants, despite producing more osmolytes (Mansinhos et al., 2022). Drought not only affects secondary metabolism but also phytohormone levels. In particular, it is well-known that, under drought or salinity, the concentration of abscisic acid (ABA) significantly increases, stimulating stomatal closure, adapting physiological responses, and causing alterations in gene expression (Jogawat et al., 2021). ABA is essential for plant resistance and adaptability to numerous abiotic stressors. In addition, ABA regulates reactions to environmental stresses, including heat, cold, salt, drought, and excessive levels of radiation (Liu et al., 2022). It has also been reported, that the external application of ABA improves the growth of crops such as lavender (Safari et al., 2024) and mugwort (Zehra et al., 2020) under abiotic stress conditions. Nowadays, there is a growing interest for using phytohormones to enhance the activity of antioxidant systems and improve plant tolerance to drought stress (Raza et al., 2022; Youssef et al., 2023). However, knowledge on the relationship between drought stress, the amounts of aromatic and medicinal compounds and ABA treatment in differentially drought-tolerant thyme species is limited.

Therefore, the research objectives were 1) to characterize and compare the phenolic compounds and terpenoid compositions, 2) to assess the expression of relevant genes for thymol and carvacrol biosynthesis, and to measure the stress-related phytohormone in drought tolerant thyme species, T. kotschyanus, a drought sensitive species, T. serpyllum, and of T. vulgaris, under drought stress with application of foliar spraying of ABA.




2 Materials and methods



2.1 Plant material and growth conditions

The seeds of three different thyme species, viz. T. serpyllum, T. kotschyanus, and T. vulgaris, were provided by the Research Institute of Forests and Rangeland in Tehran, Iran, and determined by Flora Iranica (Rechinger, 1963). Voucher specimens were deposited in the Research Institute of Forests and Rangeland Herbarium in Tehran, Iran. T. vulgaris is native to central and southern Europe, Africa and Asia. T. serpyllum to Central and Eastern Europe, mainly at higher altitudes, and the native range of T. kotschyanus is South and East Turkey to Iran.

The seeds germinated in a seedling plastic tray with a 1:1 blend of peat moss and coco peat. The trays were placed in a growing chamber (York) equipped with LED NS1 lights (Vayola, Norway) in December 2022. After two months, the seedlings were transplanted into plastic pots (10 cm in diameter and 8 cm in height, with five seedlings per pot). The pots growth media was made up of 3:2:1:0.5:0.5 ratios of sieved soil, sand-clay granule mix, perlite, vermiculite, and leccaton. Plants were kept at 22°C, and growth chamber settings included a 16-hour photoperiod, 35-50% relative humidity, and 180 μmol m-2, mimicking day-light conditions.




2.2 Treatment

All plots were irrigated on a daily basis for two months, after which the first foliar sprays of ABA (0, 25, and 50µM) (ABA0, ABA25, and ABA50, respectively) were carried out on the leaves of plants till runoff. ABA concentrations were chosen according to (Ghassemi et al., 2017; Safari et al., 2024; Youssef et al., 2023; Zehra et al., 2020). ABA (cis, trans abscisic acid, Sigma-Aldrich, Steinheim, Germany) was dissolved in ethanol, further diluted with distilled water, and then applied four times at one-week intervals. The treatment without ABA consisted 5-10 mL of ethanol mixed with distilled water. Drought stress was imposed one week after the initial spraying of ABA at two irrigation levels (100% and 40%; C = control and D = drought stress, respectively) of field capacity (FC). To calculate the amount of water required per pot at each irrigation regime, at the beginning of the experiment the soil FC was measured using the weighing method (Pourmeidani et al., 2017). First, the pots were filled with soil and thoroughly irrigated to achieve saturated soil. To prevent evaporation, the pot was covered with plastic and after 24 hours, pots were weighed every two hours. When the weight of the pots was fixed, the soil sample from each pot was weighed. The percentage of water in the soil under FC conditions was determined by the following equation:

[image: Formula for calculating soil water content in percentage: (soil fresh weight minus soil dry weight divided by soil dry weight) multiplied by 100.]	

After subtracting the weight of the pot and the dry soil, the amount of water held under FC conditions was calculated, and different irrigation treatments (100% and 40% FC) were calculated accordingly. To this aim, the pots were weighed daily using the prescribed and calculated weight for each treatment, and the appropriate amount of water was added to each pot. Sampling was done one week following the last spraying. Both treated and untreated plants were frozen in liquid nitrogen and stored at -80°C until further analysis. This experiment solely examined vegetative development in thyme species.




2.3 RNA extraction and cDNA synthesis

The total RNA of thyme species leaves was extracted from 100 mg of powdered leaf using the InviTrapR Spin Plant RNA Mini Kit (50) (Invitek Molecular) according to the manufacturer’s instructions, followed by on-column DNA digestion with DNaseI (TURBO DNA-freeTM kit). RNA concentration, purity, and quality were measured with a spectrophotometer (NanoDrop, 2000c; Thermo Scientific). The RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Schwerte, Germany) was used to synthesize cDNA from 900 ng/µl RNA. Oligo (dT) 18 primers (Supplementary Table S1) were used in accordance with manufacturer recommendations.




2.4 qRT - PCR and gene expression analysis

The normalized expression method (fold change) was used to analyze the relative transcript values of monoterpene synthase genes such as γ-terpinene synthase (TPS2), thymol synthase (CYP71D178 and CYP71D181), and carvacrol synthase (CYP71D180 and CYP71D181). Each sample had three biological and two technical replicates. Specific primers for qRT-PCR were constructed based on previously obtained conserved sequencing data of thyme species, and EF1 was employed as a reference gene for normalization. Real-time PCR was performed using an iCycler (Bio-Rad, Hemel Hempstead, Germany) with SYBR green II (Agilent Technologies). The qRT-PCR settings were set as follows: an initial denaturation phase at 95°C for 3 minutes, followed by 40 cycles of denaturation at 95°C for 30 seconds, annealing at 57°C for 35 seconds, and a final elongation step at 72°C for 30 seconds. The primers used in the PCR and qRT-PCR procedures were gene-specific and are shown in Supplementary Table S1. Normalized raw Ct values were utilized to compare the results of control and treatment samples using the 2-ΔΔCt (fold change) method, as previously described (Livak and Schmittgen, 2001).




2.5 Extraction of terpenes from thyme leaves

Young leaves from each species were sampled independently, frozen in liquid nitrogen, and ground to a fine powder using a mortar and pestle. A 50 mg plant powder was extracted with 400 μl hexane (containing 10 μg/ml of the internal standard nonyl acetate) in a 1.5 mL glass vial at room temperature for 1 hour. 50 μl of the hexane phase was transferred into a new glass vial for GC-MS analysis (Krause et al., 2021). The extract was subjected to gas chromatography using an Agilent 6890 series gas chromatograph (Agilent, Santa Clara, CA, USA), with 1 μL splitless injection and a flow rate of 2 mL min−1 using He as carrier. The components were separated on an Agilent DB-5MS column (30 m × 0.25 mm × 0.25 μm) with a temperature gradient of 45°C to 180°C at 6°C min-1, followed by an increase to 300°C at 100°C min-1. To identify compounds, the column outlet flow was connected to an Agilent 5973 quadrupole mass selective detector with an interface temperature of 270°C, quadrupole temperature of 150°C, source temperature of 230°C, and electron energy of 70 eV. For peak integration the following parameters were used initial peak width 0.08, initial threshold 18.0, integrator 5000-25000. The identity of each peak was determined by comparing its mass spectrum and retention time to authentic standards or spectra from reference libraries (NIST98 and Wiley 275) using MSD Chemstation. For compound quantification, the column outflow (H2 as carrier gas) was connected to a 300°C flame ionization detector. The amount of each chemical was calculated by comparing the peak area obtained to the peak area of the internal standard.




2.6 Analysis of phenolic compounds by LC-MS/MS

Approximately 50 mg of fresh thyme tissue was extracted and homogenized in 1.0 ml methanol containing 40 ng D6-JA (HPC Standards GmbH, Germany) and 10 ng trifluoro-methyl-cinnamic acid (Alfa Aesar, Karlsruhe, Germany) as internal standards. Samples were shaken on a horizontal shaker at room temperature for 10 minutes. The homogenate was blended for 30 minutes before being centrifuged at 13,000 rpm for 20 minutes at 4°C. The supernatant was then collected for analysis. Phenolic components in leaf extracts were analyzed according to (Ferlian et al., 2021) The Agilent 1260 infinity II LC system (Agilent Technologies, Waldbronn, Germany) was equipped with a Zorbax Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 μm; Agilent Technologies, Waldbronn, Germany) with aqueous formic acid (0.05% (v/v)) and acetonitrile as mobile phases A and B. The mobile phase flow rate was 1.1 ml per minute. The elution profile was: 0-0.5 min, 5% B; 0.5-6.0 min, 5-37.4% B; 6.02-7.5 min, 80-100% B; 7.5-9.5 min, 100% B; and 9.52-12 min, 5% B. The column temperature was kept at 20°C. The LC system was connected to a QTRAP 6500 tandem mass spectrometer (SCIEX, Darmstadt, Germany) (with a turbospray ion source) that was set to negative ionization mode. The ion spray voltage was kept at -4500 eV, while the turbogas temperature was set to 650°C. The nebulizing gas was set at 60 psi, the curtain gas at 40 psi, the heating gas at 60 psi, and the collision gas at a medium setting. Multiple reaction monitoring (MRM) was utilized for quantification: analyte precursor ion (Q1) fragmentation into product ion (Q3) (see Supplementary Table S2). Data gathering and processing were carried out using Applied Biosystems’ Analyst 1.6.3 software. 5-caffeoyl-quinic acid, 3-caffeoyl-quinic acid, 4-caffeoyl-quinic acid, and sulfo-jasmonic acid were absolutely quantified using D6-JA as an internal standard and the response factors indicated in Supplementary Table S2. Coumaric acid, caffeic acid, and ferulic acid were absolutely quantified with trifluoro-methyl-cinnamic acid as an internal standard and the response factors provided in Supplementary Table S2. All other substances were relatively quantified, and the results are expressed as peak area per mg of tissue (Ferlian et al., 2021).




2.7 Analysis of phytohormones by LC-MS/MS

Approximately 50 mg of fresh thyme tissue was extracted and homogenized in 1.0 mL methanol containing 40 ng D4-SA (Santa Cruz Biotechnology, USA), 40 ng D6-JA (HPC Standards GmbH, Germany), 40 ng D6-ABA (Toronto Research Chemicals, Toronto, Canada), and 8 ng D6-JA-Ile (HPC Standards GmbH) as internal standards. Samples were shaken on a horizontal shaker at room temperature for 10 minutes. The homogenate was blended for 30 minutes before being centrifuged at 13,000 rpm for 20 minutes at 4°C. The supernatant was then collected for analysis. The phytohormone analysis was performed using LC-MS/MS (Heyer et al., 2018). Using an Agilent 1260 series HPLC system (Agilent Technologies) and a tandem mass spectrometer QTRAP 6500 (SCIEX, Darmstadt, Germany). Agilent Technologies’ Zorbax Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 µm) was used for chromatographic separation. Water with 0.05% formic acid and acetonitrile were utilized as mobile phases A and B, respectively. The elution profile was as follows: 0-0.5 min, 10% B; 0.5-4.0 min, 10-90% B; 4.0-4.02 min, 90-100% B; 4.02-4.55 min, 100% B; and 4.51-7.0 min, 10% B. The flow rate was held constant at 1.1 ml/min, while the column temperature was kept at 25°C. The mass spectrometer was equipped with a Turbo spray ion source operated in negative ionization mode. The ion spray voltage remained at -4,500 eV. The turbogas temperature was set at 650°C. The nebulizing gas was set to 60 psi, the curtain gas at 40 psi, the heating gas at 60 psi, and the collision gas at “medium”. The mass spectrometer was operated in multiple reaction monitoring (MRM) mode; Supplementary Table S3 contains information on the instrument parameters and response factors for quantification. Because we discovered that both the D6-labeled JA and D6-labeled JA-Ile standards (HPC Standards GmbH, Cunnersdorf, Germany) contained 40% of the corresponding D5-labeled compounds, the sum of the peak areas of D5- and D6-compounds was used for quantification.




2.8 Statistical analysis

The investigation was conducted as a factorial experiment using a completely randomized design with three replications. SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) was used to analyze all parameter data by ANOVA (CRD). Means were compared using the LSD test to detect significant differences (p ≤ 0.05). Excel, JMP, and Statgraphics 16 software were used to analyze the data and draw the figures. Mean values are shown with their standard errors.





3 Results



3.1 Effects of drought and different ABA concentrations on terpenoid contents in different Thymus species

To determine how drought and ABA treatments affect the major terpenoid compounds in the three thyme species, the amounts of thymol, carvacrol, p-cymene, thymoquinone, and γ-terpinene in leaves were analyzed after the treatments (Figure 1). The three species differ substantially in the concentrations of the main terpenoids that accumulate in leaves under control conditions and show different responses to treatments. Under control conditions T. vulgaris is characterized by high levels of p-cymene and γ-terpinene, while T. kotschyanus shows significantly higher levels of carvacrol and, similar to T. serpyllum, the levels of thymol were significantly higher than for T. vulgaris. High concentrations of carvacrol were only found in T. kotschyanus. Drought stress increased the content of thymol, carvacrol, p-cymene, thymoquinone, and γ-terpinene. ABA treatments increased thymol, p-cymene, and γ-terpinene levels, while carvacrol and thymoquinone levels decreased (Figure 1). Thymol content increased in all three species as soil water content decreased from 100% to 40% FC and increased significantly with ABA concentration (Figure 1A). A control treatment and ABA25 × drought stress led to a significant increase in carvacrol levels in T. kotschyanus (Figure 1B), while in the other two species a pronounced change in carvacrol levels was only observed after drought treatment without ABA application. The p-cymene content increased when soil water content decreased from 100% to 40% FC in all three species (Figure 1C). Drought × ABA25 also led to a significant increase in p-cymene content in all three species, while higher ABA concentrations led to a decrease although the levels were still higher than in the controls (Figure 1C). Thymoquinone levels in T. vulgaris were negligible and unaffected by treatment, while ABA25 resulted in lower content in the other two species compared to controls, and drought and drought × ABA25 treatment resulted in a significant increase in thymoquinone levels in T. serpyllum and T. Kotschyanus, respectively (Figure 1D). The γ-terpinene levels increased significantly in T. kotschyanus and T. vulgaris by ABA treatment, while T. serpyllum showed the highest γ-terpinene content under control conditions (Figure 1E).

[image: Bar charts compare the concentration of five compounds in thyme species under regular watering and drought stress. Compounds include Thymol, Carvacrol, P-Cymene, Thymoquinone, and γ-Terpinene, each with different values across Thymus vulgaris, Thymus serpyllum, and Thymus kotschyanus. Regular watering is shown with filled bars, and drought stress with striped bars. Results vary significantly among the species and treatments.]
Figure 1 | The major terpenoid compounds (A, thymol; B, carvacrol; C, p-cymene; D, thymoquinone; E, γ-terpinene) are differentially enriched in T. vulgaris (green), T. serpyllum (blue) and T. kotschyanus (red) and the contents are affected by different irrigation regimes (C, control or regular watering (filled bars), D, drought stress (striped bars)) and ABA (0, 25, 50 μM) treatment. Data shown are mean ± SE, n = 3, different letters indicate significant differences at p ≤ 0.05 (LSD test).

A total of 42 compounds were identified in this experiment. An analysis using a heat map reveals distinct clusters, with the heat map’s colors demonstrating that the species vary in their levels of effective chemical production under both stress and non-stress conditions (Figure 2). Drought and ABA treatment affected metabolites across the four clusters, but with different changing patterns. T. vulgaris was categorized in the first cluster under both irrigation regimes and different ABA treatments. However, the production of compounds increased under drought conditions and the simultaneous application of ABA50. T. serpyllum and T. kotschyanus were grouped in the same cluster under non-stress conditions, but independent of the presence of ABA. The third cluster includes T. serpyllum under drought stress and ABA25. Finally, the fourth cluster includes T. kotschyanus under drought stress and different ABA treatments. In addition to species clustering, the heat map analysis identified four groups of terpenoid compounds (G1 – G4) that cluster together, indicating similar regulation of their accumulation (Figure 2).

[image: Heatmap illustrating the expression levels of various compounds, organized into four groups labeled G1 to G4. A key on the right indicates a color gradient from blue (low) to red (high). An inset line graph displays an upward trend in data points. Dendrograms cluster data both vertically and horizontally.]
Figure 2 | Hierarchically clustered heat map of different terpenoid compounds produced by three thyme species (V, T. vulgaris; S, T. serpyllum; K, T. kotschyanus) under different irrigation regimes (C, control or regular watering, D, drought stress) and ABA (0, 25, 50 μM) foliar spraying. The compounds separated into four groups. Different colors indicate the relative abundance of each metabolite.

Given the above analytical results, we used each compound in the terpenoids as a categorical variable and the proportion of compound content as a continuous variable to examine the degree of variation among the 42 main components. The variation in the levels of 38 identified compounds in the three thyme species under the different treatments ranged from 0 to 1000 ng/g FM. Thymol proved to be the most variable of all components (0-7541.4 ng/g DM), followed by thymoquinone (0-4939.13 ng/g FM), carvacrol (0-2749.65 ng/g FM), and p-cymene (0-2172.98 ng/g FM) (Supplementary Figure S1).

Overall, the results revealed a statistically significant relationship between water stress and ABA foliar sprays on the chemical terpenoid composition in thyme species (Supplementary Table S4). Under drought stress, often the amounts of terpenoids increased in proportion to the concentration of ABA.




3.2 Effects of drought and different ABA concentrations on the expression of selected thymol/carvacrol biosynthetic pathway genes in different Thymus species

The relative gene expression of key biosynthetic enzymes such as TPS2, CYP71D178, CYP71D180, and CYP71D181, respectively, was studied to examine how the thymol/carvacrol biosynthesis genes might be altered in the leaves of T. vulgaris, T. serpyllum, and T. kotschyanus (Figure 3). In T. vulgaris, significant differences were observed in all tested genes in response to ABA25, with values 1.5, 31.5, 3.9, and 2.3 - fold higher than those of the control. In contrast, the effect decreased after treatment with ABA50. Drought stress with or without ABA had almost no significant effect on the gene expression, except for TPS2 where drought caused no gene expression (Figures 3A–D). In T. serpyllum, irrigated conditions × ABA50 significantly increased the expression of TPS2 and CYP71D181 genes (21.08 and 11.79-fold higher than the control) (Figures 3E, H). In drought-treated leaves, CYP71D178 and CYP71D180 transcripts were significantly elevated, showing increases of 7.3 and 10.5-fold, respectively (Figures 3F, G). For TPS2, drought × ABA25 caused the highest expression level (Figures 3E, H). In T. kotschyanus, the application of ABA in watered plants resulted in a significant increase in mRNA levels of TPS2 and CYP71D181 at concentrations of 25 and 50 µM, with increases of 38.6 and 67.2-fold, and 48.5 and 79.4-fold, respectively. The expression of the CYP71D180 gene was increased (59.17-fold) at ABA50 (Figures 3I–L). Under drought stress, the application of an additional ABA50 treatment led to a significant increase in gene expression of all tested genes (TPS2, CYP71D178, and CYP71D181) with fold changes of 85.5, 15.2, and 96.6, respectively, except for CYP71D180 (Figures 3I–L).

[image: Bar graphs showing fold change in expression of TPS2, CYP71D178, CYP71D180, and CYP71D181 under regular watering and drought stress in *T. vulgaris*, *T. serpyllum*, and *T. kotschyanus*. Each species and condition is represented by a pair of graphs, labeled A to L, with varying fold changes and treatment indicators (C, ABA25, ABA50, D) across different colors: green, blue, and red.]
Figure 3 | Relative expression of genes (TPS2, CYP71D178, CYP71D180, and CYP71D181) involved in terpenoid biosynthesis in T. vulgaris, T. serpyllum and T. kotschyanus leaves treated with different treatments of ABA (0, 25, 50 μM) and irrigation regimes (C = control or regular watering (filled bars), D = drought stress (striped bars)) (A–L). Data shown are mean ± SE, n = 3, different letters indicate significant differences at p ≤ 0.05 (LSD test).




3.3 Correlations between the main terpenoid components and gene expression

Pearson’s correlation analysis was performed to determine any relationships between the major terpenoid components and relative transcript levels (Figure 4). Among the investigated genes, TPS2 and CYP71D181 had the strongest correlation coefficient (r = 0.97**), followed by CYP71D180 and CYP71D181 (r = 0.52*) and TPS2 and CYP71D180 (r = 0.49*). Among the terpenoids, there was a strong correlation between γ-terpinene and p-cymene (r = 0.65**). As for the correlations between terpenoids and the biosynthesis genes, there was a clear correlation between thymol and both TPS2 (r = 0.49*) and CYP71D181 (r = 0.48*), respectively, as well as between γ-terpinene and CYP71D178 (r = 0.49*). The strongest negative relations were found between thymoquinone and γ-terpinene (r = -0.4) and p-cymene (r = -0.3), respectively, followed by CYP71D180 and p-cymene (r = -0.25) (Figure 4).

[image: Correlation matrix using Pearson’s correlation coefficients, illustrating relationships among variables TPS2, CYP71D178, CYP71D180, CYP71D181, γ-Terpinene, Thymol, Carvacrol, P-Cymene, and Thymoquinone. Color gradient from red to green indicates correlation strength, with values ranging from negative to positive correlations. Ball size also represents correlation magnitude.]
Figure 4 | Pearson’s correlation coefficients between the main terpenoid components (thymol, carvacrol, p-cymene, thymoquinone, γ-terpinene) and gene expression (TPS2, CYP71D178, CYP71D180, and CYP71D181) on studied Thymus species (T. vulgaris, T. serpyllum and T. kotschyanus) affected by different irrigation regimes and ABA treatments. * Correlation is significant at the p ≤ 0.05 level. ** Correlation is significant at the p ≤ 0.01 level.




3.4 Effects of drought and different ABA concentrations on the phenolic compounds contents in different Thymus species

In addition to terpenoids, the phenolic compounds of T. vulgaris, T. serpyllum, and T. kotschyanus leaves were examined under drought stress and different ABA concentrations. Eighteen compounds were identified in the analysis (Supplementary Tables S5A–C), including ten different phenolic acids (p-coumaric acid, caffeic acid, ferulic acid, rosmarinic acid, rosmarinic acid glucoside, quinic acid, salvianolic acid, chlorogenic acids (5-caffeoylquinic acid, 5CQA; 4-caffeoylquinic acid (4QCA); and 3-caffeoylquinic acid (3QCA)), citric acid, four flavonoids (apigenin-6,8-di-C-glucoside, apigenin-glucuronide, luteolin-glucuronide, and quercetin), and three unknown compounds (555-359, 307-263, and 399-161). Both ABA and drought treatments significantly altered the polyphenol content in the three thyme species. Rosmarinic acid had the largest peak area of the phenolic components measured among all three thyme species, with no significant differences observed between treatments (Supplementary Tables S5A–C). Drought stress significantly reduced the levels of caffeic acid and 5CQA in T. vulgaris, an effect that was mitigated by ABA treatment. ABA and drought led to a reduction of citric acid levels, whereas ABA treatment alone increased the levels of apigenin-6,8-di-C-glucoside and quercetin in plants that were sufficiently irrigated. All other compounds did not show any clear tendencies upon drought or ABA treatment (Supplementary Tables S5A–C). In T. serpyllum, levels of quinic and salvianolic acids increased after drought stress but were reduced due to further ABA treatments. In contrast to T. vulgaris, the citric acid levels increased after ABA treatment, whereas apigenin-6,8-di-C-glucoside and rosmarinic acid glucoside decreased in watered plants. The unknown compound 307-263 showed a significant decrease after ABA treatment (Supplementary Tables S5A–C). In T. kotschyanus, this latter effect was also detected as well as the apigenin-6,8-di-C-glucoside and rosmarinic acid glucoside decrease upon ABA treatment. Quinic acid concentrations increased after treatment with drought and ABA treatment. The other tested compounds showed no clear trends after drought or ABA treatment (Supplementary Tables S5A–C). Notably, quercetin was only detectable in T. vulgaris. In the other two species, ABA, or even drought in T. kotschyanus, led to the elimination of the accumulation of this flavonoid (Supplementary Tables S5A–C).




3.5 Effects of drought and different ABA concentrations on the phytohormone contents in different Thymus species

Phytohormones mediate stress responses in plants. Consequently, the present analysis will encompass both the secondary metabolites in the three Thymus species and the stress-relevant phytohormones (Supplementary Table S6). T. vulgaris showed the lowest concentration of SA in comparison to the other two species, while T. kotschyanus displayed the highest levels, which further increased under drought stress. Drought stress decreased SA content in T. vulgaris, while in T. kotschyanus SA content increased; however, no significant differences were observed between treatments within each species. The SA-Gluc levels were observed to reflect the distribution of SA and remained largely unaffeted by the different treatments. For JA, significant differences were observed among the species, drought stress, and ABA treatment. While T. vulgaris and T. kotschyanus showed comparable values, in T. serpyllum the JA content was 10 to 20-fold lower. The JA degradation metabolites (OH-JA, sulfo-JA) showed the same distribution among the species. In addition, the decrease of JA in watered plants upon ABA treatment was not detected in T. serpyllum. Particularly, these findings were not observed for JA-Ile. Here, for all three species the levels detected were very similar. This is applicable to OH-JA-Ile; however, COOH-JA-Ile was not detected in T. serpyllum. The biosynthetic jasmonate precursor, cis-OPDA, did not show any clear trends.

Next, cluster analysis and principal component analysis (PCA) were conducted to evaluate the phytohormone differences among the samples and treatments, as well as the variability within the groups (Figure 5). According to PCA, the first three principal components (PC1, PC2, and PC3) explained the majority of the variation (69.88%) (Supplementary Table S7). The PCA results revealed that the first and second components explained 56.69% of the overall variation. The first PC (PC1) explained 31.74% of the total variation and had a high positive correlation with sulfo-JA (0.55) and COOH-JA-Ile (0.5) contents, while demonstrating a negative correlation with SA-Gluc (-0.32) and SA (-0.25) levels. PC2 explained 24.95% of total variance, with a positive correlation with OH-JA-Ile (0.56) and SA (0.54) and a negative correlation with sulfo-JA (-0.06) (Figure 5) (Supplementary Table S7).
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Figure 5 | Principal Component Analysis (PCA) (A) and Cluster Analysis (CA) (B) for stress-related phytohormones in thyme species (V= T. vulgaris (green), S= T. serpyllum (blue), K= T. kotschyanus (red)) treated with different irrigation regimes (C= control or regular watering, D= drought stress) and ABA (0, 25, 50 μM) treatment. SA (salicylic acid), SA-Gluc (salicylic acid-β-D-glucoside), Cis-OPDA (12-oxophytodienoic acid), JA (jasmonic acid), JA-Ile (jasmonoyl-isoleucine conjugate), OH-JA-Ile (hydroxyjasmonoyl-isoleucine conjugate), OH-JA (hydroxyjasmonic acid), COOH-JA-Ile (carboxy jasmonoyl-isoleucine conjugate), Sulfo-JA (sulfated jasmonic acid), point labels: number of complete cases, vectors: data variables.

PCA analysis categorized the species into three distinct groups. Group 1, which included T. vulgaris under both irrigation regimes, showed high amounts of JA, OH-JA, COOH-JA-Ile, and sulfo-JA. In contrast, Group 2, which included T. kotschyanus and T. serpyllum species, had a high SA-Gluc and cis-OPDA content. Group 3 (drought stressed T. kotschyanus without and with high ABA treatment) had components including SA, JA-Ile, and OH-JA-Ile (Figure 5A). The cluster analysis also confirmed these findings (Figure 5).





4 Discussion

Drought stress significantly threatens agricultural production. This concerns not only crop plants but also medicinal herbs, as the yield of essential oils can be significantly impacted (Askary et al., 2018). Here, drought tolerance showed significant variations in the content of the predominant terpenoids under well-irrigated conditions as well as in their response to drought stress; however, no consistent pattern was observed. Thymol, p-cymene, and γ-terpinene levels in T. vulgaris and T. kotschyanus increased after drought stress, whereas the drought-susceptible species T. serpyllum showed significantly lower levels. These findings were in line with the previous researches indicating increased concentrations of thymol, carvacrol, and linalool in T. kotschyanus and T. vulgaris (Askary et al., 2018; Mohammadi et al., 2019). In the current study, although T. kotschyanus showed the highest carvacrol content under control conditions, the contents strongly declined after drought treatment. Interestingly, the terpenoid content and composition of T. vulgaris groups clearly apart from the two other species with octenol, linalool, and ortho-cymene being significantly induced by drought stress, while the drought-susceptible and the drought-tolerant lines are less clearly separated. T. serpyllum is characterized by increased levels of nonanal, bisabolene and beta-caryophyllene after drought stress, while T. kotschyanus showed the strongest increase in 15 terpenoids after combined drought and ABA treatment without a specific-drought-related effect.

Based on the previous researches, ABA foliar spraying was used to investigate if ABA treatment increases drought tolerance without impeding the production of essential oils; ideally even enhancing the secondary metabolites production. Exogenous ABA treatment has been demonstrated to protect Artemisia annua from drought stress by increasing antioxidant enzyme activity, which helps in the maintenance of leaf cell integrity and leads to enhanced artemisinin synthesis (Zehra et al., 2020). Additionally, foliar application of ABA enhanced the secondary metabolite content in Carum copticum compared to untreated control plants (Ghassemi-Golezani et al., 2018). In conclusion, ABA enhances the synthesis of many bioactive compounds and increases secondary metabolite accumulation, which helps to improve the medical uses of plants (Ghassemi et al., 2017). Consistent with these studies, an increase in key terpenoids (thymol, p-cymene, and γ-terpinene) was observed in all three species, whereas carvacrol levels either remained stable or decreased. This result might be explained with a different flux of metabolites in the biosynthetic pathway. It was already proposed that thymol and carvacrol are synthesized directly from γ-terpinene as a substrate, while p-cymene is created as a by-product of the substrate’s premature release from the active site (Crocoll et al., 2010). Furthermore, ABA treatment may preferentially enhance the production of thymol over carvacrol. In general, ABA foliar sprays could increase the percentages of most monoterpene components in two ways: (1) by directly or indirectly influencing isoprenoid metabolism; and (2) by increasing the pH of the chloroplast stroma following stomatal closure and consequently affecting the activity of the enzyme that synthesizes monoterpenes (Ghassemi-Golezani et al., 2018).

A change in metabolite levels might be due to alterations in biosynthetic gene expression. This study investigated an early gene TPS2, and late genes CYP71D178/180/181 in the monoterpenoid pathway, which all are involved in thymol and carvacrol biosynthesis (Kianersi et al., 2021; Tohidi et al., 2020). According to the present research findings, all of the genes investigated in thymol and carvacrol production pathways responded to ABA and drought. Treatments increased transcription levels, but the extent of the increase differed depending on the species and gene of interest. TPS2 showed the largest increase in response to ABA and drought in all three species. The data demonstrate that TPS2 is more affected than CYP71D178, CYP71D180, and CYP71D181, indicating that it plays an important role in thymol and carvacrol biosynthesis. Similar results were observed in a study conducted on thyme, and it was reported that the relative expression of these genes was influenced by MeJA, SA, and UV-C treatments. These elicitors and their effects on terpene production have already been reported from numerous plant species, including Thymus spp (Askary et al., 2018; Mohammadi et al., 2019; Kianersi et al., 2021; Amani Machiani et al., 2023; Abbasi et al., 2024), Lavandula angustifolia (Safari et al., 2024), and T. kotschyanus (Kamali et al., 2024).

On the other hand, there was an adverse correlation between CYP71D181 expression and p-cymene levels. The lack of congruence between the transcriptional levels of the genes and their related compounds (less gene expression but more compound production) may be due to stress affecting enzyme activity or particular alterations in transcription and post-translational processes (Azimzadeh et al., 2023). The participation of p-cymene, an aromatic hydrocarbon, and the type of enzymes involved in aromatic ring formation remains unknown (Krause et al., 2021).

Similar to previous studies (Sarfaraz et al., 2021; Yang et al., 2024), it was observed that some compounds changed after drought stress and ABA treatment but the changes were species- and compound-specific resulting in highly variable patterns. This means that in all three Thymus species not only the levels of some phenolic compounds strongly differed among the species but also that their levels were affected differently by drought and foliar spray of ABA, indicating a species and compound-specific metabolite flux. In general, phenolic compounds are assumed to improve the antioxidant capacity and abiotic stress resistance (Parvin et al., 2022); but based on our results we cannot pinpoint which compound might have a protective role against drought.

Furthermore, drought stress led to significantly lower levels of the phytohormone jasmonic acid in all three species, while OPDA levels were significantly higher. This is consistent with the idea that drought stress inhibits the conversion of OPDA to JA, leading to an accumulation of OPDA, which may induce stomatal closure as response to water stress to reduce water loss (Savchenko et al., 2014). The intervention of JAs in drought stress has been reported in a number of plant species (Brossa et al., 2011; Pedranzani et al., 2007; Wahab et al., 2022). Interestingly, the general picture of the phytohormone response and the terpenoid pattern are highly similar. For both groups of compounds, T. vulgaris is clearly separate from the two other species. At the phytohormonal level, T. vulgaris is characterized by the presence of JA- and inactive JA-derivatives, while T. serpyllum and T. kotschyanus mostly group together and are determined by salicylic acid-β-D-glucoside accumulation. Further, drought-stressed T. kotschyanus leaves are characterized by the bioactive JA-Ile and SA. This correlation among the two groups of compounds suggest a close interaction between phytohormone levels and terpenoid production.




5 Conclusions

In this study, three Thymus species showed increased levels of major essential oil components after foliar spray with ABA, in particular at a lower concentration of 25 µM, while drought stress mostly led to a decrease of these compounds. The drought tolerant species T. kotschyanus showed particularly high levels of the terpenoids thymol, p-cymene, γ-terpinene, and carvacrol after combined drought stress and ABA treament. The increase only partially correlated with key genes of the terpenoid biosynthesis pathway and depended on the particular species. Phytohormone levels also differed among treatments and species, although across all species the combination of drought and ABA led to a significant reduction in JA and an increase in OPDA levels. The present research findings suggest that ABA treatment can help T. vulgaris, T. serpyllum, and T. kotschyanus producing more pharmaceutically active phenolic monoterpenes. An integrated investigation of metabolomics and transcriptomics in most of the thyme species combined with specific alterations of the biosynthetic pathway might open the way to understand and manipulate the regulatory mechanisms that control the production of pharmaceutically important compounds under environmental stress.
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SKP1 (S-phase kinase-associated protein 1) is a key member of the SCF (SKP1-Cullin1-F-box) E3 ligase complex. The SCF complex is involved in regulating various levels of plant physiology, including regulation of cellular signaling and response to abiotic stresses. While the function of SKP1 in plants is well known, its function in algae remains poorly understood. In this study, we investigated the role of the Chlamydomonas reinhardtii skp1 gene using RNAi interference and overexpression approaches. Subcellular localization of SKP1 was performed by transient expression in onion epidermal cells. For abiotic stress assays, the growth of skp1 RNAi and overexpression recombinant strains was examined under conditions of high osmolality (sorbitol), high salinity (NaCl) and high temperature (37°C). Our results showed that skp1 silencing significantly reduced oil accumulation by 38%, whereas skp1 overexpressing led to a 37% increase in oil content, suggesting that skp1 plays a crucial role in regulating oil synthesis and may influence lipid accumulation by regulating photosynthetic carbon flux partitioning. Subcellular localization analysis revealed that skp1 was predominantly localized within the nucleus. Furthermore, our results showed that SKP1 responds to abiotic stresses. Under sorbol and NaCl stress conditions, RNAi interference strains exhibited better growth than controls; however, their growth was comparatively impaired under 37°C stress compared to controls. On the other hand, overexpression strains showed weaker growth under sorbol and NaCl stress but were more tolerant to 37°C heat stress. These results illustrate the functional diversity of SKP1 in Chlamydomonas. This study provides an important complement for lipid metabolism and abiotic stress regulation in microalgae.
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Introduction

Biodiesel produced from microalgae is considered as a new generation of biofuel. Microalgae have attracted the attention of companies and researchers due to their unique advantages such as high photosynthetic efficiency, effective use of industrial wastewater for production, and less land occupation (Enamala et al., 2018). High cultivation cost is the main obstacle limiting the development of microalgal biodiesel. Therefore, many studies have been conducted to improve the lipid and biomass of microalgae by genetic engineering, hoping to solve the problem of algal species problem at the source. Currently, two triacylglycerol (TAG) synthesis pathways have been identified in microalgae, namely the Kennedy pathway and the phospholipid: diacylglycerol acyltransferase (PDAT) mediated TAG synthesis (Yoon et al., 2012; Wang et al., 2020). In C. reinhardtii, key enzymes involved in the Kennedy pathway include diacylglycerol O-acyltransferase (DGAT), glycero-3-phosphate acyltransferase (GPAT), phosphatidic acid phosphohydrolase (PAP) and glycero-3-phosphate dehydrogenase (GPDH) (Driver et al., 2017; Hung et al., 2013; Deng et al., 2013a; Herrera-Valencia et al, 2012). Increasing or inhibiting the expression of these genes has been used to increase the lipid content of microalgae with some success (Driver et al., 2017; Deng et al., 2012; Russa et al., 2012). In addition, enzymes that regulate fatty acid metabolism such as acyl-ACP thioesterase (Fat), acetyl-coA carboxylase (ACCase), and phosphoenolpyruvate carboxylase (PEPC) have also been shown to be involved in TAG biosynthesis (Tan and Lee, 2017; Kao and Ng, 2017; Chen et al., 2019). In recent years, Luo et al. Have also found that ubiquitination in microalgae may be involved in the regulation of lipid metabolism (Luo et al., 2015; Luo et al., 2018; Luo et al., 2021; Luo et al., 2022). Therefore, it is necessary to elucidate the mechanism of lipid biosynthesis in microalgae in order to promote biodiesel production in microalgae.

Ubiquitination is an important protein modification mode for regulating cellular metabolism in eukaryotic cells, which binds ubiquitin to target proteins for degradation. The following components are required for protein ubiquitination in eukaryotic cells: ubiquitin activase (E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3), proteasome complex (26S) and deubiquitinating enzyme (DUB). Among them, E3 ubiquitin ligase is the main one that binds target proteins (Ebner et al., 2017; Damgaard, 2021). Currently, E3 ubiquitin ligases are classified into two categories: single-subunit and multisubunit. Single-subunit E3 include four types: RING type, U-box type, HECT type (homology to E6-associated carboxy-terminus) and RBR type (ring between ring) (Stone and Callis, 2007). The multi-subunit E3 mainly includes the CRLs family (Cullin-RING ligases family) and the anaphase promoting complex/cyclosome. The family of CRLs in multisubunit E3 can be classified according to the different types of Cullin subunits, and the Cullin family is evolutionarily conserved in different species, e.g., there are seven types of Cullin in human, five types of Cullin in Arabidopsis, and three types of Cullin in yeast (Moon et al., 2004). Different types of Cullin subunits bind different substrate recruiting proteins belonging to the F-box, BTB or DDB-binding WD40 (DWD) family (Stone, 2014). One of these CRLs based on the CUL1 type is known as SCF (SKP1-Cullin1-F-box) type E3 (Stone and Callis, 2007; Marín, 2009; Roodbarkelari et al., 2010; Dias et al., 2002; Gray et al., 1999; Seo et al., 2014).

Currently, 21, 31, 19 and 15 skp1-like genes have been identified in Arabidopsis thaliana, rice, tomato and chickpea, respectively (Zhao et al., 2003; Kong et al., 2007; Zhang et al., 2015; Varshney et al., 2023). skp1-like genes have also been found in several species such as wheat skp1, soybean skp1, chilli skp1, citrus skp1 and peony skp1 (Chai et al., 2010; Hong et al., 2013; Hao et al., 2017; Chen et al., 2018; Lim et al., 2019). The SCF complex formed by SKP1 is involved in various levels of eukaryotic regulation such as regulation of intracellular hormone signaling, meiosis, flower development, light signaling, seed germination, circadian rhythms, cellular senescence, and biotic and abiotic stress responses (Gray et al., 1999; Zhao et al., 2003; Hao et al., 2017; Chen et al., 2018; Lim et al., 2019; Zou et al., 2020; So et al., 2020; Rao and Virupapuram, 2021; Marrocco et al., 2003; Takahashi et al., 2004; Dezfulian et al., 2012; Kuroda et al., 2012; Yang et al., 1999; Yang et al., 2006; Wang and Yang, 2006; Lu et al., 2016; Xu et al., 2002; Guo and Ecker, 2003; Ni et al., 2004; Parry and Estelle, 2006; Shao et al., 2023).

A large number of studies have shown that stress conditions can induce lipid accumulation in microalgae. These conditions include high temperature and deficiencies of nitrogen, sulfur, phosphorus, iron and silicon (Holcomb et al., 2011; Longworth et al., 2016). Of these, nitrogen deficiency induces the most significant accumulation of neutral lipids. The pathway for lipid synthesis in microalgae is similar to that of higher plants (Bellou et al., 2014), but differs in that there are several bypass pathways for lipid metabolism in algal cells (Bellou et al., 2014; Lee et al., 2017). The discovery of genes involved in the regulation of lipid metabolism is important to unravel the lipid metabolism network of microalgae and promote the production of microalgal biodiesel. Therefore, the digital gene expression profile of C. reinhardtii under nitrogen stress was used to screen genes associated with the regulation of lipid metabolism in our laboratory. It was observed that skp1 RNA abundance increased significantly under nitrogen-deficient culture (Li et al., 2012a), which is concomitant with increased lipid accumulation in C. reinhardtii under nitrogen stress. To investigate the relationship between abnormal skp1 gene expression and lipid accumulation, this study used RNAi interference and overexpression technology to explore the mechanism by which skp1 regulates changes in Chlamydomonas lipids. In addition, this study analyzed the effects of high osmolarity (sorbol), high salt and high temperature conditions on skp1 gene expression, thus providing a scientific basis for the genetic modification of microalgae in favor of lipid and biomass increase.





Materials and methods




Bioinformatics analysis of protein homologs

To identify skp1 genes in Chlamydomonas and other organisms, the SKP1 domain of the Arabidopsis ASK protein was used as a seed sequence to search the Phytozome (http://www.phytozome.net/), Plaza (http://bioinformatics.psb.ugent.be/plaza/) and NCBI (National Center for Biotechnology Information) databases through BLASTP. Online MEME (https://meme-suite.org/meme/tools/meme) was used to predict the conserved motifs of skp1 genes, and an online InterProScan analysis (http://www.ebi.ac.uk/InterProScan) was carried out to identify the domains of the SKP1 proteins (Jones et al., 2014). A phylogenetic tree was then constructed using MEGA11 software based on the alignment of SKP1 protein homologs in Chlamydomonas and other organisms. The tree was generated using the neighbor-joining (NJ) method with Poisson correction and pairwise deletion parameters. Based on the sequence information obtained from the online databases, the schematic representation of the SKP1 homolog structures was created.





Algal strain, cultivation conditions, and biomass assay

C. reinhardtii CC425 was obtained from the Institute of Hydrobiology, Chinese Academy of Sciences. Cells were grown on a tris-acetate-phosphate (TAP) agar plate and inoculated into 100 mL Erlenmeyer flasks containing 50 mL of TAP, N-deficient TAP (TAP-N) and S-deficient TAP (TAP-S)media (Harris, 1989). The TAP-N medium contained the same components but with NaCl instead of NH4Cl, while TAP-S medium contained the same components but with NaCl instead of NH4SO4. All cultures were maintained in an incubator shaker (180 rpm at 25°C) and received continuous light from normal fluorescent lamps with a light intensity of 150 μmol·m-2·s-1. The cultured Chlamydomonas cells were centrifuged at 5000 rpm for 5 min, and the precipitate was collected after removing the supernatant. The algal cells were processed through a vacuum centrifugal dryer (8000 rpm,0.5 mbar,1 hour) to obtain the dried cells. Biomass concentration (g/L) was determined by measuring the OD490 value as described in a previous study (Deng et al., 2011; Deng et al., 2013b). To generate the standard curve, a series of C. reinhardtii CC425 samples with different biomass concentrations were collected. The OD490 and cell dry weight were determined gravimetrically on the dried cells, and the standard curve of OD490 versus biomass concentration (g/L) was plotted. Samples were diluted in appropriate ratios to ensure that the measured OD490 values ranged from 0.04 to 1. Biomass concentration was then calculated using the following formula: Biomass concentration(g/L) = 0.7444 × OD490 – 0.0132 (Supplementary Figure 4).





Analysis of lipid content

The Nile Red fluorescence method was used to determine lipid levels, as described in previous studies (Gao et al., 2008; Huang et al., 2009; Chen et al., 2009; Deng et al., 2011; Deng et al., 2013b). Algal cells were directly stained with 0.1 μg/mL Nile Red for 10 min, and fluorescence was measured using a GloMax®-Multi Detection System (Promega, USA) with excitation and emission wavelengths of 470 nm and 570 nm, respectively. The fluorescence value was calculated by the equation: FD (470/570) = (A2−A1), where A2 is the fluorescence value of algal cells after staining with Nile Red, A1 is the fluorescence value of algal cells before staining. To establish the relationship between the fluorescence value of the samples and their neutral lipid content, a standard curve was drawn by preparing different concentrations of Triolein (Sigma, USA) and determining their fluorescence value after staining with Nile Red. The lipid content of the algal cells was then calculated using the following formula: Lipid content (g/g) = [0.0004 × FD (470/570) − 0.0038] × 0.05/cell dry weight (Supplementary Figure 5). Images for the microscopic assay were captured using a fluorescence microscope after Nile Red staining. After staining the cells with Nile Red (10 μg/mL final concentration), images were acquired using a Nikon 80i Fluorescence Microscopes. Nile Red signals were captured with an excitation wavelength of 480 nm, and emission was collected between 560 nm and 600 nm (Huang et al., 2009; Chen et al., 2009).





Total RNA extraction

Total RNA was prepared according to the method reported by Li et al (2012b) with modifications. Cells from cultured algae were collected by centrifugation at 10,000g for 1 min. After a series of phenol/chloroform extractions, nucleic acids were precipitated with 100% ethanol and washed with 75% ethanol. Finally, the dry pellet was dissolved in 50μL of RNase-free water. RNA concentration was quantified by spectrophotometry and integrity was assessed by agarose gel electrophoresis.





Cloning of the skp1 gene and generation of an overexpression vector

The Chlamydomonas skp1 gene, identified in the Phytozome database as Cre12.g501200. First-strand cDNA was synthesized using the SuperScript III Reverse Transcriptase Kit (Invitrogen, USA). A fragment of the skp1 gene was amplified by PCR using the primers skp1F: 5’ -CGCTCTACACAAATCGCAAC-3’ and skp1R: 5’-ATCAGACCCGTGCTTAATCG-3’. After purification using a DNA gel extraction kit (TaKaRa, Japan), the DNA was inserted into the vector pMD18-T (TaKaRa, Japan) and the resulting plasmid was designated pMD18T-skp1. The sequence of the cloned skp1 gene was verified by sequencing. In addition, the skp1 gene was amplified using primers 5’-GAAGATCTGGCCACCAAGGTGAAGCTTA-3’ and 5’-GGACTAGTTTAATCGAAAGCCCACTGGT-3’ with the addition of Bgl II and Spe I restriction sites added. The resulting product was digested with Bgl II and Spe I and then cloned into the expression vector pCAMBIA1302. After PCR verification, the plasmid was designated pCAM-skp1.





Construction of the RNAi vector against skp1 gene

To construct the RNAi vector against the skp1 gene, the fragment of skp1 and its reverse complementary sequences were amplified by PCR using C. reinhardtii cDNA as the template and the primers skp1RNAiF: 5′-TCGATTAAGCACGGGTCTGA-3′ and skp1RNAiR: 5′-CAAATCCTCCCTACCGCCAC-3′.The PCR fragment was then digested with Hind III/BamHI and XbaI/SalIand then inserted into the appropriate cloning site of an intermediate vector to obtain pMD18-skp1F-18S-skp1R containing the skp1 inverted repeat sequence (skp1 IR) and finally the skp1 IR was inserted into the EcoR I digested pMaa7IR/XIR to generate pMaa7IR/skp1IR.





Transformation of Chlamydomonas

Transformation of C. reinhardtii strain CC425 was performed as described by Kindle (1990). C. reinhardtii cells were grown in TAP medium until reaching a density of 2×106 cells/mL. Cells were harvested by centrifugation at 4000 rpm for 3 min, washed twice and resuspended in TAP medium to reach a cell density of approximately 1×108/mL. Plasmid DNA was transformed into the cells by the glass bead method. For each experiment, 2 μg of plasmid DNA was mixed with 400 μL of cells, 100 μL of 20% polyethylene glycol, and 300 mg of sterile glass beads, and the reaction mixture was vortexed for 15 seconds to allow the plasmid to enter the algal cells. To induce RNAi or gene expression, cells were allowed to recover for one day before plating onto selective media. RNAi transformants were selected on TAP medium containing 1.5 mM L-tryptophan, 5μg/mL paromomycin, and 5μM 5-FI. Meanwhile, pCAM-skp1 transformants were selected on TAP medium with 50μg/mL hygromycin. Cells on the plates were grown under low light (approximately 50 μmol·m-2·s-1 photosynthetically active radiation). After 6-7 days, the algal colonies that appeared on the plate were picked and inoculated into another plate with the same antibiotic. After new algal colonies had grown, more than 10 transformed strains were randomly selected and inoculated into 30 ml of TAP liquid medium for shaking culture for 2-3 days. The algae were collected by centrifugation and the DNA of each transformed strain was extracted using the TaKaRa MiniBEST Universal Genomic DNA Extraction Kit(Takara, Japan). The positive transformed algal strains were identified by PCR using this DNA as a template and the primers listed in Supplementary Table 2.





Quantitative PCR

Real-time PCR analysis was performed as previously described by Deng et al. (2011).RNA was isolated using the TRIzol kit (Takara, Japan). cDNA was synthesized using an Invitrogen SuperScript cDNA Synthesis kit(Invitrogen, USA). Real-time PCR was performed using SYBR Green as the fluorescent dye. 18S rRNA was used as an internal control, using the primers 18S rRNAF (5’-TCAACTTTCGATGGTAGGATAGTG-3’) and 18S rRNAR (5’-CCGTGTCAGGATTGGGTAATTT-3’). Gene-specific primers (Supplementary Table 2) were used to determine the amount of target cDNA. The transcript’s amplification rate (Ct) of each transcript was estimated using the PCR baseline subtraction method in the iCycler program at a constant fluorescence level. Ct values were determined over three replicates. Relative fold differences were calculated using the relative quantification analytical approach (2-△△Ct) (Livak and Schmittgen, 2001).





Construction and subcellular localization of the skp1-GFP fusion expression vector

Using the plasmid containing the full-length skp1 gene as a template, we designed primers with Bgl II and Spe I sites at either end: 5’- GAAGATCTGGCCACCAAGGTGAAGCTTA -3’ and 5’- GGACTAGTATCGAAAGCCCACTGGTTCT -3’. The full-length skp1 gene (with the termination codon removed) was amplified by PCR using these primers. The PCR product was then digested with Bgl II and Spe I restriction enzymes, ligated into pCAMBIA1302 vector, and transformed into E. coli DH5αto generate the skp1-GFP fusion expression vector. Onion epidermis transformation was performed using a gene gun method (Yu et al., 2014). After one day of dark incubation, the expression of skp1-GFP in transformed onion cells was observed under a laser confocal microscope using blue light (488 nm excitation).





Abiotic stress test

The skp1 RNAi interference strain and the skp1 overexpression strain were inoculated into 50mL of TAP medium for shaking culture. When the cell density reached the mid-logarithmic growth stage (2x106 cells/mL), they were centrifuged and washed twice with the same medium, and finally resuspended in 5mL of fresh medium. The cell concentration was determined by calculating the cell number as described by Harris, prior to upsampling and sample gradient dilution [66]. After gradient dilution, 5 μL samples were spotted on plates with different treatments (TAP, TAP+300 mM sorbol, TAP+170 mM NaCl, and TAP incubated at 37°C) with 12,000, 6,000, 3,000, 1,500, and 750 cells, respectively. The results were observed after incubation at 25°C for 2-3 days. Similarly, 500 μL of algal solution with the same concentration was inoculated into TAP liquid medium containing different concentrations of NaCl (100 mM NaCl, 170 mM NaCl, 300 mM NaCl) and 300 mM sorbol, respectively. The growth conditions of the algal cells were assessed and recorded. The experiment was repeated three times.





Statistical analyses

SPSS 25.0 was used to analyze the data. Duncan’s multiple range test and Student’s t-test were used to examine significant differences between means. Numerical results are presented as mean ± standard deviation with 99% confidence intervals and p < 0.01 was considered statistically significant.






Results




SKP1 proteins

A large collection of amino acid sequences was retrieved through Blast searches, and a selection of SKP1 homologs (Supplementary Table 1) was chosen for protein domain and phylogenetic analyses. No SKP1 homolog was found in Eubacteria or Archaea. However, a single SKP1 homolog was identified in each of the algae, protists, fungi, humans, and other vertebrates, while species from monocotyledons, dicotyledons, arthropods, and nematodes contain multiple skp1 genes. To determine the evolutionary relationship between Chlamydomonas and its counterparts in other organisms, a phylogenetic analysis of SKP1 protein sequence was performed. The unrooted phylogenetic tree was constructed based on the full-length SKP1 protein sequences from species across vertebrates, arthropods, platyhelminthes, echinoderms, nematodes, protists, green algae, mosses, ferns, fungi, gymnosperms, monocots, and eudicots. As shown in Supplementary Figure 1, Chlamydomonas skp1 is genetically close to the green algae Tetradesmus obliquus and Scenedesmus sp. It is also grouped in a large branch with the bryophytes Physcomitrium patens and Marchantia polymorpha, the gymnosperm Pinus taeda, and the fern Ceratopteris richardii. An online Interproscan analysis (http://www.ebi.ac.uk/InterProScan) was performed to identify the conserved domains within each SKP1 protein. As shown in Supplementary Figure 1, all the SKP1 proteins contain both IPR016072 and IPR016073, which are located at the C-terminal and N-terminal regions of each SKP1 protein, respectively.





Expression analysis of skp1 under nitrogen-deficient cultivation of Chlamydomonas

The skp1 mRNA level showed a continuous increase as the cultivation time of C.reinhardtii CC425 was prolonged under -N conditions. Compared to the control group (normal N), there was a significant increase in the skp1 mRNA level under N deficient conditions (Supplementary Figure 2), indicating that skp1 responds to low nitrogen stress.





Transformation of the skp1 RNAi and overexpression vector into Chlamydomonas

Using cDNA synthesized from Chlamydomonas total RNA as a template, we successfully amplified the skp1 RNAi interference fragment (Figure 1B, Supplementary Figure 3) with an expected size of 275bp. After cloning, the skp1 fragment was determined by sequencing analysis with a 100% homology to the skp1 gene sequence in the Phytozome database. The forward and reverse fragments of the skp1 gene were recovered and then inserted into the RNAi vector of pMaa7 IR/XIR (Figure 1A). Single clones were selected and identified by EcoRIdigestion of the recombinant plasmids (Figure 1B, Supplementary Figure 3), resulting in the generation of the skp1 RNAi interference vector pMaa7IR/skp1IR. The full-length skp1 gene DNA was amplified and subsequently cloned into the pCAMBIA1302 expression vector. The recombinant plasmid, pCAM-skp1, was confirmed by PCR amplification (510 bp) (Supplementary Figure 6A). After transformation of C. reinhardtii CC425 with the RNAi vector, 17 positive recombinant algal clones were identified by PCR, of which three were randomly selected for further experiments. Meanwhile, after transformation of C. reinhardtii CC425 with the overexpression vector, 25 positive recombinant algal clones were identified by PCR, three of which were randomly selected for subsequent experiments (Supplementary Figures 6B, 6C).
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Figure 1 | (A) Co-silencing of tryptophan synthase β subunit (Maa7) and the target gene skp1 induced by the expression of the tandem Maa7/skp1 inverted repeat (IR) transgenes. A diagram of the construct used to drive RNAi, generated by modifying the ble-Maa7 IR transgene. Fragments corresponding to the target gene were cloned in both sense and antisense orientations, flanking a DNA spacer (Sp), within the arms of the Maa7 3’UTR IR. The Maa7 IR/skp1 IR transgene is controlled by the RbcS2 promoter (RbcS pro) and the Cauliflower Mosaic Virus 35S terminator (35S ter). This construct is designed to produce, upon transcription, an RNA that folds into a hairpin loop structure with a stem of tandem IRs. The previously engineered aminoglycoside 3’-phosphotransferase (aphVIII) gene was placed downstream of the Maa7 IR/skp1 IR transcription unit. (B) PCR amplification and EcoRI digestion analysis of the skp1 interference fragments. M1, DNA ladder 2000; lane1, skp1 PCR amplification fragments (275bp); lane2, recombinant plasmid pMaa7IR/skp1IR digested with EcoRI.





skp1 positively regulates lipid accumulation

The selected positive transformed strains were then analyzed for biomass, oil content, and skp1 gene mRNA level. The results showed a progressive increase in biomass for all skp1 RNAi recombinant strains over time, with no significant difference observed in the growth curve of skp1 RNAi interference strains compared to the control under normal, nitrogen deficient, and sulfur deficient conditions. These results suggest that skp1 interference has no effect on biomass changes (Figure 2A). Analysis of lipid content showed a 38% decrease in skp1 RNAi recombinant strains compared to the control under normal culture conditions, a 58% decrease under nitrogen deficient conditions and a 39% decrease under sulfur deficient conditions. This indicates the interference with skp1 significantly inhibits lipid accumulation. Furthermore, lipid accumulation was significantly higher under nitrogen deficient and sulfur-deficient conditions compared to the control, with nitrogen deficiency leading to the highest increase in oil content (Figure 2A).
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Figure 2 | Biomass and lipid content analysis of RNAi and overexpression recombinant strains. (A), Biomass accumulation and lipid content of skp1 RNAi recombinant strains under normal, -N, and -S conditions. (1), Biomass accumulation of skp1 RNAi recombinant algal strains under normal, -N, and -S conditions. (2), Lipid content of skp1 RNAi recombinant algal strains under normal, -N, and -S conditions. (B) Biomass accumulation and lipid content of skp1 overexpression recombinant strains. (3), Biomass accumulation of skp1 overexpression recombinant algal strains. (4), Lipid content of skp1 overexpression recombinant algal strains. (C) Microscopic observation of skp1 RNAi and overexpression transformants. The yellow areas represent oil droplets. The oil droplets in the skp1 interference algal strains were significantly fewer than those in the control (Maa7IR/XIR transformed algal strains), indicating that the interference with the skp1 gene significantly inhibits oil accumulation in the algal cells. pMaa7, control, algal strain transformed with the empty pMaa7IR/XIR plasmid; skp1-r-3, skp1-r-12 and skp1-r-16, skp1 RNAi recombinant algal strains. pCAM, control, algal strain transformed with the pCAMBIA1302 plasmid; SKP1-OE-7,SKP1-OE-11 and SKP1-OE-29, skp1 overexpression recombinant algal strains. OE, recombinant algal strain transformed with pCAM-skp1 (skp1 overexpression recombinant strain 29); RNAi, recombinant algal strain transformed with pMaa7IR/skp1IR (skp1 RNAi recombinant strain 16).**, P<0.01.

In contrast, each skp1 overexpression transgenic algal strain showed an increase in biomass over time, with no significant difference observed between the growth curve of the skp1 overexpression transgenic strains and the control strain (Figure 2B). Analysis of lipid content in the skp1 overexpression strain revealed a 37% higher lipid content compared to the control under normal culture conditions, indicating that skp1 overexpression significantly promotes lipid accumulation (Figure 2B).

Microscopic observations also revealed a reduced lipid content in the skp1 RNAi interference algal strain, as evidenced by fewer oil droplets compared to the control strain (pMaa7IR/XIR transformed algae strain), where almost no oil droplets were observed (Figure 2C). In contrast, microscopy observations showed an increased lipid content in the skp1 overexpression strain compared to the control (the pCAMBIA1302 transformed strain) (Figure 2C). These results suggest that interference with skp1 significantly inhibits intracellular lipid accumulation, while overexpression of the skp1 gene greatly enhances lipid accumulation

The expression of the target gene in the skp1 RNAi interference strains and overexpression recombinant strains was assessed using real-time PCR to determine the abundance of skp1 mRNA on the fourth day of culture. Compared to control strains C. reinhardtii CC425 and pMaa7 IR/XIR transgenic algal strains, a significant reduction (70-75%) in skp1 mRNA abundance was observed in the skp1 RNAi interference algal strain (Figure 3A). Conversely, skp1 mRNA abundance increased by 225% in the overexpression recombinant algal strains compared to both the control wild strain C. reinhardtii CC425 and the pCAMBIA1302 transgenic algal strain (Figure 3B). These results indicated that the skp1 gene was effectively silenced in the skp1 RNAi recombinant algal strains, while its expression was significantly increased in the overexpress recombinant algal strains.
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Figure 3 | mRNA levels in recombinant algal strains of skp1 and potentially critical genes of the lipid metabolism pathway in C. reinhardtii. (A), skp1 mRNA levels in algal strains with skp1 RNAi disruption; (B), skp1 mRNA levels in skp1 overexpressed algal strains; (C), mRNA levels of pap2, pdat3, pepc1, and cis genes in skp1 RNAi recombinant algal strain. CC425, wild-type Chlamydomonas; pMaa7, algal strain transformed with pMaa7IR/XIR; pCAM, algal strain transformed with pCAMBIA1302;skp1-r-3,skp1-r-12 and skp1-r-16: skp1 RNAi recombinant algal strains; SKP1-OE-7,SKP1-OE-11 and SKP1-OE-29, skp1 overexpression recombinant algal strains. **, P<0.01, ***,P<0.001.

Moreover, we examined the expression of critical genes in the C. reinhardtii’s lipid metabolism pathway, such as dgat1(diacylglycerol O-acyltransferase, type 1), dgtt1(diacylglycerol O-acyltransferase, type 2), pap2 (type-2 phosphatidic acid phosphatase), and pdat(phospholipid diacylglycerol acyltransferase), as well as pepc1,cis(citrate synthase) and acc1(carboxyltransferase), which influence the direction of carbon flow in C. reinhardtii cells. It was found that the expression of the pap2 and pdat3 genes was not significantly altered in the skp1 RNAi recombinant algal strain. However, the expression of dgat1 and dgtt1 genes, which affect lipid synthesis, decreased significantly. While the expression of acc1, which affects the direction of photosynthetic carbon flow, decreased significantly, the expression of cis and pepc1 increased significantly (Figure 3C), implying that the photosynthetic carbon mainly flowed to the tricarboxylic acid cycle, and the carbon flow to fatty acid synthesis was reduced.





Subcellular localization of SKP1

To investigate the subcellular localization of skp1, the constructed skp1-gfp fusion expression vector was introduced into onion (Allium cepa) epidermal cells using a gene gun method. The empty vector transformant pCAMBIA1302 was used as a positive control (gfp gene). The results showed that gfp expression was observed in both the cytoplasm and the nucleus of the positive control, indicating that the 35S CaMV promoter effectively drove gfp gene expression. In onion cells transformed with skp1-gfp by gene gun delivery, fluorescence signals were exclusively localized to the nucleus and not observed in other cellular compartments or at the cell membrane surface, suggesting that SKP1 is predominantly localized to the nucleus where it exerts important regulatory functions (Figure 4).
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Figure 4 | Localization of skp1 in onion epidermal cells. pCAMBIA1302:GFP, pCAMBIA1302 transformed algal strain; pCAMBIA1302:SKP1:GFP, pCAMBIA1302 with skp1:GFP fusion protein transformed algal strain.





Abiotic stress test

Growth of the skp1 RNAi interference and skp1 overexpression algal strains on plates treated with different stresses showed that, compared to the control (C. reinhardtii CC425), the skp1 RNAi interference strain (skp1-r-16) exhibited enhanced growth under sorbol and NaCl stress, but was less robust than the control under 37°C stress (Figure 5A). Conversely, the skp1 overexpression strain (SKP1-OE-29) showed weaker growth than the control under sorbol and NaCl stress, but was more robust than the control under 37°C stress (Figure 5A). Algal cell density was determined by shaking flask cultivation for quantification. The results showed that in TAP medium supplemented with 300mM sorbol, the cell density of the skp1 RNAi interference strain (skp1-r-16) was significantly higher than that of the C. reinhardtii control from day 3 onwards, while that of the skp1 overexpression strain (SKP1-OE-29) was also significantly lower than that of the C. reinhardtii CC425 control from day 3 onwards (Figure 5B). In TAP medium supplemented with 100mM NaCl, the cell density of the skp1 RNAi interference strain (skp1-r-16) exceeded that of the C. reinhardtii CC425 control from day 3 to day 7. Similarly, in TAP medium supplemented with 170mM NaCl or 300mM NaCl, the cell density of the skp1 RNAi interference strain (skp1-r-16) exceeded that of the C. reinhardtii CC425 control from day 1 to day 7 (Figure 5C). On days 3 to 7, when either a concentration of 100mM or 170mM NaCl was added to the TAP medium, the cell density of the skp1 overexpression strain (SKP1-OE-29) was lower than that of the C. reinhardtii CC425 control(Figure 5C).

[image: Figure with images and bar graphs depicting cell growth assays and data for different strains under various conditions. Section A shows green colony growth. Section B features bar graphs for Sorbol and NaCl-TAP, indicating culture days and cell concentrations for CC425, SKP1-OE-29, and skp1-r-16. Section C presents bar graphs showing growth in NaCl at 100, 170, and 300 mM concentrations. Strains and conditions are consistently labeled across images and graphs.]
Figure 5 | Abiotic stress analysis of skp1 RNAi and overexpression of recombinant algal strains. (A) Growth and survival of RNAi (up) and overexpression (down) recombinant strains on plates containing TAP supplemented with sorbol (300mM), NaCl (170mM), and incubated at 37°C. (B), Biomass of skp1 RNAi interference and skp1 overexpressing algal strains in medium supplemented with 300mM sorbol. (C), Biomass of skp1 RNAi interference and skp1 overexpressing algal strains in media supplemented with 100mM, 170mM, and 300mM NaCl. CC425, wild type Chlamydomonas; skp1-r-16, skp1 RNAi recombinant algal strain 16; SKP1-OE-29, skp1 overexpression recombinant algal strain 29.

The above experimental results showed that SKP1 was negative regulation of high osmolarity (sorbol) and salt stress, and positive regulation of high temperature stress. The above conclusions were further validated by microscopic examination of algal cells subjected to different stress conditions. Under NaCl stress, the skp1 RNAi interference strain (skp1-r-16) showed robust cell growth, whereas partial cleavage was observed in the skp1 overexpression strain (SKP1-OE-29). Similarly, under sorbol stress (high osmolarity), the skp1 RNAi interference strain (skp1-r-16) showed healthy cell growth, whereas partial cleavage occurred in the skp1 overexpression strain (SKP1-OE-29). Conversely, under high temperature stress (37°C), the skp1 overexpression strain showed vigorous cell growth with no evidence of cleavage compared to the skp1 RNAi interference strain (Figures 6A, B).

[image: Panel A displays microscopy images of three cell types: CC425 (Control), SKP1-OE-29, and skp1-r-16, under different conditions (NaCl, Sorbitol, and 37°C). Cells appear in green on a grayscale background. Panel B is a bar graph showing the cell lysis rate (%) under the same conditions, with SKP1-OE-29 cells having the highest lysis rate across all conditions compared to CC425 and skp1-r-16.]
Figure 6 | Microscopic observation of algal cell growth under different stress treatments (A), and the corresponding cell lysis rates (B). (A) Under NaCl stress, the cells of the skp1 RNAi strain (skp1-r-16) showed robust growth, while partial cleavage was observed in the cells of the skp1 overexpression strain (SKP1-OE-29, arrow pointing to the cleavage cell). Under sorbol stress (high osmolarity), the cells of the skp1 RNAi strains showed robust growth, whereas partial cleavage occurred in the cells of the skp1 overexpression strain (arrow pointing to the cleavage cell). Under high temperature stress (37°C), the cells of the skp1 overexpression strain showed strong growth, while partial cleavage was observed in the cells of the skp1 RNAi strain (arrow pointing to the cleavage cell). (B) Analysis of lysis rate of algal cells under different stress treatments. The results showed that the cell lysis rate of skp1 overexpression strain (SKP1-OE-29) was significantly increased under NaCl2 or sorbol stress, and the cell lysis rate of skp1 RNAi strain (skp1-r-16) was also significantly increased under high temperature stress (37°C). CC425, control, wild type Chlamydomonas; skp1-r-16, skp1 RNAi recombinant strain 16; SKP1-OE-29, skp1 overexpression recombinant strain 29. NaCl, 170 mM NaCl + TAP; Sorbol, 300 mM sorbol + TAP; 37°C, algal cells were cultured in TAP at 37°C. Data presented are mean ±SD. Significant differences (p < 0.01) are indicated by different letters.






Discussion

Among the E3 ligases, the SCF (SKP1-cullin1-F-box) complex is better understood. It consists of SKP1, Cullin1 and F-box proteins. Dysfunction of any of the core members of the complex can lead to severe defects in various developmental processes of organisms. Among the members of the SCF complex, the F-box protein confers substrate specificity to the complex. Evidence from plants suggests that the SCF (SKP1-cullin1-F-box) complex is involved in a wide range of cellular regulation, including abiotic stress regulation. A search of the F-box proteins in the C. reinhardtii genome database (https://phytozome-next.jgi.doe.gov/) revealed that C. reinhardtii has a total of 120 F-box or F-box-like proteins, although it contains only one skp1 gene (Supplementary Figure 1). This is similar to the discovery of only one skp1 gene in yeast, humans and vertebrates (Kong et al., 2004). Phylogenetic analyses of SKP1s confirmed that the SKP1 homologs in vertebrates, invertebrates, fungi, lower plants, and higher plants each form separate monophyletic groups. This suggests that the five major groups indicated in the analyses may indeed reflect the evolutionary history of the SKP1 gene family at very basal levels (Supplementary Figure 1). Kong et al. (2004) concluded that the ancestors of eukaryotes as well as those of the protist, fungal, animal, and plant lineages, each shared as few as one SKP1 gene. The protist, fungal, and vertebrate species consistently have one copy of the SKP1 gene, suggesting that the size of the gene family did not increase in these groups. The conservation of a single skp1 gene through long periods of evolutionary history suggests that either (1) these lineages did not experience gene duplications, or (2) all but one SKP1 homologs have been lost in vertebrates, fungi, green algae, and protists.

As we know, there has been some progress in the study of SKP1 proteins in higher plants. Of the 21 SKP1-like proteins found in Arabidopsis, ASK1 and ASK2 have been studied more closely (Liu et al., 2004). ASK1 was found to be involved in Arabidopsis meiosis, flower development, hormone and light signaling, and seed germination regulation (So et al., 2020; Rao and Virupapuram, 2021; Marrocco et al., 2003; Takahashi et al., 2004; Dezfulian et al., 2012; Kuroda et al., 2012; Yang et al., 1999; Yang et al., 2006; Wang and Yang, 2006; Lu et al., 2016; Xu et al., 2002; Guo and Ecker, 2003; Ni et al., 2004), as well as in response to abiotic stresses (Varshney et al., 2023; Hao et al., 2017; Chen et al., 2018; Lim et al., 2019). For example, Liu et al. (2015) found that high alkali stress resulted in a significant and rapid induction of gsskp21 expression, while gsskp21 overexpression enhanced the tolerance to alkali stress and reduced the sensitivity to ABA by altering the expression of ABA signaling related genes. In other plants, such as peony, wheat, chickpea, soybean, and tomato, SKP1 proteins also play the role in abiotic stress tolerance (Zhang et al., 2015; Varshney et al., 2023; Hong et al., 2013; Hao et al., 2017; Chen et al., 2018). Studies have also implicated SKP1 in the response to biotic stress in plants. For example, in rice, the P7-2 protein encoded by rice black streak dwarf virus can interact with the core subunit of the SCF complex, SKP1 (Tao et al., 2017; Qian et al., 2013). In tobacco, Begomovirus virulence factor βc1 affects tobacco defense against whiteflies by interacting with tobacco SKP1 (Zou et al., 2020). In addition, Arabidopsis ASK13 was recently found to bind not only to F-box proteins but also to interact with several other proteins, none of which are components of the SCF complex. This suggests that ASK13 may be involved in a variety of cellular processes in Arabidopsis other than ubiquitination (Rao et al., 2018). Similar interactions have been found in yeast and animal systems. For example, SKP1 from Saccharomyces cerevisiae forms a complex with RAVE, a regulator of (H)-ATPase (V-ATPase) assembly (Seol et al., 2001). In addition, the yeast SKP1 protein forms a complex called mitogen-binding factor 3 and forms a complex with a repressor of the G2 allele of the SKP1-SGT1 protein (Stemmann et al., 2002; Willhoft et al., 2017).

The results of this study showed that C. reinhardtii up-regulated the expression of skp1 under low nitrogen stress, indicating that the C. reinhardtii skp1 gene responds to low nitrogen stress. Silencing of C. reinhardtii skp1 by RNA interference technology reduced the expression of the skp1 gene, resulting in a decrease in the lipid content of algal cells, which in turn was accelerated by low nitrogen stress (Figures 2A, C). In contrast, overexpression of skp1 promoted lipid accumulation in algal cell (Figures 2B, C). This showed that skp1 positively regulates lipid accumulation in C. reinhardtii cells. We also examined the expression of critical genes in C. reinhardtii’s lipid metabolism pathway, such as dgat1, dgtt1, pap2 and pdat3, as well as acc1, pepc1 and cis which may affect the direction of photosynthetic carbon flow. It was found that the expression of pap2 and pdat genes did not change significantly in the skp1 RNAi recombinant strain (Figure 3C). However, the expression of dgad1 and dgtt1, key genes related to lipid synthesis, was significantly reduced. The expression of the acc1 gene (in the direction of fatty acid synthesis), which affects the allocation of photosynthetic carbon flow, was significantly decreased, while the expression of the cis and pepc1 genes (in the direction of the tricarboxylic acid cycle), which also affect the allocation of photosynthetic carbon flow, was significantly increased, resulting in a decrease in lipid content in algal cells. This indicates that SKP1 may regulate the lipid content of algal cells by modulating the expression of the above-mentioned related genes, through two aspects: influencing the distribution direction of photosynthetic carbon flow and reducing lipid synthesis (Deng et al., 2011; Deng et al., 2013b). Examination of skp1 RNAi interfering algal strains and skp1 overexpressing algal strains under different abiotic stresses showed that skp1 RNAi recombinant algal strains grew better under sorbol and NaCl stress, and not as well as the control under 37°C stress (Figure 5, Figures 6A, B); whereas skp1 overexpressing algal strains grew weaker than the control under sorbol and NaCl stress, and stronger than the control under 37°C stress (Figure 5, Figures 6A, B). It was concluded that the SCF (SKP1-cullin-F-box) complex may regulate cellular responses to osmolarity (sorbol), salt and high temperature stress through degradation of target proteins, which manifested as a negative regulation of osmolarity and salt stress and a positive regulation of high temperature stress.

In conclusion, the present study provides evidence for the involvement of SKP1 in the regulation of lipid metabolism in C. reinhardtii.Skp1 increased its expression level in response to low nitrogen stress, which promoted lipid accumulation in C. reinhardtii. skp1 negatively regulates osmolarity and salt stress, and positively regulates high temperature stress. These results illustrate the functional diversity of skp1 in Chlamydomonas. This functional diversity is likely to result from the different F-box subunits bound by skp1. Although the F-box protein in the SCF complex controls which target proteins are bound and consequently which regulatory pathways are influenced. However, changes in SKP1 RNA (protein) levels may impact the SCF complex’s stability and hence its capacity to bind target proteins. In the follow-up study, the F-box proteins in the C. reinhardtii SCF (SKP1-cullin-F-box) complex will be screened by yeast two-hybridization, bimolecular fluorescence analysis and other experiments, and the substrate protein will be screened by F-box. The roles of the corresponding F-box proteins and their substrates in lipid regulation and abiotic stress response will be determined.





Conclusions

The present study provides evidence for the involvement of SKP1 in the regulation of lipid metabolism in C. reinhardtii, and negatively regulates osmolarity and salt stress, and positively regulates high temperature stress. These results illustrate the functional diversity of skp1 in Chlamydomonas. This study provides an important complement for lipid metabolism and abiotic stress regulation in microalgae.
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This study investigated the genetic diversity of 80 wild bael genotypes (Aegle marmelos) compared to commercial cultivars NB-5 and NB-9, focusing on 16 pomological traits. With the rising temperature impacting perennial fruit crop production and the urgent need for heat- and drought-resistant varieties, bael emerges as a viable option for rainfed areas due to its xerophytic characteristics and ability to withstand high temperatures. Among the collected, wild bael genotype germplasm, JMU-Bael (Sel-27) demonstrated superior traits, including maximum fruit length (12.05 cm), width (11.72 cm), weight (917.65 g), pulp weight (746.81 g), and pulp percentage (81.38%). Correlation matrices revealed significant associations among pomological traits, particularly positive correlations with fruit weight. Principal component analysis (PCA) indicated substantial genetic diversity, with the first two components explaining 63.98% of the cumulative variation. Cluster analysis grouped genotypes into two main clusters, providing insights into their diversity and potential breeding applications. This comprehensive analysis offers valuable insights into the genetic variability and adaptability of bael genotypes under changing climatic conditions in the plains of north-western Himalayan regions.
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1 Introduction

Under the changing climatic conditions, variability studies have the potential to mitigate major challenges that affect the production of perennial horticultural crops. Reduction in the production pattern of fruits is likely to be caused by a short growing period, which will negatively impact growth and development particularly due to terminal heat stress and decreased water availability. Horticultural crops that are grown in rainfed areas will be primarily affected because of variability in rainfall (Venkateswarlu and Shanker, 2011). In an era of rapid global climate change, the ranges of endemic species are shifting, profoundly affecting biological communities and threatening biodiversity (Hamann et al., 2021; Elsen et al., 2022). Climate change, through direct impacts like temperature and precipitation alterations and indirect effects such as disturbance dynamics and biotic interaction shifts, exacerbates the risk of species decline and extinction (Haq et al., 2023; Huang et al., 2021; Schmeller et al., 2020). Prioritizing landscapes that support biodiversity is critical for conserving threatened species (Zhang et al., 2022, 2023). Fruit trees, experiencing annual climate variations, serve as indicators of climate change impacts, particularly through their phenology (Aslam et al., 2022; Paul et al., 2011).

The impact of technological advancements, such as new cultivars and production management systems, is evident in increased production and productivity. To quantify the impact of climate change on horticultural crops, this study showed the biodiversity of Aegle marmelos (bael), a species currently categorized as near threatened (UCN, 2022).

Bael is native to parts of South Asia, but its population is declining due to habitat destruction, resource extraction, and agricultural practices (Vasava et al., 2018; Waheed et al., 2022). Conservation efforts are essential to mitigate these threats and ensure the survival of such vulnerable species. Bael holds notable value in traditional medicine for its therapeutic properties (Sharma et al., 2022). Bael thrives in adverse climates and on marginal land, tolerating temperatures from 50°C to −7°C and altitudes of up to 1,200 m, making it versatile where other fruits struggle to grow (Pathirana et al., 2020). Bael fruits have a high moisture content of nearly 61% and a high nutritional composition; they contain minerals, fat, fiber, protein, carbohydrates, vitamins, amino acids, and fatty acids (Kaur and Kalia, 2017; Sarkar et al., 2020; Singh et al., 2021). Various bioactive compounds including skimmianine, cineole, citral, citronellol, aegeline, lupeol, marmesinin, marmelosin, luvangetin, psoralen, marmelidefagarine, marmin, umbelliferone, lupeolauroptin, xanthotoxin, scopoletin, tembamide, dictamnine, and marmesin have been isolated from different parts of the bael tree, which have been traditionally utilized in ethnomedicine for various purposes such as astringent, antidiarrheal, antipyretic, antiulcer, antidiabetic, antibacterial, antiviral, antifungal, anticancer, analgesic, radioprotective, antimicrobial, and anti-helminthic properties (Maity et al., 2009; Patkar et al., 2012).

Bael fruits have many uses in functional foods also, as it has much potential for processing into goods such as preserves, powder, jam, wine, slab, and syrup (Singh et al., 2014). In India, many of the products are prepared from bael fruits such as bael sherbet, murabba, or syrups. In other countries such as Indonesia and Thailand, ripe bael fruits and their sliced pieces are consumed as food, and syrups are used in making cake ingredients (Baliga et al., 2011). The processing of bael fruits also produces many waste materials such as seeds, fibers, and peel, which also contain many bioactive and pharmaceutical compounds (Bel-Rhlid et al., 2018; Sonawane et al., 2020).

The biodiversity of bael in India is categorized into two groups based on fruit size and attributes. One type is small, featuring bitter pulp and is commonly utilized in ayurvedic preparations due to its high concentrations of marmelosin and psoralen. The other type is larger, with fewer seeds and less fiber, preferred for desserts and processed goods. The north-western Himalayan region is recognized as a natural habitat for numerous bael species owing to favorable agroclimatic conditions. However, due to insufficient awareness of bael biodiversity, some species are on the brink of extinction. Bael is currently classified as a Rare, Endangered and Threatened (RET) species by the Foundation for Revitalisation of Local Health Traditions (FRLHT). Despite the high esteem of the bael tree as an ethnobotanical plant in India, its potential as a financially viable crop remains largely untapped. It is considered an underutilized fruit due to limited knowledge regarding available genetic resources, varietal characterization, and inadequate cultivation practices among growers.

Farmers are experiencing the challenges of identifying commercial cultivars, as they are unfamiliar with the characteristics of many varieties of bael. To identify distinct characteristics of various bael cultivars, the morphological characteristics are equally important to the fruit characteristics. In the absence of a suitable genotype, desirable growth, flowering, and fruit set have not been accomplished. Identification of suitable genotypes for the region is necessary for promoting the productivity, production, and quality of the fruits under semi-arid conditions. However, enormous variability in bael remains unexploited and awaits proper attention on exploration, collection, and maintenance of germplasms for conserving them from the available genetic diversity of bael in nature.

To measure the effects of climate changes on bael fruit crops, we must have adequate information on their physiological responses and effects on productivity, development, growth, and quality of fruit crops. This means that we must have proper knowledge about the cultivating crop and whether it will be suitable for this region or not. The identification of appropriate genotypes for breeding plays a pivotal role in enhancing bael quality. This study aimed to assess and measure the genetic diversity of bael accessions based on pomological attributes through principal component and cluster analysis, thereby facilitating crop enhancement. Such an analysis is instrumental in formulating an efficient breeding approach for genetic advancement. Additionally, the evaluation of fruit variation was conducted to pinpoint accessions harboring potentially beneficial traits that could be promptly integrated into breeding programs.




2 Materials and methods



2.1 Plant materials

The study encompassed the biodiversity of 80 wild bael genotypes compared along with two commercially cultivated varieties (NB-5 and NB-9) (Supplementary Table 1). The main objective of this investigation was to identify superior bael genotypes under climate change scenarios and to assess the range of diversity in their pomological traits.




2.2 Site of experiment

The bael genotypes were selected from the regions of Jammu (32.73°N, 74.87°E, 300 m above sea level), Samba (32.57°N, 75.12°E, 384 m above sea level), and Kathua (32.37°N, 75.52°E, 393 m above sea level) within the Jammu and Kashmir, India (Figure 1).

[image: Map of India with the region of Jammu and Kashmir highlighted in red. An enlarged map of Jammu and Kashmir on the right shows the locations of Jammu, Samba, and Kathua marked with colored pointers.]
Figure 1 | Bael genotypes collected from diverse locations in the Jammu and Kashmir districts of India.




2.3 Pomological parameters

For measuring pomological traits, five randomly selected fruits were taken from each replication; they were collected randomly from three different directions of the bael tree, and each direction was considered as one replication. The fruit length, fruit width, fruit skull thickness, inner diameter, seed length, and seed width were measured using a digital vernier caliper. Fruit weight, pulp weight, shell weight/fruit, total seed weight per fruit, and test seed weight per fruit were measured using a digital electronic balance with 0.01-g precision (Debbarma and Hazarika, 2023). The number of seed sacks per fruit, number of seeds per sack, and total number of seeds per fruit were counted manually and expressed in numbers. The pulp percentage (%) was calculated using the following formula: pulp (%) = Pulp weight of the fruit × 100 divided by the total weight of the fruit. The shell percentage (%) was calculated using the following formula: Shell (%) = Shell weight of the fruit × 100 divided by the total weight of the fruit. To identify the superior genotypes, various parameters were evaluated, such as average fruit weight (0.9–1.5 kg), pulp percentage (>80%), skin percentage (<20%), and skin thickness (<2 mm) by consumer preferences (Dhakar et al., 2019). Genotypes having all the above desirable pomological traits were identified as superior.




2.4 Morphological parameters

The morphological traits were recorded as per Guidelines for the Conduct of Test for Distinctiveness, Uniformity and Stability of bael (A. marmelos Correa) Protection of Plant Varieties and Farmers’ Right Authority (PPV&FRA) Government of India (Patel et al., 2011) and bael descriptor of National Bureau of Plant Genetic Resources (Mahajan et al., 2002).




2.5 Statistical analyses

One-way analysis of variance (ANOVA) and least significant difference (LSD) were used to determine variability among bael genotypes using the OriginPro 9.1 software. LSD test was performed at significance levels of p < 0.05. Genetic parameters (genotypic coefficient of variation, phenotypic coefficient of variation, heritability, genetic advance, and genetic advance as percentage of mean) and correlation coefficient analysis (phenotypic correlation coefficient and genotypic correlation coefficient) were analyzed using the R software. The relationship among bael genotypes was assessed through principal component analysis (PCA) using the OriginPro 9.1 software. Cluster analysis was conducted utilizing the Euclidean distance coefficient and Ward’s method with the OriginPro 9.1 software. Standardization of distance coefficients was carried out using the Z scale. Furthermore, a scatter plot was generated using the first and second principal components (PC1 and PC2, respectively) in the OriginPro 9.1 software.





3 Results



3.1 Pomological description

The data on pomological traits of bael genotypes showed a wide range of variations among the
collected 80 wild genotypes when compared with the NB-5 and NB-9 cultivars (Supplementary Table 3) (Supplementary Figure 1). Analysis of variance is a statistical procedure that partitions total variation into different components, allowing for an assessment of specific sources of variation. The mean sum of squares attributed to genotypes revealed a significant difference across all measured traits. This finding indicates substantial genetic variability among bael genotypes, confirming that the genotypes are genetically distinct (Supplementary Table 2). The maximum fruit length was recorded in JMU-Bael (Sel-27) (12.05 cm), followed by JMU-Bael (Sel-14) (11.03 cm), while the minimum fruit length (4.60 cm) was found in JMU-Bael (Sel-66). The maximum fruit width (11.72 cm) was recorded in JMU-Bael (Sel-27), followed by JMU-Bael (Sel-74) (10.95 cm), while the minimum fruit width (4.64 cm) was recorded in JMU-Bael (Sel-66). The maximum fruit weight (917.65 g) was observed in JMU-Bael (Sel-27), followed by JMU-Bael (Sel-9) (851.67 g), while the minimum fruit weight (56.33 g) was recorded in JMU-Bael (Sel-66). The maximum pulp weight per fruit was also found in JMU-Bael (Sel-27) (746.81 g), followed by JMU-Bael (Sel-74) (639.12 g), while the minimum pulp weight (34.63 g) was recorded in JMU-Bael (Sel-66). The pulp percentage was the highest in JMU-Bael (Sel-27) (81.38%), followed by JMU-Bael (Sel-58) (78.87%), while the lowest pulp percentage (58.64%) was observed in JMU-Bael (Sel-62). The genotype JMU-Bael (Sel-31) had the maximum shell weight per fruit (225.42 g), followed by NB-9 (225.35 g), while the minimum shell weight per fruit (10.26 g) was found in JMU-Bael (Sel-66). The shell percentage was the highest in JMU-Bael (Sel-51) (30.18%), followed by JMU-Bael (Sel-49) (29.06%), while the lowest shell percentage (16.96%) was recorded in JMU-Bael (Sel-27). The maximum skull thickness (2.99 mm) was observed in JMU-Bael (Sel-52), while the minimum skull thickness (1.80 mm) was found in JMU-Bael (Sel-27). The highest inner diameter (11.54 cm) was recorded in JMU-Bael (Sel-27), while the smallest inner diameter (4.41 cm) was observed in JMU-Bael (Sel-66).

Regarding seed characteristics, the maximum seed length (10.68 mm) was recorded in JMU-Bael (Sel-58), while the minimum seed length (3.70 mm) was found in JMU-Bael (Sel-78). The maximum seed diameter (7.12 mm) was observed in JMU-Bael (Sel-20), and the minimum seed diameter (2.48 mm) in JMU-Bael (Sel-78). The maximum number of seed sacks per fruit (16.67) was recorded in JMU-Bael (Sel-23), followed by JMU-Bael (Sel-7), JMU-Bael (Sel-57), and JMU-Bael (Sel-74) (16.33), while the minimum number of seed sacks per fruit (7.33) was found in JMU-Bael (Sel-46). The maximum number of seeds per seed sack (17.33) was observed in JMU-Bael (Sel-33), while the minimum (2.33) was found in JMU-Bael (Sel-58). The maximum number of seeds per fruit (182.33) was recorded in JMU-Bael (Sel-33), while the minimum (23.33) was observed in JMU-Bael (Sel-46). The maximum seed weight per fruit (46.33 g) was recorded in JMU-Bael (Sel-33), while the minimum (5.13 g) was found in JMU-Bael (Sel-46). The maximum test seed weight (25.65 g) was observed in JMU-Bael (Sel-64), while the minimum test seed weight (14.47 g) was recorded in JMU-Bael (Sel-19). Based on the superior attributes observed in the wild bael genotypes, the pomological analysis revealed that the selection JMU-Bael (Sel-27) exhibited superior characteristics among all the wild bael genotypes and compared with the NB-5 and NB-9 cultivars in terms of pomological traits (Figure 2).

[image: Panel A shows a whole round fruit with a green rind and a short stem. Panel B displays a cross-section of the fruit, revealing a bright orange interior with evenly spaced seeds. Panel C presents another section of the fruit with fewer visible seeds.]
Figure 2 | Vivid presentation of superior bael selection JMU-Bael (Sel-27). (A) Fruit. (B) Horizontal inner core. (C) Vertical inner core.




3.2 Morphological description

The data on morphological traits of bael genotypes showed a wide range of variation among 80 wild
bael genotypes compared with the NB-5 and NB-9 cultivars (Supplementary Table 4). Based on the fruiting season, the early fruiting season was found in 12 genotypes, mid-season in 43 genotypes, and late season in 25 bael genotypes as compared to NB-5 having a late type and NB-9 having a mid type of fruiting season. Based on the date of fruit maturity, 12 genotypes were observed to be the earliest to mature in the fourth week of March, whereas 25 genotypes fruit maturity in the third week of April, while the average date of fruit maturity among the remaining 43 genotypes was found on the first and second weeks of April as compared to NB-5 having the third week of April and NB-9 having date of fruit maturity in the first week of April. Based on immature fruit color, light green color was recorded in 56 genotypes, green color in 18 genotypes, and dark green immature color of fruit in six genotypes when compared to NB-5 having a green type and NB-9 having a dark-green type of immature fruit color. Based on mature fruit color, the results showed green color in 12 bael genotypes, greenish pale yellow in 57 genotypes, and yellowish green color of mature fruit in 11 genotypes as compared to NB-5 having greenish pale yellow and NB-9 having a green type of mature fruit color.

Based on the stylar end cavity, 77 genotypes had shallow and three genotypes had depressed stylar end cavity as compared to commercially growing bael cultivars NB-5 having a depressed type and NB-9 having a shallow type of stylar end cavity. Based on stem end cavity, a shallow stem end cavity was observed in 74 bael genotypes, and depressed stem end cavity was found in six genotypes as compared to NB-5 and NB-9 having a shallow type of stem end cavity. Based on the fruit surface, a smooth surface was observed in 59 genotypes while a rough surface in 21 genotypes as compared to NB-5 having a smooth type and NB-9 having a rough type of fruit surface. Based on fruit shape, 22 genotypes had a globose fruit shape, four genotypes had ovate, 10 genotypes had elliptical, and 44 genotypes had round fruit shape as compared to NB-5 having a round type and NB-9 having an ovate type of fruit shape. The results on skull color revealed that dull white skull color was observed in two genotypes, creamish yellow skull color was observed in 12 genotypes, greenish-yellow skull color in 47 genotypes, russet-yellow skull color in five genotypes, and greenish skull color in 14 bael genotypes as compared to NB-5 having a creamish yellow type and NB-9 having a greenish type of skull color. Studies conducted on locule arrangement showed scattered locule arrangement in five genotypes, centric locule arrangement in 69 genotypes, and highly centric locule arrangement in six genotypes as compared to bael cultivars NB-5 having a centric type and NB-9 having a highly centric type of locule arrangement. Based on the arrangement of seeds, a straight line was observed in 78 bael genotypes, and seeds were distributed in whole pulp found in two bael genotypes as compared to NB-5 and NB-9 bael cultivars having an arrangement of seeds in a straight line. Studies on seed shape showed that bael genotypes were differentiated round and oblong, whereas 24 genotypes had round seed shape, and the remaining 56 had an oblong shape of seeds as compared to NB-5 having a round shape and NB-9 having an oblong type of seed shape.




3.3 Genetic parameters

Environmental coefficient of variation (ECV), genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), heritability in broad sense (h2b), genetic advance (GA), and genetic advance in percentage of the mean (GAM) were estimated for 16 pomological traits (Table 1). The highest values for h2b and GA were recorded in fruit weight, and the ECV was recorded in the number of seeds per sack. Shell weight/fruit (g) recorded higher percentages of GCV, PCV, and GAM. The lowest values for ECV, GCV, and PCV were recorded in pulp percentage; the lowest GA value was recorded in fruit skull thickness; and the lowest GAM value was recorded in pulp percentage. The 12 pomological characteristics gave higher values for the broad-sense heritability (>98%). These findings suggest that these traits are amenable to improvement through selective breeding.

Table 1 | Estimates of variability parameters for various pomological traits of bael.


[image: Table showing characteristics of fruit with coefficients of variation (ECV, GCV, PCV), heritability in broad sense, genetic advancement, and genetic advance as percentage of mean. Values vary by characteristic such as fruit length, width, weight, pulp weight, shell weight, and seed dimensions. Heritability and genetic advancement figures are provided for each.]



3.4 Correlation matrices

The fruit length exhibited highly strong correlations with a multitude of traits including fruit
width, fruit weight, pulp weight, pulp percentage, shell weight, inner diameter, seed length, seed diameter, number of seed sacks per fruit, number of seeds per fruit, and total seed weight per fruit. Similarly, fruit width demonstrated strong associations with several traits, including fruit weight, pulp weight, pulp percentage, shell weight per fruit, inner diameter, seed length, seed diameter, number of seed sacks per fruit, number of seeds per sack, number of seeds per fruit, and total seed weight per fruit. Fruit weight also displayed strong correlations with multiple traits, such as pulp weight, pulp percentage, shell weight per fruit, inner diameter, seed length, seed diameter, number of seed sacks per fruit, number of seeds per sack, number of seeds per fruit, and total seed weight per fruit. Conversely, pulp percentage showed highly strong negative correlations with certain traits such as shell percentage, fruit skull thickness, and number of seeds per sack (Tables 2, 3).

Table 2 | Genotypic correlation coefficient among various pomological traits of bael.


[image: A correlation matrix table displaying the relationship between various fruit characteristics, such as fruit length, width, and weight, as well as pulp and seed metrics. Correlation coefficients range from negative to positive values, annotated with asterisks indicating significance at five and one percent levels. The table is partially filled, showing significant correlations marked with one or two asterisks.]
Table 3 | Phenotypic correlation coefficient among various pomological traits of bael.


[image: Correlation table showing relationships between fruit characteristics such as fruit length, width, weight, pulp weight, shell weight, and seed measurements. Correlation coefficients range from negative to positive, with significance levels indicated by asterisks.]



3.5 Principal component analysis

PCA was conducted to assess the genetic diversity present among bael genotypes based on their pomological traits. The PCA involved analyzing eigenvalues, variabilities, cumulative variabilities, and eigenvectors and generating a scree plot. Higher eigenvalues indicate greater genetic variabilities among the bael genotypes; however, the variation in cumulative variability showed an inverse relationship. PC1 and PC2, the first two principal components, collectively accounted for 63.98% of the cumulative variation. PC1, with an eigenvalue of 7.29, explained 45.57% of the total variation, while PC2, PC3, PC4, and PC5 contributed 18.41%, 12.18%, 6.76%, and 5.47% variations, respectively. PC1 exhibited significant factor loadings for fruit-related traits such as fruit weight, pulp weight, fruit width, inner diameter, and shell weight per fruit, explaining 45.57% of the total variance. Conversely, PC2 showed significant factor loadings for traits like the number of seeds per sack, total seed weight per fruit, and number of seeds per fruit, contributing 18.41% of the total variance. Traits deemed important for PC1 included fruit length, fruit width, fruit weight, pulp weight, inner diameter, and shell weight per fruit. Utilizing this analysis, individuals with higher scores from comprehensive evaluations were selected. A scatter plot based on PC1 and PC2 was constructed to visualize the diversity in pomological traits among the bael genotypes (Figure 3).

[image: 3D scatter plot showing principal component analysis (PCA) with three axes labeled PC1 (45.57%), PC2 (18.41%), and PC3 (12.18%). Data points are scattered, each labeled with identifiers. Arrows indicate various variables such as shell percentage, fruit weight, seed length, and pulp percentage, highlighting their contribution and direction within the component space.]
Figure 3 | Three-dimensional PCA plot of the studied bael genotypes based on PC1/PC2. PCA, principal component analysis.




3.6 Cluster analysis

In this study, Ward’s method was employed to conduct cluster analysis on 16 pomological traits of 80 wild bael genotypes along with two commercial cultivars, NB-5 and NB-9. The analysis revealed two main clusters, each containing sub-clusters, based on the pomological traits. Cluster I consisted of 49 genotypes, while Cluster II included 33 bael genotypes (Figure 4).

[image: Circular phylogenetic tree illustrating relationships among various JMU-Bael samples. Branches are colored red and blue, with distances marked on axes. Samples are labeled numerically.]
Figure 4 | Ward’s cluster analysis of the studied bael genotypes based on pomological traits using Euclidean distances. The results show that the populations were divided into two categories, which are indicated by red and blue colors.





4 Discussion

Significant differences in both the pomological traits and morphological characteristics have been observed among closely related genotypes of bael fruits during the studies. This variation in fruit characteristics may be governed by genomic characteristics associated with the genotypes and also due to acclimatized conditions, which were more favorable for the wild bael genotypes; hence, the environment plays an important role in growth parameters. The other probable reason may be due to the fertility status of soil, micro-climate, and inherent characteristics of germplasm. Our results are in accordance with the findings of Debbarma and Hazarika (2023), who studied the variation in fruit characteristics in 30 bael accessions. In a similar study, Dhakar et al. (2019) also evaluated the genotypic diversity among 75 bael genotypes based on their fruit characteristics. These results are in line with Nagar et al. (2017, 2018), who evaluated different fruit characteristics in 12 bael germplasm. Similarly, Sarker et al. (2015) also studied the fruit characteristics of seven bael cultivars. These results on morphological traits are in agreement with those of Parihar (2015), who reported the color of immature fruit, color of mature fruit, and fruit shape of 20 bael genotypes. Similar findings by Nagar (2016) also reported the variations in fruit apex, fruit base, and fruit shape with respect to 12 bael germplasms; similarly, Pavani et al. (2017) observed different fruit characteristics of 20 bael genotypes.

Genetic variance and heritability play vital roles in improving crops through selective breeding. High GCV and PCV indicate more inheritable genetic variation, which can be used to develop superior cultivars. The lower GCV and PCV imply limited potential for improvement through selection, highlighting the importance of assessing these metrics in breeding programs. In vegetatively propagated crops such as bael, estimating broad-sense heritability is especially useful, as it considers both additive and non-additive genetic components passed to offspring. Previous studies on bael have reported high GCV, PCV, and heritability across various traits in bael, demonstrating significant heritable variation (Debbarma and Hazarika, 2023). Our findings are also closely related to the findings of Sharma et al. (2024) on walnuts and Alqahtani et al. (2023) on date palms, further supporting the notion that these traits can be effectively improved through selective breeding. The substantial heritable variation in bael provides a robust foundation for breeding programs aimed at enhancing desirable characteristics, both economically and nutritionally. This genetic diversity not only facilitates the development of superior cultivars but also contributes to the resilience of bael fruits in changing environmental conditions. By focusing on genotypes with high heritability and variance, breeders can optimize selection strategies to achieve significant advancements in bael cultivation.

Correlations at both genetic and phenotypic levels play a significant role in the selection process for parental plants in breeding programs. These correlations are essential for breeders to identify and choose parents with desired traits. In this study, highly significant correlations (p < 0.01) were observed among all pomological traits examined. Specifically, fruit length, fruit width, and fruit weight exhibited significant positive correlations with other traits at both the genotypic and phenotypic levels. The correlation coefficients among all traits were further analyzed to delineate genotypic and phenotypic relationships. These analyses, based on error variance and covariance matrices of pomological traits, revealed highly significant associations among all traits examined. Notably, significant relationships were found among all pomological characteristics at both genotypic and phenotypic levels. However, it was observed that pulp percentage exhibited negative correlations with other traits. Moreover, certain traits displayed particularly strong associations. The present study revealed that for most traits, the genotypic correlation coefficients were of a higher magnitude than the phenotypic ones, indicating the predominant role of heritable factors. Genetic relation of traits may result from pleiotropic effects of a gene, linkage of two genes, chromogema, and regimental affiliation or environmental influences. These results are in conformity with the findings of Debbarma and Hazarika (2023), who studied the genotypic correlation and phenotypic correlation of morphological characteristics in 30 bael accessions.

Plotting relationships among individuals in two or more dimensions using PCA enables a more realistic interpretation of those relationships (Crovello, 1970). PCA reduces dimensionality, which looks at data to find relationships between objects, estimate the correlation structure of variables, and find the minimum number of components (a linear combination of the original features) required to explain the majority of the variance with the least amount of information loss (Rodriguez-Delgado et al., 2002; Samec et al., 2016). To develop higher-quality bael genotypes, it is essential to identify and characterize the genetic variability present in bael. According to PCA, the genetic diversity among genotypes may be influenced by elements such as heterogeneity, population genetic architecture, and developmental features (Murty and Arunachalam, 1966). In the current study, genotype similarities and differences were assessed using PCA with pomological variables. PCA generally verified that the pomological features were arranged into species-specific clusters. The results revealed that the initial first two principal components collectively contributed 63.98% of the cumulative variance, suggesting that they could effectively represent the majority of bael traits, potentially indicating the integration of these traits. Individuals with higher scores from comprehensive evaluation were subsequently chosen through this analysis. PCA indicates that the genetic diversity among the genotypes could be due to factors like heterogeneity, genetic architecture of the populations, and developmental traits. A similar finding was observed by Debbarma and Hazarika (2023), who conducted principal component analysis of morphological characteristics in 30 bael accessions. Similarly, Dhakar et al. (2019) also conducted principal component analysis among 75 genotypes. Similar findings were also observed by Zhu et al. (2022) in Camellia oleifera, Xin et al. (2022) in calamansi, Gecer et al. (2020) in apricot, Khadivi et al. (2020) in Pyrus syriaca, Moradi et al. (2019) in Cornelian cherry, Khadivi et al. (2018) in edible fig, and Kumar et al. (2018) in wild apple.

Cluster analysis condenses data into a singular meaningful dimension, revealing notable distinctions among bael genotypes. In this study, Cluster I encompassed 49 genotypes, while Cluster II included 33 bael genotypes. A similar study was reported by Debbarma and Hazarika (2023), who studied the cluster analysis of various morphological characteristics in 30 bael accessions. Similarly, Dhakar et al. (2019) also studied cluster analysis based on fruit traits of 75 genotypes of bael. Similar studies were conducted on other fruit crops, viz., Camellia oleifera (Zhu et al., 2022), calamansi (Xin et al., 2022), apricot (Gecer et al., 2020), P. syriaca (Khadivi et al., 2020), Cornelian cherry (Moradi et al., 2019), edible fig (Khadivi et al., 2018), and wild apple (Kumar et al., 2018).



4.1 Desirable genotypes for further breeding program

JMU-Bael (Sel-27) exhibited the maximum fruit length, fruit width, fruit weight, pulp weight per fruit, pulp percentage, inner diameter, shell percentage, and fruit skull thickness. Importantly, this genotype had average fruit weight (0.9–1.5 kg), pulp percentage (>80%), skin percentage (<20%), and skin thickness (<2 mm); these specific parameters were considered based on consumer preferences (Dhakar et al., 2019). This genotype, with its superior pomological traits, represents a valuable genetic resource for future breeding programs targeting the development of enhanced cultivars that meet global regulatory standards.





5 Conclusion

This study highlights the significant diversity of wild bael genotypes in the Jammu region of India. Among the 80 selected genotypes, JMU-Bael (Sel-27) showed superior traits in terms of pomological characteristics for adaptation to changing climatic conditions. This genotype, having excellent traits of interest and high genetic dissimilarity, can be further used in breeding programs to obtain segregates, and accordingly, the existing bael populations can serve as a genetic resource for bael variety development for commercial cultivation under changing climate scenarios.
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Introduction

In Mediterranean areas like Spain, global warming has endangered stone fruit production by reducing chill accumulation, leading to significant agronomical and economical losses. To mitigate this issue, agrochemicals have been applied for decades to promote endodormancy release and initiate flowering. However, many of these chemicals have been associated with strong phytotoxicity, resulting in their recent ban. As a result, identifying novel pathways to modulate endodormancy release is critical and essential for developing effective, non-toxic agrobiochemicals.





Methods

In this study, we investigated the effect of two different agrochemicals mixes: 1% Broston® + 5% NitroActive® and 3% Erger® + 5% Activ Erger®, sprayed on peach trees during endodormancy over two years, followed by non-target metabolomic analyses on flower buds to identify metabolic changes in treated versus control trees.





Results and discussion

Significant variations were observed in metabolites from the abscisic acid and phenylpropanoid pathways. Notably, six types of phospholipids were identified, with most increasing exclusively in treated samples during endodormancy release. These results were in concomitance with the increased expression of 4-coumarate-CoA ligase 1, 9-cis-epoxycarotenoid dioxygenase, and xanthoxin dehydrogenase genes. In a subsequent validation experiment performed in the third year, branches treated with phospholipids and cinnamic, caffeic, and abscisic acids advanced endodormancy release by one to two weeks, which represents the first evidence of endodormancy release modulation by the use of these metabolites. Moreover, this study contributes to our understanding of the biochemical mechanisms involved in endodormancy release and highlights the potential of phenylpropanoids, phospholipids, and related compounds as targets for developing sustainable agrochemicals, addressing challenges posed by climate change to Prunus spp. cultivation.
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1 Introduction

Woody perennial plants have the ability to survive winter temperatures through a physiological “hibernation” process named endodormancy (Kovaleski, 2022). However, this stage is not merely a survival strategy, as successful flowering is highly dependent on cold winter temperatures, which directly influence plant productivity (Fadón et al., 2020). Proper endodormancy is crucial for achieving high yields (Luedeling et al., 2009). The transition from endodormancy to the subsequent phase, ecodormancy, is determined by the chilling accumulated in flower buds. Only once a specific chilling accumulation threshold is reached – referred to as chilling requirements (CR) – can trees exit endodormancy. This threshold is variable among species and cultivars (Sánchez-Pérez et al. 2012; Martínez-Gómez et al. 2017). Temperate woody fruit species, such as those in the Rosaceae family – like peach (Prunus persica [L.] Batsch), almond (Prunus dulcis [Mill.] D.A.Webb), apricot (Prunus armeniaca L.), sweet cherry (Prunus avium [L.] L.), and plum (Prunus salicina Lindl.) – are prime examples of plants dependent on endodormancy. These fruit species are widely cultivated in temperate regions worldwide, with an aggregated production of 47 Mtons across 7.3 Mha (FAOSTAT, 2020).

In recent decades, rising winter temperatures, driven by global warming, have led to inadequate winter chill accumulation, failing to meet the necessary CR for many species (Delgado et al., 2021). This issue is particularly concerning in temperate regions such as the Mediterranean area, where average annual temperatures had increased by 1 to 1.5°C over the past 50 years. Furthermore, projections for 2050 indicate that this warming trend will continue, resulting in a significant reduction in chill accumulation in these regions (Fernandez et al., 2023). Such changes pose a serious threat to the productivity and sustainability of temperate fruit crops, as insufficient chill may disrupt key phenological events like flowering and fruit set, ultimately affecting yield and fruit quality.

To address this challenge, farmers have turned to various agrochemicals to promote endodormancy release and flowering, thereby ensuring a proper annual yield. Over the past few decades, Dormex® has been the most effective agrochemical on the market, contributing to the cultivation of over 1,500 Mtons across approximately 1,100 Mha. However, due its toxicity to humans and the environment, Dormex® has been banned in EU, which in turn has led to an increased demand for novel agrochemicals that facilitate endodormancy release (Sheshadri et al., 2011; Ionescu et al., 2017a; Ionescu et al., 2017b; Guillamón et al., 2022). Among them, compounds such as Erger® + Activ Erger® and Syncron®/Broston + NitroActive® are particularly noteworthy, which, like Dormex®, are based on high-organic nitrogen solutions (Table 1). Despite of their lower toxicity, these alternatives also exhibit lower efficiency than Dormex®.

Table 1 | Composition of the most used agrochemicals worldwide.
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Studies on apple, peach, and sweet cherry have identified concentration, chill accumulation and cultivar type as critical factors influencing the effectiveness of agrochemical application (Campoy et al., 2011; Rodrigo et al., 2017). Any miscalculation in these parameters could result in an overaccumulation of reactive oxygen species (ROS) in the plant, leading to phytotoxicity, which ultimately may drop annual yield. Therefore, there is a pressing need for reliable endodormancy release biomarkers to ensure the correct application of existing agrochemicals and to support the development of new, environmentally friendly agrobiochemicals that are as efficient as Dormex®.

The objective of this work was to identify potential biomarkers for endodormancy release and to develop new agrobiochemicals by investigating the molecular effects of two commercially available agrochemicals, with the aim of enhancing bud dormancy release in peach. Non-target metabolomic analysis was conducted to examine the application effect of Erger® + Activ Erger®, and Broston® + NitroActive® on peach flower buds over two consecutive years. As a result, significant metabolites whose concentration either increased or decreased in the flower bud tissues, were tested in a third year, leading to, for the first time, observable advancements in endodormancy release. To the best of our knowledge, this is the first successful validation of metabolites identified through metabolomic analyses as modulators of endodormancy release in a perennial plant like peach. Consequently, this research represents a stepping stone in addressing the negative impacts of global warming on economically important fruit tree species, particularly those cultivated in temperate regions.




2 Materials and methods



2.1 Plant material

Peach trees of the Carioca cultivar, which is characterized by an intermediate flowering time, were grown in the commercial farm “Agrícola Don Fernando, Frutas Esther, SA” (latitude: 38° 7’ 39.52’’ N, longitude 1° 3’ 16.38’’ W, Campotéjar, Molina de Segura, Murcia, Spain). This is a mild winter region, which climatic data, between 2019-2021, indicating an average annual temperature of 17-18 °C, relative humidity of 55-57%, wind speeds ranging from 1.70 to 1.63 m/s, and average precipitation of 384 mm (Murcia Agrarian Informatic System: SIAM). All the selected trees were over 5 years old and 4 m in height, grafted onto the peach rootstock Rootpac 70®, with a planting density of 3 x 5 m.




2.2 Determination of chill accumulation

To ensure timely application of the agrochemicals, chill accumulation was monitored on the three years of study by recording hourly temperatures from the meteorological station at Campotéjar. This temperature data was then input into the Dynamic model (Fishman et al., 1987), which is widely regarded as the most accurate tool for measuring chill accumulation in mild-winter regions, such as the Southeast of Spain (Prudencio et al., 2018). Chill accumulation was expressed in chill portions (CP). According to the technicians of Frutas Esther, SA, the average chill requirements (CR) of Carioca in Campotéjar experimental field are approximately 43 CP.




2.3 Agrochemical applications and sampling

Trials were conducted when 31 CP were accumulated (representing about 70% of the theoretical CR needed to break endodormancy release). The treatments applied were: 1% Syncron®/Broston® + 5% NitroActive® (treatment B, TB) and 3% Erger® + 5% Activ Erger® (treatment E, TE), by using a 10L backpack manual sprayer (2L/whole tree), between 9 and 10 am, at a single time, under low wind conditions. In total, 10 trees per treatment were applied for TB and TE, distributed each treatment in independent rows, separated by 40 m from the trunk, to avoid cross-contamination. Control trees were left unsprayed, following the procedure used by Guillamón et al. (2024).

For each treatment, three consecutive neighboring trees were selected for sampling and further experimentation, whereas the other 7 trees were used to estimate flowering and ripening times (Figure 1). Flower buds (1 g) were collected weekly from deep endodormancy (December 1 and November 30 in years 1 and 2, respectively) to flowering (February 18 and 12 in years 1 and 2, respectively). To standardize flower bud development across the samples, three twigs per tree – each containing both flowers and vegetative buds (mixed twigs) – were randomly selected from the same height in the tree canopy, but from different orientation. In total, 9 twigs were collected per treatment, with an additional 9 from the control trees.
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Figure 1 | Chart of the treatments applied to peach flower buds. From December to March, samples were analyzed at various stages: deep endodormancy (A), endodormancy (B), endodormancy release (B, C) and in ecodormancy (C-F). Treatment application and endodormancy release (B-C stage) dates are indicated by a spray icon and an asterisk, respectively. Metabolomic samples were collected weekly throughout the colored periods for all sample groups, while expression analyses were conducted on samples marked with a single-strand mRNA molecule.




2.4 Determination of the dormancy status

From December to mid-February, during the two seasons (2019/2020-2020/2021), three mixed twigs (40 cm long and 5 mm in diameter) were weekly picked from three neighboring trees and placed in a growth chamber under controlled conditions (23 ± 1°C, and 70% relative humidity (RH) during the 16 h of photoperiod; 20 ± 1°C and 70% RH during the dark period) in a 5% sucrose solution with 0.1% of aluminum sulfate (Merck, Darmstadt, Germany). After 10 days in the growth chamber, the phenological stage of the flower buds was evaluated. Endodormancy release was determined when at least 50% of flower buds passed the developmental stage B-C (Baggiolini, 1952) (Figure 1), in which A corresponds to fully endodormant buds and C to buds where the calyx can be observed. Once the treatments were performed, treated and untreated samples were immediately transferred from the field to the growth chamber (in about 30 min), to evaluate the dormancy status by calculating the endodormancy release date of both control and treated trees. The first sample of treated trees (and its respective control) was a week after the treatment date.




2.5 UHPLC-QToF-MS/MS analysis of flower buds

Three biological replicates, each one consisting of a pool of flower buds (45-55 mg) were ground into fine powder in liquid nitrogen. Subsequently, samples were mixed with 200 µl of CH3CN:H2O (80:20,v/v) containing 0.1% HCOOH (Merck), mechanically shaken, sonicated 3 times for 30 s and centrifuged for 10 min at 13,000 x g. Glipizide (Merck) at 0.1 µg/ml was added as internal standard. Finally, samples passed through a 0.22 µm filter plate (Merck) by centrifugation (5 min, 1,107 x g, 4°C). As this is an untargeted metabolomics analyses, no technical replicates were used, as previously done by Guillamón et al. (2020, 2024).

The UPLC–QToF–MS/MS analyses were done using Waters ACQUITY UPLC I-Class System (Waters Corporation, Milford, MA, USA) coupled to a Bruker Daltonics QToF- MS mass spectrometer [maXis impact Series with a resolution ≥ 55,000 FWHM Bruker Daltonics, Bremen, Germany]. In these analyses ESI was also used for both positive- [ESI (+)] and negative- [ESI (−)] ionization modes.

The column for the UPLC separation was a HSS T3 C18 100 × 2.1 mm with 1.8 µm of size particle (Waters Corporation) at a flow rate of 0.3 mL/min. The weak mobile phase (A) for the separation was H2O with a 0.01% of HCOOH (pH ~3.20) (PanReac AppliChem, Barcelona, Spain), while the strong mobile phase (B) was ACN with a 0.01% of HCOOH (J. T. Baker, New Jersey, USA). The gradient started with 10% of B at 0 min, which was progressively increased up to 90% at minute 14; after that, it was held until minute 16 and then decreased to 10% in 10 s, where it remained until minute 18. Nitrogen was used as the desolvation and nebulizing gas with a flux of 9 L/min and a pressure of 2.0 bar. The drying temperature was 200°C and the column temperature was 40°C. The voltage source was 4,000 V for ESI (−) and 4,500 V for ESI (+). The MS experiment was carried out using HR-QTOF-MS, applying 24 eV for ESI (+) and 20 eV for ESI (−) and using broadband collision-induced dissociation (bbCID). MS data were acquired over an m/z range of 45–1,200 Da. A KNAUER Smartline Pump-100 delivered the external calibrant solution with a pressure sensor (KNAUER, Berlin, Germany). The instrument was calibrated externally before each sequence with a 10 mM sodium formate solution. The mixture was prepared by adding 0.5 mL of formic acid and 1.0 mL of 1.0 M sodium hydroxide to an isopropanol/Milli Q water solution (1:1, v/v).




2.6 Data processing and statistical analysis of the metabolomic study

The raw intensity data was acquired using the Profile Analysis 2.1 software (Bruker Daltonics, Germany). In the first analysis, 232 features with a signal-to-noise ratio of 3 for ESI (-) and 3,900 features with a signal-to-noise ratio of 3 for ESI (+) were observed. In the second analysis, 300 features with a signal-to-noise ratio of 3 for ESI (-) and 2,800 features with a signal-to-noise ratio of 3 for ESI (+) were found.

For statistical analysis, MetaboAnalyst 5.0 free software was utilized. Data were logarithmically transformed before applying ‘Pareto scaling’. To identify features exhibiting significant variations between endodormancy and ecodormancy, a Volcano Plot was generated based on p-value and fold changes (FC). The threshold for statistical significance was set to a log2 (FC) ≥ 2 and a p-value ≤ 0.05. Two separate Partial Least‐Square Discriminant Analysis (PLS-DA) models were conducted for each year to detect differences between endodormant/ecodormant buds and control/treated buds. To evaluate the robustness of the models, cross-validation was performed to assess the explained variance and the prediction capability, represented by the R2 and Q2 scores, respectively.




2.7 Metabolite identification

The most significant metabolites were putatively identified by comparing their MS/MS spectra with the data from the following databases: METLIN, Human Metabolome Database (HMDB), and LipidMaps. These metabolites were then grouped according to their biochemical and chemical nature using the KEGG PATHWAY and the ChEBI databases. To assess the accuracy of the putative identifications, we applied the SmartFormula Manually annotation (part of Bruker Daltonik Data Analysis Suite, Bremen, Germany) to assign theoretically elemental compositions to specific m/z values. SmartFormula Manually generates formula suggestions based on accurate mass and isotopic pattern information using the Sigma algorithm, which combines the standard deviations of mass and intensity values for all peaks. The mass tolerance was set to ≤ 3 mDa, the charge to +1, and the H/C element ratio filter was set between 1 and 3. MS/MS spectra were further analyzed by SmartFormula 3D for additional identification insights. To aid in the identification of complex metabolites, such as phospholipids, we analyzed MS/MS spectra of several pure phospholipid standards: 16:0-18:1 phosphatidyl serine (PS), 16:0-18:1 phosphatidic acid (PA), 16:0-18:1 phosphatidyl choline (PC), 16:0-18:1 phosphatidyl ethanolamine (PE), and 16:0-18:1 phosphatidylglycerol (PG). This allowed us to assign the correct polar head ions of each phospholipid: PS head (m/z=290.1336), PA head (m/z=187.0673), PC head (m/z=289.2173), PE head (m/z=230.1373), and PG head (m/z=277.1373).

Finally, we assessed the statistical correlation between the significant compounds that varied between endodormancy and endodormancy release across all study groups. Pearson’s r correlation coefficient was used to measure the metric similarity distance between metabolites and the different treatments applied, and a heatmap was generated for changes in metabolites related to control and treated samples.




2.8 Enrichment and pathway analysis

The metabolites identified in the two-year study were used to conduct an enrichment analysis, aiming to pinpoint metabolic groups that were over-represented during endodormancy release in both treated and control trees. Additionally, we performed a pathway analysis to examine the key metabolic pathways that changed during endodormancy release across all samples. All analyses were carried out using MetaboAnalyst 5.0 software.




2.9 RNA extraction for the expression analysis

For the expression analyses, we consulted the KEGG PATHWAY database to identify genes directly involved in the biosynthesis or degradation of the significant metabolites previously identified (Table 2). In addition, we included genes of interest from the literature found on other fruit species such as 4-COUMARATE-CoA LIGASE 1 and HOMEOBOX-LEUCINE ZIPPER PROTEIN ATHB-12.

Table 2 | Primers sequence of the genes analyzed by RT-qPCR.
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RNA was extracted from flower buds of three biological replicates, which were derived from the same pool used for the metabolomic analyses (Figure 1). Sampling occurred at four different stages during endodormancy and ecodormancy, as outlined by Baggiolini (1952). These stages included: deep endodormancy (A: first sampling date, at least one month before the treatment), treatment application date (B: one day after treatment, 1 dat), endodormancy release (B-C: 14 dat for treated samples and 21 dat for control samples), and late ecodormancy (C: final sampling date, 35 dat for treated and 42 dat for control samples).

RNA extraction followed the protocol provided by the NucleoSpin RNA Plant and Fungi kit (MACHEREY-NAGEL, Düren, Germany). After the extraction, RNA quality was measured by calculating the A260 nm/A280 nm and A260 nm/A230 nm ratios using a Nanodrop One (Thermo Fisher Scientific, Watlham, MA, USA). With this quality control, RNA was purified of genomic DNA and other contaminants using the DNA-free™, DNase Treatment and Removal Reagents kit (Thermo Fisher Scientific, Watlham, MA, USA) and the RNeasy® PowerClean® Pro Clean Kit (QIAGEN, Venlo, Netherlands).




2.10 qRT-PCR analysis

Quantitative reverse transcription PCR (qRT-PCR) was performed in 10 μL reactions using the qPCRBIO SyGreen 1-Step Go Hi-ROX kit (BIOSYSTEMS, London, UK) according to the manufacturer´s instructions. For each sample, 5 ng of RNA was used to quantify the expression of the selected candidate genes. The following PCR protocol was used: 10 min at 45°C, 2 min at 95°C, [5 s at 95°C, 30 s at 60°C, 1x plate read] x 40 cycles. A melting curve was generated for each reaction, which included on 15 s at 95°C, 1 min at 60°C and 15 s at 95°C. qRT-PCR was performed using the PCR StepOnePlus system (Thermo Fisher Scientific).

Primers for the candidate genes identified in the metabolomic analysis were designed using CLC Genomic Workbench 5 (QIAGEN). Only primers with an efficiency greater than 80% were used for qRT-PCRs, and primer efficiency was confirmed by the Standard Curve method (Table 2).

Relative gene expression from qRT-PCR data was calculated considering the primer efficiency and normalized against the following housekeeping genes: 60S RIBOSOMAL PROTEIN GENE (60S), OUTER ENVELOPE PORE PROTEIN 16 CHLOROPLASTIC GENE (OEP16), and TRANSLATION ELONGATION FACTOR 1-ALPHA (TEF2) (Table 2). Subsequently, statistical analyses were performed using Tukey’s test in InfoStat v.2018 (InfoStat, Córdoba, Argentina) to assess significant differences between treated and control samples.




2.11 Validation of significant metabolites detected in the first two years

After identifying significant metabolites following agrochemical application, we wanted to assess their effects when externally applied to peach flower buds. In the third year of the study, when 70% of the CR had been met, groups of five 40-cm mixed twigs were collected weekly, for three consecutive weeks, from control trees in the field. Upon arrival at the laboratory, the twigs were sprayed with a selection of commercially available metabolites, including caffeic acid, p-coumaric acid, cinnamic acid, L-phenylalanine (L-Phe), spermidine, abscisic acid and phospholipids (Merck). A set of 5-twigs was retained as untreated control. All metabolites were applied in a 5% aqueous solution, except for caffeic acid, which was applied in a saturated solution. To enhance the solubility of phospholipids, 0.5% Triton™ X-100 (Merck) was incorporated in the solution. The metabolites were applied using a 50 mL spray bottle until drop-off. After drying in a fume cupboard, the twigs were transferred to a growth chamber to evaluate the endodormancy release in both treated and control samples, as previously described in Section 2.4.





3 Results



3.1 Chill accumulation, endodormancy release and flowering

In the first year of the study, treated trees released from endodormancy after accumulating 41 CP on January 17, whereas controls required 49 CP, which occurred on January 27 (Figure 2). In the second year, which was warmer (average temperature of 17.93°C in year 1 versus 18.15°C in year 2), treated trees released from endodormancy after accumulating only 37 CP (January 18), while controls accumulated 41 CP (January 25). These results demonstrate that endodormancy release occurred earlier (seven to 10 days) in treated trees, regardless of the agrochemical used or the presence of warmer/colder conditions. With respect to flowering time, treated trees flowered one week earlier than controls in the first year and three days earlier in the second year (Figure 2). This trend was also observed in ripening times, where treated trees were harvested between ten (year 1) and four (year 2) days earlier than controls (Figure 2).

[image: Timeline and table show treatment effects on endodormancy, chill portions, flowering, and ripening dates over two years. Year 1 and 2 data are color-coded, with treatments labeled "Control" and "TB / TE." Key dates span December to June, with specific dates for treatments, dormancy release, and ripening.]
Figure 2 | Experimental setup for the two-year study. The timeline table presents the complete experimental schedule, with key events indicated as follows: treatment dates are marked by a spray icon, endodormancy release by a triangle, flowering time by a flower icon, and ripening time by a peach icon. Light orange represents the treatments Broston® + NitroActive® (TB) and Erger® + Activ Erger® (TE) in year 1, while light green represents the treatments in year 2. Dark colors correspond to the respective control periods. Numbers in the square brackets indicate the days advanced in endodormancy release, flowering and ripening times between treated and control trees, as detailed in the table below.




3.2 Metabolomic profiling

The raw data obtained from the non-target metabolomic analysis were used to perform two PLS-DA models, aiming to observe the differences between control and treated samples across the two years of study. The models showed a clear separation between control samples in endodormancy (Cendo) and in ecodormancy (Ceco) trees, as well as between both Cendo and the treated trees in ecodormancy (Teco) and Ceco versus Teco trees, during both years of study (Figures 3A, B). Additionally, the models showed a large distance between Cendo, Ceco and Teco in the first year (Figure 3A), whereas in the second year, Cendo and Ceco groups were much closer (Figure 3B). The separation between endodormant and ecodormant flower buds was mainly attributed to the significant variation in 100 and 52 metabolites in the first and second year, respectively (Supplementary Tables S1, S2).
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Figure 3 | Variations in the metabolic profiling. (A) PLS-DA model showing differences between control and treated samples in the first year of the study. (B) PLS-DA model from the second year of the study. Cendo: endodormant control samples, Ceco, ecodormancy release control samples; TBeco, endodormancy release samples treated with Broston® + NitroActive®; TEeco, endodormancy release samples treated with Erger® + Activ Erger®. (C) Pathway analysis of metabolites that significantly varied during the two years of study. Node size represents the impact of the pathway, while node color (ranging from white to red) indicates the significance (-log10[p-value]) of each pathway.




3.3 Enrichment and pathway analysis

The enrichment analysis performed on the metabolites that significantly varied during endodormancy release revealed that triterpenoids, the phospholipid species PE, glycerophosphoserines and PA were significantly enriched (Supplementary Figure S1). Regarding the pathway analysis, “Glycerophospholipid metabolism”, “Flavone” and “Flavonol biosynthesis”, “Secondary metabolites” and “Carotenoid biosynthesis” pathways showed the lowest p-value and the highest pathway impact, being the most relevant pathways across the two years of study (Figure 3C).




3.4 Phospholipids

As previously presented, among all the metabolic pathways that showed significant variations during endodormancy release across the different years and groups, glycerophospholipid metabolism – in which phospholipids are biosynthesized – was the most significant pathway during endodormancy release. In general, phospholipids exhibited a significant increase, measured as fold change (FC), during endodormancy release in the two years of study. A total of six types of phospholipids were identified: PS, PG, PA, phosphatidyl inositols (PI), PE, and PC. For each type, up to 15 different subtypes were identified (see Supplementary Tables S1, S2). In the first year, most identified phospholipids significantly increased in both treated groups, while remained unchanged in controls (Figure 4). In the second year, all the identified phospholipids increased in TB samples, and only PC increased in TE samples. PEs were the phospholipid species showing the highest FC in both treated samples in the first year, while PAs showed the highest FC in the TB-treated samples (in the second year only). This variation was particularly pronounced in treated samples across both years of study (Figure 4).
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Figure 4 | Phospholipid increase during endodormancy release. Bar plot showing the sum of fold changes (FC) for each phospholipid species when comparing deep endodormancy (A stage) and endodormancy release (B-C stage) in treated samples. Colored bars represent different phospholipid species: red for phosphatidyl serines (PS), purple for phosphatidyl glycerols (PG), blue for phosphatidic acids (PA), pink for phosphatidyl inositols (PI), green for phosphatidyl ethanolamines (PE), and yellow for phosphatidyl cholines (PC). Treatment B (TB) involved 1% Broston® + 5% NitroActive® and treatment E (TE) was done with 3% Erger® + 5% Activ Erger®. Significant differences in phospholipid variation were determined using a Volcano plot (FC > 2 and p-value < 0.05). The specific FC and p-value for each phospholipid is shown in Supplementary Tables S1 and S2.




3.5 Biosynthesis of secondary metabolism: phenylpropanoids

Phenylpropanoids are by-products of the metabolism of L-Tyr and L-Phe. In our study, we identified a total of five phenylpropanoids, all by-products of p-coumaric acid, that significantly varied during endodormancy release across all groups and years. These included p-coumaric acid, trans-3-feruloylcorosolic acid, 3-O-trans-feruloyleuscaphic acid, 1,28-dicaffeoyloctacosanediol and p-coumaric acid. All of these metabolites exhibited a consistent trend, with significant increases (FC > 2) during endodormancy release in both study years. This increase was particularly pronounced in treated samples (Supplementary Figures S4, S5, S7, S8). Moreover, given the apparent role of phenylpropanoids in endodormancy release (Conrad et al., 2019), the relative expression of 4-coumarate ligase 1 (4CL1), gene responsible of the biosynthesis of most of phenylpropanoids, was examined in the samples from both years (Figure 5A). In all groups, the 4CL1 gene remained almost unexpressed during endodormancy, with a pronounced peak in expression following endodormancy release (Figure 5A).
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Figure 5 | Metabolic and genetic variation observed during endodormancy release (A). Heatmap of relative expression levels for 4CL1, GSS, NCED5, ABA2, CYP707A1, CYP707A2, CYP707A4, and ATBH-12 during the transition from endodormancy to ecodormancy. Stages include: A (deep endodormancy), B (medium endodormancy), B-C (endodormancy release) and C (ecodormancy). Genes shown are: 4-Coumarate ligase 1 (4CL1), Glutathionylspermidine synthase (GSS), Xanthoxin dehydrogenase (ABA2; 1.1.1.288), 9-cis-Epoxycarotenoid dioxygenase (NCED5; 1.1.1.51), CYTOCHROME P450 707A1 (CYP707A1), CYTOCHROME P450 707A2 (CYP707A2), CYTOCHROME P450 707A4 (CYP707A4), and HomeoBox-Leucine Zipper Protein ATHB-12 (ATBH-12). Samples correspond to control, treatment B (TB) (1% Broston® + 5% NitroActive®), and treatment E (TE) (3% Erger® + 5% Activ Erger®). The endodormancy release date is marked with an asterisk. (B) Variation in metabolites from the ABA biosynthetic pathway during year 1. Agrochemical application dates are marked with a spray icon, and the endodormancy release date is indicated by with a colored triangle. Dark green represents control samples, royal blue represents TE samples, and dark blue, TB samples. The background color highlights the endodormancy period (grey) and the ecodormancy period (yellow) for the control group. (C) Metabolic and genetic variations in the ABA biosynthetic pathway. Red color indicates a decrease in expression or concentration, while green indicates an increase.




3.6 Antioxidant species: flavonoids and ascorbic acid metabolism

The number of flavonoids that significantly varied in treated samples was markedly higher than the observed in controls (Supplementary Tables S1, S2). Flavonols like kaempferol-3-glucosyl-(1->3)(4’’’-acetylrhamnosyl)(1->6)-galactoside, quercetin 3-(6’’’-acetylglucosyl)(1->4)-rhamnoside and the flavone tanariflavanone A, among others, exhibited a significant increase during the endodormancy release in the second year of study. On the other hand, ascorbic acid displayed a significant increase in both treated samples during the endodormancy release of the second year (Supplementary Figures S7, S8). In addition, the relative gene expression of the glutathionylspermidine synthase (GSS), involved in ascorbic acid biosynthesis, was analyzed in all the samples. In both years, an upregulation during both endodormancy release and ecodormancy was observed across all groups (Figure 5A).




3.7 Abscisic acid metabolism

The expression analysis of several genes involved in ABA biosynthesis, catabolism, and response revealed significant upregulation and downregulation during endodormancy release. In terms of biosynthesis, the XANTHOXIN DEHYDROGENASE gene (ABA2) exhibited a significant increase during endodormancy release in both years of study, whereas the 9-CIS-EPOXYCAROTENOID DIOXYGENASE gene (NCED5) gene showed a marked decrease during this period (Figure 5A). In terms of ABA catabolism, the genes encoding cytochromes P450s, such as CYP707A1, CYP707A2 and CYP707A4, were significantly upregulated during endodormancy release in both years, except for CYP707A1, which was downregulated in the second year (Figure 5A). With regard to ABA response, HOMEOBOX-LEUCINE ZIPPER PROTEIN ATHB-12 (ATBH-12) displayed a significant decrease during the first and second year of study (Figure 5A).

Additionally, we observed that several ABA precursors, such as 2’-apo-beta-carotenal and violaxanthin, among others, showed a significant increase in samples from both the first and second year (Supplementary Tables S1, S2). This increase was notably higher in treated samples compared to controls samples. In contrast, ABA levels exhibited a marked decrease during endodormancy release in all samples from the first year, with minimal variation observed between treated and controls, and no detection in the second year, the warmer one (Figure 5B). A summary of the metabolic and gene expression data related to ABA is represented in Figure 5C.




3.8 Triterpenes

Terpenes are metabolites derived from isoprene metabolism. Triterpenes showed significant increase in treated trees across all years, while remained largely unchanged in control trees (Supplementary Figures S4, S5, S7, S8). Some isoforms of ganoderic acid also increased in treated samples during the endodormancy release in both the first and second year of study (Supplementary Tables S1, S2). In the second year, additional triterpenoids such as tsugaric acid A21-glucosyl ester and tyromycic acid, displayed a similar trend to ganoderic acid, with significant increases during endodormancy release (FC > 2) (Supplementary Table S2).




3.9 Validation of significant metabolites

To validate the results from the non-target metabolomic analysis, we applied seven pure standards from the pathways mentioned previously identified as significant in the endodormancy release process. The applied metabolites were selected based on: position within their biosynthetic pathways, their cost and commercial availability. These compounds included the phenylpropanoids caffeic, cinnamic and coumaric acid; L-Phe, spermidine (a precursor of ascorbic acid), and pure phospholipids. Among these, phospholipids, cinnamic and caffeic acid induced an advancement of one to two weeks compared to the control, with caffeic acid and phospholipids having the most pronounced effect on endodormancy release (Figure 6). The rest of metabolites did not produce any variation with respect to the control of endodormancy release.

[image: Bar chart showing percentage of bud break for different treatments over three dates: January 23, January 30, and February 6. Phospholipids, cinnamic acid, and caffeic acid treatments show higher percentages compared to control, with a red dashed line at 50%. Below, images display the impact of these treatments on buds labeled as Control, PL, CIN, and CAF, illustrating stages labeled B, B-C*, A, and C.]
Figure 6 | Validation of the results observed in the non-target metabolomic analysis. (A) Mean percentage of bud break (% of flower buds in the phenological state B-C) in control and treated branches with pure metabolites after 10 days in the growth chamber. The metabolites applied that influenced the endodormancy release date compared to control samples were phospholipids, cinnamic acid and caffeic acid. The red dashed line indicates the endodormancy release threshold, which corresponds to the point at which 50% of flower buds are in stage B-C. Colored bars represent three experimental dates: red for January 23, yellow for January 30, and dark blue for February 6. Asterisks indicate the level of statistical significance, calculated by a t-test relative to the control: one asterisk for a p-value of 0.05, two for 0.01, and three for 0.005. (B) Comparison of flower buds control and treated branches with phospholipids (PL), cinnamic acid (CIN), and caffeic acid (CAF). The photos were taken on February 16th, with all images captured at the same magnification. Phenological stages are labeled at the top of each flower bud. The endodormancy release date is marked on the timeline with an asterisk.





4 Discussion



4.1 Advance of endodormancy release

In this work, we examined the effects of various agrochemicals on the metabolism of peach flower buds to promote endodormancy release. Previous research has demonstrated the effectiveness of endodormancy release promoters in both tropical and temperate regions (Guillamón et al., 2022; Ionescu et al., 2017a, 2017b; Del Cueto et al., 2017; Rodrigo et al., 2017). In apple (Malus domestica Borkh), studies have shown that the timing and concentration of agrochemical application significantly impacts the advancement of endodormancy release (Abreu et al., 2018). Similarly, a recent study on apricot showed that Erger® + Activ Erger®, or Broston® + NitroActive® treatments advanced endodormancy release by seven days in a two-year study (Guillamón et al., 2024). In our work, treated trees exhibited an advancement in endodormancy release, regardless of the agrochemical treatment, year or the environmental conditions. This result is consistent with observations in sweet cherry, where high-nitrogen content treatments induced earlier flowering by three to four days compared to control trees (Ferreira et al., 2019; Rodrigo et al., 2017).




4.2 Metabolomic profiling

Our findings align with previous works on sweet cherry and kiwi, where agrochemical treatments induced significant variations at the gene expression and cellular levels (Hoeberichts et al., 2017; Ionescu et al., 2017a; Del Cueto et al., 2017). Additionally, recent findings in apricot identified flavone and flavonol biosynthesis, glycerophospholipid metabolism, and secondary metabolites biosynthetic pathways as key processes affected by the Erger® + Activ Erger®, or Broston® + NitroActive® treatments (Guillamón et al., 2024).




4.3 Phospholipid increments in treated samples

Our analysis revealed that most significant changes in metabolites during endodormancy release were within the phospholipid metabolic group. Earlier studies in peach indicated that the plasma membrane is a crucial cellular component during endodormancy release, with an increase in membrane fluidity playing a vital role in this process (Portrat et al., 1995). Previous research on thidiazuron application to apple flower buds noted significant variations in fatty acids and sterols in apple flower buds, although phospholipid rearrangements was not reported (Wang et al., 1988). More recent studies have highlighted the role of organic phosphorus (P) storage in leaf buds to meet the P demand during and after endodormancy release (Netzer et al., 2018). Additionally, the increase in phospholipid species was linked to an enhancement in plasma membrane fluidity (Beauvieux et al., 2018). In apricot, phospholipid content was also increased significantly during endodormancy release in treated trees compared to controls (Guillamón et al., 2024). Specifically, PA and PE were the two most prevalent phospholipid species in the TB-treated samples during the first year, while PS was more prominent in the second year. In our analysis, PC was the only phospholipid species that significantly increased in all treated groups across both years, with PE showing the highest increase in the first year and PA in the second year. We therefore propose that the accumulation of phospholipids in our samples may be a mechanism for storing the P necessary for endodormancy release and subsequent processes. However, further studies are needed to confirm this hypothesis.

In Arabidopsis, key genes involved in the promotion or repression of flowering present a phosphatidylethanolamine (PE)-binding domain (Colin and Jaillais, 2020), such as FLOWERING LOCUS (FT), TERMINAL FLOWER (TFL), among others. Interestingly, the expression of both FT and TFL follows a circadian rhythm, i.e. FT expression increases during the day, while TFL expression rises at night (Rinne et al., 2011). In addition, the saturation level of phospholipids decreases at night, which could be critical for the specific binding of FT to PEs during daytime (Nakamura et al., 2014). Furthermore, FT has been shown to possess a selective binding domain for PC, which specifically binds to saturated PCs during the day (Nakamura et al., 2014). This could suggest that the increase in PEs, PCs and PC by-products observed in our study during endodormancy release may facilitate flowering by interacting with an FT homolog in peach. Moreover, the significant increase in PEs and PCs suggests a key role of phospholipid metabolism in the modulation of endodormancy release. To the best of our knowledge, this is the first time that external application of phospholipids has been done in peach to advance endodormancy release with a successful result.




4.4 Phenylpropanoid rises in treated samples

Phenylpropanoids, by-products of L-Tyr and L-Phe metabolism, are well documented in their involvement in endodormancy release in Prunus spp (Conrad et al., 2019; Guillamón et al., 2020; Prudencio et al., 2020). In both almond and apricot, the expression of 4-COUMARATE: CoA LIGASE-LIKE 1 and 7 (4CL1 and 4CL7) increased during endodormancy release (Conrad et al., 2019; Prudencio et al., 2020; Guillamón et al., 2024). This is consistent with our findings in peach, where the expression of 4CL1 was significantly increased during endodormancy release in both the first and second year of study (Figure 5A). This increase is closely linked to stress responses in many species. For example, in apricot, phenylpropanoids accumulate during late endodormancy and its release, likely in response to reduced ROS levels during this period. Their levels then decline as sepals and petals emerge, suggesting a role in the reactivation of flower buds, as indicated by the phenological changes in bud development during endodormancy (Conrad et al., 2019; Guillamón et al., 2024). To further validate these findings, we applied cinnamic and caffeic acids to mixed twigs in the laboratory, which advanced endodormancy release by one and two weeks, respectively. While the exact mechanisms by which these compounds modulate endodormancy release are not yet fully clarified, a recent study on Japanese apricot (Prunus mume [Siebold] Siebold & Zucc.), demonstrated that miRNAs target several genes involved in the regulation (biosynthesis or catabolism) of the phenylpropanoid biosynthesis, modulating the accumulation of these species (Zhang et al., 2022). This previous study supports our findings, confirming the implication of phenylpropanoid biosynthetic pathway in endodormancy release, and suggesting that these compounds could serve as biomarkers for the endodormancy release and potential targets for its modulation.




4.5 Reductive species: flavonoids and ascorbic metabolism

Studies in Japanese pear (Pyrus pyrifolia (Burm.f.) Nakai) and sweet cherry have shown a rise in ROS levels during endodormancy, followed by a decrease during endodormancy release (Baldermann et al., 2018; Takemura et al., 2015). Our data showed a reduction in dehydroascorbate levels and a simultaneous increase in ascorbic acid during endodormancy release in treated samples. This is consistent with findings in almond, where ascorbic acid levels increased during endodormancy release (Guillamón et al., 2020), and suggests ascorbic acid as a potential biomarker for endodormancy release in Prunus (Guillamón et al., 2020, 2024). Additionally, we believe that the accumulation of ascorbic acid observed in our samples, coupled with the upregulation of GSS, indicates that the biosynthesis of ascorbic acid and its role in reducing ROS levels is tightly linked to the endodormancy release process.

Flavonoids are antioxidant compounds derived from the metabolism of benzopyrone (Kesarkar et al., 2009). Several subgroups, including flavones, flavonols, and anthocyanins, have been identified for their role in promoting endodormancy release (Michailidis et al., 2018). A metabolomic study in peony tree (Paeonia × suffruticosa Andrews), revealed an accumulation of flavonoids prior to endodormancy release (Zhang et al., 2020). Likewise, studies in almond and apricot have demonstrated that flavonoid concentrations increase during and after endodormancy release (Guillamón et al., 2020, 2024). This suggests that the accumulation of flavonoids, along with other antioxidant species, may be essential for releasing endodormancy, likely through the reduction of ROS levels in flower buds.




4.6 Rearrangements in ABA metabolism

ABA is a key regulator of endodormancy, its levels decreasing during endodormancy release (Chmielewski et al., 2018; Rodriguez et al., 1994). In grapevine, a reduction in ABA is necessary for endodormancy release (Zheng et al., 2018). Furthermore, treatment with Dormex® in grapevine has been shown to induce both an up- and downregulation of genes involved in ABA biosynthesis during endodormancy release (Ophir et al., 2009). In apple, the drop in ABA during endodormancy release is primarily driven by the inhibition of the NCED1 gene by miR159 family (Garighan et al., 2021). This finding is consistent with our results, in which the decrease in ABA was associated with the downregulation of the NCED5 gene in the second year. Conversely, the ABA2 gene, exhibited the opposite trend to NCED5, increasing its expression during endodormancy release.

In sweet cherry, differences in the chill accumulation between years led to significant variations in gene expression related to endodormancy and endodormancy release (Rothkegel et al., 2020). This variability highlights the importance of conducting multi-year studies, as climatic conditions can influence gene expression patterns. Indeed, in our study, ABA levels were no detected in the second year (the warmer one) in all the samples, indicating that the content of this hormone could be more affected by the climate than other factors.

Regarding ABA response, the gene ATBH-12 showed a significant downregulation, consistent with previous findings in almond during endodormancy release (Prudencio et al., 2020).

Corroborating other reports, by Guillamón et al., 2020; Fadón et al., 2020, and Zheng et al., 2018, during endodormancy release phenylpropanoids, flavonoids, ascorbic acid, and gibberellins increased alongside a decline in ABA during both years of study.




4.7 Terpenes increase in treated samples

Terpenes and terpenoids are aromatic compounds found in many plants, particularly in flowers, where they play key roles in attracting pollinators, deterring herbivores, and protecting plants from environmental stresses. These compounds are involved in the plant’s metabolic processes, enhancing their ability to flower and reproduce. They are produced primarily through the mevalonate and methylerythritol phosphate (MEP) pathways. The presence of specific volatiles terpenes like limonene, pinene, or linalool can vary among species and influence the plant’s scent, which is crucial for pollination success (Degenhard et al., 2009). However, the role of terpenes in endodormancy release has rarely been studied in any species. In apricot, triterpens such as violaxanthin and 2’-apo-beta-carotenal raised following the application of agrochemicals to promote endodormancy release (Guillamón et al., 2024). Similarly, in our study, triterpene levels rose during endodormancy release in all the treated samples, which is consistent with previous research in wintersweet (Chimonnathus praecox), where genes involved in terpene biosynthesis were upregulated during endodormancy release (Shang et al., 2020). In Arabidopsis, the sesquiterpene trans-caryophyllene has been linked to oxidative stress and water regulation (Araniti et al., 2017). To the best of our knowledge, this is the first study to associate terpenes with endodormancy release in peach, marking a novel finding in the field. Since most of this type of compounds are volatiles, future work should focus on detection of volatile compounds by GC-MS, in order to deep in the role of terpenes in endodormancy release and flowering time in Prunus spp.





5 Conclusions

In this study, two types of agrochemicals were applied to endodormant flower buds to modulate endodormancy release, resulting in significant variations in metabolic patterns including phospholipids, phenylpropanoids, flavonoids, ascorbic and abscisic acids and terpenes. This emphasize the complex metabolic reprogramming associated with endodormancy release. Because of these facts, we propose ABA, ascorbic and coumaric acid as candidate biomarkers for monitoring endodormancy release in Prunus species. Moreover, the successful application of phospholipids and cinnamic and caffeic acids on advancing endodormancy release highlights the potential of these compounds for future development of environmentally friendly agrochemicals in a context of climate change.
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Global climate change, characterized by increased frequency and intensity of extreme temperature events, poses significant challenges to plant survival and crop productivity. While considerable research has elucidated plant responses to temperature stress, the molecular mechanisms, particularly those involved in temperature sensing, remain incompletely understood. Thermosensors in plants play a crucial role in translating temperature signals into cellular responses, initiating the downstream signaling cascades that govern adaptive processes. This review highlights recent advances in the identification and classification of plant thermosensors, exploring their physiological roles and the biochemical mechanisms by which they sense temperature changes. We also address the challenges in thermosensor discovery and discuss emerging strategies to uncover novel thermosensory mechanisms, with implications for improving plant resilience to temperature stress in the face of a rapidly changing climate.
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1 Introduction

Plants, as sessile organisms, are constantly exposed to a range of environmental stress, including heat, cold, salinity and drought. These abiotic stresses are major limiting crop growth, productivity, and quality, contributing significantly to global food insecurity (He et al., 2018; Sivaji, 2021). With the escalating effects of climate change, heat stress has emerged as one of the most pressing challenges to agricultural productivity (Janni et al., 2020). For instance, studies predict that wheat production could decrease by 6% for each degree Celsius increase in global temperature (Asseng et al., 2015; Zaveri and D, 2019). Moreover, in crops like cereals, peas, lentils, and chickpeas, even brief episodes of heat stress (above 24°C) during the reproductive phase can negatively impact floral fertility, while sustained temperatures of 35°C or higher can result in total crop failure. The impact of heat stress on crop yield varies across species and geographic regions, with reductions ranging from 40% to 85% (Janni et al., 2020).

Unpredicted variability in temperature is also associated with frequent extreme low-temperature events. There is evidence that the Arctic region has warmed more than twice as fast as the global average, a phenomenon referred to as Arctic amplification (Cohen et al., 2014). This accelerated warming has led to significant reductions in Arctic sea ice and spring snow cover, which coincides with a period of ostensibly more frequent extreme weather events across the Northern Hemisphere mid-latitudes, including severe winters (Cohen et al., 2014). Low temperatures pose a widespread environmental stress that significantly inhibits agricultural productivity worldwide by impeding plant growth and development (Mishra et al., 2019). For example, temperatures below 15°C can impair soybean’s growth and development, leading to potential yield loss (Gass et al., 1996). Cold stress also damages flag leaves and spikes, affects the grain number per spike and grain filling rate, leading to a substantial reduction in final wheat production (Fuller et al., 2007; Thakur et al., 2010). A research investigation carried out by the International Rice Research Institute demonstrated a 10% reduction in rice grain yields per 1°C rise in the minimum temperature during the dry season’s growing period (Peng et al., 2004). Given these challenges, understanding the genetic, molecular, and physiological components involved in temperature stress sensing and response is critical for advancing plant biology and improving crop resilience.

Plants have developed intricate mechanisms to perceive environmental temperature signals, regulate growth and reproduction, and even store temperature memory to optimize agronomic traits (Ding and Yang, 2022). Numerous studies have explored plant temperature sensing, responses, and associated signaling pathways. In particular, the identity of plant thermosensors located at the start of the signaling pathways has long been sought (Noguchi and Kodama, 2022). As early as the year 2000, Suzuki and colleagues identified the cyanobacterium histidine kinase 33 (Hik33) is the thermosensor that regulates desaturase gene expression in response to temperature downshifts (Suzuki et al., 2000). The identification of plant thermosensors has gained significant attention since the discovery of CHILLING TOLERANCE DIVERGENCE 1 (COLD1) in 2015 (Ma et al., 2015). COLD1 has been identified as a key player in sensing cold temperatures, as demonstrated by Ma et al. (2015). The study suggests that COLD1 may initiate cold signaling through its physical interaction with RGA1, leading to Ca2+ influx into the cytoplasm, which triggers downstream responses to chilling stress. In contrast, phytochrome B (phyB) functions as a thermosensor, primarily sensing warm temperatures (Jung et al., 2016; Legris et al., 2016). phyB undergoes conformational changes in sensing temperature fluctuations, typically within the range of 15–30°C, thereby regulating plant growth and development in accordance with environmental conditions (Jung et al., 2016; Legris et al., 2016). While significant progress has been made in identifying and characterizing plant thermosensors like COLD1 and phyB, it is important to clarify the precise roles of these proteins to avoid misinterpretation of their functions. However, the term “thermosensor” is occasionally misused. A typical example is H2A.Z, which plays roles in both transcriptional activation and repression. Although H2A.Z is rapidly displaced from nucleosomes in response to elevated temperature (Kumar and Wigge, 2010; Cortijo et al., 2017), this displacement is not a direct thermosensing mechanism. Cortijo et al. (2017) demonstrated that H2A.Z eviction does not occur at high temperatures in vitro or in reconstituted nucleosome systems. Instead, the rapid eviction of H2A.Z at the +1 position under high-temperature conditions depends on the recruitment of heat shock factor A1a (HSFA1a) and potentially other HSFA1 transcription factors to heat shock elements near transcription start sites (Cortijo et al., 2017). Additionally, the deacetylation of histone H3, regulated by POWERDRESS (PWR) and HISTONE DEACETYLASE 9 (HDA9), regulates genes that are also modulated by H2A.Z dynamics, suggesting a potential role for these factors in regulating H2A.Z deposition in plants (Tasset et al., 2018). Together, these findings highlight the need to study how upstream factors such as HSFA1a, PWR, and HDA9 are regulated by temperature, in order to better understand the thermosensing mechanisms that control H2A.Z’s response to temperature changes. To promote more rigorous research on plant thermosensors, several criteria have been proposed (Vu et al., 2019): (1) temperature fluctuations directly alter the activity or conformation of the sensor, (2) these changes are crucial for the sensor to interpret and transmit the temperature stimulus, and (3) the sensor’s ability to detect temperature has a direct effect on the plant’s temperature responses.

From a thermodynamic standpoint, temperature changes can disrupt the equilibrium of biological systems (Reynolds et al., 1992). In nature, temperature fluctuations can have profound effects on living cells by altering the properties and activities of biomolecules such as nucleic acids, proteins, and lipids. Many organisms, including plants, have evolved thermosensors that exploit these properties. In microorganisms and animals, thermosensors are generally classified into four categories based on their chemical nature: DNA, RNA, protein, and plasma membrane-associated protein-based sensors (Sengupta and Garrity, 2013). DNA and RNA thermosensors sense temperature changes through alterations in their secondary and tertiary structures. For example, DNA can bend at low temperatures, and melting of this bent structure promotes transcription as temperature rises (Falconi et al., 1998). In Shigella, the DNA bend of the virF gene relaxes, releasing the histone-like nucleoid-structuring repressor and enabling transcription factors to bind, thereby activating virF gene transcription at temperatures above 32°C (Falconi et al., 1998). Similarly, RNA molecules may form stem-loop structures that inhibit translation, which is disrupted at higher temperatures, allowing translation to proceed (Cortijo et al., 2017; Chung et al., 2023). Protein and membrane-associated protein thermosensors undergo conformational changes or alterations in activity in response to temperature shifts (D. Zhang et al., 2019; Chung et al., 2023). In B. subtilis, the membrane-associated histidine kinase DesK, which senses temperature-dependent changes in membrane thickness and activates a pathway to restore membrane fluidity at low temperature by regulating the expression of genes involved in membrane adaptation (Inda et al., 2016).

So far, three major types of thermosensors in plants have been identified: RNA-based thermosensors, protein-based thermosensors, and plasma membrane-associated protein-based thermosensors, including photoreceptors, Ca2+-permeable channels, and other proteins. This review summarizes recent findings on plant thermosensors, drawing comparisons with thermosensors in other organisms. Understanding the molecular mechanisms underlying plant temperature sensing and response will provide critical insights for the genetic engineering of temperature-stress-tolerant crops, helping mitigate the impact of climate change on global crop yields.




2 RNA thermosensors

Ribonucleic acid (RNA) is a single-stranded nucleic acid molecule and made up of ribonucleotides. RNA polymerase synthesizes RNA from DNA that is functional for protein-coding (messenger RNA, mRNA) or non-coding RNA genes. Because of these functions, RNA molecules are of the following types: mRNA, rRNA, tRNA, snRNA, snoRNA, miRNA, and lncRNA (Cech and Steitz, 2014). RNA molecules are capable of adopting secondary and tertiary structures that are highly sensitive to temperature, allowing them to function as thermosensors. These structures, which are energetically favorable at specific temperatures, regulate RNA stability, pre-mRNA splicing, and translation efficiency, all of which are influenced by temperature changes (Mizushima et al., 1997). Typically, RNA secondary structures are stabilized at lower temperatures and disrupted at higher temperatures, which in turn affects ribosome binding and translation efficiency (Chełkowska-Pauszek et al., 2021; Georgakopoulos-Soares et al., 2022). Moreover, the 5′-untranslated regions (UTRs) of mRNAs may harbor thermolabile stem-loop structures that exhibit temperature-dependent conformational changes, which in turn modulate translation (Di Martino et al., 2016). Recent studies have demonstrated that lncRNA FLINC is down-regulated at higher ambient temperature and affects ambient temperature-mediated flowering in Arabidopsis (Severing et al., 2018). Additionally, miR156 was highly upregulated, while squamosa promoter binding protein-like (SPL) was downregulated, which further induced FLOWERING LOCUST (FT) and FRUITFULL expression in Arabidopsis under heat stress (Kim et al., 2012; Stief et al., 2014). Therefore, it is speculated that non-coding RNAs could also be used as a thermoresensor to mediate plant responses to temperature fluctuations.

RNA-based thermosensors offer the advantage of rapid response to temperature fluctuations due to their direct conformational changes, enabling swift modulation of downstream signaling pathways. Previous studies have shown that some RNA thermosensors, which control heat shock and virulence genes, function like molecular zippers, reversibly opening and closing in response to ambient temperature shifts (Falconi et al., 1998). These RNA-based mechanisms have been observed in bacteria, and similar temperature-sensitive regulation is found in eukaryotes. For instance, mRNA 5′-UTR secondary structures are implicated in heat shock responses in Drosophila (Coleman-Derr and Zilberman, 2012) and Trypanosomes (Kumar and Wigge, 2010). In plants, several RNA thermosensors have been proposed to modulate responses to heat stress and other temperature-related environmental cues (Table 1).

Table 1 | List of various RNA thermosensors discussed in this review.


[image: Table listing RNA types, plant species, high temperature treatment thresholds, effects, phenotypic analysis, and references. It includes data on Arabidopsis, Chlamydomonas reinhardtii, wheat, and R. tomentosa. Effects range from elongation to thermotolerance, with various phenotypic details and citations from studies between 2013 and 2024.]


2.1 PIF7

A thermosensor based on secondary structure changes in the PHYTOCHROME-INTERACTING FACTOR 7 (PIF7) mRNA has been identified in Arabidopsis (Chung et al., 2020). A stem-loop structure within the 5′-untranslated region (UTR) of PIF7 mRNA undergoes conformational shifts in response to temperature. At low temperatures, the AUG-proximal hairpin structure is more compact, while at higher temperatures, the hairpin structure relaxes and partially unfolds, enhancing PIF7 mRNA translation (Figure 1A). This reversible conformational change results in the accumulation of PIF7 proteins, which activate the thermomorphogenesis pathway by inducing the transcription of key genes, such as the auxin biosynthesis gene YUCCA8, promoting hypocotyl and petiole elongation. Consequently, PIF7 mRNA functions as an RNA-based thermosensor that mediates plant responses to temperature fluctuations (Chung et al., 2020).

[image: Diagram illustrating ribosome activity and mRNA processing at different temperatures. (A) Shows PIF7 mRNA translation at normal temperatures and increased PIF7 production upon heat exposure. (B) Depicts psaA mRNA translation restriction at normal temperatures and translation initiation at high temperatures. (C) Illustrates splicing factor binding preventing pre-mRNA to mRNA conversion in genes like FLM and HsfA2 at normal temperatures, but allowing it at higher temperatures, leading to coding mRNA.]
Figure 1 | Potential thermosensing mechanisms in RNA thermosensors. (A) The heat-sensitive hairpin structure in the PIF7 mRNA 5′-UTR becomes a looser conformation at high temperatures, enhancing protein translation. (B) psaA mRNA senses temperature rising to unfold the hairpin structure within its 5′-UTR and facilitates psaA translation. (C) Temperature changes may affect alternative splicing by altering RNA secondary structure.




2.2 psaA

Structured RNAs with fundamental sensory and regulatory potential have been discovered in all kingdoms of life (Waldminghaus et al., 2008). RNA thermosensors have been identified not only in plants, but also in algae (K. P. Chung et al., 2023). In the unicellular green alga Chlamydomonas reinhardtii, an RNA thermosensor controls translation of the chloroplastic Photosystem I P700 chlorophyll a apoprotein A1 (psaA) mRNA (Chung et al., 2023). The 5′-UTR of psaA forms a hairpin-type secondary structure that masks the Shine-Dalgarno sequence (the prokaryotic ribosome-binding site) at 25°C, but melts at elevated temperatures of 40°C, increasing accessibility of the Shine-Dalgarno sequence, initiating and enhancing protein synthesis (Figure 1B). It is a valuable tool for inducible transgene expression from the Chlamydomonas plastid genome, in that a simple temperature shift of the algal culture can greatly increase recombinant protein yields (Chung et al., 2023). Utilizing the temperature-dependent regulatory mechanism of the 5′-UTR of the psaA gene, it is possible to introduce this element into crop genomes through genetic engineering to enhance crop resilience under high-temperature conditions.




2.3 FLM

In Arabidopsis, the MADS-box transcription factor gene FLOWERING LOCUS M (FLM), a key component of the thermosensory flowering time pathway, undergoes temperature-dependent alternative splicing (Posé et al., 2013; Airoldi et al., 2015). FLM produces two primary isoforms, FLM-β and FLM-δ, which differ in the presence of exon 2 or exon 3 (Posé et al., 2013). The overexpression of these variants has opposite effects on flowering, leading to late flowering (overexpression of FLM-δ) or early flowering (overexpression of FLM-β) (Capovilla et al., 2017). Both FLM-β and FLM-δ proteins compete for interaction with the floral repressor SHORT VEGETATIVE PHASE (SVP) to form an SVP-FLM heterocomplex to regulate the transcription of flowering–related genes, such as FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) (Posé et al., 2013). FLM-β transcript levels decrease and FLM-δ transcript levels increase at high temperatures (Figure 1C). At low temperatures, the SVP-FLM-β complex predominates, actively repressing flowering. However, at elevated temperatures, the SVP-FLM-δ complex becomes more prevalent, acting as a dominant-negative activator of flowering (Posé et al., 2013; Sureshkumar et al., 2016; Lutz et al., 2017). Although it is not yet known how temperature regulates the alternative splicing of FLM, this splicing regulation pathway enables the plant to rapidly sense and respond to fluctuations in ambient temperature, facilitating adaptive flowering time responses.




2.4 HsfA2

In Arabidopsis, temperature variations also trigger alternative splicing of the heat shock transcription factor A2 (HsfA2) gene, producing different mRNA isoforms (Liu et al., 2013). HsfA2 contains only one 324-nucleotide intron, which is able to splice normally to form a full-length protein at 22°C. Under severe heat stress, a 5′-splice site in the HsfA2 pre-mRNA is activated, leading to the production of HsfA2-III (Figure 1C), a truncated isoform, S-HsfA2, which binds to the heat shock element (HSE) in the HsfA2 promoter and activates its own transcription, enhancing heat tolerance (Liu et al., 2013). Similar alternative splicing of HsfA2 has been observed in tomato. A study comparing wild relatives and domesticated tomato species revealed that efficient pre-mRNA splicing in wild species leads to an accumulation of HsfA2-II and suppression of HsfA2-I, thereby promoting better adaptation to heat stress (Hu et al., 2020). Further studies have shown that temperature-dependent structural changes at the 3′-splice site of the intron regulate the alternative splicing of HsfA2 pre-mRNA, suggesting that the secondary structures at this site mediate splicing in response to heat (Broft et al., 2022).




2.5 HSFA6e

In wheat, the heat shock transcription factor gene TaHSFA6e also undergoes alternative splicing in response to heat stress, generating two major functional transcripts: TaHSFA6e-II and TaHSFA6e-III (Figure 1C) (Wen et al., 2023). TaHSFA6e-III contains a 14-amino acid peptide at its C-terminal (AHA motif), produced by alternative splicing, which enhances the transcriptional activity of three downstream heat shock protein 70 (TaHSP70) genes more effectively than TaHSFA6e-II, improving thermotolerance (Wen et al., 2023). This study highlights a heat-responsive pathway in wheat, where alternative splicing of TaHSFA6e regulates the transcriptional efficiency of heat shock proteins, which are localized in stress granules and play a role in translation re-initiation under heat stress conditions (Wen et al., 2023).

Although plants perceive temperature changes through the modulation of alternative splicing of mRNAs (as exemplified by FLM, HsfA2, and HSF6e), the ultimate transduction of temperature signals occurs through the translation of mRNA into proteins.




2.6 HSFA9s

Current evidence reveals that HSFA9 belonging to class HSFA acts as an important hub in mediating embryogenesis, germination, photomorphogenesis, and stress protection (Kotak et al., 2007; Zinsmeister et al., 2020; Wang et al., 2024). Recent studies have identified that the RtHSFA9 genes make crucial contributions to the thermal adaption of R. tomentosa by positively regulating the RtHSFA2a, RtHSFA2b, and RtHSP genes (Li et al., 2024). RtHSFA9a dramatically enhances plant heat stress tolerance by positively regulating the transcription of RtHSFA2a, RtHSFA2b, and some RtHSPs, such as RtHSP21.8 and RtHSP70. RtHSFA9b and RtHSFA9c can activate the expression of RtHSFA2b and some RtHSP genes, consequently taking part in thermal adaption in R. tomentosa. In comparison with RtHSFA9b, RtHSFA9c has higher transcription activity in regulating RtHSFA2b and RtHSP genes and therefore confers promising thermotolerance to plants (Li et al., 2024). However, the mechanisms by which RtHSFA9s perceive accept temperature signals and the subsequent effects of temperature on RtHSFA9s remain to be elucidated.





3 Protein thermosensors

Proteins, as complex biomolecules composed of thousands of interacting atoms, are inherently sensitive to temperature changes, similar to nucleic acids. Temperature fluctuations can induce significant conformational alterations in proteins, enabling them to regulate various cellular processes, including enzymatic reactions and protein-protein interactions, in response to environmental temperature shifts (Peterson et al., 2007). These temperature-dependent changes in protein structure can also affect the assembly and disassembly of protein complexes, thus modulating cellular functions. Additionally, temperature-induced alterations in protein localization serve as another mechanism through which temperature signals are transduced within the cell (Somero, 1995). In plants, a variety of protein-based and protein-membrane-based thermosensors have been identified, highlighting the importance of protein conformational changes and interactions in plant responses to temperature stress (Table 2).

Table 2 | List of various protein and plasma membrane-associated protein-based thermosensors discussed in this review. .
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3.1 Phytochrome B

In natural environments, plants sensing temperature changes are closely related to sunlight. Light and temperature in plants are perceived through a common receptor, phytochrome B (phyB) (Jung et al., 2016; Legris et al., 2016). phyB exists in two states: a red-light-absorbing, biologically inactive Pr state, and a far-red-light-absorbing, biologically active Pfr state (Quail et al., 1995; Burgie and Vierstra, 2014). PhyB participates in temperature perception through its temperature-dependent reversion from the active Pfr state to the inactive Pr state. Increased rates of thermal reversion to warmer environments reduce both the abundance of the biologically active Pfr-Pfr dimer pool of phyB and the size of the associated nuclear bodies, which releases the repression of phyB on the PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) (Figure 2A). As a result, PIF4 accumulates and promotes hypocotyl elongation by enhancing the expression of auxin biosynthesis genes (Jung et al., 2016; Legris et al., 2016; Qiu et al., 2019). Although there are five phytochrome isoforms (phyA–E) in Arabidopsis, thermal reversion is an order of magnitude faster in phyB than in the others (Burgie et al., 2021). This feature is also found in potato and maize, suggesting that phyB serves as the primary thermosensor among the phytochrome family in many plant species (Burgie et al., 2021; Noguchi and Kodama, 2022).

[image: Diagram showing four signaling pathways affected by temperature. A: phyB converts between active Pfr and inactive Pr, influencing PIF4 and hypocotyl growth genes. B: phot transitions between inactive and active states, affecting chloroplast accumulation. C: ELF3 and ELF4 interaction with LUX changes at elevated temperatures, impacting FT expression. D: TWA1 interaction with TPL inhibits JAM2, affecting HSFA2 expression at higher temperatures.]
Figure 2 | Potential thermosensing mechanisms in protein thermosensors. (A) phyB involved in Arabidopsis temperature perception and heat-tolerance formation. (B) A phototropin in liverwort functions as thermosensors by preventing the inactivation of its active forms at low temperature. (C) ELF3 responds to temperature by phase separation. (D) TWA1-mediated transcriptional repression by interacting with JAM2 and TPL. Arrows indicate positive regulation and T-bars indicate negative regulation.

phyB is also involved in the cold stress response. The key transcription factors mediating cold acclimation, C-REPEAT BINDING FACTORS (CBFs), are rapidly induced by cold stress and bind to CRT/DRE DNA regulatory elements in the promoters of a subset of cold-regulated (COR) genes; expression of these COR genes renders plants able to tolerate freezing stress (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000). CBFs could interact with PIF3 under cold stress, which attenuates the mutual degradation of the PIF3-phyB complex. Cold-stabilized phyB acts downstream of CBFs to positively regulate freezing tolerance by modulating the expression of stress-responsive genes as well as growth-related genes (Jiang et al., 2020).




3.2 Phototropin

Phototropin (phot) is a blue light receptor involved in processes such as phototropism, stomatal opening, and chloroplast repositioning (Christie, 2007), and is the only reported thermal sensor of cold responses in plants to date. Phototropin contains two light-sensitive LOV (Light, Oxygen, or Voltage) domains at the N-terminus and a serine/threonine kinase domain at the C-terminus. The LOV domain exists in both active and inactive forms, determined by whether it combines with FMN (flavin mononucleotide). Under blue light, a covalent cysteine bridge forms between LOV2 and FMN, converting the inactive form into the active form. Upon activation, the phototropin protein undergoes a conformational change, and its kinase domain undergoes subsequent autophosphorylation. Similar to phyB, phototropins also undergo thermal reversion from an active to inactive form, but this process slows down at lower temperatures. This results in the accumulation of the active form of LOV2, increasing autophosphorylation, which determines the accumulation response or cold-avoidance response in liverwort (Figure 2B). Phototropin perceives both blue light and temperature, using this information to optimize chloroplast positioning for efficient photosynthesis (Fujii et al., 2017).

Like phototropin and phytochromes in plants, other photoreceptors (e.g., blue-light receptors cryptochromes and UV Resistance Locus 8) also display temperature-dependent lifetimes (Findlay and Jenkins, 2016; Pooam et al., 2021). Therefore, photoreceptors like phyB has already been demonstrated to act as thermosensors (Li and Song, 2024).




3.3 ELF3

Temperature changes are part of the plant’s circadian clock perception. The evening complex, consisting of EARLY FLOWERING 3 (ELF3), a large scaffold protein, ELF4, a small α-helical protein, and LUX ARRYTHMO (LUX), a DNA-binding protein, plays a key role in temperature sensing (Box et al., 2015; Nieto et al., 2015). ELF3 contains a PrD domain with a high proportion of polyQ, which varies in length among species and serves as a tunable thermosensor. Increasing the polyQ length enhances thermal responsiveness (Ezer et al., 2017). At 22°C, ELF3 diffuses within the cell and binds to DNA, inhibiting transcription. At 27°C, ELF3 aggregates into a punctate pattern, undergoing phase separation, which prevents ELF3 from binding to flowering genes, thus allowing these genes to be expressed and promoting growth and flowering (Figure 2C) (Jung et al., 2020). The temperature sensitivity of ELF3 is modulated by ELF4, suggesting that ELF4 stabilizes ELF3’s function. ELF3 undergoes reversible phase transition through liquid-liquid phase separation (LLPS), making it an ideal temperature sensor (Jung et al., 2020).




3.4 TWA1

A recently identified temperature-sensing transcriptional co-regulator in Arabidopsis, THERMO-WITH ABA-RESPONSE 1 (TWA1), is predicted to be an intrinsically disordered protein with a key thermosensory role, functioning through its amino-terminal highly variable region (Bohn et al., 2024). At elevated temperatures, TWA1 accumulates in nuclear subdomains and undergoes conformational changes, allowing it to interact with JASMONATE-ASSOCIATED MYC-LIKE (JAM) transcription factors and TOPLESS (TPL) and TOPLESS-RELATED (TPR) proteins to form repressor complexes (Figure 2D). The transcriptional upregulation of HSFA2 and heat shock proteins depends on TWA1, with orthologues of TWA1 providing different temperature thresholds, consistent with its role in early heat stress signaling (Bohn et al., 2024). Interestingly, specific amino acid changes in the amino-terminal region of TWA1 orthologues are linked to different temperature thresholds. Overexpression of TWA1 could improve crop heat tolerance without negatively affecting plant growth or yield (Bohn et al., 2024), highlighting its potential for application in crop breeding strategies.




3.5 Plasma membrane-associated protein-based thermosensors

The plasma membrane, which is one of the most thermally sensitive macromolecular structures in the cell, has long been proposed as a primary candidate for temperature sensing in plants (Balogh et al., 2013; Niu and Xiang, 2018). Subtle changes in temperature can affect various properties of cellular membranes, including fluidity, thickness, permeability, and packing, and thus affect the clustering of important membrane proteins, which are sensitive to ambient conditions (Escribá et al., 2008; Niu and Xiang, 2018). Although membrane lipids lack catalytic ability on their own, changes in their physical state strongly affect the folding, mobility, and activity of integral or membrane-associated proteins (Hayes et al., 2021; Kerbler and Wigge, 2023). To date, several plasma membrane-associated proteins have been proposed as potential thermosensors, including CNGCs, ANN1, COLD1, CRT3-CIPK7, COLD6, TT3, Hik33-Hik19, CRPK1, and COG1 (Table 2).



3.5.1 CNGCs

Extreme temperature changes can negatively affect membrane fluidity, with cold stress reducing fluidity and heat stress increasing it (Sangwan et al., 2002). Temperature fluctuations are first sensed by plasma membrane CYCLIC NUCLEOTIDE-GATED Ca2+ CHANNELs (CNGCs), which encode components of the membrane’s cyclic nucleotide-gated Ca2+ channels (Falcone et al., 2004). In plants, CNGCs function in signaling pathways that may be tied to their ability to transport Ca2+ rather than other cations into plant cells (Jha et al., 2016). It has been reported that CNGCb gene from Physcomitrella patens and its Arabidopsis thaliana ortholog CNGC2/4 act as the primary thermosensors of land plant cells (Finka et al., 2012). Additionally, AtCNGC6 also mediates heat-induced Ca2+ influx (Gao et al., 2012). Under heat conditions, the channels quickly open, allowing periplasmic Ca2+ to enter and bind calmodulins (CaMs) associated with the cytosolic C-terminal domain of the CNGCs (Niu et al., 2020). Ca2+ binding to CNGC-bound CaMs initiates a specific signaling cascade that activates kinases, which then phosphorylate and activate heat shock transcription factor A (HSFA), promoting the expression of HSP genes (Figure 3) (Guo et al., 2016; Ohama et al., 2016; Guihur et al., 2022).

[image: Diagram illustrating the cold stress signaling pathways in a plant cell, featuring proteins, enzymes, and genes. Key components include COLD1, CNGCs, and OsMAPK3, interacting through pathways involving calcium ions and phosphorylation. Stress responses engage CRPK1, CBFs, and CORs, leading to transcription factors and HSFAs affecting HSR-related gene expression. Additional elements include pathways to chloroplast, endosome, and degradation processes. Temperature indicators suggest stress conditions.]
Figure 3 | Potential thermosensing mechanisms in plasma membrane-associated protein-based thermosensors. Ca2+ and 2′, 3′-cAMP are important molecules involved in regulation temperature-stress response. Cold and heat-induced Ca2+ signatures may be decoded by Ca2+ sensors or Ca2+ -related proteins and thus regulate COR and HSR gene expression. TT3.1 senses high temperature to translocate to the endosomes, where it degrades protein TT3.2. TT3.2 degradation boosts chloroplast function at high temperatures. COLD6 interacted with cold-induced OSM1 to trigger an increase in the level of 2’, 3’-cAMP to promote chilling tolerance. TT3.1 proteins translocate from the PM to endosomes, ubiquitinating the chloroplast precursor protein TT3.2 to prevent chloroplast thylakoid damage and improving heat tolerance. Hik33 kinase domain might be phosphorylated under cold conditions, and then transferred to Hik19, and finally to Rer1, regulating the expression of the desB to adapt to cold stress. CRPK1 was activated by cold stress, phosphorylating 14-3-3 proteins and triggering 14-3-3 proteins to translocate into the nucleus to attenuate the CBF signaling. The COG1-OsSERL2 complex causes the activation of OsMAPK3 to transmit cold signal from the membrane to the cytoplasm, enhancing cold tolerance. Arrows indicate positive regulation and T-bars indicate negative regulation.

In rice, a loss-of-function mutant of OsCNGC9, named cds1 (cell death and susceptible to blast 1), is more sensitive to chilling stress (Wang et al., 2021). In this case, OsCNGC9 is phosphorylated and activated by OsSAPK8, a member of sucrose non-fermenting 1-related protein kinases (SnRK) family, triggering Ca2+ influx and the activation of cold stress-related genes. Furthermore, OsDREB1A, a rice dehydration-responsive element-binding transcription factor, positively regulates the transcriptional expression of OsCNGC9. Thus, OsSAPK8-mediated OsCNGC9 phosphorylation and OsDREB1A-mediated OsCNGC9 expression form a potential positive feedback loop, leading to enhanced OsCNGC9-mediated Ca2+ influx, the expression of cold stress-related calcium-dependent protein kinase genes (CPKs) and OsDREB1A, and chilling tolerance in rice (Figure 3) (Wang et al., 2021). Additionally, it was shown that rice CNGC14 and CNGC16 are involved in promoting tolerance toward heat and chilling stresses, and are regulators of Ca2+ signals in response to temperature stress (Cui et al., 2020).




3.5.2 ANN1

Apart from CNGCs, Annexin 1 (ANN1) also plays a crucial role in increasing cytosolic Ca2+ during cold stress. In Arabidopsis, ANN1 mediates cold-triggered Ca2+ influx and contributes to freezing tolerance. Under normal conditions, the serine/threonine protein kinase Open Stomata 1 (OST1) interacts with PP2C, which inhibits OST1’s kinase activity. AtANN1 is localized both in the cytosol and at the plasma membrane. Upon cold stress, OST1 is activated and phosphorylates AtANN1. This phosphorylation enhances AtANN1’s Ca2+ transport activity and promotes its Ca2+-binding activity (Figure 3). The dual role of phosphorylation leads to an increase in cold-induced cytosolic Ca2+, which indirectly facilitates the expression of CBFs and CORs, positively regulating plant freezing tolerance (Liu et al., 2021). Although these findings provide important insights into the molecular mechanisms of plant responses to cold stress, several questions remain to be addressed. For instance, is the specific mechanism of AtANN1 consistent across different cellular environments? How do the interactions between OST1 and other signaling pathways influence the function of AtANN1? Future research should focus on these aspects.




3.5.3 COLD1

In rice, CHILLING-TOLERANCE DIVERGENCE 1 (COLD1) plays an essential role in cold adaptation by regulating G-protein signaling. COLD1 is localized at the plasma membrane and endoplasmic reticulum (ER) and is involved in sensing cold temperatures, triggering Ca2+ signaling for chilling tolerance. A single-nucleotide mutation in COLD1 confers chilling tolerance to japonica rice, originating from the Chinese wild populations of Oryza rufipogon. COLD1 interacts with the G-protein α subunit (RGA1), activating Ca2+ channels and enhancing G-protein GTPase activity, thereby enhancing stress-related genes (OsDREB1A, OsDREB1B, OsDREB1C, and OsAP2) to promote chilling tolerance (Figure 3) (Ma et al., 2015). Recently, researchers have further revealed that COLD1 regulates the low temperature tolerance of rice by regulating the metabolism of downstream vitamin E-vitamin K1 (Luo et al., 2021). However, the molecular mechanism of COLD1 sensing low temperature and the Ca2+ channels activated by COLD1 remain unclear. In the future, structural biology and other means are needed to further elucidate the principle and conformational changes of low-temperature activation of COLD1.

Additionally, a single-nucleotide polymorphism (SNP2738) in ZmCOLD1 confers chilling tolerance and is associated with maize adaptation during speciation from teosinte (Zhou et al., 2023). ZmCOLD1 not only influences the influx of extracellular Ca2+, but also the levels of abscisic acid, gibberellic acid, and indole-3-acetic acid, during the germination stage, promoting chilling tolerance under low temperatures (Zhou et al., 2023).




3.5.4 CRT3-CIPK7

In rice, the endoplasmic reticulum (ER)-localized Ca2+-binding protein calreticulin (CRT) plays a crucial role in various processes, including Ca2+ signaling (Michalak et al., 1999). CRT3 is a plant‐specific family member and differs from the CRT1/2 group that plays a role in SA‐dependent immune responses (Jia et al., 2009; Qiu et al., 2012). The CBL-INTERACTING PROTEIN KINASE (CIPK) is a calmodulin-interacting kinase that positively regulates cold stress responses, potentially through its kinase activity (D. Zhang et al., 2019). Under normal conditions, the interaction between OsCRT3 and OsCIPK7 is characterized by a low binding affinity. The kinase activity of OsCIPK7 is constrained by its intrinsic auto-inhibitory NAF/FISL domain, concomitantly with the maintenance of a diminished cytosolic Ca2+ concentration ([Ca2+]cyt). Under chilling stress, cold signaling induces conformational changes in OsCRT3, enhancing its binding affinity with OsCIPK7 and consequently activating its kinase activity (Figure 3). At the same time, OsCRT3, localized to the endoplasmic reticulum (ER), facilitates the increase in cold-induced [Ca2+]cyt, a signal that is detected by Ca2+ sensor proteins OsCBL7/8 (Figure 3). These proteins specifically interact with OsCIPK7 on the plasma membrane (PM). This interaction suggests a regulatory mechanism activated by chilling stress in rice, involving OsCRT3, OsCIPK7, Ca2+, and its sensor proteins OsCBL7/OsCBL8 (Guo et al., 2023).




3.5.5 COLD6

As previously discussed, secondary messengers serve as critical upstream components in mediating signaling pathways, directly responding to signals from temperature stress sensors. Although it is well-established that temperature sensors initiate Ca2+ signaling pathways to mediate cold tolerance in cells, the mechanisms by which sensors interact with other secondary messengers remain poorly understood. Recent studies have identified 2′, 3′-cAMP as a secondary messenger crucial for chilling tolerance in crops (Luo et al., 2024). CHILLING-TOLERANCE DIVERGENCE 6 (COLD6), encoded by a major quantitative trait locus (QTL) gene in rice, interacts with RGA1 at the plasma membrane under normal conditions. Upon exposure to chilling, cold-induced osmotin protein (OSM1) binds to COLD6, displacing RGA1, which triggers the elevation of 2′, 3′-cAMP levels, promoting the expression of cold- responsive genes (Figure 3) (Luo et al., 2024). This elevation enhances chilling tolerance, providing a new insight into plant responses to cold environments and offering a potential target for molecular breeding aimed at improving cold tolerance in crops.




3.5.6 TT3

In rice, Thermo-tolerance 3 (TT3) has been identified, which modulates temperature perception based on protein localization and interaction (Zhang et al., 2022). TT3 is a quantitative trait locus (QTL) comprising two genes: TT3.1 and TT3.2. TT3.1 is a positive regulator of high-temperature stress, acting upstream of TT3.2, while TT3.2 plays a negative role in heat stress response. Under high-temperature stress, the heat stress‐induced plasma membrane (PM)‐localized E3 ligase TT3.1 proteins translocate from the PM to endosomes, where it ubiquitinates the chloroplast precursor protein TT3.2 (Figure 3). Subsequently, TT3.2 undergoes vacuolar degradation, preventing chloroplast thylakoid damage and improving heat tolerance (Zhang et al., 2022). However, the mechanism on how TT3.2 accumulation leads to chloroplast damage under heat stress conditions awaits further investigation. Given that the antagonistic effect of TT3.1 on TT3.2 confers protection to chloroplasts under heat stress conditions, overexpression of TT3.1 or targeted editing/silencing of TT3.2 could be employed as a strategic approach to enhance thermotolerance in rice.




3.5.7 Hik33-Hik19

Temperature also affects the activity and function of membrane proteins. Evidence suggests that the cyanobacterium histidine kinase 33 (Hik33) is the thermosensor that regulates desaturase gene expression in response to temperature downshifts (Suzuki et al., 2000). Hik33 contains 663 amino acid residues and the strongly conserved histidine kinase domain is located near the C-terminus. Hik33 is predicted to span the plasma membrane twice and forms a dimer, whose structure and activity may be influenced by the physical characteristics of lipids in the plasma membrane, such as their fluidity (or the extent of molecular motion), which is controlled by temperature and the extent of unsaturation of the fatty acids (Lau et al., 1997; Yaku and Mizuno, 1997; Singh et al., 1998; Suzuki et al., 2000). When the temperature is decreased (from 34 to 22°C), the histidine residue in the Hik33 kinase domain may be phosphorylated. A phosphate group is then transferred to Hik19, and finally to Rer1, which regulates the expression of the fatty-acid-desaturase genes B (desB) to adapt to cold stress (Figure 3) (Suzuki et al., 2000). Further, Hik33 has been shown to regulate the expression of osmotic stress-inducible genes and also to bind to certain chemicals, indicating that it may function as a multifunctional sensor for a variety of stresses (Jeon et al., 2010).




3.5.8 CRPK1

In addition to algae, there are similar cases in higher plants. In Arabidopsis, cold stress could activate the plasma membrane-localized protein kinase CRPK1 (cold-responsive protein kinase 1), which phosphorylates 14-3-3 proteins in the cytoplasm, thereby triggering 14-3-3 proteins to translocate into the nucleus (Liu et al., 2017). In the nucleus, phosphorylated 14-3-3 proteins form a protein complex with CBF proteins to promote the 26S proteasome-mediated degradation of CBF proteins, thus attenuating the CBF signaling (Figure 3). These results reveal that CRPK1 and 14-3-3 proteins act upstream of CBF proteins to negatively regulate plant freezing tolerance (Liu et al., 2017). Additional investigations are required to explore whether manipulating CRPK1 or 14-3-3 proteins could improve cold tolerance without compromising other vital physiological processes.




3.5.9 COG1

Xia et al. (2023) characterized Chilling-tolerance in Gengdao/japonica rice 1 (COG1) as a major gene identified in a QTL for positive regulation of chilling tolerance in japonica rice, which encodes a cold-induced LRR-RLP located in the plasma membrane and ER. Mechanistic studies have found that COG1 targets and activates the kinase somatic embryogenesis receptor kinase-like 2 (OsSERL2) in a cold-induced manner, promoting chilling tolerance (Figure 3). Furthermore, the cold signal transmitted by COG1-OsSERL2 activates OsMAPK3 in the cytoplasm, ultimately inducing a cold-tolerance response (Xia et al., 2023). This study not only advances our understanding of the molecular mechanisms underlying cold stress responses in rice but also highlights the potential of COG1 as a target for breeding cold-tolerant crop varieties. However, further research is needed to explore the broader applicability of these findings across diverse rice cultivars and environmental conditions, as well as to investigate potential trade-offs between chilling tolerance and other agronomic traits.






4 Conclusion and prospects

Earth is undergoing an unprecedented period of global climate change, characterized by frequent extreme temperature events. Dramatic temperature fluctuations induced by climate change inhibit plant growth, posing a significant threat to crop production and the sustainability of agricultural systems and food security. In response to this challenge, a range of plant thermosensors have been identified, shedding light on how plants sense and respond to temperature fluctuations (Ding and Yang, 2022; Noguchi and Kodama, 2022). RNA-based thermosensors have been identified frequently. For instance, temperature changes have the capacity to modulate not only the RNA structure, exemplified by PIF7 and psaA, but also influence the alternative splicing of mRNAs, including but not limited to FLM, HsfA2, and HsfA6e. These events triggered by extreme temperature play a pivotal role in temperature and regulating the expression of genes implicated in downstream temperature stress responses.

In contrast to RNA-based thermosensors, protein-based thermosensors have also been extensively characterized in plants, playing a crucial role in mediating temperature perception and signaling. As photoreceptors, phyB and phot undergo thermal reversion to relay downstream signaling perception of temperature change (Jung et al., 2016; Legris et al., 2016; Fujii et al., 2017). ELF3 and TWA1 sense temperature fluctuation through liquid-liquid phase separation (Fujii et al., 2017; Bohn et al., 2024). The fluidity and permeability of cellular phospholipid membranes are altered by extreme temperature changes in plants (Sangwan et al., 2002), suggesting that membrane-localized channels or receptors might sense temperature stress signals. The rapid increases in [Ca2+]cyt concentration triggered by extreme temperature are important in mediating downstream temperature stress-related gene expression (Wu et al., 2022; Li et al., 2023). Ca2+ signaling-related proteins, such as CNGCs, ANN1, COLD1, and CRT3-CIPK7, play important roles in temperature stress response by regulating Ca2+ level. In addition to the concentration of [Ca2+]cyt, temperature also affects the concentration of 2′, 3′-cAMP (Luo et al., 2024). Consequently, signaling proteins associated with 2′, 3′-cAMP, such as COLD, fulfill critical functions in the sensing temperature stress in plants. Under heat stress, TT3 modulates temperature perception based on protein localization and interaction (Zhang et al., 2022). The lower temperature affects the function of the membrane-located thermosensors. As the temperature decrease, the function of Hik33, CRPK1, and COG1 are activated, thereby transmitting the temperature signal to downstream components (Suzuki et al., 2000; Liu et al., 2017; Xia et al., 2023).

Notably, the interplay between different thermoreceptors, such as PIF7 and phyB in Arabidopsis, has provided critical insights into the molecular mechanisms of temperature perception. PIF7, an RNA thermosensor, is regulated by a hairpin structure within its 5′-UTR. Upon exposure to high temperatures, this structure partially unfolds, enabling translation initiation and leading to an increase in PIF7 protein levels. Concurrently, high temperatures promote the reversion of phyB from its active Pfr state to its inactive Pr state, a process known as thermal reversion. This allows PIF4 and PIF7 to activate thermomorphogenesis genes, demonstrating how plants integrate multiple thermosensors to regulate growth and development.

To cope with unfavorable changes in climate and an increasing global population, it is crucial to cultivate productive, climate-resilient crops. Advances in gene discovery have enabled the use of genetic modification techniques to enhance crop traits (Ding and Yang, 2022). Improving cold tolerance in rice is crucial for minimizing yield loss (Dong et al., 2025). As mentioned earlier, COLD1 and COG1 overexpression lines (Ma et al., 2015; Xia et al., 2023), and cold6 mutants exhibited higher chilling tolerance (Luo et al., 2024), which suggests that the potential of either genetic or transgenic approaches to improve chilling tolerance for rice breeding. Besides, the overexpression of TT3.1 or knockout of TT3.2 lines were more heat-tolerant and increased yield by more than 2.5 times (Zhang et al., 2022). Interestingly, TT3.1 and TT3.2 are conserved in other major crops such as maize and wheat (Li and Liu, 2022), which would be meaningful to know whether these orthologous genes could be used for breeding heat tolerant crops. From the discussion, one may conclude that there is great potential to apply the identified plant thermosensors to improve crop temperature stress tolerance and thus increase yields. Further, it is worth exploring how to efficiently apply the thermosensors identified in model plants to crop improvement. The present understanding of individual molecular components in temperature responses may be established. However, the interactive and coordinated mechanisms among multiple molecules remain unclear. Such molecular coordination may play crucial roles in various biological processes. Therefore, further research is needed to understand how multiple molecules coordinate temperature responses during the same stress or developmental processes.

Currently, few DNA thermosensors have been characterized, and most reported thermosensors are RNA, protein, and plasma membrane-associated protein-based thermosensors in plants. RNA can sense temperature changes through changes in secondary structure, while proteins can regulate their function through heat-induced conformational changes. Comparatively speaking, the structural changes of DNA are limited by its double helix conformation, and the regulatory mode is relatively limited (Singh et al., 2022). The potential of DNA as a temperature sensor has not been fully explored, possibly also due to a lack of relevant experimental tools or methods. While DNA-based thermosensors are less commonly discussed, recent studies have begun to uncover their potential roles in plant responses to temperature changes. For instance, temperature-induced changes in DNA methylation patterns and chromatin remodeling have been implicated in regulating gene expression under thermal stress (Song et al., 2021; Talarico et al., 2024). Thus, the potential role of epigenetic mechanisms—such as DNA methylation, RNA methylation, chromatin structure modifications, loss of imprinting, and non-coding RNAs—in temperature sensing remains largely unexplored. Understanding the full spectrum of temperature perception pathways is crucial for improving plant growth and development, and identifying additional thermosensors could play a pivotal role in enhancing crop stress resistance (Raza et al., 2024).

Genetic redundancy and lethality present challenges in identifying new thermosensors. Nevertheless, molecular genetic approaches, coupled with innovative bioimaging techniques such as Ca2+ imaging-based forward genetic screens and fluorescence-based Ca2+ indicators, are helping to uncover new temperature sensors (Sun et al., 2021; Jin et al., 2024). Moreover, the integration of protein-protein interaction studies, multi-omics techniques (including genomics, proteomics, metabolomics, lipidomics, glycomics, and transcriptomics), bioinformatics, and advanced microscopy is expected to accelerate the discovery of novel thermoreceptors. The diversity of plant responses to temperature anticipates that many new thermosensors and eventually novel sensing mechanisms will be uncovered soon (Casal et al., 2024). Ultimately, translating these findings into practical applications for improving crop resilience to temperature stress through breeding and cultivation techniques will be critical to sustaining global food security in the face of climate change.
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Chickpea is highly sensitive to cold stress during its reproductive stages, leading to significant reductions in potential pod formation due to decreased reproductive success. This study aimed to investigate the specific responses of anthers and ovules to cold stress, explore the role of oxidative stress and antioxidant mechanisms, and understand the relationship between oxidative stress and reproductive function to enhance our understanding of chickpea responses to cold stress. Chickpea seeds of contrasting genotypes—cold-tolerant (ICC 17258, ICC 16349) and cold-sensitive (ICC 15567, GPF 2)—were sown outdoors in early November under optimal conditions (25.5/15.4°C mean day/night temperatures). At 50 days after sowing, plants were subjected to 13/7°C cold stress (12 h light/dark in walk-in growth chambers. Cold stress significantly increased membrane damage and reduced cellular viability in anthers and ovules, particularly in cold-sensitive (CS) genotypes. Oxidative damage was more pronounced in anthers, particularly at anthesis (stage 2), as indicated by elevated malondialdehyde and hydrogen peroxide levels. Cold-tolerant (CT) genotypes exhibited increased antioxidant activity under stress, especially at pre-anthesis (stage 1), followed by declines at later stage, although responses varied by genotype. Anthers exhibited higher overall antioxidants activity than ovules, while ovules demonstrated notably high catalase activity. Among the antioxidants studied, ascorbate peroxidase and glutathione reductase were most prominent in the CT genotype, along with higher levels of ascorbate (AsA) and glutathione (GSH), highlighting the critical role of the AsA–GSH cycle in conferring cold tolerance to chickpea. Exogenous supplementation with 1 mM ascorbate (AsA) and glutathione (GSH) significantly stimulated pollen germination in cold-stressed plants under in vitro conditions, with a greater effect observed in CS genotypes. Furthermore, antioxidant activity strongly correlated with key reproductive traits such as pollen germination and ovule viability. This study revealed that the anthers and ovules exhibited distinct responses to cold stress, with significant genotypic differences across key reproductive stages. These insights provide a deeper understanding of cold tolerance mechanisms in chickpea and provide vital clues for breeding strategies to enhance resilience and reproductive success under cold stress.
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1 Introduction

Cold stress significantly affects plant growth and development, particularly in tropical-origin crops, by disrupting various vegetative and reproductive stages (Croser et al., 2003; Clarke et al., 2004). Chickpea (Cicer arietinum L.), an important legume crop providing essential proteins and nutrients to millions worldwide (Bar-El-Dadon et al., 2017), is especially vulnerable to cold stress during the reproductive phase. This vulnerability often results in flower and pod abortion, leading to 30–40% yield losses in cold-sensitive genotypes (Srinivasan et al., 1999; Kiran et al., 2021; Berger et al., 2023). Exposure to temperatures below 15°C has been linked to flower abortion and reduced pod production (Nayyar et al., 2005; Bhandari et al., 2020; Rani et al., 2020; Kaur et al., 2022).

Reproductive development is highly sensitive to cold stress, affecting both male and female reproductive tissues (Thakur et al., 2010; Soualiou et al., 2022). In male organs, low temperatures disrupt tapetum development, delay programmed cell death, and reduce pollen viability, leading to sterility (Liu et al., 2019; Huang et al., 2022). Cold stress also interferes with meiosis and gametogenesis, processes essential for viable pollen production (Liu et al., 2019). Cold stress affects gynoecium development and function in female reproductive structures, although this has been less studied (Albertos et al., 2019). In chickpea, chilling temperatures during the reproductive phase can cause floral abortion, reduce pollen viability, inhibit stigma receptivity, and impair pollen tube growth, resulting in fertilization failure (Clarke et al., 2004; Kumar et al., 2010; Berger et al., 2012).

The detrimental impacts of cold stress on reproductive development are not unique to chickpea. Similar impacts have been documented in other crops, including wheat (Chakrabarti et al., 2011), rice (Arshad et al., 2017; González-Schain et al., 2019), and soybean (Gass et al., 1996). For example, low temperatures can inhibit pollen tube growth and reduce pollen viability, decreasing pod set (Pacini and Dolferus, 2019) in rice (Oryza sativa; Yamamori et al., 2021) and chickpea (Rani et al., 2020). Such impacts on reproductive success have been attributed to disruptions in carbohydrate metabolism (Kiran et al., 2021) and hormonal imbalances (Nikkhoye-Tanha et al., 2024), further illustrating the widespread effects of cold stress on plant fertility.

Understanding the physiological mechanisms that govern these responses in chickpea is critical for developing effective strategies to mitigate cold stress effects. A major physiological consequence of cold stress is the excessive accumulation of reactive oxygen species (ROS), leading to oxidative damage (Garcia-Caparros et al., 2021), such as lipid peroxidation, protein denaturation, and cellular dysfunction (Mittler et al., 2022). These effects impair vital processes such as photosynthesis and respiration, ultimately reducing plant productivity (Baek and Skinner, 2012; Dreyer and Dietz, 2018; Soualiou et al., 2022). Studies indicate that cold-sensitive chickpea genotypes exhibit elevated oxidative stress markers and reduced fertility when exposed to chilling conditions (Thakur et al., 2020; Adhikari et al., 2022).

Comparing the oxidative stress responses of anthers and ovules is particularly important, as these structures serve distinct roles in reproduction. Anthers are critical for male gamete formation, whereas ovules are essential for female gamete development. Previous studies have shown that temperature fluctuations differentially impact the functionality of male and female reproductive structures (Albertos et al., 2019; Liu et al., 2019). Understanding how these structures cope with oxidative damage under cold stress can provide valuable insights into chickpea resilience.

Plants have evolved complex antioxidant defense mechanisms to combat ROS-induced damage during cold stress (Gusain et al., 2023; Jahed et al., 2023). These mechanisms include enzymatic antioxidants such as ascorbate peroxidase (APX) and glutathione reductase (GR) and non-enzymatic antioxidants like ascorbate (AsA) and reduced glutathione (GSH) that neutralize ROS and stabilize cellular membranes, preserving pollen and ovule functionality during critical developmental stages. Despite their importance, the roles of these antioxidants in protecting chickpea’s reproductive tissues at different developmental stages, such as pre-anthesis and anthesis, which remain underexplored. Evaluating these stages can reveal when reproductive tissues are most vulnerable to cold-induced damage, which is crucial for developing targeted strategies to enhance chickpea cold tolerance through breeding programs.

Information on the relative sensitivity of anthers and ovules to cold stress during development, especially in the management of oxidative stress, is lacking. Therefore, this study was planned to investigate the effects of cold stress on oxidative damage in chickpea’s reproductive structures, focusing on anthers and ovules at pre-anthesis and anthesis stages. By exploring genotypic differences in oxidative stress management and linking oxidative stress responses to key reproductive traits, the study aimed to provide vital insights into enhancing chickpea’s resilience and fertility under cold conditions.




2 Materials and methods



2.1 Raising of plants and cold stress treatment

Seeds of contrasting chickpea genotypes—cold-tolerant (ICC 17258 and ICC 16349) and cold-sensitive (ICC 15567 and GPF 2) were soaked for 12 hours and inoculated with a suitable Mesorhizobium ciceri sp. culture (2.0 g kg−1 seed) before sowing. The contrasting chickpea genotypes were selected based on our preliminary screening studies, which involved evaluating 40 genotypes for reproductive cold tolerance (Pod set) under controlled environments (13/7°C). The genotypes exhibiting the most contrasting levels of pod set (high and low) were then selected for this more detailed study. Five inoculated seeds were planted in each pot containing 8 kg of a sandy loam and farmyard manure mixture (3: 1 ratio), enriched with tricalcium phosphate fertilizer (10 mg kg-¹ soil). Fifteen days after sowing (DAS), plants were thinned to two per pot. The plants were initially grown outdoors in November under natural environmental conditions, protected from bird and animal interference by wire enclosures. Weather conditions included mean day/night temperatures of 25.5/15.4°C, 1,300–1,500 μmol m-² s-¹ light intensity, and 60–70% relative humidity (Supplementary Figure S1).

At 50 days after sowing, the plants were transferred to walk-in growth chambers for controlled treatments. Cold stress was imposed with a temperature of 13/7°C (12 h light/12 h dark), 600 μmol m-² s-¹ light intensity, and 65–70% relative humidity. The diurnal temperature gradient was reduced by 1°C per day until reaching the target temperature, maintained through podding (15 days), and subsequently increased by 2°C per day to attain 30/23°C (12 h day/night) until maturity. Control plants were kept under standard environmental conditions (25/15°C) until podding and then subjected to similar temperature increases to reach 30/23°C (12 h day/night) until maturity. Anther and ovule samples were collected at two-time points corresponding to pre-anthesis (5 mm bud size, flower stage 12; S1) and anthesis (10 mm flower size, flower stage 18; S2) to assess the effects of continuous cold stress on reproductive organs, following the developmental staging described by Kiran et al. (2019). These samples were analyzed for the traits described below.




2.2 Electrolyte leakage

Electrolyte leakage (EL), indicative of membrane damage, was assessed in anthers and ovules. Samples were washed with deionized water, cut into small pieces, and incubated in 10 mL of deionized water at 25°C for 12 hours. Initial electrical conductivity (C1) was measured, followed by heating the tissue at 80°C in a water bath for 10–15 minutes to record the final electrical conductivity (C2). Membrane damage was calculated as EL%: (C1/C2) × 100 (Kaushal et al., 2013).




2.3 Cellular viability

Cellular viability was assessed using 2,3,5-triphenyl tetrazolium chloride (TTC), transforming the colorless solution into a dark red formazan through cellular reduction. Anthers and ovules were collected and incubated in a solution containing TTC (500 mg per 100 mL) and 50 mM sodium phosphate (pH 7.4) at 25°C in the dark for 1 hour without agitation. After incubation, the tissues were extracted twice using 95% ethanol, and the extracts were combined to make a final volume of 10 mL. Absorbance of the resultant crimson solution was measured at 530 nm using a spectrophotometer. Cellular viability was expressed as absorbance per gram of fresh weight (Steponkus and Lanphear, 1967).




2.4 Malondialdehyde

Malondialdehyde (MDA) content, an indicator of lipid peroxidation, was quantified by homogenizing fresh tissues in 0.1% trichloroacetic acid (TCA), centrifuging at 3,360 g for 5 minutes, and reacting the supernatant with 4 mL thiobarbituric acid (0.5%) in 20% TCA. The reaction mixture was heated at 95°C for 30 minutes, cooled in an ice bath, and centrifuged at 3,360 g for 10 minutes (4°C). Absorbance was measured at 532 nm, and MDA content was calculated using an extinction coefficient of 155 mM cm−1, reported as nmol g−1 dry weight (DW) (Heath and Packer, 1968).




2.5 Hydrogen peroxide concentration

The hydrogen peroxide (H2O2) concentration in anthers and ovules was determined by extracting fresh samples in 5 mL of chilled 80% acetone and filtered using Whatman filter paper. The filtrate was mixed with 4 mL of titanium reagent and 5 mL of 25% ammonia solution, followed by centrifugation at 3,360 g for 10 minutes. The resulting pellet was dissolved in 1 M H2SO4 before measuring the optical density at 410 nm. The H2O2 concentration was calculated using an extinction coefficient of 0.28 mmol cm−1, expressed as nanomoles per gram of DW (Mukherjee and Choudhuri, 1983).




2.6 Enzymatic antioxidants



2.6.1 Superoxide dismutase

Superoxide dismutase (SOD) activity was quantified by extracting fresh tissue in a cold 50 mM phosphate buffer (pH 7.0) and centrifuging at 3,360 g for 5 minutes (4°C). The reaction mixture contained 0.1 mL enzyme extract, 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 25 mM nitroblue tetrazolium chloride (NBT), and 0.1 mM ethylene diamine tetraacetic acid (EDTA), making a total volume of 3 mL. To initiate the reaction, 2 mM riboflavin was added before exposing the mixture to a 15 W fluorescent light for 10 minutes. Absorbance was measured at 560 nm, and SOD activity was recorded and expressed as units per mg of protein (Dhindsa and Matowe, 1981).




2.6.2 Catalase

The tissue was extracted as per SOD activity using a reaction mixture comprising 0.1 mL enzyme extract, 50 mM phosphate buffer (pH 7), and 200 mM H2O2. Optical density was measured at 410 nm over 3 minutes. Catalase activity was calculated using an extinction coefficient of 40 mM cm−1, expressed as mmol H2O2 decomposed per mg of protein (Teranishi et al., 1974).




2.6.3 Ascorbate peroxidase

Ascorbate peroxidase (APX) activity was measured by adding 0.1 mL enzyme extract to a reaction mixture containing 50 mM phosphate buffer, 0.5 mM ascorbic acid, and 0.1 mM EDTA, with H2O2 as the substrate. Catalytic activity was calculated using an extinction coefficient of 2.8 mM cm−1, expressed as mmol of oxidized donor decomposed per minute per mg of protein (Nakano and Asada, 1981).




2.6.4 Glutathione reductase

Glutathione reductase (GR) activity was determined by mixing 0.1 mL of enzyme extract with a reaction mixture containing 1.5 mL phosphate buffer (0.1 M, pH 7.6), 0.2 mL bovine serum albumin (BSA), 0.35 mL nicotinamide adenine dinucleotide phosphate (NADP), and 0.1 mL oxidized glutathione. The reduction in absorbance was measured at 340 nm over 3 minutes, with GR activity expressed as mmol of oxidized donor decomposed per minute per mg of protein (Mavis and Stellwagen, 1968).





2.7 Non-enzymatic antioxidants



2.7.1 Ascorbic acid

Ascorbic acid (AsA) content was determined by extracting fresh tissue in 6% TCA, followed by centrifugation at 3,649.15 g for 15 minutes. To 4 mL of supernatant, 2 mL of 2% dinitrophenylhydrazine (DNPH) and a drop of 10% thiourea were added. The assay mixture was heated in a water bath for 15 minutes and cooled to room temperature. After cooling, 5 mL of cold sulfuric acid was added, and the optical density was measured at 530 nm. The AsA content was calculated using a standard curve and reported as mg per gram of DW (Mukherjee and Choudhuri, 1983).




2.7.2 Reduced glutathione

Reduced glutathione (GSH) content was measured by homogenizing fresh tissue in 2 mL metaphosphoric acid and centrifuging at 3,650 g for 15 minutes before adding 0.6 mL of 10% sodium citrate to the resulting supernatant (0.9 mL). The reaction mixture contained 100 μL extract, 100 μL distilled water, 100 μL of 6 mM 5,5-dithio-bis-(2)-nitrobenzoic acid (DTNB), and 700 μL of 0.3 mM NADPH. Finally, 10 μL of GR was added to the mixture. The optical density was measured at 412 nm, and GSH content was calculated using a standard curve and expressed as nmol per gram of DW (Griffith, 1980).





2.8 Floral biology



2.8.1 Pollen germination

Pollen germination was assessed by collecting anthers from flowers of cold-treated plants and tapping them to release pollen grains onto slides. The pollen germination was then evaluated in a growth medium containing 10% sucrose, 990 mM nitrate (pH 6.5), 1,640 mM boric acid, 812 mM magnesium sulfate, and 1,269 mM calcium nitrate. The percentage of germinated pollen was calculated (Brewbaker and Kwack, 1963; Shivanna and Rangaswamy, 1992; Kaushal et al., 2013).




2.8.2 Pollen viability

Pollen viability was assessed by dissecting fully opened and functional flowers from cold-treated plants to collect anthers. The anthers were tapped onto a slide, releasing 100–200 pollen grains, stained with 0.5% acetocarmine, and examined for size, shape, and color intensity under a microscope. Viability was presented as a percentage (Kaushal et al., 2013).




2.8.3 Stigma receptivity

Stigma receptivity was evaluated using the esterase test (Mattsson et al., 1974). Stigmas were collected one day before anthesis and soaked in a solution containing naphthaleneacetic acid (α-NAA) and Fast Blue B prepared in phosphate buffer at 37°C for 15 minutes. Stigma receptivity was assessed by the intensity of the brown color that developed, rated on a scale from 1 to 5, with 1 indicating minimal receptivity and 5 indicating maximum receptivity.




2.8.4 Ovule viability

Ovules were collected from flowers and evaluated for viability using a TTC reduction assay. They were placed on a glass slide and treated with 0.5% TTC (prepared from a 1% solution). The slides were then transferred to a Petri dish containing filter paper moistened with distilled water and incubated in a chamber at 25°C for 15 minutes. The resulting red color was rated on a scale from 1 to 5, with 1 indicating minimal receptivity and 5 indicating maximum receptivity (Kaushal et al., 2013).




2.8.5 Effect of ascorbate and glutathione on pollen germination (in vitro)

Pollen grains, collected from control and stressed plants of both the genotypes, were germinated (as per the method described in 2.8.1.) in a growth medium supplemented with ascorbate or glutathione (1 mM). The germination percentage was calculated following the method given in section 2.8.1.





2.9 Experimental design and statistical analysis

The experiment had a two-factor randomized block design, including cold-tolerant and cold-sensitive chickpea genotypes exposed to two distinct treatment conditions. Each genotype was represented by nine pots (two plants per pot) and three replicates per treatment. For yield trait measurements, nine pots (three pots in triplicate) were maintained separately for each treatment. The pots were rearranged periodically throughout the experiment to reduce positional effects. We used analysis of variance (ANOVA) with the stats package version 4.3.0 in R Studio (R Core Team, 2023), gvlma package to analyze how genotype, treatment, replication, and genotype-by-treatment interaction affected traits at low temperatures (Pena and Slate, 2019). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey’s HSD test using package multcompView (Graves et al., 2024). Treatment differences (cold vs. control) within each genotype were analyzed using a paired t-test. The packages ggplot2, factoextra, and factoMineR in R Studio were used to do principal component analyses (PCAs) (Wickham, 2016; Kassambara and Mundt, 2020; Lê et al., 2008). To make the Correlation plot, the Corrplot package version 0.95 in R Studio was used (Wei and Simko, 2017). 2-way ANOVA results are summarized in Supplementary Table S1.





3 Results



3.1 Membrane damage

Cold stress significantly intensified membrane damage (as electrolyte leakage) in both anthers and ovules of cold-tolerant (CT) and cold-sensitive (CS) genotypes relative to control conditions (Supplementary Figure S2) Specifically, in anthers Supplementary Figures S2a, b) CT genotypes exhibited a 36% increase at pre-anthesis and a 48–69% increase at anthesis while CS genotypes exhibited a 73–76% increase at stage 1, escalating to 147–157% at stage 2. In ovules (Supplementary Figures S2c, d) CT genotypes increased membrane damage by 17–28% at stage 1 and 31–36% at stage 2, while CS genotypes experienced a 46–53% increase at stage 1 and 89–115% at stage 2.




3.2 Cellular viability

Cold stress effects on cellular viability varied between developmental stages (Supplementary Figure S3). At stage 1 (Supplementary Figures S3a, c), CT genotypes exhibited a 10–16% increase in anther viability and a 29–33% increase in ovule viability compared to controls. In contrast, CS genotypes showed smaller increases of 7–11% in anthers and 21–26% in ovules. At stage 2 (Supplementary Figures S3b, d) CT genotypes saw declines of 10–25% (anthers) and 22–24% (ovules), while CS genotypes had steeper declines of 25–40% (anthers) and 20–27% (ovules) compared to controls.




3.3 Malondialdehyde

Relative to controls, cold stress significantly elevated MDA levels in anthers and ovules of all genotypes, with the most pronounced effects at stage 2 (Figure 1). In anthers (Figures 1a, b), CT genotypes increased MDA levels by 68–87% at stage 1 and 81–96% at stage 2, while CS genotypes experienced greater increases of 65–95% at stage 1 and 123–154% at stage 2. In ovules (Figures 1c, d), CT genotypes increased MDA levels by 28–29% at stage 1 and 33–45% at stage 2, while CS genotypes increased by 46–53% at stage 1 and 93–100% at stage 2.

[image: Bar graphs depicting MDA levels (nanomoles per gram dry weight) under control and cold stress across four genotypes (CT1, CT2, CS1, CS2). Panels (a) to (d) show increasing MDA levels under cold stress compared to control, indicated by black bars for stress and gray bars for control. Each panel shows different MDA levels, with annotations for statistical significance.]
Figure 1 | Malondialdehyde (MDA) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.4 Hydrogen peroxide

Cold stress significantly elevated hydrogen peroxide concentrations in anthers and ovules of all genotypes, with CS genotypes showing greater susceptibility (Figure 2). In anthers (Figures 2a, b), CT genotypes increased H2O2 levels by 38–47% at stage 1 and 52–55% at stage 2, while CS genotypes increased by 50–59% at stage 1 and 91–106% at stage 2 compared to controls. In ovules (Figures 2c, d), CT genotypes increased H2O2 levels by 21–28% at stage 1 and 68–72% at stage 2, while CS genotypes increased by 64–82% at stage 1 and 104–142% at stage 2.

[image: Four bar charts (a, b, c, d) display H₂O₂ levels in nmoles per gram dry weight across different genotypes (CT1, CT2, CS1, CS2) under control and cold stress conditions. Control is indicated by gray bars and cold stress by black bars. Each chart compares treatments with error bars and letter notations indicating statistical significance.]
Figure 2 | Hydrogen peroxide (H2O2) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b, c for control and x, y, z for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.5 Enzymatic antioxidants



3.5.1 Superoxide dismutase

In comparison to controls, cold stress increased SOD activity in the anthers and ovules of CT genotypes at both developmental stages, while CS genotypes had variable results (Figure 3). In anthers (Figures 3a, b), SOD activity increased in CT genotypes by 28–46% at stage 1 and 15–37% at stage 2, while CS genotypes exhibited contrasting trends at Stage 1, with one showing a 15% increase and another a 5% decrease followed by a 33–35% decline at stage 2. Similarly, in ovules (Figures 3c, d), SOD activity increased in CT genotypes by 30–48% at stage 1 and 10–19% at stage 2, while in CS genotypes, there was a decline of 10–15% at stage 1 and a decline of 26–27% at stage 2.

[image: Four bar charts (a, b, c, d) compare SOD activity in units per milligram of protein under control (gray) and cold stress (black) conditions for genotypes CT1, CT2, CS1, and CS2. The charts show variation in enzyme activity with error bars indicating standard deviation. Treatments are labeled below the charts with a legend indicating control and cold stress.]
Figure 3 | Superoxide dismutase (SOD) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a for control and x, y, z for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated for the smallest value.




3.5.2 Catalase

Cold stress increased catalase activity in the anthers and ovules of CT genotypes at both developmental stages, while CS genotypes had variable results (Figure 4). In anthers (Figures 4a, b), CAT activity increased in CT genotypes by 47–52% at stage 1 and 33–55% at stage 2, while CS genotypes increased by 16–25% at stage 1 but decreased by 15–35% at stage 2. In ovules (Figures 4c, d), CAT activity increased in CT genotypes by 83–111% at stage 1 and 52–64% at stage 2, while CS genotypes increased CAT activity by 31–33% at stage 1 but decreased by 42% at stage 2.

[image: Bar charts labeled (a), (b), (c), and (d) showing catalase activity in nmol H2O2 decomposed per minute per milligram protein across genotypes CT1, CT2, CS1, and CS2. Gray bars represent control conditions and black bars represent cold stress. Each chart demonstrates increased catalase activity under cold stress, with varying levels among genotypes. Statistical significance is indicated by differing letters on each bar. The legend differentiates treatments as control (gray) and cold stress (black).]
Figure 4 | Catalase (Cat) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a for control and x, y, z for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.5.3 Ascorbate peroxidase

Cold stress increased ascorbate peroxidase activity in the anthers and ovules of CT genotypes at both developmental stages, while CS genotypes had variable results (Figure 5). In anthers (Figure 5a, b), APx activity increased in CT genotypes by 51–80% at stage 1 and 17–39% at stage 2, while CS genotypes increased by 16–28.2% at stage 1 but decreased by 17–27% at stage 2. In ovules (Figure 5c, d), APx activity in CT genotypes increased by 34–48% at stage 1 and 15–27% at stage 2, while CS genotypes increased APx activity by 26–40% at stage 1 but decreased by 8–17% at stage 2.

[image: Bar charts depicting APx activity under control and cold stress conditions across four genotypes (CT1, CT2, CS1, CS2) in four panels (a, b, c, d). Each genotype shows higher APx activity under cold stress (black bars) compared to control (gray bars). Error bars indicate variability. Different letters indicate statistically significant differences.]
Figure 5 | Ascorbate peroxidase (APX) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.5.4 Glutathione reductase

Cold stress increased GR activity in the anthers and ovules of CT genotypes at both developmental stages, while CS genotypes had variable results (Figure 6). In anthers (Figures 6a, b), GR activity increased in CT genotypes by 62–76% at stage 1 and 24–41% at stage 2, while CS genotypes increased by 22–49% at stage 1 but decreased by 14–16% at stage 2. In ovules (Figures 6c, d), GR activity increased in CT genotypes by 26–40% at stage 1 and 24–36% at stage 2, while CS genotypes increased GR activity by 21–36% at stage 1 but decreased by 24–26% at stage 2.

[image: Bar charts comparing GR levels across genotypes CT1, CT2, CS1, and CS2 under control and cold stress conditions. Each chart (a, b, c, d) shows higher GR in cold stress (black bars) than control (grey bars). Error bars indicate variability, and differing letters denote significant differences.]
Figure 6 | Glutathione reductase (GR) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y, z for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.





3.6 Non-enzymatic antioxidants



3.6.1 Ascorbic acid

In anthers (Figures 7a, b), ascorbic acid (AsA) levels increased in CT genotypes by 61–65% at stage 1 and 14–16% at stage 2, while CS genotypes increased by 39–49% at stage 1 but declined by 16–29% at stage 2. In ovules (Figures 7c, d), AsA levels increased in CT genotypes by 37–55% at stage 1 and 21–31% at stage 2, while CS genotypes increased AsA levels by 33–46% at stage 1 but decreased by 11–14% at stage 2.

[image: Bar charts labeled (a) to (d) show Ascorbic Acid (AsA) levels in nanomoles per gram dry weight across four genotypes: CT1, CT2, CS1, and CS2. Two treatments, control (gray) and cold stress (black), are compared. Each chart illustrates varying AsA levels under the conditions, with cold stress generally higher. Error bars indicate variability.]
Figure 7 | Ascorbic acid (ASA) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules- stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a for control and x, y, z for cold stress) denote significant differences (p <0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.6.2 Reduced glutathione

In anthers (Figures 8a, b), glutathione (GSH) concentrations increased in CT genotypes by 59–72% at stage 1 and 27–38% at stage 2, while CS genotypes increased by 25–34.5% at Stage 1, they exhibited contrasting trends at Stage 2, with one showing an 8% increase and another an 18% decrease. In ovules (Figures 8c, d), GSH concentrations in CT genotypes increased by 49–65% at stage 1 and 23–26% at stage 2, while in CS genotypes, it increased by 28–47% at stage 1 but stage 2 showed decreased by 14% and increase of 7%.

[image: Bar graphs labeled (a) to (d) show GSH levels in different genotypes (CT1, CT2, CS1, CS2) under control and cold stress conditions. Each graph has two bars per genotype, gray for control and black for cold stress, with values and error bars indicating variability. Treatment labels are shown at the bottom.]
Figure 8 | Reduced glutathione (GSH) (a) Anthers-stage 1, (b) Anthers-stage 2, (c) Ovules-stage 1, (d) Ovules-stage 2, under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b, c for control and x, y, z for cold stress) denote significant differences (p<0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.





3.7 Reproductive traits



3.7.1 Pollen viability

Cold stress significantly decreased pollen viability at both developmental stages, particularly in CS genotypes (Figures 9a, b). For CT genotypes, pollen viability decreased by 16–22% at stage 1 and 25–32% at stage 2, while in CS genotypes, it declined by 69–73% at stage 1 and 76–78% at stage (Supplementary Figure S8).

[image: Bar charts comparing PV percentages under control and cold stress conditions for genotypes CT1, CT2, CS1, and CS2. Chart (a) displays data with significant differences marked by letters. The control treatment is shown in gray and cold stress in black. Chart (b) uses the same setup, indicating variation in PV percentages across treatments for each genotype.]
Figure 9 | Pollen viability (PV) under control and cold stress conditions at two developmental stages (a) stage 1 and (b) stage 2. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.7.2 Pollen germination

Cold stress decreased pollen germination (Figures 10a, b) in the CT genotypes by 21–24% at stage 1 and 26–30% at stage 2, while in CS genotypes, it declined by 68–71% at stage 1 and 74–79% at stage 2 (Supplementary Figure S8).

[image: Bar graphs labeled (a) and (b) compare percentage PG levels across genotypes CT1, CT2, CS1, and CS2 under control and cold stress conditions. Gray bars represent control; black bars represent cold stress. Each genotype shows higher PG percentages under control than cold stress. Error bars and statistical annotations (aA, bA, xB, yB) are present above each bar.]
Figure 10 | Pollen germination (PG), under control and cold stress conditions at two developmental stages (a) stage 1 and (b) stage 2. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one- way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest value and 'B' is indicated the smallest value.




3.7.3 Stigma receptivity

Cold stress decreased stigma receptivity (Figures 11a, b) in the CT genotypes by 11–21% at stage 1 and 14–24% at stage 2, while CS genotypes decreased by 32–33% decrease at stage 1 and 54–59% at stage 2 (Supplementary Figure S8).

[image: Bar charts (a) and (b) illustrate the SR levels for genotypes CT1, CT2, CS1, and CS2 under control and cold stress conditions. Control is represented by gray bars, cold stress by black bars. Error bars indicate variability.]
Figure 11 | Stigma receptivity (SR), under control and cold stress conditions at two developmental stages (a) stage 1 and (b) stage 2. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t- test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest and 'B' is for the smallest value.




3.7.4 Ovule viability

Cold stress decreased ovule viability (Figures 12a, b) in the CT genotypes by 16–19% at stage 1 and 21–27% at stage 2, while CS genotypes decreased it by 31–40% decrease at stage 1 and 59–65% at stage 2 (Supplementary Figure S8).

[image: Bar charts showing the OV scale ratings for different genotypes under control (gray) and cold stress (black) conditions. Chart (a) compares genotypes CT1, CT2, CS1, and CS2. Chart (b) shows the same comparison, with higher ratings for control across both charts. Error bars indicate variability.]
Figure 12 | Ovule viability (OV) under control and cold stress conditions at two developmental stages (a) stage 1 and (b) stage 2. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t- test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest and 'B' is indicated the smallest value.





3.8 Effects of non-enzymatic antioxidants on pollen function

Exogenous supplementation with 1 mM ascorbate (AsA) and glutathione (GSH) significantly stimulated pollen germination (Figures 13a, b), with pronounced effects in CS genotypes at both developmental stages. Under control (untreated) conditions, pollen germination rates were 61–68% in CT genotypes and 20–22% in CS genotypes at stage 1, and 52–58% in CT genotypes and 13–15% in CS genotypes at stage 2. Under cold stress, the AsA supplementation increased pollen germination rates, especially in CS genotypes, which increased by 31–41% at stage 1 and 21–29% at stage 2. The GSH supplementation resulted in greater pollen germination rates than AsA, particularly in CS genotypes.

[image: Bar graphs labeled (a) and (b) present PG% for different treatments: Control, ASA, and GSH across conditions CT1, CT2, CS1, and CS2. In both graphs, GSH shows the highest PG% consistently, while ASA and Control vary. Error bars indicate variability. Treatments show significant differences as indicated by different letters and case distinctions above bars.]
Figure 13 | Pollen germination under control conditions and after ascorbic acid (ASA) and reduced glutathione (GSH) treatment at two developmental stages (a) Stage 1, (b) Stage 2, CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b, c for control, x, y, z for AsA, and p, q, r for GSH) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t-test. Different uppercase letters (A–C) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' indicated for the highest value followed by 'B' and 'C' for the smallest value.




3.9 Yield traits

Cold stress decreased pod set rates to 45–48% in CT genotypes compared to the control (68–70%) and 10-12% in CS genotypes compared to the control (62–64%) (Figure 14a). Moreover, cold stress decreased pod number per plant by 40–42% in CT genotypes and 82–86% in CS genotypes (Figure 14b) and seed weight per plant by 38–43% in CT genotypes and 64–79% in CS genotypes (Figure 14c).

[image: Bar graphs comparing the effects of control and cold-stressed treatments on three variables: (a) Pod set percentage, (b) Number, and (c) Weight in grams across four conditions: CT1, CT2, CS1, and CS2. Control groups consistently show higher values than cold-stressed groups. Error bars indicate variability in data, and different letters denote statistical significance.]
Figure 14 | (a) Pod set, (b) Pod number per plant, and (c) Seed weight per plant under control and cold stress conditions. CT1: Cold tolerant genotype 1 (ICC 17258); CT2: Cold tolerant genotype 2 (ICC 16349); CS1: Cold sensitive genotype 1 (ICC 15567); CS2: Cold sensitive genotype 2 (GPF-2). Vertical bars represent standard errors (n=3). Genotypic differences within each treatment were analyzed using one-way ANOVA followed by Tukey's HSD test. Different lowercase letters (a, b for control and x, y for cold stress) denote significant differences (p < 0.05) among genotypes within the same treatment. Treatment differences (Control vs. Cold Stress) within each genotype were analyzed using a paired t- test. Different uppercase letters (A, B) indicate significant differences (p < 0.05) between treatments within the same genotype, where 'A' is indicated for the highest and 'B' is for the smallest value.




3.10 PCA and Pearson correlation matrix: Anther development stages under cold stress

The PCA Supplementary Figures S4a, S5a, and Supplementary Table S2 for another development under cold stress revealed that the first two components (PC1 and PC2) account for 97.79% of the total variation at stage 1 and 98.16% at stage 2. Specifically, PC1 contributed 83.1% of the variance at stage 1 and 92.8% at stage 2, while PC2 contributed 14.7% at stage 1 and 5.39% at stage 2. PC1 positively correlated with variables such as SOD, CAT, APX, AsA, pollen viability, and pollen germination. In contrast, PC1 negatively correlated with EL, MDA, and H2O2. Conversely, oxidative stress indicators such as MDA and H2O2 negatively correlated with reproductive traits, which were more pronounced in CS genotypes, and antioxidant enzymes (e.g., SOD and APX) and non-enzymatic antioxidants (e.g., GSH), which were dominant in CT genotypes.

The PCA results also demonstrated that cellular viability had a weak correlation with yield traits at stage 1 but was closer to yield traits at stage 2. The contribution of each variable was represented by a color spectrum ranging from blue (low contribution) to orange (high contribution). Variables such as MDA, H2O2, EL, PG, and SOD showed significant contributions, marked by intense orange hues.

The Pearson correlation matrix (Supplementary Figures S4b, S5b) further corroborated these findings, with strong positive correlations among oxidative stress markers (H2O2, MDA, and EL). Additionally, a strong positive correlation occurred between enzymatic and non-enzymatic antioxidants and between cellular viability and GR activity.




3.11 PCA and Pearson correlation matrix: Ovule development stages under cold stress

The PCA analysis (Supplementary Figures S6a, S7a; Supplementary Table S3) for ovule development under cold stress indicated that PC1 and PC2 collectively accounted for a substantial proportion of the variance. At stage 1, PC1 contributed 69.5% of the total variance, while PC2 accounted for 25.9%, together explaining 95.4% of the variance. Similarly, at stage 2, PC1 and PC2 explained 91.47% and 7.08%, respectively, totaling 98.56%. Key variables such as MDA, EL, CAT, APX, and stigma receptivity contributed significantly along PC-1, underscoring their critical role in differentiating genotypes at various developmental stages. A positive association between yield traits and antioxidant activity suggests that enhancing antioxidant defenses can help mitigate oxidative damage, preserving ovule function during critical reproductive stages. Antioxidants such as APX and GR demonstrated stronger associations with yield traits at stage 2, highlighting their increasing importance as the reproductive stage progresses. The contribution levels of variables were represented by a color gradient, with warmer colors (orange and red) indicating higher contributions from variables like MDA, APX, CAT, GSH, and SOD.

The Pearson correlation matrix (Supplementary Figures S6b, S7b) revealed strong positive correlations between the oxidative stress markers (H2O2 and MDA) and EL. Conversely, these variables negatively correlated with SOD, CAT, APX, GR, GSH, stigma receptivity, and ovule viability, suggesting opposing responses. Additionally, enzymatic and non-enzymatic antioxidants showed strong positive correlations between floral biology traits such as stigma receptivity and ovule viability.





4 Discussion

Cold stress profoundly impacts the reproductive stage of chickpea, leading to significant losses in flowers and pods (Croser et al., 2003; Clarke et al., 2004) due to disruptions in pollen germination, pollen tube growth, fertilization, and pod set (Srinivasan et al., 1999; Kiran et al., 2021; Kaur et al., 2022). While cold-induced damage to reproductive components has been attributed to multiple factors (Nayyar et al., 2005; Rani et al., 2020; Zeitelhofer et al., 2022), few studies have examined oxidative stress as a key contributor. This study systematically evaluated the relative sensitivity of anthers and ovules in chickpea genotypes to cold stress, focusing on oxidative damage at the pre-anthesis and anthesis stages. Employing two cold-tolerant (CT) and two cold-sensitive (CS) genotypes, the research highlights the differential responses of these reproductive structures under prolonged cold stress and provides insight into oxidative damage mechanisms and their correlation with reproductive function.



4.1 Impacts of cold stress on cellular function and ROS

Membrane injury, assessed through electrolyte leakage, increased significantly under cold stress in both anthers and ovules, consistent with findings where cold stress compromised membrane structure and functional integrity in chickpea (Mir et al., 2021), wheat (Jan et al., 2023), and rice (Li et al., 2022) through reduced membrane fluidity (Alonso et al., 1997) and increased ion leakage (Campos et al., 2003). Oxidative damage caused by lipid peroxidation exacerbated this damage, as indicated by elevated MDA levels (Chakraborty et al., 2023).

Cold stress significantly impacts cellular viability in chickpea’s reproductive structures, primarily through impaired mitochondrial respiration. Mitochondria are central to energy production, with their functionality critical for maintaining ATP levels, supporting antioxidant defenses, and facilitating metabolic processes that mitigate oxidative damage to reproductive tissues (Rani et al., 2021). Cold stress disrupts mitochondrial function, reducing energy availability and weakening the cell’s ability to counteract oxidative damage (Heidarvand et al., 2017). This decline in cellular viability directly impacts reproductive processes such as pollen tube growth and fertilization, which require adequate energy supply and metabolic stability (De Storme and Geelen, 2014). The relationship between mitochondrial function and oxidative stress is particularly relevant during reproductive development (Karami-Moalem et al., 2018). Excessive ROS accumulation under cold stress can overwhelm antioxidant defenses, leading to oxidative damage to cellular components, including lipids, proteins, and nucleic acids, further compromising cellular viability and reproductive success (Karami-Moalem et al., 2018).

Cold stress increased MDA and H2O2 levels in the anthers and ovules of CT and CS genotypes. Under cold conditions, ROS accumulation leads to lipid peroxidation (increased MDA), reflecting cellular damage (Morales and Munné-Bosch, 2019). This accumulation of MDA is detrimental to cellular integrity, disrupting membrane structure and function, leading to increased EL and compromised cellular homeostasis in chickpea (Kazemi Shahandashti et al., 2013). Consequently, elevated MDA levels impair vital physiological processes, including reproductive functions, ultimately affecting plant health and yield (Huang et al., 2022). Elevated H2O2 levels in cold-stressed chickpea plants can disrupt cellular processes by damaging membranes and proteins (Dreyer and Dietz, 2018; Smirnoff and Arnaud, 2019), leading to impaired physiological functions that adversely affect pollen viability and ovule integrity (Nayyar et al., 2005; Hasanuzzaman et al., 2019; Xie et al., 2022). Oxidative damage is particularly detrimental to reproductive structures, as it can hinder fertilization and reduce overall reproductive success, affecting crop yields under cold stress conditions (Soualiou et al., 2022). This study’s observed increase in MDA and H2O2 levels under cold stress may have significantly impacted membrane damage and cellular viability in chickpea genotypes (de Dios Alché, 2019), adversely affecting cellular function and reproductive structures.




4.2 Differential response of anthers and ovules in contrasting chickpea genotypes

This study revealed significant differences in membrane damage (as measured by EL) between reproductive structures under cold stress, with significantly more EL in anthers than ovules, suggesting that the higher metabolic activity associated with pollen production makes them more susceptible to cold-induced damage (Zhang et al., 2020). The CS genotypes experienced more pronounced increases in EL in both reproductive structures, particularly in anthers, indicating heightened physiological stress. In contrast, CT genotypes exhibited less membrane damage, reflecting a more robust physiological response that supports reproductive function under cold stress. These findings are consistent with earlier reports on wheat (Javidi et al., 2022), rice (Rativa et al., 2020), and tomato (Liu et al., 2012), where CT genotypes showed greater membrane stability under cold stress. Increased membrane damage in the anthers and ovules of CS genotypes likely compromises cellular integrity and viability, which are critical for reproductive success. Previous studies have reported significantly better cellular viability in CT genotypes than in CS genotypes in chickpea (Mir et al., 2021; Javidi et al., 2022), rice (Rativa et al., 2020), and potato (Angmo et al., 2023). Anthers showed higher oxidative damage than ovules, as evidenced by elevated ROS levels across developmental stages, especially in CS genotypes. Similar observations have been made in other studies, where cold stress had more severe consequences for male reproductive tissues, resulting in increased pollen abortion rates and reduced fertility compared to female tissues (Zinn et al., 2010; De Storme and Geelen, 2014; Albertos et al., 2019). Excessive oxidative stress can trigger programmed cell death in microspores and ovules, reducing fertility and seed set (De Storme and Geelen, 2014; Huang et al., 2022).

The greater susceptibility of anthers to cold-induced damage compared to ovules may stem from various factors. Anthers are often more exposed than female reproductive structures during critical developmental stages, increasing their vulnerability to environmental stressors, including cold temperatures (Zinn et al., 2010; Hedhly, 2011). Cold stress can disrupt anther meiosis, tapetal development, microsporogenesis, and key physiological processes such as hormone balance and sugar transport, impairing pollen development (Zhang et al., 2022; Liu et al., 2024). This disruption often leads to pollen sterility due to impaired nutrient supply and altered programmed cell death in the tapetum (Huang et al., 2022; Zhang et al., 2021). In contrast, ovules are situated within the ovary, offering some protection from external environmental stress. However, cold stress can still affect ovule development and function (Albertos et al., 2019; Rani et al., 2020). Additionally, differences in developmental stages between male and female components may influence their sensitivity to stress (Hedhly, 2011).

Our findings also revealed that while anthers and ovules possess mechanisms to mitigate oxidative stress under cold conditions, their antioxidant responses differ. Anthers had higher activities of specific enzymes, such as SOD, APX, and GR, along with elevated levels of AsA and GSH, suggesting the crucial role of the ascorbate-glutathione cycle (Foyer and Kunert, 2024). Conversely, ovules exhibited higher CAT activity at both developmental stages. The ascorbate-glutathione (AsA-GSH) cycle plays a crucial role in protecting reproductive tissues from oxidative stress, particularly under cold conditions, by maintaining cellular redox homeostasis and detoxifying hydrogen peroxide (H2O2). This cycle operates in key cellular compartments, including chloroplasts, mitochondria, cytosol, and peroxisomes, where it mitigates oxidative damage caused by excessive reactive oxygen species (ROS). The coordinated action of these enzymes (APX and GR) within the AsA-GSH cycle effectively detoxifies H2O2 and maintains a high ratio of reduced AsA and GSH, which are critical for protecting cellular components from oxidative damage (Li et al., 2010; Hasanuzzaman et al., 2019). Similar protective mechanisms have been observed in cold-tolerant (CT) genotypes of wheat (Janda et al., 1999) and potato (Angmo et al., 2023), where enhanced AsA-GSH cycle activity was associated with better performance under cold stress.

Correlations between reproductive traits and antioxidant activity showed strong positive associations with APX, GR, AsA, and GSH in anthers and ovules, especially at stage 2, highlighting their importance in sustaining reproductive function. The variation in antioxidant responses reflects the distinct physiological roles of anthers and ovules in reproduction. Anthers maintain pollen viability and fertilization, while ovules concentrate on their development and maturation (Thakur et al., 2010; Zinn et al., 2010). Despite higher antioxidant levels in anthers under stress, ovules can also effectively manage oxidative stress (Ali and Muday, 2024). Both structures have evolved complementary mechanisms to address oxidative challenges, underscoring their interconnected roles in ensuring reproductive success (Ali and Muday, 2024). Exogenous antioxidants such as AsA and GSH effectively reduced the negative impacts of cold stress on pollen germination, especially in the more vulnerable CS genotypes. These results suggest the potential of antioxidant treatments to improve reproductive success in chickpea under adverse conditions. Similar effects have been observed in tomato (Elkelish et al., 2020; Gul et al., 2022), tea (Fu et al., 2023), and bell pepper (Yao et al., 2021), where exogenous applications of AsA and GSH reduced oxidative damage.

Analysis of contrasting genotypes further highlighted that CT genotypes exhibited stronger antioxidant defenses in both anthers and ovules, whereas CS genotypes suffered significant oxidative damage. The superior AsA-GSH cycle efficiency in CT genotypes enables them to maintain pollen viability, prevent premature tapetal cell death, and support ovule integrity under stress, whereas cold-sensitive (CS) genotypes suffer greater oxidative damage due to weaker antioxidant defenses. These findings align with previous studies that reported superior antioxidant mechanisms in CT genotypes of rice (de Freitas et al., 2019), sweet potato (de Araújo et al., 2021), soybean (Hussain et al., 2023), and barley (Valizadeh-Kamran et al., 2018). The enhanced antioxidative capacity of CT genotypes likely reflects evolutionary adaptations to mitigate oxidative stress caused by low temperatures (Mishra et al., 2023).




4.3 Variations across developmental stages

Comparing oxidative responses between stage 1 (pre-anthesis) and stage 2 (anthesis) revealed greater oxidative damage at stage 2, despite stage 1 being considered more sensitive to cold stress (Huang et al., 2022). During stage 1, the initial sensitivity to cold triggered cellular damage and oxidative stress responses. However, stage 2 was characterized by cumulative oxidative damage likely due to prolonged cold exposure. As ROS production escalates during this stage, antioxidant defenses in both anthers and ovules become overwhelmed. This depletion of antioxidant reserves (observed in the current study) renders reproductive structures less capable of mitigating oxidative damage at stage 2. Stage 2 coincides with anthesis, a critical period for fertilization and seed set, which makes reproductive structures particularly sensitive to cold stress (Imin et al., 2004; Kiran et al., 2021; Huang et al., 2022). ROS accumulation during anthesis disrupts cellular functions through lipid peroxidation and other damaging processes in anthers and associated components, suggesting that, while stage 1 initiates oxidative stress responses, the inability of CS genotypes to sustain antioxidant defenses into stage 2 is a key factor in the observed oxidative damage. Physiological changes during anthesis, including increased metabolic activity required for pollen tube growth and ovule maturation, further exacerbate the effects of cold stress, generating additional ROS and compounding oxidative stress (Zhou and Dresselhaus, 2023). Previous studies have reported that short-term and long-term exposure to cold stress, which relate to stage 1 and stage 2, respectively in the present study, differentially impact oxidative stress and antioxidant responses in plants. During short-term cold stress, plants experience a rapid increase in reactive oxygen species (ROS) due to the disruption of electron transport chains in the chloroplasts and mitochondria (Gill and Tuteja, 2010). This transient ROS burst can act as a signaling molecule to activate defense mechanisms, including the upregulation of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) (Prasad et al., 1994). However, if cold stress persists into long-term exposure, the sustained overproduction of ROS overwhelms the antioxidant system, leading to oxidative damage such as lipid peroxidation, protein oxidation, and DNA damage (Arabidopsis; Szalai et al., 1996; Sangwan et al., 2002; Chinnusamy et al., 2007). To mitigate this, plants enhance their antioxidant capacity by increasing the activity of enzymes such as ascorbate peroxidase (APX) and glutathione reductase (GR), as well as by accumulating non-enzymatic antioxidants such as ascorbic acid, glutathione, and proline (Kaur and Asthir, 2015). Cold-tolerant species, such as winter wheat and Arabidopsis, exhibit more robust antioxidant responses compared to sensitive species, enabling them to better withstand prolonged cold stress (Janda et al., 1999; Chinnusamy et al., 2007). Thus, while short-term exposure to cold stress primarily triggers signaling pathways, long-term exposure necessitates a sustained antioxidant response to prevent cellular damage and ensure survival. The interplay of these factors emphasizes the importance of understanding the prolonged responses to cold stress. Targeted strategies to enhance antioxidant defenses during anthesis could mitigate the vulnerabilities of chickpea reproductive structures during this critical phase.

The PCA of anthers and ovules under cold stress revealed distinct oxidative stress responses, highlighting their unique roles in reproductive success. Both structures exhibited increased oxidative stress, as indicated by elevated ROS markers (MDA and H2O2). However, anthers demonstrated a more pronounced negative correlation between yield traits and oxidative stress markers, underscoring the greater vulnerability to oxidative damage, which can severely impair pollen viability. Although ovules also experience oxidative stress, their antioxidant mechanisms appear to confer greater resilience. The PCA results suggest that antioxidants, such as SOD, CAT, APX, and GR, are critical for both anthers and ovules, with the ascorbate-glutathione pathway potentially playing a vital role (see above). In anthers, higher antioxidant activity positively correlated with reproductive traits, highlighting the importance of antioxidants in sustaining pollen development. Conversely, while antioxidants support reproductive success in ovules, their correlation with yield traits appears weaker than in anthers. Notably, the variance explained by the principal components suggests distinct developmental trajectories of anthers and ovules under cold stress, reinforcing the need for stage- and structure-specific approaches to managing oxidative stress in chickpea to ensure reproductive success under cold stress.





5 Conclusion

This study demonstrated that anthers and ovules exhibit differential responses to oxidative damage induced by cold stress across the two flower developmental stages. Particularly, anthers displayed greater susceptibility to oxidative damage than ovules, predominantly at anthesis stage. Although both genotypes employed similar reactive oxygen species (ROS) detoxification strategies, the cold-tolerant genotypes demonstrated a superior capacity for ROS management across both the stages, unlike the cold-sensitive genotypes. Among the antioxidants examined, ascorbate peroxidase and glutathione reductase were the most prominent in the cold-tolerant genotypes, accompanied by elevated levels of ascorbate and glutathione in anthers, whereas ovules showed greater expression of catalase. This enhanced ROS regulation improved reproductive function, ultimately leading to enhanced yield traits in the cold-tolerant genotypes. These findings emphasize the importance of elucidating the differential responses of reproductive structures to cold stress to guide the development of cold-resilient chickpea cultivars. Given the observed importance of ascorbate and glutathione in cold-tolerant chickpea genotypes, future studies should evaluate the effectiveness of exogenous application of these antioxidants under realistic field conditions to enhance reproductive cold tolerance. Additionally, further studies should focus on identifying key genes, proteins, and signaling pathways involved in superior ROS management in cold-tolerant genotypes. Understanding these molecular mechanisms could provide targeted strategies for breeding and biotechnological interventions to improve chickpea resilience to cold stress.
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Introduction

Understanding the effects of nitrogen deposition and increased rainfall on plants is critical for maintaining forest ecosystem services. Although previous studies primarily examined the effects of environmental changes on leaf functional traits, the underlying physiological and metabolic processes associated with these traits remain poorly understood and warrant further investigation.





Methods

To address this knowledge gap, we evaluated the influence of canopy nitrogen (25 kg ha-1 yr-1) and water (30% of the local precipitation) addition on leaf functional traits, diversity, and associated physiological and metabolic processes in the dominant species of tree and shrub layers.





Results

Only the interaction between nitrogen and water significantly reduced the functional richness (FRic) of the community. The other treatments had no notable effects on functional diversity. Importantly, the physiological processes of trees and shrubs showed different regulatory strategies. In addition, there were significant changes in 29 metabolic pathways of the tree, whereas only 18 metabolic pathways were significantly altered in shrub. Among the identified metabolic pathways, four were annotated multiple times, with amino acid metabolism being the most active.





Discussion

These regulatory processes enable the leaves to withstand external disturbances and maintain their relative stability under changing environmental conditions. The study findings underscore the limitations of previous research, which often relied on the direct application of treatments to the understory and so failed to accurately assess the effects of nitrogen and water on leaf functional traits. Future studies should adopt canopy-level nitrogen and water addition to better simulate the impacts of global environmental change.





Keywords: canopy nitrogen addition, canopy water addition, functional trait, physiological process, metabolic process




1 Introduction

With the advancement of industrialization, the concentration of atmospheric nitrogen has significantly increased, far exceeding previously observed natural levels (Galloway et al., 2008; Ackerman et al., 2019; Stevens, 2019). From the 1980s to the early 21st century, the annual average nitrogen deposition in China rose from 13.2 to 21.1 kg N per hectare per year, with expectations of continued growth (Liu et al., 2011). Under conditions of excessive nitrogen deposition, soil carbon storage can increase by 7 to 21% (Lu et al., 2021). However, increased nitrogen deposition negatively affects the growth, composition, and function of soil microorganisms (Zhang et al., 2018). Furthermore, the aboveground biomass of plants is more sensitive to nitrogen deposition than the belowground biomass (Li et al., 2015). Because of global warming, extreme precipitation events are becoming more frequent, and their intensity is increasing (O’Gorman, 2015; Myhre et al., 2019), whereas the frequency of mild-to-moderate precipitation events is decreasing (Giorgi et al., 2019). In the context of climate warming, it is crucial to consider the impact of water resource limitation on regional and global vegetation (Jiao et al., 2021). Plant biomass exhibits resistance to drought stress; however, beyond a tolerance threshold, the impact of stress becomes significant (Wan et al., 2022). Concurrent increases in nitrogen deposition and changes in precipitation occur in nature. However, research on their interactive effects is scarce.

The increase in nitrogen deposition and alterations in precipitation patterns have a significant impact on forests (Gong et al., 2004; Lu et al., 2010), with leaves being critical plant organs, demonstrating considerable plasticity in reflecting the adaptation of plants to environmental changes (Diaz et al., 2016). In the context of heightened nitrogen treatments, research in the northeastern region of China observed a reduction in leaf area quality and density, along with an increase in leaf thickness across four tree species (Khan et al., 2020). A study of seven functional groups of plants in temperate forests with increased nitrogen deposition found a significant positive correlation between leaf nitrogen content and nitrogen deposition (Roth et al., 2021). In addition, in forests limited by nutrients, nitrogen application elevates leaf nitrogen content, although changes in precipitation can constrain the productive response of leaves to added nitrogen (Lim et al., 2015). Nitrogen addition decreases the nitrogen and phosphorus absorption efficiency of Cunninghamia lanceolata leaves while enhancing their starch accumulation efficiency (Bu et al., 2019). Historically, most studies have concentrated on the responses of morphological traits and stoichiometric components of leaves to nitrogen deposition and precipitation changes, with minimal exploration of physiological and metabolic processes.

When plants are subjected to stress, an excessive accumulation of reactive oxygen species can cause cellular damage (Jajic et al., 2015; Żur et al., 2021). To maintain this equilibrium, plants initiate a series of responses, including the synthesis of antioxidant enzymes, osmoregulatory substances, and malondialdehyde (MDA) (Janero, 1990; del Rio et al., 1998; Jubany-Mari et al., 2009; Ren et al., 2022). Under high-temperature conditions, the levels of antioxidant enzymes and MDA in Triticum aestivum are significantly increased (Qi et al., 2016). Glycine soja can produce high levels of antioxidant enzymes under salt stress, mitigating the damage caused by reactive oxygen species (Wei et al., 2008). Research on drought and nitrogen application in the leaves of Pinus massoniana seedlings revealed that drought stress significantly increases the levels of MDA and proline (Pro), as well as the activity of superoxide dismutase (SOD), whereas the addition of nitrogen fertilizer can ameliorate the adverse effects of drought on the seedlings (Wang et al., 2019). These findings indicate that plant antioxidant mechanisms are self-regulated in response to environmental changes (Khaleghi et al., 2019; Guo et al., 2022). Similarly, the physiological responses of dominant forest species to nitrogen application and increased precipitation merit further exploration.

Metabolomics refers to the comprehensive study of small-molecule metabolites within an organism (Wang et al., 2020). Metabolomics data offer profound insights into the intricate relationships between metabolites and physiological conditions in response to external stimuli, such as nitrogen application or increased precipitation (Li et al., 2019b). Research on adaptational changes in Glycine max leaves and roots under conditions of salinity, saline-alkali stress, and drought has revealed the upregulation of genes related to calcium signaling and nucleic acid pathways under these stress conditions (Fan et al., 2013). Similarly, under nitrogen deficiency, Glycine soja seedlings manage to sustain relatively normal growth primarily through the regulation of key amino acids in older leaves, notably through an increase in aspartic acid and Pro metabolism (Liu et al., 2019). The assessment of metabolic processes in cold-tolerant and cold-sensitive Hordeum distichon at low temperatures revealed significant variations in the levels of monoacylglycerol and deoxyadenosine in the cold-tolerant variety as opposed to no notable changes in the sensitive variety (Yang et al., 2020). Metabolomics has been extensively applied to the identification and analysis of agricultural products, such as Oryza sativa, Fagopyrum esculentum, Ipomoea batatas, and Raphanus sativus (Wang et al., 2018; Li et al., 2019a; Yang et al., 2019; Zhang et al., 2020), but its application in the study of forest species remains relatively unexplored.

Despite the abundance of research on nitrogen deposition and precipitation, previous studies have predominantly focused on the morphological characteristics and stoichiometric components of plant leaves by conducting nitrogen and water addition experiments at the soil surface (Bu et al., 2019; Khan et al., 2020). This approach overlooks the internal mechanisms of plants and the interception of the canopy. Our research performed in the Jigongshan National Nature Reserve in Henan Province, China, simulated nitrogen deposition and increased rainfall to analyze changes in functional traits, physiological traits, and metabolic processes of the leaves of dominant species during the growing season. The study examined three hypotheses: 1) Nitrogen and water addition promote plant growth by altering the physiological and metabolic processes of leaves; 2) the mechanisms by which nitrogen and water influence leaves differ, and their effects interact with one another; and 3) the response of canopy tree layer leaves to nitrogen and water addition is more sensitive than that of shrub layers.




2 Materials and methods



2.1 Study site

The experimental site is located within the Jigongshan National Nature Reserve in Henan Province, spanning across coordinates 114°01’–114°06’ E and 31°46’–31°52’ N. The highest elevation in the region is 182 m. This site is situated in a transitional zone between subtropical and warm temperate climates. The region experiences an average annual temperature of 15.3°C, with an annual precipitation of 1102 mm and an average air humidity of 79%. The predominant soil type is yellow-brown earth, with a pH range of 5.0 to 6.0. Forest vegetation is distinctly divided into three layers: canopy trees, shrubs, and grasses. Human activities have led to a reduction in the original vegetation of the area, with forests now primarily consisting of plantations and secondary forests. The experimental site featured a typical mixed forest of evergreen and deciduous broadleaf trees, approximately 50 years old, with an average canopy height of 25 m and a canopy density of approximately 90% (Zhang et al., 2015).




2.2 Nitrogen and water addition treatments

The nitrogen deposition management involved a meticulously designed experimental platform comprising four block groups, with each group randomly allocated to four distinct treatments, with a total of 16 experimental plots. The treatments included control (CK), addition of 25 kg ha-1 yr-1 above the forest canopy (N), addition of water at 30% of the local precipitation above the forest canopy (W), and addition of nitrogen at 25 kg ha-1 yr-1 and water at 30% of the local precipitation above the forest canopy (NW). To safeguard the integrity of the experimental plots from anthropogenic disturbance, each plot was encircled by robust wire fencing. In the centers of the plots used for the N, W, and NW treatments, a 35 m tall iron tower extending 5 to 8 m above the canopy was erected. These towers were equipped with a rotating sprinkler system at their apex to ensure uniform treatment distribution across the plots (Li et al., 2021). The experimental platform was built in 2012 and began operation in April 2013.




2.3 Leaf sample collection

In July 2022, leaf samples were collected from six dominant species across 16 plots, including three tree species (Liquidambar formosana Hance., Quercus acutissima Carruth., and Quercus variabilis Blume) and three shrub species (Celtis sinensis Pers., Lindera glauca (Siebold & Zucc.) Blume, and Acer buergerianum Miq.). At least three mature individuals were selected, and 10 to 15 fully expanded healthy leaves exposed to sunlight were collected. Following collection, the leaves were meticulously cleaned with deionized water, placed in an insulated box maintained at 3 to 4°C, and promptly transported to the laboratory. A portion of the samples was preserved in a freezer at -80°C for the determination of functional traits. Another portion was treated with liquid nitrogen at -196°C for 15 min and then transported to the testing company (Novogene) using dry ice at -80°C. Three random points were selected in each sample plot, and soil samples were collected at a depth of 10 cm using a soil drill. Impurities and roots were removed from the soil, and the soil samples were sieved and brought back to the laboratory and placed in a freezer at -20°C for the determination of physical and chemical properties.




2.4 Laboratory sample processing

The fresh weight of leaves was determined using an electronic balance. Leaf surface area was calculated using ImageJ image processing software after scanning. The leaves were dried at 65°C for 48 h and their dry weight determined. The specific leaf area (SLA) and leaf moisture content (LMC) were calculated using Equations 1 and 2. Through two vegetation surveys in 2017 and 2022, the diameter at breast height and height of the six dominant species in the sample plots were obtained. The allometric growth equation was used to calculate the biomass. The difference showed a change in biomass over the past five years (Wen et al., 1997).

[image: Specific leaf area is calculated as the ratio of leaf area to leaf dry weight.] 

[image: Leaf moisture content formula: (Leaf fresh weight minus Leaf dry weight) divided by Leaf fresh weight. Numbered as equation (2).] 

Dried leaf samples were ground using a ball mill and weighed to obtain stoichiometric compositions. The carbon-nitrogen (C:N) ratio was determined using a vario EL cube elemental analyzer (Elementar, Langenselbold, Germany). Leaf phosphorus content (LPC) was measured by nitration with sulfuric acid, followed by the molybdenum antimony colorimetric method.

Fresh leaf samples were crushed with a mortar and weighed to generate 0.1 g samples. The extract was added to test physiological indicators (Jia et al., 2020). SOD activity in the leaves was assessed using the nitroblue tetrazolium method. Catalase (CAT) activity was determined through ultraviolet absorption. Peroxidase (POD) activity was measured using the guaiacol method. Soluble sugar (SS) content was determined by the anthrone method. Soluble protein content was determined using the Coomassie brilliant blue method. Pro content was determined by the indole trione method. MDA content was measured using the thiobarbituric acid method.

Soil moisture content (SMC) was determined using a drying method. The soil pH was determined using the potentiometric method (water-to-soil ratio of 2.5:1). The samples were extracted with KCl (2 mol/L) solution to determine the available nitrogen. Soil ammonium nitrogen (NH4-N) and nitrate nitrogen (NO3-N) were determined using the sodium salicylate method and hydrazine sulfate reduction method (Zhao et al., 2011).




2.5 Assessment of functional diversity

The functional richness index (FRic), functional evenness index (FEve), and functional divergence index (FDiv) were calculated using the following formulae (Equations 3–10) (Li et al., 2023b):

[image: The formula shown is FRic equals S subscript r 1 c divided by R subscript c, labeled as equation three.] 

where SFic is the ecological niche space occupied by species in the community and Rc is the ecological niche space occupied by neutral c in all communities.

[image: Equation displaying Ew sub i equals dist of i, j divided by W sub i plus W sub j in parentheses, with number four on the right side.] 

[image: The image shows a mathematical formula for PE subscript WT. The formula is E subscript WT divided by the summation from i equals one to S minus one of the minimum of E subscript WT. The equation is labeled as number five.] 

[image: Equation labeled as equation six. F E w e equals the fraction where the numerator is the summation from i equals one to S minus one of the minimum of P E w r sub i times one over S minus one, minus one over S minus one. The denominator is one minus one over S minus one.] 

where, S is the number of species, Wi is the relative biomass of species I, Ew is the weight uniformity, I is the branch length, EwI is the branch length weight, dist (I, j) is the Euclidean distance between species I and j.

[image: Mathematical equation showing the average Gini index: \(\overline{dG_I} = \frac{\sum_{i=1}^{k} dG_i}{s}\).] 

[image: Mathematical equation showing delta M equals the summation from i equals one to s of W sub i multiplied by the difference between dG sub i and the mean of dG sub I, equation eight.]	

[image: Equation showing Δd{t} equals the summation from i equals 1 to S of W sub i times the absolute value of dG sub i minus the average of dG sub i.] 

[image: FDIV equals the fraction with numerator Δd plus dGL over denominator Δ|d| plus dGI. Equation 10.] 

where S is the number of species, Wi is the relative biomass of species I, [image: Overlined mathematical expression "d sub G sub I".]  is the average Euclidean distance from species I to the center of gravity, d is the multiplicity weight discretization, Δd is the total richness weighted deviation value of species I from the center of gravity distance, Δ|d| represents the absolute richness weighted deviation.




2.6 Metabolomics experiments and data quality assessment

The leaf samples of 0.1 g were ground in liquid nitrogen and placed in a centrifuge tube, followed by the addition of 500 μL of 80% methanol aqueous solution. The mixture was vortex and shaken, and after standing in an ice bath, it was centrifuged at 15000 g and 4°C for 20 min. Supernatant was diluted with mass spectrometry-grade water to a methanol content of 53%, centrifuged, and the supernatant was collected for analysis using liquid chromatography-mass spectrometry (LC-MS). Equal volumes of samples were mixed from each experimental sample as quality control (QC) samples, and the QC samples were interspersed in the experimental samples for measurement to evaluate the stability of the system during the whole experimental process. The pearson correlation coefficient between QC samples was calculated based on the relative quantitative values of metabolites, and the results indicated that the quality of the sample data was satisfactory and the experiment was reliable.




2.7 Data analyses

SPSS Statistics 20.0 software (IBM, Armonk, NY, USA) was used to conduct one- and two-factor analyses of variance for leaf functional traits (SLA, LMC, C:N, LPC, CAT, POD, SOD, Pro, SP, SS, and MDA) and soil physical and chemical properties (SMC, pH, NH4-N, and NO3-N). The functional diversity of the leaf was calculated using R (‘FD’ package) (R Core Team, R., and Team, R.C, 2021). Amos Graphics 7.0 was used to build a structural equation model (SEM) to describe the changes in various indicators under different treatments. Graphics were produced using the Origin 2021 software.

The identified metabolites were annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG), Human Metabolome (HMDB), and LIPID map databases. After the data were transformed using metaX, principal component analysis and partial least squares discriminant analysis (PLS-DA) were performed to determine the variable importance in the projection (VIP value) of each metabolite. The significance level (P-value) of the difference between the two groups of metabolites was calculated using the t-test, and the fold change (FC) of the difference between the two groups was calculated. Differential metabolites should meet VIP>1.0, P<0.05 and FC≥1.2 or FC ≤ 0.833. The figures were obtained using the Novo Cloud platform.





3 Results



3.1 Impacts of nitrogen and water addition on leaf morphological and chemical indicators

The NW treatment significantly increased the C:N in Quercus acutissima, while N significantly enhanced the SLA of Quercus variabilis (P<0.05). For the other species, variables such as C:N, LPC, SLA, and LMC showed no significant changes under the experimental conditions (P>0.05) (Figure 1). The results of the bifactorial variance analysis revealed a few discernible differences (Table 1).

[image: Bar chart displaying four metrics: SLA, LMC, C:N, and LPC for six plant species: Liquidambar formosana, Quercus acutissima, Quercus variabilis, Celtis sinensis, Lindera glauca, and Acer buergerianum. Each metric is measured under four conditions: CK, N, W, and NW. Chart highlights variations and statistical significance, indicated by different letters above bars.]
Figure 1 | Effects of nitrogen and water addition on leaf morphological and chemical indicators. SLA, specific leaf area; LMC, leaf moisture content; C:N, the carbon-nitrogen ratio; LPC, leaf phosphorus content; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Different lowercase letters above the error bar (standard error) indicate differences of statistical significance.

Table 1 | Effects of N, W, N * W on SLA, LMC, C:N, LPC in leaf (P-values).


[image: Table displaying species-specific data under different treatments. Columns include species name, treatment type (N, W, N*W), and measurements: specific leaf area (SLA), leaf moisture content (LMC), carbon-nitrogen ratio (C:N), and leaf phosphorus content (LPC). Significant differences are highlighted with asterisks for p<0.05.]



3.2 Impacts of nitrogen and water addition on leaf physiological processes



3.2.1 Changes in physiological processes of tree leaves

Compared to the control group, N addition significantly enhanced POD activity in the leaves of Quercus acutissima and SS content in the leaves of Liquidambar formosana but notably reduced the SP content in the leaves of Liquidambar formosana. W treatment significantly increased POD activity in Quercus acutissima leaves and Pro content in Quercus variabilis leaves and significantly decreased SS content in Quercus acutissima leaves and SP content in Liquidambar formosana leaves (P<0.05). The NW group showed no significant changes (P>0.05) (Figure 2). The results of the two-factor analysis of variance indicated that the N treatment had a significant effect on the Pro content in Quercus variabilis leaves and POD activity in Quercus acutissima leaves. The W treatment significantly affected the Pro content in Quercus variabilis leaves and SS content in Liquidambar formosana leaves. The interaction between the N and W treatments significantly influenced the Pro content in Quercus variabilis leaves, SP and SS content in Liquidambar formosana leaves, and SS content and POD activity in Quercus acutissima leaves (P<0.05) (Table 2).

[image: Bar charts comparing biochemical parameters across three tree species: Liquidambar formosana, Quercus acutissima, and Quercus variabilis. Parameters include CAT, POD, SOD, Pro, SP, SS, and MDA, measured in various units. Four conditions (CK, N, W, NW) are shown in different colors. Statistical significance is indicated with letters. An inset chart highlights POD data. Error bars represent data variation.]
Figure 2 | Effects of the treatments on tree leaf physiological processes. CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; Pro, proline; SP, soluble protein; SS, soluble sugar; MDA, malondialdehyde; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Different lowercase letters above the error bar (standard error) indicate differences of statistical significance.

Table 2 | Effects of N, W, N * W on antioxidant enzymes, osmoregulatory substances, and malondialdehyde in leaf (P-values).


[image: Table comparing the effects of treatments on various species with regards to several biochemical parameters. Species listed include Liquidambar formosana, Quercus acutissima, Quercus variabilis, Celtis sinensis, Lindera glauca, and Acer buergerianum. Treatments are labeled as N, W, and N*W, and parameters include CAT, POD, SOD, Pro, SP, SS, and MDA. Significant differences are indicated by bold text, with asterisks denoting significance levels (* for P<0.05, ** for P<0.01). The footnote explains abbreviations and significance levels.]



3.2.2 Changes in physiological processes of shrub leaves

The N treatment significantly enhanced CAT activity in Acer buergerianum, while the W treatment significantly reduced CAT and POD activities in Acer buergerianum. NW treatment significantly increased CAT activity and Pro content in Lindera glauca, as well as MDA content in Celtis sinensis, but decreased the SS content in Acer buergerianum (Figure 3). A bivariate analysis of variance revealed the significant effect of the N treatment on Pro content in Lindera glauca and POD activity in Celtis sinensis. The W treatment significantly affected the MDA content and CAT activity in Lindera glauca and CAT activity in Acer buergerianum. The combined NW treatment had a significant effect on Pro content in Lindera glauca and POD activity in Acer buergerianum (Table 2).

[image: Bar charts compare various biochemical parameters across three plant species: Celtis sinensis, Lindera glauca, and Acer buergerianum. Parameters include CAT, POD, SOD, Pro, SP, SS, and MDA, shown in different colors for conditions labeled CK, N, W, and NW. The bars depict mean values with error bars, and letters above bars indicate statistical significance groups.]
Figure 3 | Effects of the treatments on shrub leaf physiological processes. CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; Pro, proline; SP, soluble protein; SS, soluble sugar; MDA, malondialdehyde; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Different lowercase letters above the error bar (standard error) indicate differences of statistical significance.





3.3 Influence of nitrogen and water addition on forest parameters



3.3.1 Response patterns of community functional diversity

Compared with the CK treatment, in the NW treatment there was a significant decrease in leaf FRic (P<0.05), with no other notable changes observed in the N and W treatments. In addition, both FEve and FDiv remained stable under nitrogen and water addition (Figure 4).

[image: Bar chart displaying three metrics: FRic, FEve, and FDiv, across four categories (CK, N, W, NW). FRic shows the highest values for CK, N, and W with a significant drop in NW. FEve and FDiv are relatively consistent across all categories, with slight variations and error bars indicating variability.]
Figure 4 | Effects of nitrogen and water addition on functional diversity. N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Different lowercase letters above the error bar (standard error) indicate differences of statistical significance.




3.3.2 Response pathways of tree and shrub samples

Within the tree SEM (Figure 5A), the W treatment had a significant negative impact on tree biomass. The content of osmoregulatory substances had a significant negative effect on tree biomass. In shrub SEM (Figure 5B), the N treatment significantly positively influenced the osmoregulatory substances in shrub leaves, and osmoregulatory substances had a significant positive effect on MDA (P<0.05).

[image: Path diagrams labeled A, B, C, and D depict relationships among variables N, W, AE, MDA, OS, SPCP, and BM, with lines showing positive (black) and negative (red) correlations. Each diagram includes R-squared values for the variables and fit indices: chi-square, degrees of freedom, P-value, GFI, and RMSEA, indicating statistical model performance.]
Figure 5 | Structural equation model analysis of the influence pathways of nitrogen and water addition. (A) Structure equation model of tree. (B) Structure equation model of shrub. (C) Structure equation model of tree and soil. (D) Structure equation model of shrub and soil. N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; AE, antioxidant enzyme; OS, osmoregulation substance; MDA, malondialdehyde; BM, biomass; SPCP, soil physical and chemical properties; *, P< 0.05. **, P< 0.01. The model fitting data are shown in the lower of the pathway figure. The black arrows represent positive effects, and the red arrows represent negative effects. Values associated with the arrows represent standardized path coefficients. R2 values associated with the response variables indicate the proportion of variation explained by relationships with other variables.




3.3.3 Response pathways of tree, shrub, and soil samples

The N, W, and NW treatments significantly increased the soil pH. W and the interaction between N and W had a significant effect on the pH (P<0.05). In addition, there were no significant changes in soil moisture, NH4-N, and NO3-N contents (Supplementary Figure S1, Supplementary Table S1).

In the tree and soil SEM (Figure 5C), the N and W treatments had a significant negative effect on tree biomass. Soil physical and chemical properties had a significant negative effect on the antioxidant enzymes of tree leaves and a significant positive effect on biomass. Osmoregulatory substances had a significant negative effect on biomass. In the shrub and soil SEM (Figure 5D), the N treatment had a significant positive effect on shrub leaf osmoregulatory substances, the W treatment had a significant positive effect on shrub biomass, and soil physical and chemical properties had a significant positive effect on biomass (P<0.05).





3.4 Impacts of nitrogen and water addition on leaf metabolic processes



3.4.1 Overview of metabolic products

Using HMDB data to annotate metabolites in leaf samples, we identified 980 and 1353 metabolites in trees and shrubs, respectively. The metabolic types of trees and shrubs were similar. These predominantly include lipids and lipid-like molecules, phenylpropanoids and polyketides, organoheterocyclic compounds, organic acids and derivatives, benzenoids, along with organic oxygen compounds. This array of metabolites underscores the fundamental metabolic processes inherent to plants (Supplementary Tables S2, S3).




3.4.2 Filtering and analysis of differential metabolites

Among the leaves of the six species, compared to the control group, there were 484 metabolites identified in the N treatment, with 262 metabolites being upregulated and 222 being downregulated. In the W treatment, 666 differential metabolites were observed, comprising 320 upregulated and 346 downregulated metabolites. In the NW treatment, 474 differential metabolites were identified, of which 221 were upregulated and 253 were downregulated (Table 3; Figures 6, 7). In the N treatment, most leaf metabolites of Quercus acutissima, Quercus variabilis, Celtis sinensis, Acer buergerianum were upregulated, while most leaf metabolites of Liquidambar formosana and Lindera glauca were downregulated. In the W treatment, most leaf metabolites of Quercus acutissima and Acer buergerianum were upregulated, while those of Liquidambar formosana, Quercus variabilis, Celtis sinensis, Lindera glauca were downregulated. In the NW treatment, most leaf metabolites of Quercus acutissima, Quercus variabilis, Lindera glauca, Acer buergerianum were upregulated, whereas those of Liquidambar formosana and Celtis sinensis were mostly downregulated.

Table 3 | Effects of the treatments on leaf differential metabolites.


[image: Table comparing six plant species with values categorized as "up" and "down" across three treatments: N.vs.CK, W.vs.CK, and NW.vs.CK. Each species shows two values per treatment, representing changes under different environmental conditions. CK is the control, N involves nitrogen addition, W involves water addition, and NW combines both nitrogen and water additions.]
[image: Nine volcano plots display differential expression analysis results, with each plot showing log2 fold change on the x-axis and negative log10 p-value on the y-axis. Dots are color-coded: red for upregulated (UP), green for downregulated (DW), and gray for no significant difference (NoDiff) in expression. Dot size represents variable importance (VIP) scores ranging from one to five. Plots compare various conditions, such as LH_N vs LH_CK and QB_NW vs QB_CK.]
Figure 6 | Volcano map of differential metabolites of tree leaf under nitrogen and water addition. LH, Liquidambar formosana Hance.; QC, Quercus acutissima Carruth.; QB, Quercus variabilis Blume.; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Significantly up-regulated metabolites are represented by red dots, significantly down-regulated metabolites are represented by green dots, and the size of the dot represents the VIP value.

[image: Nine scatter plots compare various conditions labeled CP, LBL, and AM with treatments N, W, and NW against CK. Each plot shows points colored red, green, or gray indicating differential expression: UP, DW, or NoDiff, respectively. Points vary in size to indicate VIP values ranging from 0.5 to 2.0, with axes labeled log2(Fold Change) and -log10(p-values). Each chart is titled according to the conditions compared.]
Figure 7 | Volcano map of differential metabolites of shrub leaf under nitrogen and water addition. CP, Celtis sinensis Pers. LBI, Lindera glauca (Siebold & Zucc.) Blume; AM, Acer buergerianum Miq.; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. Significantly up-regulated metabolites are represented by red dots, significantly down-regulated metabolites are represented by green dots, and the size of the dot represents the VIP value.




3.4.3 KEGG annotation and enrichment analysis

To further understand the variations in differential metabolites within metabolic pathways, we mapped the identified differential metabolites onto KEGG pathways for annotation and enrichment analyses. Pathways with a significance level of P<0.05 were deemed significant metabolic pathways. There were significant changes in 29 metabolic pathways of the three tree species, whereas only 18 metabolic pathways were significantly altered in the three shrub species. In the leaves of the six dominant species, seven pathways were frequently observed across the three comparative pairs: zeatin biosynthesis, terpenoid backbone biosynthesis, pantothenate and CoA biosynthesis, amino acid biosynthesis, beta-alanine metabolism, tyrosine metabolism, and histidine metabolism. These pathways are key metabolic routes through which leaves respond to nitrogen and water treatments (Figures 8–10).

[image: Six bubble plots depict pathway enrichment analysis results from various comparisons. Each plot maps 'Ratio' on the x-axis against 'Terms' on the y-axis, with bubble size denoting the number of pathway hits and color indicating significance (-log10 P-value) using a yellow to purple gradient. Comparisons include LH_N vs. LH_CK, LH_W vs. LH_CK, LH_NW vs. LH_CK, QC_N vs. QC_CK, QC_W vs. QC_CK, and QC_NW vs. QC_CK. Key pathways vary across plots, and legends specify bubble significance and counts.]
Figure 8 | KEGG pathway of differential metabolites in the LH and QC under nitrogen and water addition. LH, Liquidambar formosana Hance.; QC, Quercus acutissima Carruth.; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. The color of the dot represents the P-value. The size of the dot represents the number of differentiated metabolites in the corresponding pathway.

[image: Six scatter plots comparing metabolic pathways across different samples. Each plot displays terms on the y-axis and ratio on the x-axis. Dot colors indicate significance levels by -log10(p-value), with a gradient from purple to red. Dot sizes represent the number of elements in each pathway. Each chart is labeled with specific comparisons between sets of samples indicated by titles: QB_N_vs_QB_CK, QB_W_vs_QB_CK, QB_NW_vs_QB_CK, CP_N_vs_CP_CK, CP_W_vs_CP_CK, and CP_NW_vs_CP_CK.]
Figure 9 | KEGG pathway of differential metabolites in the QB and CP under nitrogen and water addition. QB, Quercus variabilis Blume.; CP, Celtis sinensis Pers. CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. The color of the dot represents the P-value. The size of the dot represents the number of differentiated metabolites in the corresponding pathway.

[image: Six bubble scatter plots showing metabolic pathway analyses for different conditions: LBI_N vs. LBI_CK, LBI_W vs. LBI_CK, LBI_NW vs. LBI_CK, AM_N vs. AM_CK, AM_W vs. AM_CK, and AM_NW vs. AM_CK. Each plot has "Ratio" on the x-axis and "Terms" on the y-axis, with bubble size indicating "Number" and color representing "-log10(p-value)". Color scales range from purple to red, signifying low to high significance.]
Figure 10 | KEGG pathway of differential metabolites in the LBI and AM under nitrogen and water addition. LBI, Lindera glauca (Siebold & Zucc.) Blume; AM, Acer buergerianum Miq.; CK, control; N, canopy N addition at 25 kg ha−1 yr−1; W, canopy water addition at 30% of the local precipitation; NW, canopy N addition at 25 kg ha−1 yr−1 and water addition at 30% of the local precipitation. The color of the dot represents the P-value. The size of the dot represents the number of differentiated metabolites in the corresponding pathway.






4 Discussion



4.1 Variations in morphological and chemical indicators of leaves

In natural ecosystems, nitrogen and precipitation levels are crucial for plant growth and development (Nielsen and Ball, 2015; Zhang et al., 2022) and for leaf traits that reflect plant productivity and carbon balance. SLA, which is influenced by light, moisture, and nutrient conditions, can capture light resources (Ali et al., 2017). The C:N ratio in plants indicates the status of nitrogen supply and fertility levels. In our study involving six species, the SLA of Quercus variabilis leaves increased significantly in the N treatment, and the C:N ratio of Quercus acutissima leaves notably increased in the NW treatment, with no significant changes observed in the other species. LPC and LMC across the six species remained unchanged in the N and W treatments. These outcomes suggest a certain degree of conservation in foundational leaf traits, which is a result of long-term adaptation to environmental changes. This is consistent with findings from other studies, such as the lack of a significant response in SLA, leaf dry matter content, and leaf carbon content to nitrogen addition in two dominant grassland species (Guo et al., 2022), and the lack of a significant impact on leaf nitrogen concentration following three years of nitrogen and phosphorus addition experiments in tropical forests (Mo et al., 2015).




4.2 Responses of leaf physiological processes to nitrogen and water addition



4.2.1 Changes in leaf antioxidant enzymes

Extensive research has shown that the antioxidant capacity of leaves increases significantly when subjected to non-biological stresses (Hossain et al., 2022). Enzymes, such as SOD, POD, and CAT, within plant cells can effectively eliminate reactive oxygen species (Żur et al., 2021), thereby resisting stress. In trees, the POD activity of Quercus acutissima leaves was significantly increased in the N and W treatments. In shrubs, the N treatment significantly enhanced the CAT activity of Acer buergerianum, the W treatment notably reduced the CAT and POD activities of Acer buergerianum, and the NW treatment significantly enhanced the CAT activity of Lindera glauca. Triticum aestivum can enhance its antioxidant enzyme activity during high-temperature treatments, effectively eliminating reactive oxygen species and preventing lipid peroxidation in cell membranes (Qi et al., 2016). Therefore, changes in enzymatic activity can be used to predict leaf growth.




4.2.2 Changes in leaf osmotic regulating substances

As the level of salt stress increases, the contents of SS, SP, and Pro in the leaves of Raphanus sativus seedlings significantly increase (Jia et al., 2020). These compounds are pivotal osmoregulatory substances in plants and play a crucial role in the defense against adverse environmental conditions. Under drought conditions, the Pro content in the leaves of Pinus massoniana seedlings increases notably (Wang et al., 2019). The application of nitrogen enhances SP and Pro content in the leaves of dominant grassland species, indicating a high degree of physiological plasticity (Guo et al., 2022). In the case of trees, the N treatment significantly increased the SS content in the leaves of Liquidambar formosana, whereas it markedly reduced the SP content. The W treatment significantly increased the Pro content in the leaves of Quercus variabilis and notably decreased the SS content in Quercus acutissima leaves and the SP content in Liquidambar formosana leaves. Among shrubs, the NW treatment significantly elevated the Pro content in Lindera glauca and reduced the SS content in Acer buergerianum. The findings demonstrate that different species exhibit varied response strategies to nitrogen application and increased precipitation, which actively influence adaptation.




4.2.3 Changes in leaf MDA content

Avena sativa seedling root systems exhibit a significant increase in reactive oxygen species when subjected to salt stress. This condition is accompanied by noticeable changes in antioxidant and osmoregulatory substances, along with a substantial increase in MDA content, indicating cellular membrane damage (Gao et al., 2022). Following exposure to high temperatures, Triticum aestivum shows a marked increase in the production rate of superoxide anions and hydrogen peroxide content, along with a significant increase in MDA levels (Qi et al., 2016). Interestingly, although the MDA content in Celtis sinensis increased significantly under the NW treatment conditions, its antioxidant and osmoregulatory activities remained unchanged. This suggests that Celtis sinensis leaves experience stress in the NW treatment, leading to membrane lipid peroxidation. In contrast, other species did not show significant changes in MDA content in the N and W treatments, indicating that their cellular membranes remained intact and that the external stress levels were within their self-regulatory capacity.





4.3 Interaction between nitrogen and water addition on forest parameters

In the context of plant biology, C:N, LPC, SLA, and LMC exhibited negligible changes in the N and W treatments. However, significant variations were observed in the levels of antioxidants, osmoregulatory substances, and MDA. These findings indicate that under stress, plants activate osmoregulatory and protective mechanisms, generating compounds that stabilize proteins and prevent oxidative damage (Slama et al., 2015). SEM analysis of trees and shrubs revealed intricate physiological changes in leaf structure. Furthermore, the physical and chemical properties of soil can be influenced by nitrogen addition and water supplementation, affecting plant growth and development (Lu et al., 2014; Wang et al., 2021). Given the simultaneous occurrence of nitrogen deposition and precipitation in the atmosphere, the interaction between the N and W treatments requires further investigation (Cui et al., 2022). The interaction between these treatments significantly affected the Pro content in Quercus variabilis leaves, SP and SS content in Liquidambar formosana leaves, SS content and POD activity in Quercus acutissima leaves, Pro content in Lindera glauca, and POD activity in Acer buergerianum. The adjustment system of tree leaves underwent more obvious changes than that of shrubs. The FRic index was significantly reduced in the NW treatment, indicating that long-term application of nitrogen and water was not only a nutrient addition but also an environmental stress for the forest, which interfered with the forest production process (Nielsen and Ball, 2015; Zhang et al., 2018). However, there was no significant change in the functional diversity index of the community in other conditions, reflecting the fact that the forest is a complex ecosystem with strong self-regulation ability (Khan et al., 2020; Pierick et al., 2021).




4.4 Response of leaf metabolic processes to nitrogen and water addition



4.4.1 Up and downregulated leaf metabolites

When plants are under stress, their metabolic content is upregulated to counteract the stress. Conversely, the metabolic content is downregulated when conditions improve (Fan et al., 2013). Nitrogen addition and increased precipitation significantly changed the contents of various metabolites in the six species. The volcano map showed that the metabolites of the tree leaves were more variable than those of shrub leaves. Differences in metabolic pathways also confirmed that the changes in trees were more significant than those in shrubs. Trees directly receive added nitrogen and water, whereas shrubs tend to absorb nitrogen and water through their roots and soil (Zhu et al., 2019). There were differences in the magnitude of the effects of nitrogen deposition and rainfall on leaf metabolites, and there was an interaction between them. In the W treatment, the frequency of upregulation and downregulation of leaf metabolites was the highest, indicating that the self-regulatory system of leaf metabolites was most active with water addition. Nitrogen deposition and precipitation synergistically alter vegetation growth (Smith et al., 2016). Rainfall enhancement can rapidly increase the amount of water available to plants, improve the osmotic potential of cells, and affect the normal structure and function of plant metabolism. After nitrogen application, plants require a certain amount of time to absorb and assimilate (Lu et al., 2012). These findings are consistent with research indicating that for plant fine roots, the impact of water is more pronounced than that of nitrogen in forests (Li et al., 2023a), corroborating our study findings.




4.4.2 Zeatin biosynthesis pathway

Under the influence of N and W conditions, the zeatin biosynthesis pathway in the leaves of Quercus acutissima was significantly enriched, and the dihydrozeatin and adenosine-5′-monophosphate metabolites were upregulated. These results indicate that under conditions of nitrogen application and rainfall enhancement, the leaves can synthesize zeatin to alleviate their stress. Zeatin is a diterpenoid compound that can significantly increase the number of fertile female flowers in Castanea mollissima, highlighting its vital regulatory role in female flower formation (Zhou et al., 2023). Furthermore, research on Oryza sativa seedlings treated with varying concentrations of a trans-zeatin solution revealed an increase in plant height and stem width, along with an increase in Pro content and decreased glutamate content (Xing et al., 2023). These findings collectively confirm that zeatin is a key metabolite in plant growth.




4.4.3 Terpenoid backbone biosynthesis pathway

Plants produce both primary and specialized terpenoid metabolites (Nagegowda and Gupta, 2020). In the NW treatment, significant changes in the terpenoid backbone biosynthesis pathway were observed in the leaves of Quercus variabilis and Celtis sinensis, with mevalonic acid being upregulated in Quercus variabilis but downregulated in Celtis sinensis. Mevalonic acid is involved in a series of enzyme-catalyzed reactions within organisms, contributing to the synthesis of essential precursors of metabolites such as chlorophyll, carotenoids, and diterpene phytoalexins. Terpenoid compounds produced via this pathway can influence multiple aspects of plant growth, development, and stress responses by modulating plant hormone metabolism and phytosterol content (Pu et al., 2021). Phytosterols interact with phospholipids or membrane proteins through their hydroxyl groups to regulate membrane fluidity and permeability. The variation in mevalonic acid content between Quercus variabilis and Celtis sinensis in the NW treatment highlighted its active role in ensuring normal leaf growth by adapting to environmental changes.




4.4.4 Pantothenate and CoA biosynthesis pathway

In the N treatment, pantothenate and CoA biosynthesis were enriched in Quercus variabilis. Metabolites such as L-aspartic acid, pantothenic acid, and uracil were downregulated. Conversely, in the W treatment, this pathway was enriched in Acer buergerianum, in which the same metabolites were upregulated. These findings indicate that the pathway actively responds to both N and W treatments, with regulatory strategies varying according to species and treatment conditions. Coenzyme A is a universally present metabolic cofactor that is synthesized from its pantothenic acid precursor (Monteiro et al., 2015; Olzhausen et al., 2021). Coenzyme A plays a crucial role in the synthesis of numerous substances within plants. For instance, under the catalysis of coenzyme A, pantothenic acid is transformed into shikimic acid, a precursor molecule of zeatin, through a series of reactions to ensure the synthesis and stability of zeatin.




4.4.5 Amino acid metabolism pathway

Amino acids play a pivotal role in plant physiology by forming enzymes, hormones, and chlorophyll and by participating in catalytic metabolic processes (The et al., 2020). These processes include growth and development, intracellular pH regulation, generation of redox capacity, and resistance to abiotic and biotic stressors (Hildebrandt et al., 2015; Yang et al., 2019). Amino acids are instrumental in transporting organic nitrogen within plants and serve as cornerstones of nitrogen metabolism. Pathways related to amino acids were frequently annotated in the three comparative pairs in the present study, encompassing the biosynthesis of amino acids, tyrosine metabolism, beta-alanine metabolism, and histidine metabolism. These findings indicate that the synthesis, degradation, and transport of amino acids are modulated in response to environmental changes to meet the internal nitrogen and carbon availabilities of plants, ensuring the maintenance of normal leaf growth (Pratelli and Pilot, 2014). Furthermore, the response strategies of amino acids varied among different treatments and species, consistent with the experimental outcomes observed.






5 Conclusion

In this study, the response mechanism of leaves to nitrogen application and rainfall enhancement was analyzed. The results show that levels of antioxidants, osmoregulatory substances, and MDA in the leaves changed significantly, reflecting a stress response that inhibited biomass production. The inhibitory effect on biomass was more pronounced in trees than in shrubs, and water addition imposed greater stress on the leaves than nitrogen addition. Four key metabolic pathways—zeatin biosynthesis, terpenoid backbone biosynthesis, pantothenate and CoA biosynthesis, and amino acid metabolism—were identified as the primary regulatory pathways. With nitrogen and water addition, leaves actively self-regulate to maintain stability in their morphological traits and stoichiometric composition, thereby mitigating the impacts of environmental changes. With increasing nitrogen deposition and shifting precipitation patterns, the regulatory mechanisms in different plant organs must be identified, and the long-term strategies employed by forests to resist environmental stress evaluated. Future studies should move beyond focusing solely on external functional traits and prioritize understanding forest resilience and adaptability across longer timescales under dynamic environmental conditions.
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Dry and rainy seasons in many ecosystems differ significantly in cloudiness, precipitation, and incident sunlight. These seasonal variations can influence photosynthesis by altering light availability and water stress. This study examines whether light availability or water stress is the primary limiting factor for photosynthesis in páramo plants during the dry and rainy seasons. We measured photosynthetic carbon gain per unit leaf area (An), stomatal conductance (gs), chlorophyll fluorescence (ϕPSII), and leaf water potentials, in two dominant páramo species, Espeletia grandiflora and Chusquea tessellata, across both seasons. Photosynthetic light-response curves were generated for each species, and statistical analyses assessed the relative influence of environmental factors such as light, temperature, and vapor pressure deficit on An. Contrary to our expectations, An was higher in the dry season despite increased water stress, suggesting that light availability is a stronger driver of carbon assimilation. However, light-response curves showed that Espeletia grandiflora exhibited higher potential carbon uptake during the dry season, while C. tessellata had greater uptake during the rainy season. Statistical analyses indicated that light was the primary factor influencing An in both seasons, though temperature and vapor pressure deficit also played a role for C. tessellata in the rainy season. The combination of high solar radiation and elevated leaf temperatures in the dry season facilitated greater carbon assimilation, particularly in E. grandiflora. In contrast, the cloudier conditions of the rainy season limited photosynthesis despite reduced water stress. Although C. tessellata exhibited high An during the dry season, it appeared vulnerable to high radiation and desiccation. These findings emphasize that cloud cover and light availability, rather than water stress alone, are key drivers of páramo plant carbon uptake, with important implications for predicting climate change effects in high-altitude ecosystems.
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1 Introduction

Seasonal climate changes strongly influence carbon fixation, resource allocation and plant growth. In temperate and boreal regions, seasonality is primarily driven by temperature and day length. In contrast, tropical regions experience low monthly mean air temperature variation and solar radiation is stable year-round (Sarmiento, 1986). However, seasonality plays a crucial role in the tropics, largely dictated by seasonal precipitation changes driven by the northward and southward movement of the Intertropical Convergence Zone (Asmerom et al., 2020; Yuan et al., 2023). Therefore, tropical seasonality differs from that in the temperate and boreal zone, with large seasonal variations in precipitation, cloud occurrence, and incident sunlight (Sanchez et al., 2018; Hughes et al., 2024).

Except for the wettest or driest regions in the Neotropics, heavy rainfall alternates between rainy and dry seasons, either unimodal or bimodal (Sarmiento, 1986). High and dark cloud cover prevails during rainy seasons, leading to reduced incident sunlight, high soil water availability, relatively constant air temperatures (Tair), high relative humidity (RH) and thus, low vapor pressure deficits (VPD) (e.g., Sarmiento, 1986; Smith and Young, 1987; Sanchez et al., 2014, 2018; Hughes et al., 2024). Opposite conditions such as low cloudiness and clear skies, high radiation (or photosynthetic photon flux density; PPFD), low soil water availability, low RH and more extreme air and leaf temperature fluctuations occur during the dry season (Sanchez et al., 2018; Hughes et al., 2024). These conditions can impose water stress and expose plants to low nighttime temperatures, which may limit carbon assimilation.

Seasonal contrasts are more pronounced in extreme environments such as tropical high-altitude ecosystems, located above the tree line at elevations above 3000-3500 m (Sayre et al., 2020). Here, plants endure multiple stressors, including low mean annual temperature (~10°C), frequent frosts (more common in the dry season), high solar radiation, strong winds, as well as temporally variable sunlight regime (Sarmiento, 1986; Rada, 2016; Sanchez et al., 2018). Moreover, stressors vary depending on the season. During the dry season, plant growth may be limited by reduced soil water availability, high VPD, PPFD and Tair, while cold nights can cause photoinhibition by reducing the photochemical efficiency of PSII (Jordan and Smith, 1995). In contrast, insufficient sunlight due to high cloud cover, and suboptimal temperatures for photosynthesis may constrain growth during the rainy season.

The páramo ecosystem of the Northern Andes is of critical importance for the multiple ecosystem services provided (e.g., Buytaert et al., 2011; Benavides et al., 2018; Diazgranados et al., 2021). For example, this ecosystem provides most of the drinking water and hydropower to numerous and highly populated municipalities in Colombia. Biodiversity in this highly diverse ecosystem is also under threat (Madriñán et al., 2013; Peyre et al., 2020; Wheatly et al., 2023). Therefore, understanding how the vegetation responds to the current seasonal variations and stresses is essential for better predicting the impacts of climate change, including rising temperatures and intensified droughts.

Climate models predict that increasing temperatures will displace páramo ecosystems to higher elevations (Buytaert et al., 2010; Feeley et al., 2020; Freeman et al., 2021). These predictions are based on what we know about the response of respiration and photosynthesis to increases in temperature (Berry and Björkman, 1980; Yamori et al., 2013), as well as palynological records of past plant distributions (e.g., Van der Hammen and Hooghiemstra, 2000; Hooghiemstra and van der Hammen, 2004; Morueta-Holme et al., 2015; Flantua and Hooghiemstra, 2018). However, past climate change occurred under different conditions to the ones we have today. Thus, more studies are needed on species and site-specific responses to seasonality.

Here, we examine how temperature, sunlight and precipitation influence carbon assimilation and water stress in a Colombian páramo that provides ca. 70% of the drinking water to the ca. 8 million people capital city, Bogotá (Buytaert et al., 2011). The páramo we studied is characterized by a short three- to four-month dry season and therefore, we hypothesize that water stress during this season would be the primary limiting factor for plant carbon assimilation. Previous studies in Venezuelan páramos have shown that the dry season reduces photosynthesis due to low soil water availability and the concomitant reduction in stomatal conductance (e.g. Rada, 2016). Our aim is to identify the ecophysiological bases driving seasonal differences in photosynthetic carbon assimilation.




2 Materials and methods

To understand which climatic conditions may limit carbon assimilation in the páramo of Chingaza National Park, we recorded key ecophysiological in situ measurements in two dominant species of the Colombian páramo, over 10 months, during both rainy and dry seasons. These measurements included environmental conditions experienced at the leaf level such as leaf temperature (Tleaf), incident sunlight (PPFDl), and vapor pressure deficit (VPDl). We also measured diurnal cycles of chlorophyll fluorescence (ϕPSII) and gas exchange, photosynthetic light response curves, and leaf water potentials (ψ) (see below). Measurements were recorded during three to four consecutive days per month to capture daily variations in the abovementioned parameters (N = 30 days, 11 during the rainy season and 19 during the dry season). Individual species leaf-level photosynthetic carbon fixation response to water stress during the dry season, or low incident sunlight during the rainy season were evaluated.



2.1 Study area

This study was carried out in the páramo of the Chingaza National Park (4°41′00.2′′N, 73°47′14.5′′W and 3655 m elevation) located ca. 66 km from Bogotá. Chingaza is considered a humid páramo, with the Eastern flank characterized by a unimodal precipitation regime with a rainy season lasting from approximately April through November and a shorter dry season from December to late February or early March (Cleef, 1981; Sarmiento, 1986). Mean annual precipitation between 1987 and 2014 was 2171 mm year-1, with years 2011 (2960 mm year-1) and 1994 (1843 mm year-1) considered as the rainiest and driest years, respectively. Mean monthly precipitation is three times higher during the rainy than during the dry season months (mean dry and rainy season monthly precipitation is 70 mm and 209 mm, respectively; p < 0.001) (Sanchez et al., 2018).

Mean annual air temperature at Chingaza varies between ca. 6 and 10.5°C with maximums close to 25°C and nighttime minimums several degrees below freezing (Cardenas et al., 2002; Sanchez et al., 2018). Diurnal temperature range is larger during the dry season, e.g. daytime maximum air temperature, and nighttime minimum during the rainy season rarely go below freezing (Tol and Cleef, 1994; Cardenas et al., 2002; Sanchez et al., 2018). Saturation water vapor pressure deficit of the air (VPD) and incident sunlight (photosynthetic photon flux density, PPFD) are substantially higher during the dry season, while windspeed is significantly lower. More details of climate at the Chingaza páramo can be found in Sanchez et al. (2018).




2.2 Study species

Two dominant species in the Chingaza páramo were chosen for this study: Espeletia grandiflora Bonpl. (Asteraceae) and Chusquea tessellata Munro (Poaceae) (Figure 1); both species grow sympatrically in the area and represent different functional strategies. Espeletia grandiflora is an endemic caulescent rosette of the Eastern Andes of Colombia that grows up to ca. 5 m in height, with leaves covered by a dense, white pubescence. These giant rosettes are characterized for their layer of marcescent leaves around the stem, which protects it from freezing temperatures. Additionally, the central stem contains a pith that stores water, helping the rosettes maintain favorable leaf water potentials even in conditions of limited soil water availability (Goldstein et al., 1984, Estrada et al., 1991; Monasterio and Sarmiento, 1991; Rada, 2016; Rada et al., 2019). Chusquea tessellata has a broad distribution from Venezuela to Ecuador between the elevations of ca. 2800 and 4300 m. This plant can grow up to 3 m in height and it is usually found in wet ecosystems (POWO, 2024). Growth rates for E. grandiflora are 6-8 cm/year (Fagua and Gonzalez, 2007); for C. tessellata growth rates are unknown.
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Figure 1 | Study area in the Chingaza páramo and the two species studied. (A) View of the study area with both species growing next to each other. (B) Close-up to Espeletia grandiflora (Asteraceae) a caulescent rosette dominant in this páramo. (C) Chusquea tessellata, a bambu from the family Poaceae common in humid páramos. Red asterisks indicate the model leaves where measurements were recorded.

All physiological measurements described below were recorded within 25 m of the weather stations described in Sanchez et al. (2018) during a 10-month period: December 2012 through May 2013, and November 2013 through February 2014.




2.3 Environmental conditions at the leaf level

Each month, we selected four healthy-appearing individuals per species and chose one fully mature, undamaged leaf per plant from the same approximate stem position to ensure similar age between individuals. We changed individual plants every month but consistently chose mature, healthy-appearing, fully expanded and south-facing leaves. A total of 40 leaves per species were monitored during the 10-month interval. For each individual leaf we continuously measured temperature (Tleaf) and incident sunlight (PPFDl), using fine-wire (36 ASU gauge), copper-constantan thermocouples and GaAsP light sensors (G1118 Hamamatsu) respectively, as described in more detail in Sanchez et al. (2018). Values for the vapor pressure deficit at the leaf level (VPDl) were obtained from each gas exchange measurement (see below) based on Tleaf, saturation vapor pressure, and vapor pressure in the sample chamber (Equations 14-24 and 14-21, LiCor LI-6400XT instruction manual).




2.4 Diurnal cycles of photosynthetic gas exchange and chlorophyll fluorescence

On all sample days, we measured leaf net photosynthesis to characterize the daily cycle and seasonal differences, at approximately 2 h intervals between 0700 and 1500 h, and at 1600 h using a LiCor LI-6400XT Portable Photosynthesis System (LiCor, Lincoln, NE) equipped with a clear chamber. Measurements were made on leaves of marked individuals (N = 4 for each species per month) in their natural orientations and in leaves with the Tleaf and PPFDl sensors attached. Therefore, a total of six spot measurements we recorded per day, per leaf. Air temperature inside the measurement chamber was kept at ambient values and reference CO2 was maintained at 400 ppm. Relative humidity was also held at or near ambient values (<10% deviation), but downward adjustments of RH were more frequent during the rainy season due to high humidity alerts in the gas exchange system. In some cases, C. tessellata leaves did not cover the entire area of the chamber. In those cases, leaves were marked in the places where gas exchange was recorded and at the end of the sampling period were harvested and taken to the laboratory for leaf area determination. One sided leaf area was measured using a high resolution scanner (HP Scanjet G4050) and the software ImageJ (Schneider et al., 2012). We then used the measured leaf areas within the gas exchange calculations.

Measurements of chlorophyll a fluorescence were done to determine the chlorophyll fluorescence or maximum quantum yield of PSII (ϕPSII) in dark-adapted (predawn only) and light-adapted (all daytime measurements) states. PSII is one of the most sensitive parts of the photosynthetic apparatus, and as the capacity to process light decreases, fluorescence is one of the mechanisms to decrease unused energy (Braun et al., 2002). ϕPSII is measured through the Fv/Fm ratio, used to evaluate the efficiency of photosynthesis and serves as proxy to photosynthetic activity (Krause et al., 2010). Reduced values of ϕPSII indicate stress, photosynthesis downregulation and photoinhibition (Bartold and Kluczek, 2024), which can translate into a decline in net carbon assimilation (Dujardyn and Foyer, 1990). Fluorescence measurements can thus provide key information on stress related to seasonality and the diurnal cycle. These measurements were made on the same days as gas exchange using a PAM fluorometer (model FMS-2, Hansatech Instruments, Norfolk, UK), emitting an amber (594 nm) saturating pulse of 2 s long, 3 mmol m-2 s-1, at approximately 0530 (predawn), and every two hours through 1700 h. For the light-adapted measurements, the quantum yield efficiency of PSII in the light (or F’v/F’m) was measured by placing the measurement clip in an open position and recording F’v/F’m (or [F’m – F’O]/F’m) immediately after a 1–2 second dark period, following the protocol described in Hughes et al. (2014).

For all statistical analyses, we first tested data using the Shapiro–Wilk test (normality determined as p > 0.05) and Levene test. Because normality criteria were not met after transformations, means of the dry and the rainy season were compared using the Mann-Whitney test. Mean net photosynthesis (An), intercellular CO2 concentration (Ci), stomatal conductance (gs), transpiration (E) and water use efficiency (WUE = An/E), as well as ϕPSII for the dry and the rainy season data were analyzed separately for E. grandiflora and C. tessellata. Rain events occurred during both seasons but were most frequent during the rainy season; when leaves were visibly wet from rainfall, those measurements were excluded from the analyses of gs, E, and WUE. All tests were accomplished using R version 4.1.2 (R Core Team, 2021). Statistical significance was determined at p < 0.05.




2.5 Photosynthetic light response

To determine the influence of PPFD on A, light response curves were measured for each species using the LiCor LI-6400XT equipped with a red/blue light source (6400-02B LED, LiCor). Measurements were taken between 0900 and 1100 h on the same leaves for which gas exchange measurements were taken. Experimental PPFD values used were: 2000, 1500,1000, 750, 500, 300, 200, 100, 50, 25, 10, and 0 μmol m-2 s-1. Measurements began at the maximum PPFD and decreased stepwise allowing 2-3 min acclimation between measurements. Photosynthetic quantum use efficiency (quantum yield, in μmol m-2 s-1 CO2/μmol m-2 s-1 PPFD) was calculated as the slope of the best-fit regression line, for the linear portion between 0 and 300 μmol m-2 s-1 PPFD. To determine whether each species light response of photosynthesis differed between the dry and rainy season, regressions for all PPFD values were compared using one-way ANCOVA, with light intensity and season used as continuous co-variables. Statistical analyses were applied using R and p < 0.05. For the dry season, four individuals per species and per month were measured (during six months), accounting for a total of 24 light response curves. Given that the environmental conditions during the rainy season were particularly difficult to obtain reliable gas exchange measurements, we could only measure four individuals per species during April of 2013.

The photosynthetic light response curves were obtained by fitting a non-rectangular hyperbola given by the following equation (Thornley, 1976):
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where An is net CO2 assimilation, I is instantaneous PPFD incident on the leaf, f is the apparent quantum yield, Asat,g is the light saturated rate of gross assimilation, θ is the curvature, and Rd is foliar dark respiration (Equation 1). These four parameters were estimated with R using a numerical optimization method based on a Nelder–Mead, quasi-Newton and conjugate-gradient algorithm. The specific method used was “L-BFGS-B” (Byrd et al., 1995), which is programmed in the package optim.




2.6 Leaf water potential

Under a marked precipitation seasonality and high evaporative demand during the dry season, plants in Chingaza páramo are under a limited water availability during three to four months per year (~December to March). Leaf water potential (ψ) measures the potential energy of water relative to pure water and is an important metric of plant water status. Water stress may cause plants to close their stomata and this closure may cause reductions in net photosynthetic rates, which affects plant growth and survival (Rada et al., 2012, 2019). To capture daily and seasonal differences in plant water status, we measured ψ on the same days as photosynthetic gas exchange measurements, in the morning between 0600 and 0700 h, at midday between 1200 and 1300, and in the late afternoon between 1630 and 1730 for both E. grandiflora and C. tessellata (N = 3 per month per species). South-facing leaves used for ψ measurements were chosen randomly from the field site, close to the same individual plants undergoing gas exchange measurements. For each ψ measurement, a leaf was excised from the plant using a razor blade and immediately (within <1 min) placed in a Scholander-Hammel pressure chamber (1000 model, PMS Instruments, Corvallis, OR) to estimate ψ. Data were tested for normality and when data could not be transformed to achieve normality, means of the dry and the rainy season were compared using the Mann-Whitney test in R.




2.7 Relationships between environmental and gas exchanges variables

Using the diurnal cycles of An, we also evaluated the variation of leaf An with leaf temperature (Tleaf), vapor pressure deficit (VPDl) and incident sunlight (PPFDl). Additional relationships between An and other gas exchange variables such as Ci (an indication of the balance between liquid phase and gas phase conductances to CO2), gs and E, as well as ϕPSII and ψ were also examined. We also tested the relationship between VPDl and gs. The association between An and ψ was evaluated by approximating ψ at the next measurement time of An, that is 0600 h to 0700 h, 1200 to 1300 h and 1700 to 1600 h. The statistical strength of these relationships was evaluated using the Spearman rank correlation analysis.

Additionally, a single multiple linear regression model was used to evaluate how all the abiotic factors (Tleaf, PPFDl and VPDl) relate with An, for each species and season. For the rainy season, the data were log-transformed for both species to meet the assumptions of linear models.





3 Results



3.1 Seasonal patterns in gas exchange

Daytime leaf temperatures (Tleaf) were significantly higher during the dry than during the rainy season in both species (W = 27961, p < 0.001; 16.3 versus 13.8°C in C. tessellata and W = 33338, p < 0.001; 15.6 versus 13.0°C in E. grandiflora) with maximum values occurring near noon (Figure 2). Leaf level incident sunlight (PPFDl) was also significantly higher during the dry than during the rainy season in both species (p < 0.001; Figure 2) (W = 27315; 569 and 252 μmol m-2 s-1 in C. tessellata and W = 32622; 613 and 257 μmol m-2 s-1 in E. grandiflora).

[image: Graphs showing the diurnal patterns of various physiological and environmental parameters for E. grandiflora and C. tessellata under dry and rainy conditions. Each panel corresponds to a different parameter: T_leaf, PPFD_I, VPD, A, g, E, and WUE, measured from 7 to 17 hours. Dry conditions are represented by gray lines and rainy conditions by black lines, with significant differences indicated by asterisks.]
Figure 2 | Measured leaf temperature (Tleaf), photosynthetic photon flux density at the leaf (PPFDl), vapor pressure deficit at the leaf (VPDl), photosynthetic carbon gain per unit leaf area (An), water vapor stomatal conductance (gs), evapotranspiration (E) and instantaneous water use efficiency (WUE = An/E) for the dry (grey) and rainy (black) seasons in E. grandiflora and C. tessellata. Values for time intervals correspond to means of 3-4 days per month ± S.E.; the dry season comprises six measurement months while the rainy season, four. Significant differences are indicated: *p < 0.05; **p ≤ 0.01.

An was highest during the dry season for both studied species (Figure 2). On average, An for E. grandiflora was 6.0 and 3.4 μmol m-2 s-1 (W = 31051, p < 0.001), while An for C. tessellata was 3.9 and 3.3 μmol m-2 s-1 (W = 22719, p < 0.05) during the dry and the rainy season, respectively. Despite increased water stress in the dry season, carbon assimilation (An) was significantly higher in both species. Maximum An values in E. grandiflora occurred at 1300 h in both the dry (24.1 μmol m-2 s-1) and rainy season (12.1 μmol m-2 s-1), while in C. tessellata, these maxima also occurred at 13 h in both seasons but rainy season values where higher (13.8 and 15.5 μmol m-2 s-1, respectively).

Water vapor conductance from the leaf, a close estimate of stomatal conductance to water vapor (gs), was significantly higher during the rainy (0.16 and 0.20 mol m-2 s-1 for C. tessellata and E. grandiflora, respectively) than during the dry season (0.09 and 0.15 mol m-2 s-1 for C. tessellata and E. grandiflora, respectively) (W = 6765, W = 7217 for C. tessellata and E. grandiflora, respectively; p < 0.001; Figure 2). Figure 2 also shows that mean transpiration (E) had a pattern similar to gs in both species, with an increase at 15 h. However, E was not significantly different (p > 0.05) between seasons in C. tessellata (W = 10352; 1.05 vs. 1.12 mmol m-2 s-1 in the dry and rainy season, respectively). In contrast, in E. grandiflora there were significant differences in E between seasons (W = 11173, p < 0.001), with higher values (1.47 mmol m-2 s-1) in the dry season compared to the rainy season (1.16 mmol m-2 s-1) (Figure 2). There were no significant differences (p > 0.05) in water use efficiency (WUE) between the dry and rainy season in either E. grandiflora or C. tessellata (W = 9882 and W = 11798; Supplementary Figure 1). WUE was more strongly related to An and in some cases, there was no significant relationship between WUE and E (dry season for E. grandiflora; Supplementary Figure 1). During the rainy season the intercellular CO2 concentration (Ci), was significantly higher (p < 0.01; results not shown). Mean Ci for E. grandiflora was 309 and 339 ppm in the dry and rainy season (W = 6330), respectively, and in C. tessellata 303 and 344 ppm (W = 5869).

Figure 3 shows that predawn ϕPSII was similar in the dry and the rainy season for both species, 0.88 and 0.83 for E. grandiflora (W = 35881) and 0.77 and 0.74 for C. tessellata (W = 39331), respectively. The dry season had significantly lower average values of daytime ϕPSII in both species (p < 0.001), although, E. grandiflora had higher values (0.72) than C. tessellata (0.60). In both species there was a marked decrease in ϕPSII at 7 and 9 h, and a recovery after 13 h. The absolute minimum and lowest mean of ϕPSII was 0.24 and 0.54 in C. tessellata and occurred at 15 h. In E. grandiflora these values were 0.31 and 0.67 at 13 h (Figure 3).
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Figure 3 | Quantum use efficiency of the photosystem II (θPSII) for E. grandiflora and C. tessellata during the dry and rainy seasons. Values from 7 to 17 h correspond to light-adapted Fv/Fm measurements. Values for time intervals correspond to means of 3-4 days per month ± S.E.; the dry season comprises six measurement months while the rainy season, four. Significant differences are indicated as * (p < 0.05) and ** (p ≤ 0.01).




3.2 Seasonality in photosynthetic light response

ANCOVA analysis of photosynthetic light-responses showed that A was significantly related to PPFD in both species (F = 396 and 537.3 for C. tessellata and E. grandiflora, respectively; p < 0.001), but there was no significant difference between seasons (F = 2.56 and 2.84 for C. tessellata and E. grandiflora, respectively; p > 0.05; Figure 4). These results indicate that if PPFD is not limiting, photosynthesis (A) does not differ between seasons. Espeletia grandiflora had higher A values than C. tessellata with an absolute maximum A at 2000 μmol m-2 s-1 (Asat) of 34.6 μmol m-2 s-1 in the dry season and 15.3 μmol m-2 s-1 in the rainy season (results not shown). Mean Asat (at 2000 μmol m-2 s-1) during the dry season was 17.2 μmol m-2 s-1 and 13.3 μmol m-2 s-1 during the rainy season for E. grandiflora (Figure 4). Highest Asat values in C. tessellata occurred during the dry season (16.2 μmol m-2 s-1 compared to 11.9 μmol m-2 s-1 during the rainy season; results not shown). However, mean Asat was similar in both seasons (10.1 μmol m-2 s-1 in the dry and 10.0 in the rainy season; Figure 4). Figure 4 also shows that leaf dark respiration values obtained from the light response curves were higher in E. grandiflora, compared to C. tessellata, with the absolute respiration of 3.0 μmol m-2 s-1 during the dry season and 2.2 μmol m-2 s-1 in the rainy season (results not shown), while mean respiration in the dry season was 1.5 and 1.6 μmol m-2 s-1 in the rainy season (Figure 4). In C. tessellata the lowest respiration values from the light response curves during the rainy season were 2.5 compared to 2.0 μmol m-2 s-1 in the dry season (results not shown); mean values were 0.9 and 1.0 μmol m-2 s-1 in the rainy and dry seasons, respectively (Figure 4). Quantum use efficiency was higher in E. grandiflora compared to C. tessellata and higher in the dry versus the rainy season (0.031 vs. 0.026 μmol m-2 s-1). In contrast, C. tessellata had higher efficiency during the rainy season (0.025 vs. 0.020 μmol m-2 s-1 for the dry season).
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Figure 4 | Light response of photosynthesis (A) for E. grandiflora and C. tessellata. All curves fit a non-rectangular hyperbola (see Equation 1). Dry season curves correspond to 24 curves while rainy season to four.




3.3 Seasonality in leaf water potential (ψ)

There was a significant difference in average daily ψ between seasons in C. tessellata (W = 1187, p < 0.001), with the dry season generating dryer (more negative) values. During the rainy season, mean ψ was -0.03 MPa, while it declined substantially to -0.3 during the dry season. Espeletia grandiflora had much more similar ψ values during both seasons, with a mean ψ of -0.06 for the rainy and -0.08 MPa for the dry season (W = 2862.5, p < 0.05). In C. tessellata, the lowest ψ values were at noon with markedly differences in minima between seasons (-0.43 MPa, dry season and -0.05 MPa, rainy season), while E. grandiflora had the lowest ψ (-0.10 MPa) at 17 h during both seasons. Overall, in Figure 5 shows that E. grandiflora had higher ψ values (less negative) than C. tessellata, especially during the dry season. These results suggest that C. tessellata is more sensitive to drought.

[image: Line graph comparing water potential (Ψ in MPa) of E. grandiflora and C. tessellata over time of day, in dry and rainy conditions. Both species show significant differences at certain times, indicated by asterisks. E. grandiflora shows a decrease over time, while C. tessellata shows a notable dip before increasing. Error bars are included.]
Figure 5 | Diurnal leaf water potentials (ψ) for the dry and rainy seasons in E. grandiflora and C. tessellata. Values for time intervals correspond to means of 3-4 days per month ± S.E.; the dry season comprises six measurement months while the rainy season, four. Significant differences are indicated as **(p ≤ 0.01).




3.4 Environmental and gas exchange relationships with An

Photosynthesis (An) (Figure 2) was significantly and positively correlated with PPFDl, Tleaf and VPDl (p < 0.01) in both species and seasons (Supplementary Table 1). However, this correlation was consistently stronger with incident sunlight (PPFDl), especially during the rainy season (rs = 0.90 and 0.81 in E. grandiflora and C. tessellata respectively). Although Tleaf and An were correlated, this relationship was, overall, not very strong during the dry season (rs = 0.34 and 0.18 in E. grandiflora and C. tessellata respectively). The correlation between VPDl and An was positive and significant in both species and seasons, but it was stronger during the rainy in E. grandiflora compared to the dry season (rs = 0.40 vs. 0.31). For C. tessellata the correlation was the same (rs = 0.19) in both seasons (Supplementary Table 1). The linear model showed that PPFDl was the only significant factor on An for C. tessellata and E. grandiflora during the dry season (r2 = 0.1 and r2 = 0.5, respectively; p < 0.0001) and for E. grandiflora during the rainy season (r2 = 0.7; p < 0.0001). During the rainy season, PPFDl and VPDl had a significant effect on An for C. tessellata (r2 = 0.6; p < 0.0001).

All correlations between Ci: An, and gs: An were mostly negative and significant (p < 0.0001), except for gs: An in C. tessellata during the rainy season (Supplementary Table 1). Interestingly, the relationship between An and gs was positively correlated during the dry season, but negatively correlated during the rainy season (Supplementary Figure 2). Other correlations such as An versus ϕPSII and An versus ψ were significant and negatively correlated in E. grandiflora during both seasons and in the rainy season for C. tessellata (Supplementary Table 1). These were not significant (p > 0.05) in C. tessellata during the dry season.





4 Discussion

We hypothesized that reduced precipitation during the dry season would decrease carbon assimilation in E. grandiflora and C. tessellata. However, both species exhibited higher assimilation in the dry season, suggesting that incident sunlight has a stronger influence on photosynthesis than water availability in this páramo ecosystem (Sanchez et al., 2018). Studies in the Venezuelan páramo have linked reduced precipitation to lower carbon assimilation (e.g., Rada, 2016; Rada et al., 2019), but our results in Chingaza show that sunlight is the primary limiting factor (Figures 2, 4). As shown in Sanchez et al. (2018), the dry season is characterized by higher solar radiation and air temperatures. These conditions resulted in higher carbon assimilation, especially in E. grandiflora, despite drier conditions (Figures 2, 5). However, our results also suggest that C. tessellata appears more vulnerable to desiccation and intense radiation during the dry season (Figures 3, 5).



4.1 Species level response to seasons

The species used in this study correspond to two very different plant families: Poaceae (C. tessellata) and Asteraceae (E. grandiflora). Both plant families are representative and dominant in the páramo ecosystem. However, C. tessellata is only present in humid páramos (POWO, 2024), differing from other Poaceae such as Calamagrostis and Festuca that are constitutive of the ecosystem (Peyre et al., 2015). However, E. grandiflora and C. tessellata responded similarly in that both species had higher Tleaf, An and E, along with lower gs and ϕPSII during the dry season, compared to the rainy season (Figure 2). Even though the weather conditions during the dry season are more extreme (Sanchez et al., 2018), both species fixed more carbon during this season. Therefore, under the ca. nine months of rainy season typical of Chingaza, there may be a stronger limitation to A from cloud cover and lower incident sunlight (PPFD) than either temperature or precipitation.

We expected our results to agree with findings from other studies from the páramo in Venezuela. However, Venezuelan páramos receive less precipitation, in general, compared to the Colombian páramos (Llambí and Rada, 2019; Rada et al., 2019). Additionally, the dry season in Venezuelan páramos lasts longer than in Chingaza (four vs. three months), and it is the main limiting factor for plant growth, reproduction and survival (Monasterio, 1980). The more extreme dry season conditions in Venezuela could result in higher water conservation (i.e., stomatal closure) at the expense of carbon assimilation. Therefore, different life forms in Venezuela (e.g., giant rosettes, forbs, shrubs and trees) consistently show higher carbon assimilation during the rainy season (e.g., Rada et al., 1996; Rada et al., 1998, 2012, 2019).

Despite the more extreme conditions of the Venezuela páramos, reported average An values there exceed those reported in this study. For instance, giant rosettes of Espeletia have average An of 6 μmol m-2 s-1 (Rada, 2016; Rada and Navarro, 2022), compared to 5.3 μmol m-2 s-1 in E. grandiflora in Chingaza. Chusquea species in Venezuelan páramos registered An values between 5–8 μmol m-2 s-1 (Ely et al., 2019), while C. tessellata in this study averaged 3.75 μmol m-2 s-1. Interestingly, light response curves (LRCs) in C. tessellata remained stable across seasons, saturating at ca. 1500 μmol m-2 s-1, while E. grandiflora showed seasonal differences (Figure 4). This suggests that in E. grandiflora, light (PPFD) may limit carbon assimilation more than in C. tessellata, contrasting with previous findings in the Colombian páramo where light was not considered limiting (different species from this study; García-León, 2015).

Stomatal conductance (gs) in Venezuelan páramos is generally low for giant rosettes and other dominant species (Goldstein et al., 1984, 1989; Rada et al., 1998, 2012; Sandoval et al., 2019). During the dry season, mean gs for five species at 3600–4200 m.a.s.l was 0.05 mol m-2 s-1 (Rada et al., 2019), while in this study, E. grandiflora at 3600 m was three times higher (0.15 mol m-2 s-1). For the rainy season, E. grandiflora maintained higher gs values (0.20 mol m-2 s-1) compared to Venezuelan giant rosettes (0.11 mol m-2 s-1). This likely reflects higher water availability in Chingaza (ca. 2171 mm annual precipitation; Sanchez et al., 2018) compared to Venezuelan páramos (760-1360 mm; Llambí and Rada, 2019; Rada et al., 2019). Higher gs suggests that E. grandiflora can maintain higher stomatal opening, potentially allowing carbon assimilation under less water-limited conditions.

Higher chlorophyll fluorescence (ϕPSII) in the rainy season indicates less light stress compared to the dry season, a pattern also observed in high altitude ecosystems during cloud immersion (Sanchez et al., 2014; Hughes et al., 2015; Leon-Garcia and Lasso, 2019). This decline in ϕPSII was significantly correlated with lower Anet (except for C. tessellata during the dry season), suggesting that drier conditions (IPCC, 2021) and/or less cloud cover (Hughes et al., 2024) could intensify photoinhibition, potentially limiting net carbon assimilation.

Giant rosettes in Chingaza maintained higher leaf water potentials (ψ) compared to Venezuelan páramos, with values in E. grandiflora above -0.15 MPa at peak dry seasons (Figure 5). In contrast, values reported in Venezuela were -0.5 to -1.0 MPa (Rada, 2016; Rada et al., 2019). This is likely due to adaptations such as stomatal regulation and water storage in the stem pith (e.g., Monasterio, 1986; Meinzer et al., 1994; Azócar and Rada, 2006; Rada, 2016), making them more resilient to changes in water availability. The bamboo C. tessellata reached minimum ψ values between -1.5 and -1.8 MPa during the dry season, similar to other Chusquea in Venezuela (Ely et al., 2019), suggesting more vulnerability to dry-season water stress. However, under current conditions, this does not significantly affect carbon assimilation (Figure 2).

Despite stronger seasonal drought in Venezuelan páramos, An values were higher than in Chingaza. This difference is likely driven by differences in sunlight availability, as Chingaza experiences persistent cloud cover, reducing incident sunlight (Sanchez et al., 2018; Hughes et al., 2024). Less sunlight may limit photosynthetic rates more than water availability in Chingaza páramo. Additionally, the species studied in Chingaza respond differently to seasonality, with C. tessellata —restricted to humid páramos— being particularly vulnerable. As climate change intensifies dry seasons and seasonal variability (Cresso et al., 2020), these sensitive species could serve as indicators of drought and light stress, offering insight into future impacts on carbon assimilation.




4.2 The importance of understanding seasonal response patterns

The seasons in the tropical high-altitude páramo provide insight into how varying weather conditions throughout the year influence carbon assimilation. Therefore, studying the ecophysiology of representative species under these contrasting seasons can provide key data for making more accurate predictions of the possible consequences of future climatic change. In the Northern Andes of Colombia, these changes include an increase in temperature (Buytaert et al., 2011; Pabón-Caicedo et al., 2020), wide uncertainties regarding the precipitation, with a -17 to +15% changes (Ruiz-Carrascal, 2023) and a higher frequency and intensity of extreme events such El Niño Southern Oscillation (ENSO) (Pabón-Caicedo et al., 2020; IPCC, 2021).

The ecophysiological effects of changes in temperature and precipitation characteristic of the temperate and boreal regions have received, by far, most of the attention in the literature (e.g., Cunningham and Read, 2002; Feeley et al., 2017), while tropical ecosystems remain poorly studied. Moreover, differences in sunlight regimes and concomitant cloud cover have received even less attention in the literature (Hughes et al., 2024), despite being a central factor for the carbon budget of plants. Our findings suggest that light availability, rather than water stress, plays a dominant role in páramo carbon assimilation in Chingaza (Colombia). This could also be the case for other humid páramos in Colombia or other high altitude tropical ecosystems, or even elsewhere where future climate change scenarios project more precipitation, which also means cloudier conditions (e.g., Pabón-Caicedo et al., 2020; Hughes et al., 2024; Rubiano et al., 2025). Future conservation efforts should focus on understanding how shifting cloud regimes, rather than precipitation alone, will shape plant responses in these ecosystems.

If the dry seasons become drier or if the frequency and intensity ENSO increases (e.g., Cresso et al., 2020), species such as the bamboo C. tessellata may be more at risk. More precipitation and thus, more cloud cover could, on the other hand, impose carbon assimilation limitations on the giant rosette E. grandiflora. Given that most páramo plants can withstand broad temperature changes between ca. -5 C to 25°C in a single day (Sanchez et al., 2018; Rada et al., 2019), temperature alone does not seem as the most important abiotic factor determining the distribution and survival of these plants. Additionally, evidence from Venezuela has shown that several species are operating below their optimal photosynthetic temperature (Rada et al., 1992; Cabrera et al., 1998; Rada, 2016).

Changes in the ecosystem’s vegetation associated with the susceptibility of individual species to future climate change will likely result in new mixed communities (Young et al., 2011; Lurgi et al., 2012; Mavárez et al., 2019; Peyre et al., 2020; Caballero-Villalobos et al., 2021; Duchicela et al., 2021; Peyre, 2022). In these communities we would expect to have plants from the upper Andean forest coexisting with páramo species, as well as an increase in invasive species. This has the potential to impact biodiversity conservation, and important services such as carbon storage and water supply for cities, agriculture and hydropower (Buytaert et al., 2011). However, to understand these potential impacts, it is necessary to conduct studies in other locations and including more species. Additionally, measuring cloud cover to understand the impacts of radiation (Hughes et al., 2024) as well as experiments addressing the impacts of drought are necessary. Although páramo plants have been shown to have high heat tolerance (e.g., Leon-Garcia and Lasso, 2019), more information is needed on their response to increasing temperatures as well as the response to CO2 (e.g., A-Ci curves). Therefore, more in situ experiments will provide valuable information about the possible response of the páramo ecosystem to climate change.
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The increasing atmospheric nitrogen deposition, characterized by a rising proportion of nitrate nitrogen (NO3⁻-N), is exacerbating the spread of invasive plant species. Despite this trend, the response mechanisms of Mikania micrantha, a highly invasive plant, to NO3⁻-N remain poorly understood. This study investigates the unique adaptation strategies of M. micrantha to elevated NO3⁻-N levels, providing novel insights into its invasive success under changing nitrogen deposition patterns. Field experiments showed that M. micrantha rhizosphere soil contained higher NO3–N content and protease activity compared to companion plants (Paederia scandens, Ipomoea nil, and Ipomoea cairica). Both roots and stems of M. micrantha had higher NO3–N content and demonstrated stronger nitrogen metabolism capabilities. Pot experiments further showed that increasing NO3⁻-N concentrations (0 mM–40 mM) significantly promoted M. micrantha growth, with optimal phenotypic responses (main stem length, leaf number, branch number, and biomass) observed at 5 mM NO3⁻-N. Nitrogen metabolism enzyme assays revealed that nitrate reductase (NR), nitrite reductase (NiR), glutamate dehydrogenase (GDH), and free amino acid content increased progressively with NO3⁻-N concentration. Transcriptome sequencing and qPCR analyses identified upregulation of key genes related to transcription factors, nitrate transporter-related, nitrogen metabolism enzyme, and amino acid synthesis pathway. These findings demonstrate that M. micrantha employs a multifaceted strategy to exploit elevated NO3⁻-N conditions: enhanced NO3⁻-N uptake from soil, efficient transport to stems, and robust nitrogen metabolism facilitated by coordinated gene expression. This study reveals the adaptation mechanisms of M. micrantha to NO3⁻-N enrichment, offering critical insights for predicting and managing invasive species responses to global atmospheric nitrogen deposition changes. The results highlight the importance of considering nitrogen composition, rather than just quantity, in invasive species management strategies.
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Introduction

Since the industrial revolution, human activities such as fertilizer application and fossil fuel combustion have significantly increased atmospheric nitrogen deposition (Stevens et al., 2011). China has become one of the three major high nitrogen deposition areas in the world. Data indicates that anthropogenic nitrogen production was 18.3 Tg N in 1980, which doubled by 2010 to 53.9 Tg N (Gu et al., 2015). Nitrogen is an essential nutrient for plant growth and development, with its demand significantly increasing compared to other elements (Toor et al., 2021). While high nitrogen deposition typically increases soil nitrogen availability and stimulates plant growth (Dong et al., 2022), excessive nitrogen can cause a range of ecological problems. These include impacts on human health, alterations in biogeochemical cycles, shifts in ecosystem structure and function, and even the potential extinction of species (Chen et al., 2020; Jia et al., 2020; Zhao et al., 2021). Ammonium-nitrogen (NH4+-N) and nitrate-nitrogen (NO3–N) are the two main inorganic nitrogen forms absorbed by plants (Wang et al., 2021). NO3–N deposition primarily originates from industrial and transportation fossil fuel emissions (Galloway et al., 2004), whereas NH4+-N deposition is largely derived from artificial fertilizers and livestock farming (Behera et al., 2013). Research indicates that the RNHx/NOy ratio in nitrogen deposition has been decreasing in China, due to an ongoing increase in NO3–N deposition alongside a decrease in NH4+-N deposition. This marks a transition from the previous NH4+-dominant nitrogen deposition mode to a new mode where NH4+-N and NO3–N deposition contribute equally (Zhu et al., 2015; Yu et al., 2019). Therefore, in the context of global nitrogen deposition, especially the alteration of nitrogen deposition components (RNHx/NOy), controlling the invasion of exotic plants has become an urgent priority (Shuvar and Korpita, 2021).

Biological invasions not only threaten the abundance and diversity of native species but also alters the carbon and nitrogen cycles in ecosystems, thereby affecting their structure and function. Increased nitrogen deposition significantly accelerates the growth and spread of nitrophilous plants, which can lead to the exclusion of plants with lower nitrogen requirements from the community, ultimately causing their decline or even extinction. Numerous studies indicated that nitrogen fertilization favored the growth and invasion of exotic species (Bobbink et al., 2010; Antonio and Mack, 2006). Eller and Oliveira (2017) found that the invasive plant Melinis minutiflora exhibited a stronger competitive advantages and interfered with the uptake of nitrogen by native specie Aristida adscensionis, making it more beneficial in high-nitrogen environments. Additionally, Peng et al. (2019) reported that nitrogen addition increased the leaf lifespan, plant height, and early flowering of the invasive plant Solidago canadensis. Invasive species typically exhibit excellent phenotypic plasticity and resource use efficiency compared to native species (Vaz-Pinto et al., 2014), enabling them to survive even under stressful conditions. Furthermore, studies suggested that different plants exhibit varied responses and preferences for different nitrogen forms (Yousaf et al., 2016; Qian et al., 2021; He et al., 2021). The invasive species Wedelia trilobata exhibited better adaptation to environmental conditions with an NH4+-N/NO3–N ratio of 2:1 through faster growth and antioxidant defense system compared to Wedelia chinensis (Huang et al., 2022). Under elevated NH4+-N levels, the invasive species Phyllostachys edulis demonstrated superior growth, nitrogen uptake and NH4+-N tolerance compared to Castanopsis fargesii, thereby facilitating its expansion (Zou et al., 2020). The invasive plant Flaveria bidentis exhibited an increase in plant height and branching under high ammonium cultivation conditions (Huangfu et al., 2016). Conversely, some studies suggested that invasive plants such as Amaranthus retroflexus and Bidens pilosa exhibit better growth advantages in habitats with higher NO3–N level (Wang et al., 2018; Chen and Chen, 2019). However, most researchers have primarily focused on the physiological and ecological responses of invasive plants to nitrogen deposition and its various forms, leaving the invasion mechanisms of exotic plants remain unclear.

Mikania micrantha (Asteraceae family), native to Central and South America, has become widespread in Asia and the Pacific Islands and is listed as one of the world’s top 100 most threatening alien invasive species. Due to its rapid growth and strong adaptability, it can quickly colonize invaded areas, causing significant damage to local ecosystems and severe economic losses (Day et al., 2016). The rapid growth of stem is an important characteristic of M. micrantha, with certain photosynthetic activity (Cai et al., 2023; Liu et al., 2020) and stress resistance (Chen et al., 2024; Zhang et al., 2019), playing an important role in its rapid invasion process. Fang et al. (2021) found that M. micrantha has expanded rapidly in terms of invaded area over the past 30 years. It is predicted that in the 2050s and 2070s, M. micrantha will continue to rapidly spread from Yunnan and Guangdong provinces towards the northern regions and inland areas. Therefore, understanding the mechanisms facilitating the rapid growth of M. micrantha is crucial for the effective control of invasive plant species. Studies have shown that as CO2 concentrations and nitrogen deposition rose, the invasive potential of M. micrantha increased (Zhang et al., 2016). Compared to native plants Polygonum chinense and Paederia scandens, M. micrantha demonstrated strong competitive resource utilization capabilities in terms of nitrogen acquisition and soil nitrogen mineralization (Yu et al., 2021). Liu et al. (2020) found that NH4+-N significantly increased in soil after the invasion of M. micrantha, but NO3−-N content significantly decreased. These results suggested that M. micrantha possesses a strong ability to acquire nitrogen, potentially exhibiting preferential selection for the NO3–N. Hence, we propose a hypothesis that, in the context of increasing global nitrogen deposition, particularly with the continuous increase of NO3−-N deposition, the rapid growth of M. micrantha may enhance nitrogen utilization efficiency in the main form of NO3− by regulating the expression levels of key genes or proteins involved in NO3−-N absorption, thereby accelerating its diffusion trend to the north and inland. Our study aims to improve the management of M. micrantha invasion control in the context of global change in the future.





Materials and methods




Plant collection and cultivation

The naturally growing M. micrantha and associated plants (P. scandens, Ipomoea nil, and Ipomoea cairica) were used for the identification of nitrogen absorption patterns. Samples were collected from the South China Normal University botanical garden in Guangzhou, China (23°10′N, 113°21′E) during growing season (July–August). Stems from the first to the fourth internodes of M. micrantha and its associated plants were collected for physiological data determination. The rhizosphere soil of plant was collected and stored at 4°C.

Control experiment starting from seed germination was carried out to observe the response of stems under different NO3−-N concentrations. Seeds of M. micrantha and P. scandens were placed in a constant temperature incubator (12h/12h light-dark cycle, light intensity of 100–120 mmol m-2 s-1, day/night temperature of 25 ± 1 °C). After 1–2 weeks of cultivation, healthy seedlings were selected and transplanted into pots. The cultivation substrate consisted of a mixture of Arabidopsis soil and vermiculite in a 3:1 ratio. After one month of cultivation, M. micrantha and P. scandens with consistent growth were selected for nutrient solution cultivation experiments. Samples with similar growth were divided into 6 groups, and were treated with modified Hoagland nutrient solutions with 0, 0.5, 5, 10, 20, and 40 mM NO3−-N respectively (Table 1). Fifteen repetitions were set for each group. Each group was treated for 30 days, with treatment every 3 days.

Table 1 | Modified hoagland nutrient solution.
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Analysis of basic growth indicators

Plant main stem length, leaf number, branching number, and axillary bud number were measured using a ruler every 3 days. Phenotypic changes were documented using a camera. Subsequently, the roots, stems, and leaves of each plant were separated, dried at 75°C for 72 hours, and weighed to record the biomass.





Soil physicochemical properties

Soil physicochemical properties, including pH, moisture content, NH4+–N and NO3−–N levels, and protease enzyme activity, were measured as follows: (1) Measurement of pH value and moisture content: Following the method by Yu et al. (2021), 5 g of fresh rhizosphere soil was mixed with 0.01 M CaCl2 solution, shaken, and extracted for 30 minutes. Soil pH was measured directly measured using a pH meter (ST3100, Ohaus Instruments (China) Co., Ltd.), and moisture content was determined after drying at 60°C. (2) Nitrogen content determination: Inorganic nitrogen forms (NH4+ –N and NO3−–N) were extracted from fresh soil using 2 M KCl solution (Yu et al., 2021). NH4+–N was quantified using the indophenol blue colorimetric method, with absorbance measured at 625 nm. NO3−–N was measured directly via UV spectrophotometry. Standard curves were prepared using ammonium sulfate ((NH4)2SO4) for NH4+–N and potassium nitrate (KNO3) for NO3−–N. (3) Protease enzyme activity determination: Protease enzyme activity was determined using the sodium caseinate method (Ladd and Butler, 1972). Fresh soil (2.5 g) was incubated with Tris buffer (pH=8.1) and 2% sodium caseinate solution at 50°C for 2 hours. After adding 15% TCA solution and filtering, the supernatant was mixed with alkaline reagent and Folin’s reagent. Absorbance was measured at 700 nm, and a standard curve was prepared using sodium caseinate.





Determination of nitrogen content and nitrogen metabolism enzyme activities in plant tissues

The nitrogen content (NO3−–N and NH4+–N) and key enzymes activities related to nitrogen metabolism, including nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate synthase (GOGAT) in plant tissues, were measured using reagent kits from Suzhou Koming Biotechnology Co., Ltd. The activity of GDH was determined according to the method described by Zhou et al. (2015). Fresh stem segments (third or fourth) and lateral roots (0.1 g) were homogenized in 1 mL extraction buffer (Suzhou Koming Biotechnology Co., Ltd.) with quartz sand in an ice bath. The homogenate was centrifuged at 10,000 ×g and 4°C for 10 min, and the supernatant was stored at 4°C for analysis. The 3 mL reaction mixture consisted of 2.6 mL of stock solution (115.4 mmol L-1 pH=8 Tris-HCl buffer, 23.1 mmol L-1 a-Ketoglutaric acid, 231 mmol L-1 NH4Cl), 0.1 mL CaCl2, and 0.1 mL ddH2O. After incubating at 30°C for 10 minutes, 0.1 mL of NADH and 0.1 mL of the supernatant were added. Absorbance values at a wavelength of 340 nm were measured every minute using a UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan). GDH activity were expressed as nmol min-1 g-1 FW.





Determination of free amino acid content

The free amino acid content was determined following Doi et al. (1981) with slight modifications.

Fresh stem segments (third or fourth) and lateral roots (0.1 g) were homogenized in 1.5 mL of 10% acetic acid with quartz sand in an ice bath. The homogenate was centrifuged at 12,000 × g and 4°C for 10 min to obtain the supernatant. A volume of 1 mL of the supernatant was mixed with 1 mL sodium acetate buffer (pH=5.4) and ninhydrin reagent, then heated in a boiling water bath at 100°C for 15 min. After cooling, 3 mL of 60% ethanol was added, followed by thorough mixing. The absorbance at OD570nm was measured using a spectrophotometer.





Analysis of transcriptome sequencing

To analyze the gene expression patterns of M. micrantha stems in response to different NO3−-N concentrations, the third to fourth internodes of stems at 0 mM and 5 mM were selected for transcriptomic sequencing. Total RNA extraction and library construction were conducted using the Spin Column Plant Total RNA Purification Kit (Sangon, Shanghai, China.) and the HiPure Total RNA Mini Kit (Magen), respectively. RNA integrity and purity were assessed using agarose gel electrophoresis and UV spectrophotometry. Qualified RNA were subjected to library construction using the Novogene NGS RNA Library Prep Kit. The quality of the constructed libraries was evaluated using the Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System, followed by sequencing on the IIIumina HiSeq 4000 platform after passing quality control. Clean reads were aligned to the reference genome using HISAT2 software. Differential gene expression analysis was performed using DESeq2 software, with the criteria for selecting differential genes set as an absolute fold change ≥2 and Padj value ≤0.05. DEGs were functionally annotated using databases such as Nonredundant protein (Nr), Nonredundant nucleotide (Nt), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO).





Quantitative real time RT-PCR of key gene expression

Following the protocol of Cai et al. (2022), fresh stem segments (0.1 g) were ground in liquid nitrogen. Total RNA was isolated using a Quick RNA isolation Kit (Huayueyang) according to the manufacturer’s protocol and was quantified using a spectrometer (NanoDrop). cDNA was synthesized using the TopScript-RT-DryMIX (dT18) kit (Takara, Tokyo, Japan). The relative expression levels of key genes were analyzed was estimated by qRT-PCR with a SYBR Green master mix (SYBR Green Premix Ex Taq, Takara, Japan) in a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). The PCR program was run as follows: 95°C for 30 seconds, followed by 39 cycles of 95°C for 5 s, 60°C for 34 s, and 65°C for 5 s, with a final extension step at 95°C for 50 seconds. The reference gene used was 18S, and the relative expression of the candidate genes were calculated using the 2–ΔΔCT method. The specific primers for reference gene and candidate genes were listed in Table 2.

Table 2 | Gene-specific primers used for qRT-PCR.
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Data analysis

The statistical analyses, including significant difference analysis and regression analysis, were conducted using IBM SPSS Statistics 19.0 (IBM, NY, USA). The results were presented as mean ± standard error. Independent sample t-tests were utilized for the significant difference analysis between each concentration group (0.5–40 mM) and the control group (0 mM), with * indicating a significant difference (0.01<p<0.05), ** indicating an extremely significant difference (p<0.01), and ns indicating no significant difference (p>0.05). Data visualization was performed using SigmaPlot 14.0 (Systat Software, San Jose, CA, USA). Additionally, a correlational analysis (Pearson correlation) was applied to measure the correlations among between M. micrantha and P. scandens under different concentrations of NO3−–N (0–40 mM). Principal component analysis (PCA) was carried out to describe the degree of association and determine possible factors that affect the biomass in both plant under NO3−–N concentration. PCA analysis was performed using Origin 2018 software (OriginLab, Northampton, MA, USA).






Results




Differences in nitrogen absorption, utilization, and metabolism of M. micrantha and its companion plants

The analysis of rhizosphere soil properties (Table 3) showed that I. cairica exhibited significantly higher soil moisture content compared to M. micrantha, I. nil, and P. scandens (p<0.05). The NO3−–N content in M. micrantha was significantly higher compared to P. scandens, I. nil, and I. cairica by 2.3-, 2.5-, and 2-fold, respectively, as evidenced by the non-overlapping 95% confidence intervals (CI). Conversely, NH4+–N content in I. cairica and I. nil were notably higher than that in M. micrantha and P. scandens. The protease activity was significantly higher in M. micrantha, surpassing I. cairica and I. nil by approximately 1.3-fold but only slightly exceeding P. scandens.

Table 3 | Comparison of nitrogen absorption characteristics in soil, roots, and stems of M. micrantha and its associated plants under field conditions (mean ± standard error, n=5, numbers in parentheses are 95% CI).


[image: A data table comparing various physiological indices across four plant species: *M. micrantha, I. cairica, I. nil,* and *P. scandens*. The indices include soil characteristics (moisture content, concentrations of NH4+, NO3−, and protease) as well as root and stem parameters (NH4+, NO3−, nitrate reductase, glutamine synthase, glutamate dehydrogenase, and NH2 content). Each value includes a mean, standard deviation, and range.]
Nitrogen nutrient analysis in the roots and stems (Table 3) of M. micrantha and its companion plants revealed that M. micrantha exhibited the highest NO3−–N content in both roots and stems compared to other plants. Specifically, the NO3−–N content in M. micrantha roots was twice with non-overlapping 95% CI as high as in I. nil and P. scandens, while in stems, it was 1.4- and 1.5-fold higher than I. nil and P. scandens, respectively. The NH4+–N content was highest in the roots of P. scandens, while I. nil had the highest NH4+–N content in the stems.

Further analysis of enzyme activities involved in nitrogen metabolism (Table 3) revealed that M. micrantha had significantly higher NR and GDH activity in roots and stem compared to other plants. Specifically, NR activity in M. micrantha roots and stem was 2.1-/1.6- and 1.3-/5.6-fold higher than I. nil and P. scandens, respectively. GDH activity in M. micrantha roots was 1.6-, 1.5-, and 2.3-fold higher than I. cairica, I. nil, and P. scandens. In the stem, GDH activity in M. micrantha was similar to I. cairica but significantly higher than P. scandens. However, GS activity in M. micrantha was lower than that of other plants in both roots and stems.

As products of nitrogen metabolism, the free amino acid content in M. micrantha was also higher than in other plants, with the root content significantly higher than I. nil, approximately 2.2-fold. In stems, free amino acids were 2.7- and 2.0-fold higher than in I. nil and P. scandens, respectively.





The change in phenotypic parameters of M. micrantha stems under different NO3−–N concentrations

The results showed that there was a significant increase in the main stem length, leaf number and branch numbers of M. micrantha in the 5, 10, 20, and 40 mM treatment groups compared to the 0 mM (p<0.05). The increments in stem length for the 0.5, 5, 10, 20, and 40 mM groups were respectively 1-, 1.4-, 1.3-, 1.3-, and 1.1-fold (Figure 1A). Notably, the 5 mM group exhibits a significantly highest mean value compared to the 0 mM (Supplementary Table S1; mean difference (Δ) (95% CI of Δ) = 26.733 (19.720, 33.747), p<0.001); The increases in leaf numbers were 1.3-, 2.1-, 2.3-, 2.1-, and 2.2-fold, respectively (Figure 2B), in which the 10 mM group has the highest mean increment compared to the 0 mM (Supplementary Table S1; Δ(95% CI of Δ) = 4.000 (3.274, 4.726), p<0.001); and the increases in branch numbers were 2.7-, 11.3-, 11.3-, 13-, and 12.7-fold higher than the 0 mM group, with the 20 mM group exhibiting the highest mean value (Supplementary Table S1; Δ(95% CI of Δ) = 13.000 (11.323, 14.677), p<0.001), while axillary buds numbers significantly decreased (Figure 1C). In contrast, P. scandens showed no significant changes in stem length across treatments, as their 95% confidence intervals of mean difference include zero (Supplementary Table S1), though branching and axillary bud numbers increased compared to the control, with the exception of axillary buds in the 20 mM group. Overall, M. micrantha exhibited greater increases in stem length, leaf number, branch, and axillary bud numbers than P. scandens at the same NO3−–N concentrations, consistent with the phenotypic results (Supplementary Figure S1).

[image: Bar charts titled A to E compare the growth of M. micrantha and P. scandens under different mM concentrations. Chart A shows stem length increment, B leaf number increment, C number increment for axillary buds and branches, D biomass ratio of stem and leaf, and E biomass of stem, leaf, aboveground, and total. Each chart uses color-coded bars for concentrations from 0 millimolar to 40 millimolar. Statistical significance is indicated by asterisks and "ns" for not significant.]
Figure 1 | Change in growth indicators of M. micrantha and P. scandens under different NO3⁻-N concentrations at 30 days. (A) is the increment of stem length, (B) is the increment of leaf number, (C) is the increment of axillary bud and branch number, (D) is the stem and leaf biomass ratio, and (E) is the plant biomass, including the stem, leaves, aboveground biomass, and total biomass. The results are the mean ± SEM of five biological replicates. Each concentration group (0.5–40 mM) was compared with the control group (0 mM) by independent sample t-tests. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001), and ns indicates no significant difference.

[image: Bar graphs illustrating nitrate content and enzyme activities in **M. micrantha** and **P. scandens** stems and leaves under varying nitrate concentrations (0-40 mM). Panels A-G represent different metrics: nitrate content, nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate dehydrogenase (GDH), glutamate synthase (GOGAT), and amino acid levels. Each panel shows significant differences at various concentrations, indicated by asterisks for statistical significance (ns, *, **, ***). Error bars reflect standard errors.]
Figure 2 | Changes in NO3−–N content and nitrogen metabolic enzyme Activity of M. micrantha and P. scandens under different NO3−–N concentrations at 30 days. (A) is the NO3−–N content in stem and leaf, (B–G) is the NR, NiR, GS, GDH, GOGAT activity and amino acid content in stem, respectively. The results are the mean ± SEM of five biological replicates. Each concentration group (0.5-40 mM) was compared with the control group (0 mM) by independent sample t-tests. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001), and ns indicates no significant difference.





The changes in biomass of different plant organs of M. micrantha stems under different NO3−–N concentrations

Further analysis of the biomass of the two plants showed that, compared to the 0 mM group, M. micrantha exhibited a significant increase in aboveground biomass and total biomass in the 5, 10, 20, and 40 mM treatment groups (Figures 1C, E), with the 10 mM group exhibiting the highest increment in aboveground biomass (Supplementary Table S1; Δ(95% CI of Δ) = 1.290 (1.046, 1.534), p<0.001). Specifically, the biomass values for stem, leaf, aboveground, and total biomass in M. micrantha were consistently higher across all treatments, with increases ranging from 1.1- to 2.8-fold for stem biomass, 1- to 3.5-fold for leaf biomass, 1.1- to 3-fold for aboveground biomass and 1.1- to 2.4-fold for total biomass. In contrast, P. scandens showed more moderate increases in biomass, with the highest increments in the 5 and 20 mM groups. Additionally, M. micrantha demonstrated an increase in leaf biomass ratio with the increase in NO3−–N concentration, while the stem biomass ratio remained relatively unchanged except for a 15.9% increase at 10 mM. Conversely, P. scandens showed no significant changes in stem and leaf biomass ratios under different treatments (Figure 1D).





The changes in NO3−–N content and the expression levels of key genes involved in NO3−–N absorption and transport in M. micrantha stems under different NO3−–N concentrations

The NO3−–N content in the stems of two plants was higher than that in the control group, with M. micrantha and P. scandens stems showing NO3−–N content 1.2-/1.9-fold, 3.1-/3.4-fold, 6.9-/4.9-fold, 15.7-/6.1-fold, and 21.9-/6.3-fold higher than the control group under 0.5, 5, 10, 20, and 40 mM treatments, respectively, suggesting that NO3−–N content of two species reached the highest level in the 40 mM group (Supplementary Table S2; Δ(95% CI of Δ) = 518.866 (398.579, 639.156), p<0.001/Δ(95% CI of Δ) = 296.782 (200.144, 393.421), p<0.001). Interestingly, the elevation in M. micrantha at 20 and 40 mM treatments were higher than that in P. scandens, as the higher mean values and mean differences of M. micrantha (Figure 2A; Supplementary Table S2). RNA-seq and qPCR results revealed that M. micrantha exhibited upregulation of genes related to NO3−–N absorption at 5 mM group. Notably, NPF6.3, CLCb1, CLCb2, and SLAH3 showed the most significant upregulation, with expression levels 3.8- to 9.3-fold higher than 0 mM group, respectively. However, two genes in the NPF family, NPF8.1 and NPF5.10, were significantly downregulated at 5 mM, with expression levels 0.48- and 0.17-fold of the control, respectively (Figure 3). QPCR results further demonstrated that under 0.5, 5, 10, 20, and 40 mM group, the expression levels of NPF5 in M. micrantha were 3.3- to 10-fold of the 0 mM group (Figure 4A). The expression levels of NPF6 in M. micrantha were 2.4- to 3.4-fold of the 0 mM group (Figure 4B). Further analysis showed varying expression patterns of transcription factors. Positive regulators, such as CLC-g, HY5.1, and SLAH3, exhibited the highest expression at different concentrations, with CLC-g (Figure 4C) and SLAH3 (Figure 4D) peaking at 5 mM (2.1- and 1.6-fold, respectively), while HY5.1 (Figure 4E) peaked at 20 mM (12-fold). The negative feedback factor LBD38 decreased in expression with higher NO3−–N concentrations (Figure 4F), especially at 10, 20, and 40 mM, where expression levels were 0.3-, 0.2-, and 0.2-fold of the 0 mM group.

[image: Diagram illustrating nitrogen metabolism. Nitrate is converted to nitrite via a heatmap showing enzyme activity, including CLC-b1 and CLC-b2. Nitrite is processed to ammonia, leading to the formation of L-glutamine and L-glutamate. Arrows indicate directional processes, with color bars representing activity levels. Other enzymes like NR, GS, GOGAT, and GDH are shown interacting at various stages.]
Figure 3 | Heat map of genes related to nitrogen metabolism in M. micrantha stem under 0 mM and 5 mM NO3−–N treatment.

[image: Bar charts display the relative expression levels of various genes at different concentrations, ranging from zero to forty millimolar, across twelve panels labeled A to L. Expression levels vary with statistical significance indicated by asterisks.]
Figure 4 | Gene expression related to nitrogen absorption transporters in M. micrantha stem under different NO3−–N concentrations. (A, B) are E3N88_41881 (NPF5), E3N88_09314 (NPF6), respectively. (C–F) are CLC-g, SLAH3, HY5.1 and LBD38, respectively. (G–J) are NiR1.2, NR1.1, Gs and GDH, respectively. (K, L) are ALDO and CYSK, respectively. The results are the mean ± SEM of six biological replicates. Each concentration group (0.5-40 mM) was compared with the control group (0 mM) by independent sample t-tests. Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001), and ns indicates no significant difference.





The changes in nitrogen metabolism enzyme activities and the expression levels of key genes in nitrogen metabolism pathways in M. micrantha stems under different NO3−–N concentrations

In M. micrantha, NR activity significantly increased at 5, 10, and 20 mM NO3−–N concentrations compared to the 0 mM group, with 3.4-, 1.8-, and 1.9-fold increases, respectively, and a similar trend was observed in P. scandens (Figure 2B). NiR activity in M. micrantha was 1.8- and 1.5-fold higher in the 5 and 20 mM groups (Supplementary Table S2; Δ(95% CI of Δ) = 1.446 (1.051, 1.840), p<0.001/Δ(95% CI of Δ) = 0.853 (0.458, 1.247), p<0.001), while P. scandens showed a 16% increase at 5 mM (Supplementary Table S2; Δ(95% CI of Δ) = 1.296 (0.186, 2.406), p<0.05, Figure 2C). For the GS/GOGAT cycle, GS activity in M. micrantha significantly decreased in the 20 and 40 mM groups, while P. scandens showed no significant difference, except for a significant increase in the 20 mM group (Figure 2D). GOGAT activity in M. micrantha peaked at 5 mM, showing a 2.2-fold increase (Supplementary Table S2; Δ(95% CI of Δ) = 129.980 (79.608, 180.352), p<0.001), whereas P. scandens exhibited a significant decrease of 41.1% in the 5 mM group (Supplementary Table S2; Δ(95% CI of Δ) = -158.831 (-264.702, -52.960), p<0.01, Figure 2F). GDH activity in M. micrantha increased significantly at 5 mM (Supplementary Table S2; Δ(95% CI of Δ) = 10748.817 (7330.776, 14166.857), p<0.001), being 2.4-fold higher than in P. scandens (Figure 2D). Combining RNA-seq and qPCR results to further analyze genes related to nitrate assimilation, including NR, NiR, and GDH, showed high expression at 5 mM in M. micrantha. Notably, NiR1/2/3 expression increased 21.6-, 10.7-, and 11-fold, respectively (Figure 4G). In contrast, GS1 and GS2 expression was low at 5 mM. NR1.1 expression increased 11.8-fold at 10 mM (Figure 4H), while NiR1.2 expression was significantly higher in the 5, 10, and 20 mM groups (4.6-, 7.6-, and 6.6-fold, respectively). GS expression decreased by 62.4–71.0% at higher NO3−–N concentrations (Figure 4I), while GDH gene expression increased by 159.2% at 5 mM (Figure 4J).





The change in free amino acid content and the expression levels of key genes in amino acid synthesis pathways in M. micrantha stems under different NO3−–N concentrations

The free amino acid content in M. micrantha significantly higher under 5, 10, 20, and 40 mM treatments, with increases of 5.8-, 5.3-, 5.3-, and 6.3-fold, respectively. Similarly, P. scandens showed a significant increase in free amino acid content under 10, 20, and 40 mM treatments, with no significant difference under 0.5 and 5 mM treatments. Overall, M. micrantha exhibited higher free amino acid content than P. scandens under 5, 10, 20, and 40 mM treatments, as shown by the higher mean values and mean differences of M. micrantha (Figure 2G; Supplementary Table S2). Gene expression analysis revealed that the expression levels of ALDO and CYSK genes in M. micrantha was significantly higher at 5 mM group, approximately 2.5- and 3.8-fold of the 0 mM group, respectively. Conversely, PK gene expression was lower in the 5 mM group (Figure 5). qPCR results further demonstrated that under 0.5, 5, 10, 20, and 40 mM group, the expression levels of ALDO in M. micrantha were 0.8-, 2,4-, 2.0-, 4.9-and 0.2-fold of the 0 mM group, respectively (Figure 4K). The expression levels of CYSK in M. micrantha were 1.0-, 1.2-, 0.9-, 5.3- and 0.7-fold of the 0 mM group, respectively (Figure 4L).

[image: Flowchart illustrating the biosynthesis of amino acids. It begins with Fructose-6P, progressing through D-Fructose-1,6-BP, Glyceraldehyde-3P, Glycerate-3P, and Phosphoenolpyruvate to form Pyruvate. Pyruvate leads to Serine and O-Acetyl-serine, which finally form Cysteine. Enzymes ALDO, PK, and CYSK are noted. A color scale indicates expression levels from -1.5 to 1.5.]
Figure 5 | Heat map of genes related to biosynthesis of amino acids in M. micrantha stem under 0 mM and 5 mM NO3−–N treatment.





Correlation analysis between biomass and nitrogen metabolism-related enzyme activities

The correlation analysis revealed significant associations between biomass and nitrogen metabolism-related enzyme activities in two species. In M. micrantha, leaf biomass, stem biomass and total biomass displayed a highly positive correlation with NO3−–N content (Figure 6A). However, NO3−–N content had a relatively small impact on the stem biomass of P. scandens, and with no significant effect on leaf biomass (Figure 6B). Additionally, in M. micrantha, biomass demonstrated a significant positive correlation with GOGAT and FAA, a strong negative correlation with GS, and a positive correlation with NR and NiR but without statistical significance (Figure 6A). In P. scandens, biomass showed significant positive correlations with NR, Gs, GDH, and FAA, while presenting a negative correlation with NiR (Figure 6B).

[image: Correlation matrices labeled A and B display relationships between variables such as stem biomass, leaf biomass, and nitrate levels. Red and blue ovals indicate positive and negative correlations, respectively, with significance denoted by asterisks (p ≤ 0.05 and p ≤ 0.01). A color scale on the right ranges from -1.0 (blue) to 1.0 (red).]
Figure 6 | Correlation analysis between biomass and nitrogen metabolism-related enzyme activities in M. micrantha (A) and P. scandens (B).





Principal component analysis

The scores plot showed that M. micrantha was significantly separated under different NO3−–N concentrations (Supplementary Figure S5A), suggesting its high sensitivity to changes in NO3−–N concentration and more variable metabolic response. The first two principal components (PC1 and PC2) accounted for 80.35% of the total variation. PC1 accounted for 52.21% of the total variance, with the highest contributions from Biomass (0.41), NiR (0.36), GOGAT (0.41) and FAA (0.44). These strongly correlated eigenvectors may affect stem growth by dynamically regulating nitrogen enzyme activities (NiR, GOGAT), thus explaining the rapid response to nitrate fluctuations. PC2 explained 28.14% of the total variance and was primarily influenced by Nitrate (-0.52), NR (0.46), GS (0.43), and GDH (0.40). The significant negative loading of NO3−–N and positive loadings of enzymes in PC2, potentially highlighting the influence of NO3−–N absorption and distribution on nitrogen metabolism (Supplementary Table S3-1). The PCA biplot reveals two distinct clustering groups. The 5 mM-40 mM groups were positively linked to NR, GDH, NiR, GOGAT, FAA, Biomass, and Nitrate, while the 0 mM-0.5 mM groups were positively associated with GS (Figure 7A). The diversity of biochemical traits in the 5 mM-40 mM group may suggest that M. micrantha responds to external nitrate fluctuations through flexible nitrogen assimilation strategy. Conversely, P. scandens clustered closely under different NO3−–N concentrations, indicating that it is insensitive to nitrate treatment and a relatively consistent response pattern (Supplementary Figures S5B, Figure 7B). PC1, which captures 55% of the variance, is largely influenced by Biomass (0.41), Nitrate (0.44), GS (0.35), GDH (0.37) and FAA (0.39), which may indicate that nitrogen metabolism (especially GS and GDH) possibly related to the insignificant changes in stem growth during increasing NO3−–N concentrations. PC2, which explains a smaller portion of the variance (21.59%), captures eigenvectors changes less directly related to responses under nitrate concentration (Supplementary Table S3-2).

[image: Principal Component Analysis (PCA) biplots in two panels, A and B. Each panel shows vectors representing variables such as GS, NR, GDH, NiR, GOGA, FAA, biomass, and nitrate. The points represent different concentrations (0 mM, 0.5 mM, 5 mM, 10 mM, 20 mM, and 40 mM) shown in various colors. Panel A explains 52.2% and 28.1% of variance on PC1 and PC2, while Panel B explains 55.1% and 21.6%. Arrows indicate the direction and strength of variables' influences in the component space.]
Figure 7 | The principal component analysis (PCA) of in M. micrantha (A) and P. scandens (B).






Discussion




M. micrantha prefers to absorb NO3−–N

The observed variations in soil properties among M. micrantha and its companion plants not only highlight the influence of plant species on rhizospheric characteristics but also raise intriguing questions about the underlying mechanisms. The significant variations in NO3−–N and NH4+–N levels in the rhizospheric soil among different plant species underscore the complexity of nitrogen cycling in the root zone. The preferential uptake of NO3−–N by M. micrantha, as evidenced by the higher NO3−–N content in its rhizospheric soil (Table 3), aligns with the well-documented preference of certain plant species for specific nitrogen forms (Wang et al., 2018;Chen and Chen, 2019). Previous studies had shown that blackberry plants preferentially take up NH4+–N (Duan et al., 2023). Sphagneticola canadensis was a NO3−-N-preferring plant (Wang et al., 2023). The invasive plant Xanthium strumarium preferred to use NO3−, while its native congener X. sibiricum preferred to use NH4+ (Zhang et al., 2022). The preference of Cymbidium tracyanum for NO3− as a nitrogen form may be a result of long-term adaptation to epiphytic habitat (Dong et al., 2024). The rhizospheric soil of Bidens pilosa (Spanish needle) exhibited a high concentration of NO3−–N, possibly attributed to the significant enhancement of soil nitrification by root exudates. This process converts more NH4+–N into absorbable NO3−–N, thereby increasing the root’s absorption efficiency of nitrogen nutrients and promoting the aboveground growth (Chen et al., 2009; Yu et al., 2021). Additionally, protease, as a crucial enzyme in the soil nitrogen cycle, influences the release of soil available nutrients. The rhizospheric soil of M. micrantha demonstrated elevated protease activity (Table 3), indicating an accelerated nitrogen metabolism process, thereby enhancing its efficiency in utilizing organic nitrogen (Li et al., 2006). Similar results have been observed in studies of other invasive plants such as I. cairica, Synedrella nodiflora, Lantana camara, and W. trilobata, where high protease activity in the rhizospheric soil was identified (Li et al., 2008).





High expression of transporter genes promotes the absorption of NO3−–N

Nitrate is one of the main forms of inorganic nitrogen absorbed by plants, and its concentration variation has a direct impact on plant growth. Currently, research on the influence of NO3−–N on plant growth primarily focuses on aspects such as leaf photosynthetic capacity, leaf morphology, or root architecture (Takei et al., 2001; Crawford and Forde, 2002; Guiboileau et al., 2012; Vidal et al., 2014; Chen and Chen, 2019). However, limited attention has been given to non-foliar organs such as stems. Most studies have observed changes in physiological characteristics such as increased plant height, stem thickness, and biomass under higher nitrate nitrogen levels (Song et al., 2021), consistent with the findings of our study (Figure 1). The rapid growth of stems is one of the most prominent characteristics of M. micrantha. Our study found that with increasing NO3−–N concentration, the main stem length (Figure 1A) and leaf number (Figure 1B) of M. micrantha significantly increased, indicating that the axillary buds continuously activated the development of growth component branches (Figure 1C). As a result, the number of axillary buds decreased, while the number of branches increased (Bennett and Leyser, 2006). Results from PCA (Figure 7) and correlation analysis (Figure 6) further indicated that, unlike P. scandens, M. micrantha was more significantly influenced by NO3−–N, and its biomass was positively correlated with NO3−–N, NR, NiR, GOGAT, and FAA. The transport and assimilation of NO3−–N within plants directly impact plant growth and development, linked to their nitrogen metabolism capabilities (Yang et al., 2023; Xu et al., 2023). Currently, there was limited research on the nitrogen metabolism capacity of plant stems. RNA-seq analysis was conducted on M. micrantha stems treated with 5mM and 0 mM NO3−–N. Using Fold Change ≥ 2 and FDR < 0.01 as criteria for differential gene selection, 345 differentially expressed genes were identified, with 181 upregulated and 164 downregulated (Supplementary Figure S2). These genes primarily enriched pathways related to plant hormone signal transduction, phenylpropanoid biosynthesis, pentose and glucuronate interconversions, and nitrogen metabolism (Supplementary Figure S4). The results suggested associations between these pathways and nitrogen nutrient responses, indicating the involvement of some components in multiple nitrogen-related metabolisms, consistent with Wei et al. (2016) findings in Barley. The primary processes for plants to acquire and utilize NO3−–N include the absorption and transport of NO3−, reduction of NO3− to NH4+, and assimilation of NH4+ into glutamic acid. Four gene families involved in NO3−–N absorption and transport have been discovered: NRT1/NPF, NRT2, CLC, and SLAH. These proteins are essential for the absorption, transport, and transfer of nitrate from the external environment to various cell types, tissues, and organs (Krapp et al., 2014). NO3− induced the upregulation of NPF6.3, a nitrate transporter, which was primarily involved in transporting nitrate from the root to aboveground organs (Tsay et al., 2007). The expression of NPF6.3 was significantly upregulated in the stem of M. micrantha (Figure 3), which played a role in transporting more NO3−–N for plant growth (Figure 4A) and as a signaling molecule regulating other physiological and ecological processes (Fan et al., 2017; Fredes et al., 2019). The high expression of NPF5 genes (Figure 4A) in M. micrantha stems can regulate NO3− balance between cytoplasm and vacuoles in response to changes in nitrogen supply (Wang et al., 2020), indicating that NPF5 gene significantly enhances the nitrogen redistribution ability in plants and improves nitrogen utilization efficiency. In contrast, the expression of NPF5.10 in M. micrantha stem was downregulated (Figure 3), which reduces the efflux of NO3−–N from the vacuole (Lu et al., 2022).

Additionally, the high expression of CLC and SLAC gene family members in M. micrantha (Figure 3) promotes NO3−–N transport within stems. Research suggested that these transporters also exhibited certain activity in NO3− transport, altering the balance and storage of NO3− and Cl− in cells (Chopin et al., 2007; O’Brien et al., 2016). M. micrantha absorbed NO3−, and its transcription factor expression levels were correlated with its involvement in regulating NO3−, uptake. Under NO3−–N treatment, the transcription factor HY5 in M. micrantha, involved in nitrate root signal regulation, showed increased expression levels at 10 mM and 20 mM NO3−–N treatments (Figure 4E). Previous research has highlighted the crucial role of HY5 in regulating genes associated with nitrogen uptake and assimilation in plants (Mankotia et al., 2024). HY5 positively regulates the expression of Nitrite reductase 1 (NiR1), known for converting nitrite into ammonium (Huang et al., 2015). Conversely, As a negative regulator, overexpression of LBD could have a certain inhibitory effect on nitrate responsive genes (NRT1.1, NRT2.5, etc.) (Rubin et al., 2009). Consistent with previous findings, the LBD gene family members in M. micrantha showed low expression levels under high NO3−–N treatment (Figure 4F). Therefore, the absorption and transport of NO3−–N are key steps in nitrogen absorption. The upregulation of key genes such as NPF6.3, NPF5, CLC, and SLAC, along with the regulatory roles of transcription factors like HY5 and LBD, underscores the complexity of nitrogen absorption in M. micrantha compared to native plant, which was more conducive to its absorption of NO3−–N.





Enhancing nitrogen metabolism capacity promotes the efficient assimilation of NO3−–N

The key enzymes involved in nitrogen metabolism play a crucial role in the nitrogen metabolism in plants. In M. micrantha, the expression levels of NR, NiR, and GDH were higher, while the expression of GS showed an opposite trend (Figures 4G–J, 3), which was consistent with physiological data (Figure 2). These results indicated that a portion of NO3− in the stem was being reduced, primarily through the GDH pathway for nitrogen assimilation, thus ensuring a higher nitrogen metabolism capacity. GDH and GS are key enzymes involved in ammonium assimilation in the nitrogen metabolism process. Previous studies have shown that nitrate can promote GS activity to some extent (Thu Hoai et al., 2003). However, under stress conditions, protein degradation produces a large amount of NH4+, which is prone to ammonia toxicity. The increase in GDH activity has a certain detoxification effect on NH4+ accumulation (Bittsánszky et al., 2015), which is similar to the opposite relationship with GS. With the increase of NO3−–N concentration, the NR (Figure 2B) and NiR (Figure 2C) activities in M. micrantha were higher, indicating that a large amount of NO3− was gradually reduced to NH4+. To avoid the toxic effects of NH4+, the plant upregulated the expression of GDH gene (Figure 4J), enhancing GDH enzyme activity (Figure 2E), converting free NH4+ into glutamic acid and further converts it into other forms of organic nitrogen, providing precursors for the biosynthesis of nitrogen-containing compounds in plants. Therefore, GDH is considered the main nitrogen assimilation pathway in the stems of M. micrantha. Under high nitrogen conditions, with the increasing concentration of nitrate, the expression level of GDH was upregulated, indicating that M. micrantha optimizes nitrogen utilization by adjusting nitrogen metabolism pathways, thus enhancing its biomass and adaptability. This finding provides new insights into how M. micrantha responds to high-nitrogen environments. Similar studies (Yang et al., 2010) found that in cucumber seedlings, root ammonia assimilation was primarily accomplished through the GDH-induced pathway, while leaf ammonia assimilation was achieved through the GS/GOGAT cycle under nitrate treatment. However, the interaction between GDH and GS in ammonia assimilation in M. micrantha and how they balance the response to external NO3− requires further research for in-depth exploration. GDH and GS play important roles in the assimilation process of M. micrantha, but further research is needed to balance the response to external NO3− and increase more nutrients for plant growth. Positive regulatory genes (ALDO and CYSK) play a role in enhancing amino acid synthesis. It was observed that M. micrantha upregulated the expression levels of these two genes (Figures 4KJ, 7), providing more precursors for amino acid synthesis, which was consistent with the significant increase in free amino acid content observed. Previous studies have suggested that tomato (Solanum lycopersicum L.) under low nitrogen conditions enhances the expression levels of ALDO gene to increase metabolism and obtain the substances or energy needed to adapt to environmental changes (Xu et al., 2023). Therefore, by regulating the expression levels of related transcription factors and nitrate transporter genes, M. micrantha enhances its ability to absorb nitrate nitrogen, improves nitrogen metabolism in the stem, and promotes the accumulation of a large number of amino acids, ensuring its higher biomass.






Conclusion

M. micrantha, as a rapidly growing invasive plant, has garnered widespread attention and research. Our study analyzed physicochemical properties in rhizosphere soils, identified relevant differentially expressed genes, and constructed key transcriptional regulatory pathways. The results revealed that NO3−–N effectively promoted the growth of M. micrantha, including an increase in plant height, branching and biomass. Two potential mechanisms underlie these phenotypic changes in M. micrantha for better NO3− acquisition. Firstly, compared to companion plants, M. micrantha exhibited higher NO3−–N content and protease activity in the soil. This process may accelerate nitrogen metabolism in the rhizosphere soil of M. micrantha, improving the efficiency of root utilization of nitrate nitrogen. Secondly, increased activities of NR, NiR, GS, and GOGAT in the stem enhanced nitrogen assimilation and amino acid biosynthesis, thereby promoting plant growth. In summary, under the backdrop of increasing global nitrogen deposition, particularly with the continued rise in NO3−–N deposition, the rapid growth of M. micrantha may be facilitated by the regulation of NO3−–N uptake transcription factors (HY5) and transport proteins (CLC, SCLA/C, NPF), as well as the expression regulation of key enzyme genes involved in nitrogen assimilation (NR, GS, GOGAT), thereby enhancing the nitrogen utilization efficiency of NO3−–N as the main form and accelerating the spread of M. micrantha. This study reveals the adaptation mechanisms of M. micrantha to NO3⁻-N enrichment, offering critical insights for predicting and managing invasive species responses to global atmospheric nitrogen deposition changes. The results highlight the importance of considering nitrogen composition, rather than just quantity, in invasive species management strategies.
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Climate change has significantly impacted the distribution patterns of medicinal plants, highlighting the need for accurate models to predict future habitat shifts. In this study, the Maximum Entropy model to analyze the habitat distribution of Pulsatilla chinensis (Bunge) Regel under current conditions and two future climate scenarios (SSP245 and SSP585). Based on 105 occurrence records and 12 environmental variables, precipitation of the wettest quarter, isothermality, average November temperature, and the standard deviation of temperature seasonality were identified as key factors influencing the habitat suitability for P. chinensis. The reliability of the model was supported by a mean area under the curve (AUC) value of 0.916 and a True Skill Statistic (TSS) value of 0.608. The results indicated that although the total suitable habitat for P. chinensis expanded under both scenarios, the highly suitable area contracted significantly under SSP585 compared to SSP245. This suggests the importance of incorporating climate change considerations into P. chinensis management strategies to address potential challenges arising from future ecosystem dynamics.
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1 Introduction

As carbon emissions continue to rise, global warming has gradually become an irreversible trend. Under this influence, China’s climate and environment have undergone significant changes, including rising average annual temperatures and shifting precipitation patterns. Studies indicate that from 1951 to 2021, the average annual temperature in China increased by 0.26°C per decade, while annual precipitation rose by 5.5 mm per decade, accompanied by a northward shift in the primary rainy zone (Ren et al., 2021). The growth, development, and distribution status of plants are typically closely associated with climate (Huang et al., 2024; Ni and Vellend, 2024). Consequently, climate change will inevitably lead to some degree of alteration in species habitats (Li et al., 2019; Wouyou et al., 2022). For example, due to climate change, the range of Gymnadenia conopsea (L.) R. Br. is expected to contract and gradually shift to higher altitudes, such as those in Tibet and Yunnan (Cha et al., 2024). Similarly, the suitable area of Paris polyphylla var. yunnanensis (Franch.) Hand.-Mzt. is also expected to shrink significantly under future high greenhouse gas emission scenarios, with its center of mass shifting toward higher latitudes (Zhang et al., 2024). These cases exemplify the differentiated response mechanisms of medicinal plants to climate change, reflecting the two primary types of species habitat shifts: altitudinal and latitudinal migration. Therefore, understanding the interaction between climate change and plants is of great significance for plant resource conservation and exploitation.

In recent years, species distribution modeling (SDM) has become the method of choice for predicting changes in species’ habitats, which focuses on simulating areas of habitat distribution by analyzing known location information and ecological factors of species (Li et al., 2020; Wang et al., 2020; Low et al., 2021). Compared with models such as the Generalized Linear Model (GLM) (Hirzel et al., 2001) and DOMAIN model (Xia et al., 2024), the Maximum Entropy (Maxent) model is easy to operate, has higher prediction accuracy, and has been widely used in species distribution modeling studies (Glor and Warren, 2011; Fitzpatrick et al., 2013; Warren et al., 2014; Remya et al., 2015). By searching the Web of Science using “MaxEnt” and “species distribution” as keywords, we retrieved 906 and 1,145 publications in 2023 and 2024, respectively, which reflects the applicability of the MaxEnt model in plant ecology study. Although the maximum entropy model achieves high prediction accuracy with default parameters, its fixed feature combinations with regularization multipliers may lead to overfitting risk and do not apply to the prediction of all species distributions (Warren and Seifert, 2011; Moreno-Amat et al., 2015). In practice, parameters used for MaxEnt analysis will be adjusted in advance by using the R program to screen the optimal configuration based on environmental variables and distribution points. By this means, the model reliability can be improved to construct a more ecologically meaningful distribution model.

Pulsatilla chinensis (Bunge) Regel is a rhizomatous perennial herb of the buttercup family, whose rhizomes are widely used for clearing away heat and toxins, cooling the blood, and treating dysentery, with a particular specialty in removing toxins of dampness-heat and blood-heat from the gastrointestinal tract (Zhao et al., 2021). Pharmacological studies have reported that the active ingredients contained in P. chinensis extracts have demonstrated significant antitumor, anti-inflammatory, antibacterial, and antiviral effects (Cheng et al., 2008; Sun et al., 2010; Li et al., 2014). However, with the increasing demand for P. chinensis for medicinal purposes, its wild resources are gradually being depleted, leading to an increasing conflict between supply and demand. In the face of this situation, it is particularly urgent to strengthen the research on the distribution of P. chinensis resources and its ecological characteristics, which not only helps to scientifically and rationally formulate conservation measures but also provides strong support for the development of artificial cultivation technology and realizes the sustainable use of resources. However, there is a relative paucity of research on the resource distribution of P. chinensis and its habitat characteristics. Therefore, to investigate the habitat suitability dynamics and climate adaptation mechanisms of P. chinensis. In this study, we used the parameter-optimized MaxEnt model, combined with ArcGIS spatial analysis techniques, to systematically assess the distribution pattern of P. chinensis habitat suitability under the current climatic conditions, as well as under two future climate scenarios (SSP245 and SSP585) in the 2050s (2041–2060) and 2070s (2061–2080). Based on the variable contribution rankings and response curves of the model outputs, key climate factors driving the distribution of P. chinensis were identified, and their ecological threshold ranges were analyzed to reveal the adaptation boundaries of P. chinensis to climate change.

The aims of this study were as follows: (1) to predict the current distribution of P. chinensis into different suitability classes; (2) to analyze key variables affecting the growth of P. chinensis; and (3) to predict future changes in the habitat of P. chinensis in China under different carbon emission scenarios.




2 Materials and methods



2.1 Species distribution data of P. chinensis

Information on the distribution points of P. chinensis in this study was obtained from the National Specimen Information Infrastructure (NSII, http://www.nsii.org.cn) and the Global Biodiversity Information Facility (GBIF, http://data.gbif.org). For distribution points lacking detailed latitude and longitude coordinates, geographic coordinates were obtained through Google Maps, and 133 coordinates were collected. Environmental variables exhibit significant spatial autocorrelation at short distances (Dormann et al., 2007). To prevent model overfitting caused by clustered distribution points, a 5 km × 5 km grid consistent with the resolution of the bioclimatic data (2.5 arc min) was generated by using a Spatially Rarefy tool in ArcGIS 10.8, with only one coordinate point retained in each grid. The 5-km spatial interval ensures both the independence of distribution points by representing different grid cells and avoids sampling too sparsely and missing key environmental assemblages. Eventually, 105 distribution points were retained for model construction (Figure 1).

[image: Map of China showing the distribution of Pulsatilla chinensis with red dots indicating occurrence points. Background color gradient represents elevation, ranging from low (light blue) to high (dark blue). An elevation scale and distance scale are included.]
Figure 1 | Records of P. chinensis in terms of distribution in China.




2.2 Environmental data acquisition and processing

This study utilized climate data from the modern period (1970–2000) and two future periods (2041–2060 and 2061–2080). Ecosystem responses to climate change usually have a lag, and the selection of the 2050s and 2070s as time points for future scenarios can reflect changes in species distributions under the medium-term immediate response and the loss of habitat or the ability to adapt to new environments under the forward cumulative effect. The climate data included in this study include monthly precipitation, January-December mean temperature, and 19 bioclimatic variables, which were obtained from WorldClim (http://www.worldclim.org) with a spatial resolution of 2.5 arcminutes (about 5 km). This resolution achieved a good balance between data accuracy and computational efficiency. In addition, ArcGIS was used to extract slope and aspect direction from the digital elevation model provided by WorldClim, which characterize the degree of inclination and orientation of the ground surface, respectively. Data for soil were obtained from the Harmonized World Soil Database (HWSD, http://vdb3.soil.csdb.cn/). Future bioclimatic variables were accessed from the WorldClim database, which integrates datasets derived from the BCC-CSM2-MR climate model under the Sixth Coupled Model Intercomparison Project (CMIP6) (Wu et al., 2019). BCC-CSM2-MR is suitable for modeling the Chinese climate and provides relatively accurate forecast data (Fick and Hijmans, 2017). This study modeled the potential future fitness zones of P. chinensis under two typical concentration emission scenarios, SSP245 and SSP585. SSP 245 represents a development pattern with a moderate level of greenhouse gas emissions, while SSP 585 is a development pattern with fossil fuels as the main source of energy, reflecting higher greenhouse gas emissions (Zhang et al., 2019).

To avoid the potential impact of multicollinearity on model stability, this study first excluded variables with zero contribution rate using the MaxEnt 3.4.4 to ensure that candidate variables were potentially ecologically driven (Shi et al., 2021; Guo et al., 2023). The Pearson correlation coefficients of the variables screened by MaxEnt were then calculated using Statistical Product and Service Solutions (SPSS, version 27.0), and for the group of highly correlated variables (|r| ≥ 0.8), those with high contributions were retained (Zhang et al., 2022). Finally, 12 variables were obtained for model analysis (Table 1).

Table 1 | Variables used for modeling.


[image: Table displaying environmental factors and corresponding variables. Variables include Aspect, Bio2, Bio3, Bio4, Bio15, Bio16, Elev, Pre1, Pre12, Slope, T_clay, and Tmean11. Environmental factors listed are Aspect (°C), Mean diurnal range (°C), Isothermality (%), Standard deviation of temperature seasonality (°C), Precipitation seasonality (mm), Precipitation of the wettest quarter (mm), Elevation (°), January precipitation (mm), December precipitation (mm), Slope (°), Percentage clay in the topsoil (%), and Average November temperature (°C).]



2.3 Species distribution modeling

The distribution data of P. chinensis, along with associated environmental variables, were processed using the MaxEnt model. Logistic output was selected, and the random test percentage was configured to 25%, reserving 75% of the dataset for training purposes (Amiri et al., 2022). The model was set to run for a maximum of 500 iterations with 10,000 pseudo-absence points, and cross-validation was conducted ten times. The use of 10,000 background points is usually sufficient to characterize the environmental space of the study area. When there are fewer species distribution points, appropriately increasing the number of background points can help reduce potential sampling bias (Barber et al., 2022). To determine the importance of each variable, Jackknife tests were employed, followed by an evaluation using the ROC curve. The ROC curve, a widely recognized tool for assessing binary classifiers, illustrates the balance between true positive and false positive rates. Model performance was quantified through the area under the curve (AUC), with the following interpretation: 0.50–0.60 indicates failure, 0.60–0.70 poor, 0.70–0.80 fair, 0.80–0.90 good, and 0.90–1.00 very good (Phillips et al., 2006).

To comprehensively assess the predictive performance of the model, we also chose the True Skill Statistic (TSS) to verify the reliability of the results. TSS is an indicator that assesses the predictive performance of species distribution models, which effectively corrects for sample imbalance bias in species distribution data by integrating sensitivity and specificity (Allouche et al., 2006). The value of TSS ranges from − 1 to 1, and the closer to 1 the better the prediction results; when the value of TSS is located between 0.6 and 1, the prediction ability can be considered good. The calculation of TSS values in this study was done in R 4.4.1.




2.4 Optimization of the model

The MaxEnt model regularization level is governed by two critical parameters: the regularization multiplier (RM) and feature combinations (FC) (Radosavljevic and Anderson, 2014). The feature classes available include linear (L), quadratic (Q), hinge (H), product (P), and threshold (T) (Elith et al., 2011). To identify the optimal parameter settings, RM values were incrementally varied from 0.5 to 4.0 in steps of 0.5, and tested with six combinations of feature classes: L, LQ, H, LQH, LQHP, and LQHPT. The Akaike Information Criterion Correction (AICc) is an important metric for assessing model fit (Muscarella et al., 2014). In this study, we used the ENMeval package for R to calculate the AICc values of the MaxEnt models for different parameter settings. Delta AICc is a metric used in model selection to measure the relative difference between candidate models and the optimal model. The delta AICc value is obtained by calculating the AICc values and then subtracting the AICc of each model from the smallest AICc value among all candidate models. Larger values of delta AICc are less likely to serve as the best approximation of the model in the candidate set. Models with delta AICc ≤ 2 have substantial support, while models with delta AICc > 10 have essentially no support (Burnham and Anderson, 2004). For our study on P. chinensis, the model with delta AICc = 0 was finally chosen.




2.5 Data processing

The grading and visualization of P. chinensis suitable areas were achieved by loading the mean results of the model output into ArcGIS software. Suitability probability classes were classified using the natural breakpoint method, which determines the optimal classification threshold based on the distributional characteristics of the data itself. There were four categories: highly suitable (0.5–1.0), moderately suitable (0.3–0.5), lowly suitable (0.1–0.3), and unsuitable (0.0–0.1). Dynamic changes in center-of-mass trajectories better reflect the spatial and temporal reconfiguration characteristics of the distribution pattern than area fluctuations. Therefore, in this study, while quantifying the areas with different suitability classes, we used the spatial statistical tools in ArcGIS to transform the distribution of P. chinensis suitable areas in each period into representative centroids (Brown, 2014; Guo et al., 2023; Wang et al., 2024), which reflected the overall spatial positioning of P. chinensis suitability zones.





3 Results and analysis



3.1 Model optimization accuracy evaluation

The distribution area of P. chinensis was predicted based on 105 occurrence records and 12 environmental variables. When running the model with the MaxEnt default parameters (RM = 1, FC = LQH), delta AICc = 317.77, it indicated a risk of overfitting. Nevertheless, adopting the adjusted parameters (RM = 2.5, FC = LQHPT), delta AICc = 0, demonstrated that the predictive accuracy of the model was better than the default model for this combination of parameters. The results showed that the mean AUC of the model under the optimized parameters was 0.916 and the mean TSS was 0.608, both of which further confirmed the reliability of the model results (Figure 2).

[image: Receiver Operating Characteristic (ROC) curve showing average sensitivity versus one minus specificity for Pulsatilla chinensis. The red line represents the mean with an Area Under the Curve (AUC) of 0.916, and the blue shaded area indicates the mean plus or minus one standard deviation. A diagonal black line represents random prediction. The curve demonstrates high sensitivity and specificity.]
Figure 2 | ROC curves of the MaxEnt model for P. chinensis.




3.2 Distribution of P. chinensis concerning environmental variables

Model results indicate that Precipitation of the wettest quarter, Isothermality, Average November temperature, and Standard deviation of temperature seasonality collectively contributed 83.3% to the habitat suitability of P. chinensis. The precipitation of the wettest quarter ranked as the most influential variable, contributing 32.7% (Table 2). The Jackknife test revealed that Precipitation of the wettest quarter, Isothermality, and Mean diurnal range had significant impacts on the survival of P. chinensis. This highlights precipitation and temperature as key determinants of P. chinensis habitat suitability (Figure 3).

Table 2 | Contribution and significance of variables.


[image: Table showing variable importance in terms of percent contribution and permutation importance. Bio16 has the highest percent contribution and importance, with 32.7% and 25.4% respectively. Pre1 and Pre12 have the lowest values, under 1% for both measures. Other variables have varied contributions and importances.]
[image: Bar chart titled "Jackknife of regularized training gain for Pulsatilla chinensis." It compares environmental variables' contributions: Aspect, Bio15, Bio16, Bio2, Bio3, Bio4, Elev, Pre1, Pre12, Slope, T_clay, and Tmean11. Variables in turquoise represent "Without variable," in blue "With only variable," and in red "With all variables," showing varying impacts on regularized training gain.]
Figure 3 | Jackknife test of environmental variables for P. chinensis.

Response curves were generated by univariate marginal effects analysis in the MaxEnt model, reflecting each variable’s marginal contribution to species habitat suitability while holding other variables constant. In this study, response curves for the four variables with the highest contributions were specifically analyzed using a threshold probability of occurrence greater than 0.50 (Liu et al., 2005; Xu et al., 2023b). The presence of P. chinensis was most likely when the precipitation of the wettest quarter ranged from 307.5 to 506.9 mm. P. chinensis grows best in this region when isothermality values range from 16.2% to 31.1%. The likelihood of P. chinensis presence exceeded 50% when the average November temperature ranged from − 1.7°C to 9.7°C. Additionally, P. chinensis exhibited higher survival rates when the standard deviation of temperature seasonality ranged from 9.3°C to 13.1°C (Figure 4).

[image: Four-panel graph showing the response of Pulsatilla chinensis in different environmental conditions. Panel A: logistic output vs. Bio16, peaking sharply and then declining. Panel B: logistic output vs. Bio3, showing a steep drop after a plateau. Panel C: logistic output vs. Tmean11, forming a bell curve. Panel D: logistic output vs. Bio4, peaking mid-range and then declining. Each graph includes blue and red lines.]
Figure 4 | Response curves for the critical variables: precipitation of the wettest quarter (A), isothermality (B), average November temperature (C), and standard deviation of temperature seasonality (D).




3.3 Current distribution of P. chinensis in China

The distribution of P. chinensis is primarily concentrated in northern and eastern China, with a total suitable area estimated at 262.78 × 104 km². The highly suitable zone covers 47.60 × 104 km², accounting for 18.12% of the total suitable area, and is primarily distributed across Liaoning, Beijing, Shandong, Hebei, and Shanxi. The moderately suitable zone spans 84.02 × 104 km², representing 31.98% of the total suitable area. It surrounds the highly suitable zone and extends into regions such as Inner Mongolia, Jilin, and Shaanxi. The low suitability zone occupies 131.14 × 104 km², making up 49.91% of the total suitable area. It is primarily located around the moderately suitable zone, spanning central, eastern, and southwestern China (Figure 5).

[image: Map of China depicting suitability areas using color coding. White indicates unsuitable areas, blue shows low suitability, orange represents middle suitability, and red highlights high suitability areas. The map includes a legend and scale at the bottom.]
Figure 5 | Distribution of P. chinensis in China.




3.4 Distributional changes of P. chinensis under future climates

Projections suggest an overall expansion of suitable habitat for P. chinensis under both future emission scenarios. The SSP245 scenario predicts a more pronounced increase in suitable habitat compared to SSP585 (Table 3).

Table 3 | Distribution of P. chinensis under current and future scenarios (× 104 km2).


[image: Table showing suitability scenarios over time. Categories include unsuitable, low suitable, middle suitable, high suitable, and total suitable. Data varies across scenarios such as Current, SSP245 2050S, SSP245 2070S, SSP585 2050S, and SSP585 2070S, with quantitative values for each category.]
Between 2041 and 2060, the total suitable area under SSP245 increased by 25.40% relative to the current period, with significant expansion in highly suitable areas (Figure 6A). Key suitable regions included Shandong, Hebei, Beijing, Tianjin, Liaoning, Jilin, Heilongjiang, Inner Mongolia, Shanxi, Shaanxi, and Gansu. Under SSP585, the total suitable area increased by 8.89% compared to the current period (Figure 6B). While moderately suitable areas expanded, highly suitable areas experienced a relative decline.

[image: Four maps labeled A, B, C, and D depict China's areas of suitability, with a color legend: unsuitable (light blue), low suitable (light orange), middle suitable (orange), and high suitable (red). Each map illustrates differing suitability distributions across regions, highlighting variations in land usability.]
Figure 6 | Changes in P. chinensis suitability areas under future climate conditions. (A) 2041–2060, SSP 245; (B) 2041–2060, SSP 585; (C) 2061–2080, SSP 245; and (D) 2061–2080, SSP 585.

Between 2061 and 2080, the SSP245 scenario projected a 23.26% increase in total suitable area, with further expansion in highly suitable regions, particularly in Jilin, Heilongjiang, and Inner Mongolia (Figure 6C). The overall distribution pattern remained consistent with projections for 2041–2060 under the SSP245 scenario. Under SSP585, the total suitable area increased by 7.41% compared to the current period, with a slight decrease relative to the 2041–2060 projections. The distribution pattern remained largely unchanged (Figure 6D). According to ArcGIS, the threshold for a highly suitable area is greater than 0.5. To present the data from another perspective, we redrew the highly suitable areas with an adjusted threshold greater than 0.8, considering current (Supplementary 1) and future scenarios (Supplementary 2).




3.5 Changes in the center of mass of P. chinensis at different periods

The center of mass of P. chinensis exhibits slight variations under different emission scenarios (Figure 7). Under the SSP245 scenario, the center of mass of P. chinensis is projected to shift westward from Tangyin County, Anyang City, Henan Province, to Lintong District, Xi’an City, Shaanxi Province, covering a distance of approximately 501.28 km between 2041 and 2060. It is expected to move further to Chang’an District, Xi’an City, Shaanxi Province, with an additional shift of about 544.32 km between 2061 and 2080.

[image: Map showing projected shifts in centroid location in Shanxi and Henan from present (red dot) to 2050s and 2070s. Blue pentagons represent SSP5-8.5 projections, and orange triangles represent SSP2-4.5 projections. Arrows indicate direction of shifts. Scale bar included.]
Figure 7 | Map of the center of gravity shifts of P. chinensis suitable areas under future climate scenarios.

Under the more severe SSP585 scenario, the center of mass is projected to shift southwestward to Shangnan County, Shangluo City, Shaanxi Province, over a distance of approximately 420.01 km between 2041 and 2060. Subsequently, it is expected to move southeastward to Luoning County, Luoyang City, Henan Province, with an additional shift of about 322.98 km between 2061 and 2080. Overall, the center of mass of P. chinensis tends to shift southwestward. Notably, the SSP245 scenario predicts a longer shift distance compared to SSP585, primarily spanning Shaanxi and Henan provinces.





4 Discussion



4.1 Optimized performance of MaxEnt

Previous studies have demonstrated that optimizing model parameters can reduce complexity and minimize error rates during operations (Shi et al., 2024). In this study, the ENMeval toolkit in R was employed to optimize the initial MaxEnt parameters, utilizing filtered P. chinensis distribution data and key ecological factors, including climate, topography, and soil. The adjusted parameters are RM = 2.5 and FC = LQHPT. The results demonstrate that the mean value of AUC was 0.916 and the mean value of TSS was 0.608, both of which exceeded the ecological model validity threshold, which indicates the reliability of the model results.




4.2 Major environmental variables affecting the distribution of P. chinensis

The results showed that precipitation of the wettest quarter (Bio16), isothermality (Bio3), average November temperature (Tmean11), and standard deviation of temperature seasonality (Bio4) were the key environmental variables affecting the geographical distribution of P. chinensis with a total contribution of 83.3%. This shows that temperature and precipitation play a central role in regulating the growth rhythm and distribution pattern of P. chinensis. By analyzing the response curves, it was found that Bio16 at 307.5–506.9 mm, Bio3 at 16.2%–31.1%, Tmean11 at − 1.7°C or to 9.7°C, and Bio4 at 9.3°C—13.1°C were suitable for P. chinensis growth.

Temperature and precipitation are the main biological determinants of plant growth status, and there are differences in water and temperature requirements between plants, with drought and high temperatures reducing the efficiency of water uptake by plants (Punyasena et al., 2008; Bradie and Leung, 2017). The P. chinensis tends to grow in light, moderately rainy environments, is tolerant of cold, and wilts easily under hot, rainy conditions (Xu et al., 2023a). The P. chinensis has a shallow root system and has a significantly higher water requirement during its growth spurt. Adequate precipitation not only increases soil water content to promote root development but also provides the necessary conditions for photosynthesis and reproductive development, while excessive precipitation may lead to waterlogging of the soil, which induces diseases such as root rot and thus inhibits the expansion of its population (Fang et al., 2021). Bio3 and Bio4 together reflect the magnitude of intra-annual temperature fluctuations. As a temperate plant, P. chinensis is sensitive to temperature changes that affect dormancy lifting and growth initiation. A small diurnal temperature difference helps to avoid extreme temperature stress and maintain normal photosynthesis and metabolic activities (Khodorova and Boitel-Conti, 2013). Moderate seasonal variation in temperature is conducive to the successful completion of the entire process of growth, differentiation, reproduction, and entry into dormancy of P. chinensis between seasons. The P. chinensis is more likely to establish stable populations in more humid climates with less temperature fluctuation. Before entering winter dormancy, P. chinensis still requires some degree of nutrient accumulation and root activity. Suitable November temperatures help it to complete the synthesis and storage of nutrients, laying the foundation for winter dormancy and emergence in the following spring. If the temperature is too low, it may lead to passive early dormancy, which can negatively affect nutrient accumulation and growth in the following year. It is worth noting that there may be synergistic effects between these key variables. For example, in areas with moderate temperature seasonality and favorable November temperatures, P. chinensis can fully accumulate nutrients before winter. However, if temperature seasonality is too high, even if the late fall temperatures are suitable, the species’ growth may still be hindered by sharp temperature fluctuations throughout the year.

The state of plant growth and distribution is the result of the synergistic effect of multidimensional ecological factors (Zhou et al., 2025). Although climatic variables are often shown to be the dominant drivers, factors such as soil physicochemical properties and geomorphological and hydrological features likewise shape species’ ecological niche boundaries (Benning and Moeller, 2021). Therefore, when formulating resource maintenance strategies, priority can be given to monitoring the dynamic thresholds of key climatic parameters while establishing a multifactor synergistic early warning mechanism to safeguard the ecological adaptability of populations and ultimately realize the sustainable use of resources.




4.3 Changes in the suitability distribution of P. chinensis

Previous studies have identified northeastern China—comprising Jilin, Liaoning, Hebei, Shandong, and Henan provinces—as the primary distribution area of P. chinensis. This is consistent with the predictions made in this study. Analysis of habitat changes indicates that the total suitable area for P. chinensis shows a general increasing trend under both SSP245 and SSP585 scenarios. Under SSP245, P. chinensis is projected to experience the most significant increase in suitable area, with expansions of 25.40% (2050s) and 23.26% (2070s) compared to the current period. Under SSP585, the suitable area continues to expand relative to the current period but is reduced by 13.17% (2050s) and 12.86% (2070s) compared to SSP245.

This suggests that although warming may have expanded the habitat of P. chinensis to some extent, the stability of its habitat is more challenged under more extreme warming scenarios. The relatively mild temperature increases in the SSP245 scenario, coupled with a moderate increase in precipitation, may provide a more balanced mix of water and heat for P. chinensis, which is conducive to the maintenance of its growth rhythm and life-cycle processes. The SSP585 scenario has a greater temperature increase, which may lead to high-temperature stress and water deficit, limiting population expansion. In addition, as a perennial herb, seed germination and seedling emergence of P. chinensis are extremely sensitive to spring temperatures and soil moisture, and climate extremes will affect population renewal and dispersal. Climate change not only affects the extent of species’ habitats but also drives the displacement of their centers of distribution (Cheng et al., 2008). When climatic conditions are outside the appropriate range for a species to survive, changes in its geographical distribution will follow (Campos et al., 2023). By calculating the distance of the center of mass movement in different periods, it was found that the center of mass of P. chinensis showed a tendency to shift to the southwestern direction. The study suggests that a warming climate will drive some species to higher altitudes and latitudes, causing them to expand and contract (Zu et al., 2021; Nuñez et al., 2023). However, since species have different physiological characteristics, their responses in the face of climate change are not entirely uniform. This study demonstrates that the habitat of P. chinensis shifted towards lower rather than higher latitudes. Species shifts toward lower latitudes often result from deteriorating habitat conditions driven by climate change, compounded by geographical anomalies (Sun et al., 2020). Variations in migration direction and distance are often influenced by the magnitude of climate warming (Poggio et al., 2018). Although temperatures are rising in the northern high latitudes, they may be unfavorable to the expansion of P. chinensis due to ecological constraints such as soil, light, or phenology. The southwestern region is characterized by mountains and plateaus, which may provide diverse microclimatic conditions for P. chinensis. Therefore, P. chinensis may maintain its adaptation to its ecological niche by migrating to lower latitudes but higher altitudes.

Changes in the distribution areas of species are the result of a combination of factors, including climate change, ecological changes, human activities, species competition, and geographical factors. This phenomenon reflects the dynamic adaptive capacity of plants to environmental changes and also reminds us to pay attention to the potential impacts of ecosystem changes on biodiversity. In response to the dynamic change of species’ habitats under the high carbon emission scenario, we can prioritize the establishment of climate-adapted protected areas in the expansion areas of habitats, carry out habitat restoration in the contraction areas, and layout relocation and protection corridors along the migration path of the center of mass of the habitats to connect the fragmented habitats and reduce the risk of migration and extinction.




4.4 Limitations of the study

The present study has several limitations that should be considered when predicting the distribution pattern of P. chinensis. First, since the model was constructed using only distribution records from within China, it may not fully capture the physiological tolerance range of the species (Feeley and Silman, 2011). Second, although parameter optimization was performed using the ENMeval toolkit, model performance may still be influenced by the choice of feature combinations. Different climate models exhibit systematic biases due to variations in physical processes and parameterization schemes (Tett et al., 2022), which can reduce the accuracy of their reproduction of historical climate states and the reliability of their future projections (Zhu and Yang, 2020). The BCC-CSM2-MR model used in this study shows significant improvements in simulating seasonal mean precipitation in East Asia; however, its temperature simulation is less accurate, with larger errors in inter-monthly variations compared to the BCC-CSM1.1m model (Li et al., 2023). In addition, the MaxEnt model has some inherent limitations (Feng et al., 2019; Schnase et al., 2021). It assumes a static environmental response and does not account for dynamic adaptive processes, such as phenotypic plasticity. The model also presumes that species can freely migrate to all suitable habitats, but in reality, seed dispersal distance limitations and human land-use barriers can significantly constrain the actual dispersal ability of species (Mou et al., 2025). Furthermore, biotic interactions and interspecies competition also play essential roles in species distribution (Hooper et al., 2005; Wisz et al., 2013). These factors may introduce a directional bias in the predictions, potentially leading to an overestimation of the expansion trend of suitable areas.

Future research suggestions include the following: (1) Integrating transboundary distribution data with functional trait parameters to construct ecological niche models that cover the full range of species; (2) using CMIP6 multimodel ensembles and downscaling techniques to quantify climate sensitivity under different emission scenarios, thereby reducing the uncertainty of regional projections; and (3) coupling individual-based and adaptive dynamic models to simulate the role of phenotypic plasticity and gene flow on the boundary expansion. These measures will aid in identifying credible expansion areas and provide scientific support for risk assessment in conservation planning.





5 Conclusion

The primary distribution of P. chinensis is currently concentrated in northern and eastern China, including the provinces of Liaoning, Hebei, and Shandong. Future climate projections suggest a general expansion of suitable habitats for P. chinensis, with the most significant increase occurring under the SSP245 scenario. Among the 12 variables analyzed, precipitation of the wettest quarter, isothermality, average November temperature, and the standard deviation of temperature seasonality emerged as the most influential factors affecting the growth of P. chinensis. The center of mass of P. chinensis habitats exhibited a southwestward shift, primarily driven by climate change. This study analyzes the spatial response patterns of P. chinensis habitat distribution under climate change and provides scientific support for its habitat adaptation, cultivation, and sustainable resource utilization.
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Hibiscus syriacus L. (Malvaceae) is widely cultivated for its ornamental value and diverse applications in food, medicine, and textiles. Despite its extensive use, the key environmental factors and geographic patterns influencing its habitat suitability remain poorly understood. We applied the MaxEnt model to assess the current and projected future distribution of H. syriacus using 185 occurrence records and 20 environmental variables. Results showed that the current suitable habitat area covered 188.81 × 104 km². Temperature and precipitation played a crucial role in shaping the present geographical distribution of H. syriacus populations. Projections indicated that by the 2050s, the total suitable habitat area would expand, with the SSP585 scenario demonstrating the most substantial increase. However, a general decline was expected by the 2070s. The potential distribution, primarily concentrated in Hunan Province, was projected to shift southwestward. Migration patterns and habitat changes were primarily driven by substantial variations in temperature and precipitation. These findings highlight the impact of climate change on the habitat suitability of H. syriacus and offer a scientific basis for determining planting zones and strategies.
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1 Introduction

According to the Intergovernmental Panel on Climate Change Sixth Assessment Report (Lei et al., 2022), the impacts and risks of global warming are becoming increasingly complex, leading to a range of irreversible effects on ecosystems and human societies (Kikstra et al., 2022). In particular, climate change has a pronounced influence on plants, primarily through shifts in temperature and precipitation patterns. These changes disrupt the availability of energy and water necessary for plant growth, thereby impairing physiological and ecological processes and, in severe cases, causing reduced growth or plant mortality. Such disruptions inevitably threaten global food security and the production of economically significant crops (Jaskani and Khan, 2021; Piao et al., 2019; Zhao et al., 2021). Over the past 30 years, researchers have quantified and elucidated the reduction in crop yields and the contraction of suitable habitats caused by climate disasters by analyzing disaster indices (Hu et al., 2024), statistical data (Shi et al., 2021), information diffusion technology (Rezaei et al., 2023), and production function models (Kang et al., 2009). Overall, the impact of climate change on agricultural production is mainly evident in fluctuations in crop yields caused by extreme weather events and temperature changes, with global warming and changes in precipitation patterns exacerbating this impact.

Hibiscus syriacus L. (Malvaceae), native to China, is a multifunctional shrub valued for its ornamental beauty, medicinal applications, and role in agriculture and food production. The diverse uses of H. syriacus make it a crop of significant economic importance. The production and distribution of H. syriacus rely on the nursery industry, which is traditionally sensitive to environmental changes. Previous studies on H. syriacus have primarily focused on its medicinal value (Yang et al., 2020) and chemical extracts (Yang et al., 2019), with limited attention being paid to the environmental factors restricting its distribution and its adaptability to climate change. This gap in understanding has led to mixed results when introducing H. syriacus to various regions (Jing, 2015; Liu et al., 2021; Feng et al., 2022), thereby revealing a lack of knowledge about its specific climatic requirements. The insufficient research on the environmental conditions necessary for its growth has contributed to poor outcomes in many regions, including stunted development, low survival rates, irregular flowering, and increased vulnerability to frost damage, in many regions (Feng et al., 2021; Wang, 2018). These challenges are largely attributed to mismatches between the plant and local climate conditions, which remain inadequately studied. Nurseries and horticultural enterprises are particularly vulnerable to these uncertainties (Whittet et al., 2016). Without clear guidance on optimal climate conditions, site selection errors often lead to wasted resources and production delays (Fernandez et al., 2022). Although key factors such as temperature, precipitation, and seasonal fluctuations significantly influence the growth of H. syriacus, their specific impacts remain poorly understood. These knowledge gaps have hindered the introduction of H. syriacus to new regions, thereby limiting its broader adoption and commercial potential.

In species distribution modeling, various algorithms, including generalized linear models, random forests, and MaxEnt, are employed to predict and understand the spatial patterns of species distribution (Ahmadi et al., 2023; Shabani et al., 2016). Each method offers distinct advantages and suits to specific data types and availability. Among these, MaxEnt has gained widespread application because of its flexibility and robustness in analyzing presence-only data (Wang et al., 2024; Merow et al., 2013; Wen et al., 2024). The model has demonstrated reliable predictive performance, particularly in scenarios involving fragmented or incomplete data. Its capability to integrate presence-only data with environmental variables makes it a valuable tool for projecting potential habitat shifts under changing climate conditions (Phillips and Dudík, 2008; Yang et al., 2020; Duan et al., 2022). These applications are essential for understanding species’ ecological adaptability and improving agricultural and horticultural management practices. By analyzing relationships between species distribution and environmental factors, MaxEnt effectively identifies ecological thresholds and adaptation ranges. This capability supports site selection, habitat suitability analysis, and strategic planning. As a result, MaxEnt serves as a valuable tool to address challenges related to species introduction and sustainable cultivation in variable climatic contexts (Elith et al., 2011).

In this work, we utilized the MaxEnt model to assess the impact of climate change on the potential habitat suitability of H. syriacus. The primary research objectives are as follows: (1) to quantify the key environmental drivers shaping the distribution of H. syriacus and define its ecological suitability thresholds; (2) to simulate habitat range changes, including expansion or degradation patterns and centroid migration trends, under future climate scenarios; and (3) to identify the priority planting habitat for H. syriacus based on current and future suitability distributions, and propose planting strategies that address the challenges posed by climate change.




2 Materials and methods



2.1 Species occurrence data

This study used “Hibiscus syriacus” as a keyword to collect and process its distribution data systematically. Specimen records were obtained from the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/); in particular, 1,839 raw occurrence points for H. syriacus were obtained by setting the filter “Country or Area” to China. We conducted overlay analyses to cross-reference land-use classifications and remove redundant or inaccurate records associated with water bodies, buildings, and roads by integrating species distribution data from the Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn/), Google Maps (Google Maps, http://www.gditu.net/), and 2020 land-use data (DCRES, https://www.resdc.cn/) into ArcMap 10.8.1; in this way, overfitting in species distribution models caused by clustering effects can be avoided. This step aimed to identify and retain naturally occurring distribution points while excluding potential cultivated locations. The occurrence records were refined using SDMToolbox v2.4 to ensure spatial independence of the input data and achieve optimal model performance, thereby ensuring that each 2.5-arc-minute grid cell (approximately 4.64 km at the equator) contained only one occurrence record. Ultimately, 185 valid occurrence points were obtained for subsequent analyses (Figure 1).
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Figure 1 | Distribution records of H. syriacus in China.




2.2 Environmental data

Current environmental data (1970—2000) and future climate data for two periods (2050s and 2070s), with a resolution of 2.5 minutes, were downloaded from the Global Climate Database (WorldClim, http://www.worldclim.org/). These data includes 19 climate variables related to precipitation and temperature (BIO1–BIO19) and one elevation variable (ELV). For future climate data, we utilized simulations based on the BCC-CSM2-MR model data, covering three radiative forcing scenarios: low (SSPs126), medium (SSPs245), and high (SSPs585). The BCC-CSM2-MR model is recommended for conducting short-term climate forecasting and for examining climate change trends within China (Wu et al., 2021). These scenarios reflect different socio-economic trajectories and their impacts on climate policy and radiative forcing levels.

Preliminary simulations were conducted to analyze the contribution rates of environmental factors to minimize model overfitting effectively. Pearson correlation analysis was utilized (Figure 2) (Hosseini et al., 2024; Khajoei Nasab et al., 2020). Factors with a correlation coefficient greater than 0.75 were excluded to reduce redundancy and improve model accuracy (Dormann et al., 2013; Zhang et al., 2022). The selected environmental factors for the final dataset include BIO2, BIO4, BIO6, BIO8, BIO12, BIO14, and elevation (ELV) (Table 1).
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Figure 2 | Correlation of environment variables.

Table 1 | Percentage contributions and permutation importance of the variables included in the MaxEnt models for H. syriacus.


[image: Table showing environmental variables and their metrics. Variables include mean diurnal range, temperature seasonality, minimum temperature of the coldest month, mean temperature of the wettest quarter, annual precipitation, precipitation of the driest month, and elevation. Units vary from degrees Celsius, millimeters, to meters. Percent contribution ranges from 3.1 to 34.6, while permutation importance varies from 5 to 41.4.]



2.3 Model simulation

We utilized the MaxEnt model version 3.4.4 to simulate the potential distribution of H. syriacus based on species records and environmental factors. Previous studies have shown that using default settings can result in suboptimal models (Fourcade et al., 2014; Morales et al., 2017; Lissovsky and Dudov, 2021); therefore, we explored various combinations of regularization multipliers and proportions of test sets. Our analysis revealed that using 70% of the distribution points for training and the remaining 30% for testing, along with a regularization multiplier of 0.5, provided the best model performance, thereby ensuring high predictive accuracy and generalization capability. The default “autofeatures” including linear, hinge, quadratic, threshold, and product features, were retained. The relative importance of environmental variables was analyzed using the Jackknife test. Model performance was evaluated using the receiver operating characteristic (ROC) curve, and the area under this curve (AUC) was calculated to quantify model accuracy (Merow et al., 2013). AUC values range from 0 to 1, with values higher than 0.8 indicating excellent model accuracy (Morasca and Lavazza, 2020).

A threshold-based method was used to classifying habitat suitability (Morales et al., 2017). Suitable areas were classified into four categories: non-suitable (0–0.2), low suitability (0.2–0.4), moderate suitability (0.4–0.6), and high suitability (0.6–1) (Bora and Saikia, 2024; Barboza et al., 2024). Potential suitable areas for the contemporary period, 2050s, and 2070s were projected onto a map of China, and the area of potential suitable regions for each period was calculated using a field calculator.




2.4 Spatial pattern changes and centroid movement in suitable areas

A threshold of 0.5 for species presence probability was established to delineate potential suitable areas for H. syriacus. Then the model outputs were reclassified using ArcMap10.8.1, thereby enabling the visualization of shifts in the spatial patterns of habitat suitability for H. syriacus. We utilized SDMtoolbox v2.6 to compare and calculate the geographical centroid of species under different climate scenarios. We also evaluated the binary habitat suitability for species to categorize the areas into three classifications: expansion, unchanged, and loss (Fois et al., 2018).





3 Results



3.1 Evaluation of model simulation results of H. syriacus

The ROC curve is a widely used tool for evaluating the balance between sensitivity and specificity in predictive models. In this study, the ROC curve approaches the top left corner, indicating high diagnostic accuracy and a low false positive rate (Figure 3). The AUC value for the training set is 0.934, which reflects the robustness and reliability of the model in predicting the potential distribution of H. syriacus. These results highlight the effectiveness of using the MaxEnt model to assess species distributions under current and future climate scenarios.
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Figure 3 | Model accuracy evaluation. AICc values of parameter combinations were calculated using ENMeval. AICc (Akaike information criterion correction) reflects model optimization, with DAICc = 0 indicating the optimal parameter combination. Feature categories include L (linear), Q (quadratic), H (hinge), P (product), T (threshold), and combinations such as LQ, LQH, LQHP, and LQHPT. (A) The ROC verification curve of Maxent model; (B) Jackknife test of the importance of variables.




3.2 Critical environmental factors influencing the distribution of H. syriacus

The contribution rates of seven environmental factors to the prediction of contemporary habitat suitability for H. syriacus using the MaxEnt model are summarized in Table 1. Annual precipitation (BIO12) emerges as the most significant factor, accounting for 34.6% of the total contribution. Ranked second and third are precipitation of the driest month (BIO14) and the minimum temperature of the coldest month (BIO6), contributing 14.4% and 13.9%, respectively. Other factors, including the standard deviation of temperature seasonality (BIO4), mean temperature of the wettest quarter (BIO8), mean diurnal range (BIO2), and elevation (ELV), contribute 8.9%, 3.8%, 3.5%, and 3.1%, respectively. The combination of precipitation-related factors (BIO12 and BIO14) contributes 58.2% to the model, whereas temperature-related factors account for 38.3%. These results highlight the dominant role of precipitation in determining the habitat suitability of H. syriacus, followed by the influence of temperature-related factors.

The results of the jackknife test (Figure 4) indicated that BIO6, BIO12, and BIO14 are the most influential factors affecting the predictive accuracy of the model. Each factor was evaluated in isolation to assess its corresponding contribution. BIO6 exhibits a high training gain in the univariate model, thereby underscoring its pivotal role in predicting the geographical distribution of H. syriacus. Similarly, BIO12 and BIO14 show significant training gains, emphasizing the importance of precipitation variability in simulating plant distribution. Moreover, the exclusion of BIO4 led to a marked reduction in predictive performance. These findings indicate that BIO6, BIO12, BIO14, and BIO4 are the key environmental factors influencing the distribution of H. syriacus. Moreover, this analysis provides insights into the primary environmental drivers shaping the species’ distribution under current climatic conditions.
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Figure 4 | Jackknife analysis of environmental variables.

The response curves of various environmental factors (Figure 5) show the ranges that support the presence of H. syriacus. The optimal ranges were defined based on a probability threshold of ≥0.6. For BIO12, the suitable annual precipitation range is 1100 mm to 1950 mm, with the recorded highest probability of occurrence being between 1500 and 1600 mm. For BIO14, precipitation during the driest month ranges from 18.7 mm to 104 mm, with the concentration of optimal values being between 40 and 60 mm. BIO6 demonstrates a suitable temperature range for the coldest month between −0.8 and 7.7°C, with the highest probability being around 4°C to 6°C. The response curve for BIO4 reveals a distinct unimodal pattern, with the habitat suitability peaking when the seasonality index is near 800, within an optimal range of 570 to 840.

[image: Four graphs labeled A to D show the probability of species presence related to climatic factors.   Graph A plots probability against the standard deviation of seasonal temperature changes, peaking around 700 degrees Celsius.   Graph B links probability with the minimum temperature of the coldest month, peaking at 5 degrees Celsius.   Graph C shows probability versus annual precipitation, peaking at 1,500 millimeters.   Graph D correlates probability with precipitation of the driest month, peaking around 50 millimeters.]
Figure 5 | Response curves of main bioclimatic factors. The x-axis represents the range of environmental variable values, and the y-axis represents the predicted probability of species presence. (A) The relationship between bio4 (Standard deviation of seasonal temperature changes/°C) and species presence probability. (B) The effect of BIO6 (Minimum Temperature of Coldest Month/°C) on species presence probability. (C)The relationship between BIO12 (Annual Precipitation/mm) and species presence probability. (D) The impact of BIO14 (Precipitation of Driest Month/mm) on species presence probability.




3.3 Predictions of current suitable habitat

Under the present climate scenario, the total potential habitat of H. syriacus is estimated to extend across approximately 188.81×104 km2 (Table 2), accounting for 19.67% of the total land area in China. This habitat is divided into low, medium, and high suitability zones, with areas of 58.85×104 km2, 57.94×104 km2, and 72.02×104 km2, respectively. The high suitability zones account for 31.17% of the overall suitable habitat. In terms of geography, the regions suitable for H. syriacus primarily include Hubei, Hunan, and the southwestern part of Henan in central China; Jiangxi, Fujian, Zhejiang, and southern Anhui in eastern China; Guangdong and Guangxi in southern China; the eastern parts of Sichuan; Guizhou, Chongqing, and Yunnan in southwestern China; and the southern part of Shaanxi in northwestern China (Figure 6). The distribution of H. syriacus specimens aligns closely with the predicted potential areas of the model because most specimens are located in medium and high suitability zones. This consistency underscores the predictive accuracy and reliability of the model.

Table 2 | Prediction area of potential suitable distribution areas for H. syriacus in different periods.


[image: Table showing land suitability categories for current, 2050, and 2070 scenarios under SSPs 126, 245, and 585. Categories include unsuitable, low, medium, and high suitable areas. Total suitable area and comparison to current are also detailed in units of 104 square kilometers.]
[image: Map of China showing suitable areas ranked by color: red for high suitability, orange for medium, yellow for low, and white for unsuitable. High suitability primarily in the southeast. Compass and scale included.]
Figure 6 | Potential habitat prediction for H. syriacus under current climatic scenario.




3.4 Future alterations of appropriate habitat area

Under future climate scenarios for the 2050s and 2070s (Table 2), the total suitable area for H. syriacus is projected to exhibit a general declining trend, except under the SSP585 scenario in the 2050s, where an increase of 5.65×104 km2 can be observed. In the 2050s, changes in suitable areas under the SSP126 and SSP245 scenarios are minimal, whereas a notable expansion is projected under the SSP585 scenario. By contrast, the 2070s are projected to show a reduction in suitable area across all scenarios, with the largest decrease of −4.68×104 km2 occurring under SSP585.

Compared with contemporary levels, the area of low suitability for H. syriacus is expected to decline, whereas the area of high suitability is projected to demonstrate an increasing trend. Comparisons between projections for the 2050s and 2070s reveal greater fluctuations in high and low suitability areas under the SSP585 scenario. In terms of geography, medium and high suitability areas are primarily projected to be located in Hunan, Jiangxi, Fujian, Guangdong, Guangxi, and Guizhou, whereas low suitability areas are expected to expand mainly to the west and north (Figure 7).

[image: Maps illustrating future habitat suitability in China for different scenarios (SSPs) in the 2050s and 2070s. Red indicates high suitability, orange shows medium, yellow represents low, and white indicates unsuitable areas. Each row depicts a different SSP scenario, with the left column for the 2050s and right for the 2070s.]
Figure 7 | Potential habitat prediction for H. syriacus under future climatic scenario.




3.5 Spatial patterns of H. syriacus distribution under different future scenarios

Based on the spatial changes in suitable areas for H. syriacus under various future climate scenarios (Table 3), projections for the 2050s and 2070s indicate high retention rates of suitable habitats, ranging from 86.33% to 95.26%, predominantly in regions such as Hunan, Jiangxi, Guizhou, Guangxi, Guangdong, Zhejiang, Fujian, and Chongqing (Figure 8). Under SSP126 and SSP245, the retention rates exceed 90%, indicating strong resilience to moderate climate changes. However, under SSP585, retention rates decline slightly, with loss rates ranging from 6.69% to 13.68%. Habitat expansion was observed across all scenarios, particularly in the 2070s, with expansion areas ranging from 11.96 × 104 km2 to 19.15 × 104 km2, corresponding to increase rates of 11.79% to 18.87%. These expansions occurred primarily along the edges of current suitable regions, particularly in southern and eastern China, including parts of Jiangxi, Hunan, and Zhejiang. SSP585 projected the largest expansion, suggesting a potential northward and eastward habitat shift under extreme conditions. Despite these expansions, significant habitat losses were predicted, particularly in the southernmost parts of the range. Losses are concentrated in southern Guangxi, Guangdong, southeastern Fujian, and parts of Hainan, with SSP245 and SSP585 scenarios showing the most pronounced declines. Loss rates vary between 4.74% and 13.68%, depending on the scenario and period.

Table 3 | Spatial variation of suitable growth areas for H. syriacus at different future climate scenarios.


[image: A table compares future climate scenarios for 2050s and 2070s under SSPs 126, 245, and 585. It displays data on area changes in \(10^4\) km² divided into Increase, Retain, and Loss categories, along with percentage changes in Increase Rate, Retention Rate, and Loss Rate. The 2050s-SSPs245 scenario shows the highest Retention Rate at 95.26%, while the 2070s-SSPs585 scenario has the highest Increase Rate at 18.87%. The Loss Rate is lowest for 2050s-SSPs245 at 4.74%. Descriptions clarify the calculation of these rates based on the baseline.]
[image: Map series showing habitat suitability changes in China for the 2050s and 2070s under SSP126, SSP245, and SSP585 scenarios. Areas are color-coded to indicate increases (red), retentions (gray), and losses (blue) in habitat suitability. Each map includes a scale bar and a north arrow.]
Figure 8 | H. syriacus habitat suitability expansion and contraction under future climate scenarios.

In summary, although H. syriacus demonstrates high resilience under moderate climate scenarios, extreme scenarios, such as SSP585, indicate substantial spatial redistribution. Retained habitats remain concentrated in central and southern regions, such as Hunan, Guizhou, and Chongqing, but overall patterns suggested localized losses alongside significant northward and eastward expansions.




3.6 Centroid changes under different climate scenarios

The geographical centroid of suitable habitats for H. syriacus demonstrated notable migration patterns under different climate scenarios (Figure 9). Currently, the centroid is located in Xinhua County, Loudi City, Hunan Province (111°25′12″E, 27°44′25″N). By the 2050s, under the SSP245 scenario, the centroid will migrate slightly within Xinhua County, covering a short distance of 3.27 km (111°22′21″E, 27°42′37″N). By contrast, under the SSP126 and SSP585 scenarios, the centroid would shift by 29.19 and 42.21 km to Shaoyang County (111°17′34″E, 27°25′13″N) and Longhui County, Shaoyang City (110°54′54″E, 27°21′56″N), respectively.

[image: Map A illustrates topographical features with elevation data marked by a color gradient ranging from low to high. Centroid locations and migration paths are depicted. Map B provides a detailed view of centroid migrations over time, with labels for current and future scenarios (2050s and 2070s) under different SSPs. Both maps focus on an area between 105°E to 120°E longitude and 25°N to 30°N latitude, with a scale included for distance reference.]
Figure 9 | The centroid migration of H. syriacus under future climate scenario. (A) Geographic distribution of the centroid migration of H. syriacus; (B) Zoomed-in view of the centroid migration of H. syriacus.

By the 2070s, under the SSP585 scenario, the centroid will move further south, covering 39.64 km to Xinshao County, Shaoyang City (111°22′51″E, 27°30′42″N). In comparison, westward migration can be observed under the SSP126 and SSP245 scenarios, placing the centroid in Xinhua County at (111°6′52″E, 27°38′45″N) and (111°6′17″E, 27°41′09″N), with distances of 20.48 km and 21.93 km, respectively. Across all scenarios, the overall migration distance of the centroid ranges from 3.27 km to 42.21 km, consistently showing a southwestward trend. These findings suggest that future climatic conditions will drive significant shifts in the ecological niche of H. syriacus, with the extent of migration depending on the severity of climate scenarios.





4 Discussion



4.1 Key environmental factors influencing H. syriacus distribution

According to the percentage contribution of various environmental factors, precipitation (BIO12 and BIO14) is the most critical factor influencing the distribution of H. syriacus, accounting for 58.2% of the total model contribution. In particular, BIO12 contributes 34.6%, This value reflects the humidity conditions of a region throughout the year and directly influences water availability, which is crucial for a species that thrives in moist environments. Based on the response curves of annual precipitation (Figure 5C), the suitable range for the growth of H. syriacus is between 1000 and 2100 mm, with the optimal conditions being around 1400 mm. According to data from the China Meteorological Administration (https://weather.cma.cn/), regions such as Jiangxi, Zhejiang, Hunan, and Guangdong have annual precipitation ranging from 1100mm to 1600 mm. These regions provide highly suitable environments that closely match the optimal moisture range for H. syriacus predicted by the model, further confirming the accuracy and reliability of the model.

Reduced winter precipitation can significantly negatively impact the biomass of perennial plants (Henry et al., 2018). Although H. syriacus demonstrates certain drought tolerance, prolonged drought affects its growth and flowering. Therefore, adequate precipitation during the driest month is essential for maintaining normal physiological growth (Winters et al., 2018). The response curve of BIO14 indicates a high probability of presence (P > 0.8) within the 40mm to 60 mm precipitation range (Figure 5D). However, the probability begins to decline after 45 mm, ultimately reaching its lowest point of 0.2 at 180 mm. This response to decreasing precipitation likely represents a natural adaptation to the combined effects of environmental conditions. For instance, higher precipitation often correlates with lower temperatures. In the heavy snowfall areas on the Japan Sea side, winter precipitation and temperature have a significant negative correlation, indicating that increased precipitation coincides with decreased temperatures (Long et al., 2021). Consequently, cold winter monsoons bringing low temperatures and high precipitation may have inhibited the growth of H. syriacus. Additionally, excessively wet soil in low-temperature conditions increased the risk of root diseases (Yamaguchi et al., 2013). As modeled in this study, the current and future potential distributions of H. syriacus, provide crucial insights for its cultivation and management. Given that precipitation significantly impacts its distribution, regions with optimal precipitation patterns, such as parts of Jiangxi, Zhejiang, Hunan, and Guangdong, were identified as prime areas for cultivation. These findings highlight the importance of understanding how current and future precipitation patterns can affect the distribution and growth of H. syriacus.

Temperature factors (BIO6, BIO4, and BIO8) contributed a combined value of 35.1% to the distribution model of H. syriacus, there by underscoring their critical role in determining its distribution. BIO6 demonstrated the highest presence probability within the 1°C to 7°C range (Figure 5B). Temperatures beyond this range significantly reduced the likelihood of H. syriacus presence, likely because this range supports efficient metabolic and physiological processes (Aslam et al., 2022). Extreme temperatures, namely, high and low, exert pronounced adverse effects on plant growth (Duncan et al., 2020); for instance, elevated temperatures cause leaf and stem scorching, premature leaf drop, senescence, and inhibited growth (Lutze et al., 2024). These effects extend beyond structural damage to impair photosynthesis and respiration, ultimately shortening the lifecycle of H. syriacus and reducing productivity (Bita and Gerats, 2013; Xu et al., 2023). The response curve of BIO4 indicates that H. syriacus achieved the highest presence probability when monthly temperature variations were approximately 8% of the annual mean temperature (Figure 5A). However, the increase of this index increased to 11% resulted in a sharp decline of the presence probability to zero, This finding highlights H. syriacus’s limited adaptability to substantial temperature fluctuations. Moderate temperature variations optimize photosynthetic and energy metabolism processes (Li et al., 2020). Conversely, excessive variations impose physiological stress, thereby destabilizing photosynthetic pigments and reducing the activity of essential enzymes (Yamori et al., 2014). This disruption leads to a decline in photosynthetic efficiency and undermines overall physiological stability (Song et al., 2014; Sharma et al., 2020).

The identification of these optimal climatic ranges addresses the previously observed challenges in introducing and cultivating H. syriacus, particularly those caused by mismatched environmental conditions. The survival and growth rates of H. syriacus can be significantly improved by establishing precise thresholds, including annual precipitation between 1000 and 2100 mm, precipitation during the driest month ranging from 40 mm to 60 mm, stable temperatures between −2 and 9°C, and seasonal temperature variations within 500 to 900 (Figure 5). These findings underscore the necessity of aligning climatic conditions in future introduction efforts to minimize cultivation risks and enhance resource efficiency in targeted regions.




4.2 Impact of climate change and adaptation strategies for the potential habitats of H. syriacus

H. syriacus is a deciduous shrub that thrives in warm and humid environments. Model predictions indicated that the primary suitable areas for H. syriacus are located in southeastern China. These regions, situated in the subtropical southeast and parts of the temperate zone, are characterized by warm and humid climates that align well with the ecological preferences of H. syriacus. This distribution pattern is consistent with findings from studies on other tropical and subtropical plant species adapted to similar climatic conditions (Zhao et al., 2024; Zhao et al., 2023).

Predictions for the 2050s under SSP126 and SSP245 scenarios suggested minimal changes in suitable habitat area, whereas those for the SSP585 scenario indicate a significant expansion. This finding implies that the warming and increased precipitation associated with high-emission scenarios can benefit the survival of H. syriacus. However, all predicted scenarios in the 2070s indicate a decline in suitable habitat areas, with the most pronounced reduction being under SSP585. Low- to medium-suitability areas can be primarily affected by this decline, whereas high-suitability areas continue to expand under SSP585. As global warming accelerates, surface temperatures in China are projected to increases by 2.3°C to 3.3°C by 2050, with winter and spring temperatures increasing more than in other seasons, and average annual precipitation rising by 5% to 7%. The expansion of high-suitability areas may result from rising winter temperatures and increased annual precipitation. This phenomenon can enhance growth conditions for H. syriacus without exceeding its optimal thresholds. Nevertheless, this scenario is also expected to lead to more frequent and intense extreme weather events and uneven precipitation distribution (Piao et al., 2010). For instance, the average annual precipitation in the Qinghai–Tibet region was projected to increase by 9.4 mm per decade, whereas that in the southwestern region, it was expected to decrease by 9.6 mm per decade (Ortega-Reig et al., 2017). In parts of Yunnan Province, where the current precipitation during the driest month is only 10–15 mm, further reductions can make these areas unsuitable for H. syriacus, thereby resulting in an overall decline in suitable habitat areas.

High-efficiency water-saving irrigation techniques, such as drip irrigation and microsprinkler systems, can be introduced to improve irrigation systems, thereby mitigating the adverse effects of reduced precipitation and rising temperatures on H. syriacus cultivation. These technologies significantly reduce water wastage through precise irrigation and prevent issues such as soil drought or waterlogging caused by uneven irrigation, thereby safeguarding the health of H. syriacus root systems (Yang et al., 2023). Studies have indicated that drip irrigation can increase water use efficiency by more than 30% in perennial crops in water-scarce regions, while also avoiding root diseases caused by over-irrigation (Kandelous et al., 2012). Additionally, the establishment of rainwater harvesting systems is particularly crucial in drought-prone areas. These systems can store rainfall during wet seasons and alleviate water stress during the driest months, thereby ensuring the growth needs of H. syriacus. Comprehensive management strategies are required to address the adverse impacts of rising temperatures. The increasing frequency of extreme heat events may significantly inhibit the growth of H. syriacus. High temperatures cause leaf scorching, defoliation, premature senescence, and reduced productivity by impairing photosynthesis and respiration. These effects can be mitigated by employing physical cooling measures, such as the use of shade nets, to provide adequate protection for H. syriacus during hot seasons, thereby reducing transpiration rates and minimizing water loss. Additionally, research has shown that mulching techniques can prevent soil moisture evaporation and regulate surface temperatures; in this way, surface temperatures can be kept within the optimal range for H. syriacus growth (Ramos et al., 2024). The introduction of smart agricultural technologies, such as sensors and the Internet of Things, is also crucial for addressing changes in temperature and precipitation (Zhang and Guo, 2016). Soil moisture sensors and weather stations can monitor soil and atmospheric conditions in real time, enabling precise irrigation management through smart irrigation systems. This approach prevents physiological stress caused by overirrigation or underirrigation. The widespread application of these technologies, particularly in regions sensitive to climate change, can improve water use efficiency by 20%–40% and mitigate the threats posed by high temperatures and low precipitation to H. syriacus growth by dynamically adjusting irrigation schedules (Kader et al., 2019).

In conclusion, under present climatic conditions, regions such as Jiangxi, Zhejiang, Hunan, and Guangdong are characterized by annual precipitation levels ranging from 1100 mm to 1600 mm and moderate temperature fluctuations. Thus, they are rendering suitable for H. syriacus cultivation. The suitable zones under the SSP585 scenario, the suitable zones are projected to expand toward southern provinces, including Guangxi and additional areas in Guangdong, because of the increasing precipitation and warming winter temperatures. However, certain regions, including parts of Yunnan, Henan, and Jiangsu, are expected to become barely suitable under future climate conditions. Integrating high-efficiency irrigation techniques, shading and cooling measures, rainwater harvesting systems, and smart agricultural technologies is essential to mitigate these adverse impacts and ensure sustainable cultivation. These strategies address water scarcity and temperature stress, thereby providing practical solutions to safeguard H. syriacus plantations under changing climatic conditions.




4.3 Spatial change patterns and centroid shift analysis

In this study, the distribution centroid of H. syriacus gradually shifted from Xinhua County in Loudi City, Hunan Province, to various counties in Shaoyang City. This migration reflects the geographical response of the species to climate change and highlights its potential ecological adaptation strategies. In particular, centroid migration, which serves a critical biogeographical indicator, is commonly used to assess the sensitivity and adaptive capacity of species to environmental changes (Chandra et al., 2022; Manish, 2022). In this case, the southwestward shift of the centroid is likely driven by regional temperature increases and winter warming. These climatic changes have likely alleviated low-temperature stress while remaining within the optimal ecological thresholds for H. syriacus. Additionally, the humid climate of these regions enhances their suitability, further emphasizing the role of warm and humid environments as key factors driving the migration (Neilson et al., 2005). The observed centroid migration provides insights into the niche stability of H. syriacus, thereby showcasing its ability to maintain stable distribution patterns and adapt to future climate scenarios.

Under future climate scenarios, ranging from the relatively mild SSP126 to the extreme SSP585, the already warm and humid climates in southwestern China are projected to intensify further (Mokhtar et al., 2020). This climatic intensification increases the ecological suitability of these regions for H. syriacus, as indicated by the southwestward shift in the distribution centroid. Despite substantial climatic variations, the persistence of the centroid between Loudi City and Shaoyang City in Hunan Province, demonstrates the ecological niche stability of H. syriacus and its capacity to adapt to diverse environmental conditions. These adaptations enable H. syriacus to maintain consistent distribution patterns while responding to changes in temperature and precipitation thresholds. The stability observed in this distribution can also be attributed to the buffering effects of the regional climate. High humidity and moderate winter temperatures in southwestern China mitigate the impact of seasonal variability, ensuring favorable conditions for growth and reproduction. This consistency in environmental conditions promotes both improved productivity and resilience to climate-induced stress (You et al., 2021). Consequently, optimizing planting layouts and management strategies in these climatically favorable areas can maximize both ecological and economic outcomes. Such approaches align with the principles of sustainable intensification, thereby ensuring higher yields while minimizing environmental risks (Talaat, 2023).




4.4 Research limitation

Several limitations should be acknowledged in our study. First, the results of the MaxEnt model are strongly influenced by the quality and accuracy of the occurrence data. We integrated specimen data, land use information, and Google Maps to verify whether the distribution points represented natural populations, thereby minimizing potential errors. However, some degree of misclassification remains, particularly because of the historical nature of the specimen records and the influence of human activity. Second, our model primarily considers abiotic factors (climate and topography) and does not incorporate biotic interactions (e.g., competition and dispersal limitations) or human impacts (e.g., land-use changes and urbanization). Therefore, the predicted suitable habitats may not fully reflect the actual distribution of the species. Furthermore, while MaxEnt is widely used in species distribution modeling; thus its exclusive use in this study limits the ability to compare results across different modeling approaches and assess model uncertainty comprehensively.





5 Conclusion

We predicted the current and future potential distribution of H. syriacus under three SSP climate scenarios by using the MaxEnt model. The current suitable habitat is primarily concentrated in central and eastern China. Annual precipitation and precipitation of the driest month were identified as the key environmental drivers shaping its ecological niche. Future projections indicate a southwestward shift and moderate expansion of suitable areas, with the distribution centroid remaining within central Hunan Province. This finding suggests niche stability under climatic change. Priority planting zones were identified in southwestern China, where warm and humid conditions were projected to persist. Conversely, regions such as Henan, Yunnan, and Jiangsu Provinces may experience declining suitability. This projection highlights the need for proactive adjustments in planting layouts and localized environmental management. To address climate-induced challenges, adaptive strategies such as water-saving irrigation, temperature buffering, and precision agriculture are recommended to optimize cultivation and ensure long-term resilience.
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Karst river systems (KRSs) are essential to regional biogeochemical cycling and are defined by their distinct geomorphological and hydrological features. Understanding the factors controlling litter decomposition and associated nutrient fluxes within these systems is essential for predicting ecosystem responses to environmental changes. While extensive research is underway on litter decomposition and nutrient dynamics, studies on the interactions between species richness and elevation across seasons in KRSs remain limited. This study investigates the effects of elevation (800 m, 110 m, and 60 m) and seasonality (spring and autumn) on foliage decomposition and associated nutrient fluxes in KRSs along the Li River in China. We examined the foliage decomposition of three species: Taxodium distichum (Linn.) Rich., Taxodium ascendens Brongn., and Salix matsudana Koidz. It included seven litter treatments in single-species and mixed-species litter bags (3 species in all single-, 2- and 3-species combinations). A total of 336 decomposition bags were used to measure leaf mass loss and nutrient release during two six-month periods at three elevations in the study area in 2023. Results revealed that seasonal changes significantly influenced initial leaf elemental concentrations, with spring samples showing the most pronounced effects. Elevation had more effect on mass loss than litter treatments, with distinct nutrient release patterns observed across different elevations. Among single species, S. matsudana exhibited the highest mass loss and nutrient release at lower elevations during spring, while T. ascendens showed the lowest rates in autumn at high elevations. Mixed-species treatments displayed different decomposition patterns, with mass loss and nutrient release following the sequence: T. distichum × T. ascendens × S. matsudana < T. ascendens × S. matsudana < T. distichum × S. matsudana < T. distichum × T. ascendens. Nutrient release in mixed species showed significant interactions with elevation and season, displaying both positive and negative non-additive effects. Correlation analysis indicated stronger relationships between nutrient release and mass loss in S. matsudana than in T. distichum and T. ascendens. This study underscores the intricate interactions between biotic and abiotic factors in KRSs. It highlights the importance of considering elevation and seasonal dynamics in ecological restoration efforts in KRSs.
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1 Introduction

Karst landscapes cover approximately 12% of the continents, and nearly 25% of the global population depends on them for water (Chen and Arif, 2025; Ford et al., 2019). Karst terrains are highly diverse because of nutrient influxes (Green et al., 2019; Jiao et al., 2024; Liu et al., 2021). This diversity can lead to excessive algae and aquatic plant growth downstream, resulting in environmental pollution (Oleksy et al., 2020). There is an increasing awareness that karst landscapes play a contributing role in controlling biogeochemical transformations in ecosystem functioning under seasonal changes (Chen et al., 2024a; Wang et al., 2025). Factors such as seasonal variations, elevation differences, and diverse vegetation—ranging from coniferous to broad-leaved species—interact with litter decomposition and associated nutrient fluxes at different rates (Geng et al., 2024; Ma et al., 2024). These interactions significantly influence nutrient dynamics in karst river systems (KRSs), also contributing to changes in litter nutrient cycling and decomposition processes in karst regions (Yang et al., 2020, Yang et al., 2022b). Despite their critical importance, the impacts of elevation and season on litter decomposition in KRSs remain underexplored (Chen et al., 2024a). This complexity emphasizes the need for focused studies to better capture variability in litter decomposition and associated nutrient fluxes (Mora et al., 2021). While recent research has advanced our understanding of how hydrological processes influence nutrient dynamics in KRSs (Dai et al., 2021; Wang et al., 2021; Yi et al., 2021), the complex ecological processes involved in regional biogeochemical cycling are still not fully understood.

Litter decomposition plays a vital role in nutrient cycling within karst ecosystems, while surface waters in karst landscapes drive significant biogeochemical transformations (Li et al., 2021). Nutrient dynamics in the KRS can also be influenced by vegetation characteristics than other factors (Ni and Li, 2020). Aquatic vegetation, including bottom-dwelling algae and floating plants, can thrive under these conditions, affecting nutrient storage and transformation (Li et al., 2023). However, our understanding of their specific impact on the nutrient flux budget along streams remains limited. Defense mechanisms shape leaf tissue structure among vegetation types (Salgado-Luarte et al., 2023). Leaf decomposition rates are strongly influenced by their chemical composition, particularly the concentrations of nitrogen (N), phosphorus (P), lignin, and cellulose, as well as the carbon-to-nitrogen (C/N) ratio (Bertrand et al., 2006; Talbot and Treseder, 2012). Specifically, high concentrations of lignin or tannins typically inhibit decomposition, while lower C/N ratios accelerate leaf decomposition (He et al., 2019). Generally, broad-leaved trees decompose quicker than pine trees since they have a lower N concentration and a higher C/N ratio (Prescott et al., 2017). Studies indicate that elevated N concentrations promote microbial growth on leaf surfaces (Wu et al., 2023), which accelerates reproduction and enhances decomposition.

Forest ecosystem studies have shown that interactions in mixed litter decomposition change at different stages (Putra et al., 2023; Rahman et al., 2023). In the early stages, nutrients are transferred, and microbes help the process along, leading to synergistic interactions (Lyu et al., 2019). As compounds that are difficult to break down accumulate over time, antagonistic effects are likely to become more prevalent (Liu et al., 2020; Yang et al., 2022a). Translocating nutrients from high-quality to low-quality leaves enhances nutrient subsidy and relieves nutrient limitations for microorganisms through the decomposition of low-quality leaf litter (Zeng et al., 2021). For instance, this facilitates the decomposition of mixed coniferous and broad-leaved litter, demonstrating its positive impact on the ecological environment overall (Niu et al., 2020). Studies have shown that decomposition rates in the KRS are similar to those found in forest ecosystems at different elevations and seasons (Barbosa et al., 2017; Geng et al., 2024). However, when researchers used litter mixtures for decomposition, they observed non-additive but modest effects at different sampling times (Liu et al., 2020). This interaction highlights the need for comprehensive assessments of both physical (e.g., hydrological pathways, soil structure) and chemical (e.g., nutrient concentrations, biogeochemical transformations) scales to clarify the unique hydrogeological characteristics of KRSs and their complex biogeochemical processes affect regional water resources and ecological environments (Li et al., 2021).

Improved hydrologic characterization of KRSs can provide valuable insights into nutrient movement under varying conditions (Dai et al., 2021). The season and elevation affect litter decomposition and nutrient dynamics (Chen et al., 2024b). Elevation affects environmental conditions such as temperature, humidity, and vegetation types, which influence decomposition. Higher elevations usually have lower temperatures, potentially slowing down decomposition (Yang et al., 2022b). During storm events, rapid water flow at higher elevations reduces water nutrient concentrations compared to low elevation areas where nutrients accumulate due to overland flow and macropore drainage, connecting high soil nutrient levels to the stream network (Ford et al., 2019; Wang et al., 2018). Karst channels are particularly effective at retaining nutrient fluxes, even during rapid flow periods (Oehler et al., 2018; Zhao et al., 2021). This effect is largely due to temporary sediment deposits that absorb or trap nutrients, such as P (Li et al., 2021; Ni and Li, 2020). Seasonality has a pronounced effect on nutrient concentrations in karst systems, with peaks in summer and troughs during autumn and winter, driven by environmental changes (Wang et al., 2018; Yue et al., 2020; Zhao et al., 2021). In addition, climate change may accelerate phase changes in freshwater because it increases terrestrial nutrient cycling (Arif et al., 2024; Naz et al., 2024). It is predicted that ecosystem degradation can increase river transport of P, N, and suspended particles but also reduce biodiversity under these circumstances of rapid human-induced climate change (Finlay et al., 2013; Nessel et al., 2021). Recent studies indicate that these thin, fine-particle layers can impact nutrient reduction and temporary storage in stream channels (Drummond et al., 2022; Field et al., 2023), yet the role of elevation changes in streambed composition in gently sloping areas remains poorly understood. Comprehending these complex interactions is essential for fully grasping biogeochemical processes in KRSs and their implications for species and regional water resources.

KRSs in Guangxi, China, exhibit large-scale limestone landscape types, distinct hydrologic processes, and strong decomposition and nutrient transfer processes (Wang et al., 2023). It is well known for its unique landscapes and multiple ecosystem services (Liao et al., 2018; Zhang et al., 2018). The area covers approximately 2.5 million km² (Jiang et al., 2018). This is connected by surface and groundwater systems, which carry nutrients and organic matter. The alkaline nature of karst waters affects microbial activity and decomposition rates, whereas fast-flow dynamics lead to resource recycling (Wang et al., 2019). The research concluded that these systems have rapid decomposition rates and nutrient dynamics (Chen et al., 2024a). It is necessary to conduct further research in these areas to clarify the modulating factors involved in litter decomposition and nutrient flux (Wang et al., 2023). It is essential for better environmental management and protection (Li et al., 2024b). This area contains many different types of broad-leaved trees and pine habitats. Notable species attracting ecotourism include Taxodium distichum (Linn.) Rich., Taxodium ascendens Brongn., and Salix matsudana Koidz. Therefore, we hypothesized: (1) Elevation and seasonal variations significantly influence foliage decomposition and nutrient release in KRSs. (2) Mixed-species litter decomposes faster than single-species treatments, and certain species combinations can produce non-additive effects, influenced by both species richness and elevation. (3) The relationship between nutrient release and mass loss varies across species, with some exhibiting a stronger correlation, particularly in response to seasonal changes. This study aims to assess the effects of litter mixing, elevation, and season on litter decomposition and associated nutrient concentrations at Karts River sites in China. The main objectives are to (1) investigate how leaf species decomposition varies across elevations in KRSs. (2) Examine the season change (spring and autumn) of nutrient dynamics within single and mixed species and determine if these patterns change with elevation. (3) Explore how elevation and season change interact to influence nutrient cycling in KRSs. Such insights could aid conservation efforts by providing a more profound understanding of ecosystem dynamics in karst landscapes.




2 Materials and methods



2.1 Study area

This study encompasses three experimental stations within KRSs along the Li River in Guilin, China (Supplementary Figure S1). It begins in the Mao’er Mountains (25°43’38.64”N, 110°24’14.40”E) in Xing’an county. It winds its way south for 164 km, passing through Guilin (25°16’12.00”N, 110°18’00.00”E) and Yangshuo (24°46’50.88”N, 110°29’47.76”E). The subtropical monsoon weather in this region significantly influences the hydrological dynamics and seasonal flow patterns of the river (Wang et al., 2023). This results in dramatic shifts from March to September. Floods tend to occur during heavy rain, such as in 2009, when river levels rose extensively (Li et al., 2019). The Li River basin flow rate ranges from close to 300 m³ per second in the wet season to less than 50 m³ per second in the dry season (Dong et al., 2024). This decreases significantly during the dry season, but water levels fluctuate widely throughout the year. The river conditions, including water characteristics, during the incubation periods are detailed in Supplementary Table S1. Yangshuo experiences water level fluctuations that mirror seasonal rainfall patterns and upstream water management practices. During the wet season, water levels can soar 2–5 m higher than during dry seasons, leading to flooding of low-lying areas. In contrast, levels drop dramatically during the dry season, exposing the riverbed. Water levels fluctuate from 1.5 m in the dry season to 6 m at peak flood levels, impacting navigation and other ecosystems. This contributes to the distinct ecological and hydrological features of the river. For example, it flows between 800 and 60 m above sea level (ASL) from the Mao’er Mountains to Yangshuo. The dramatic limestone peaks in this karst landscape create unique microclimates that influence local vegetation and soil types.

Human influences such as ecotourism activities and subtropical monsoon conditions also affect this ecosystem. These conditions are characterized by high humidity and significant annual rainfall (Zhang et al., 2018). The Li River basin boasts a diverse range of ecosystems, from subtropical forests to riparian plant communities. Its boundaries are home to bamboo, camphor trees, various shrubs, grasses, and other species (Chen et al., 2024a). Soil types and hydrological conditions are closely linked to vegetation patterns. Riverine vegetation along riverbanks plays a crucial role in maintaining ecological equilibrium, providing habitat for wildlife, and stabilizing riverbanks. However, deforestation, land conversion to agriculture, and tourism contribute to habitat loss and reduced biodiversity (Li et al., 2024b). Conservation efforts focus on protecting native vegetation, restoring degraded habitats through reforestation, and employing sustainable land management practices for maximum ecological benefit. In this study, flooding-tolerant tree species planted along the Li River were selected, including Taxodium distichum (Linn.) Rich., Taxodium ascendens Brongn., and Salix matsudana Koidz. These coniferous and broad-leaved tree species can survive in the wet season and germinate after the water level recedes but also increase the landscape value of the riverbank and enhance the beauty of the place.




2.2 Experimental design and sampling

In late March (spring) and early September (autumn) of 2023, T. distichum, T. ascendens, and S. matsudana plants with similar growth characteristics were selected from the riparian zone at three elevations of the Li River basin. Only well-developed, mature branches free of pests and diseases were chosen. Healthy, fresh leaves were collected from branches at different heights and orientations. Leaves from the same tree species were then thoroughly mixed and placed in plastic bags, which were subsequently numbered. After collection, a portable electronic balance was utilized to accurately measure 15.00 g of fresh leaves from the same tree species, as a single-species group, including two pines (T. distichum and T. ascendens) and one broadleaf species (S. matsudana). In pairwise mixed combinations, each species weighs 7.50 g in equal proportions mixed. This includes three foliage treatments: T. distichum × T. ascendens, T. distichum × S. matsudana, and T. ascendens × S. matsudana. When the three species are combined as T. distichum × T. ascendens × S. matsudana, each species weighs 5 grams. We packed each type of sample in the size of 20 cm × 20 cm, and the mesh size was 0.65 mm litter bags. This study implemented seven foliage treatments, with 168 samples collected at each sampling time, resulting in a total of 336 samples (7 litter treatments × 8 samples × 3 elevations × 2 seasons). This allowed for six-month decomposition periods under seven different foliage treatments. The study was based on naturally controlled experiments, seasonal changes (late March–spring and early September–autumn), and random flooding times at heights between 800 m ASL in the Mao’er Mountains (site 1), 110 m ASL in Guilin City (site 2), and 60 m ASL in Yangshuo (site 3).

Decomposition bags were placed on March 29, 2023, and September 2, 2023, respectively, as part of ecosystem restoration efforts. We cleared any debris from the sediment surface prior to placement. Moreover, we secured the decomposition bags with plastic nets, bamboo sticks, and wire to prevent animal damage and water-induced erosion (Liu et al., 2019). In addition, we collected 5 samples for each litter treatment and packed them into the marked envelope for the determination of initial leaf dry weight and leaf traits. We then transferred these bags back to the laboratory, labeled them, and dried them until they reached an even weight distribution. Before crushing and sieving, we recorded their initial dry weights to determine their elemental concentration.

After the 180-day decomposition duration, we stored the samples in an icebox and returned them to the laboratory for further processing. We carefully examined the sediment and debris attached to the decomposition bag, as well as the plant roots and benthic animals entering it. We then stored some samples in a -80°C refrigerator for further analysis (Slade and Riutta, 2012). Furthermore, we cleaned the decomposition residue with pure water and then dried it in an oven at 60°C to a constant weight. Samples collected at both intervals were subjected to two distinct seasonal treatments, including natural flooding and three elevational environments. We kept any changes to environmental variables natural; these were not considered within the scope of this study.




2.3 Laboratory analyses

The remaining dry mass of the sample was accurately weighed using a balance with a precision of 1/10,000 (Shanghai Shunyu Hengping Scientific Instrument Co., Ltd., FA2004) (Feijó Delgado et al., 2013). To determine the nutrient concentration in the leaves, the sample was finely ground with a ball mill (Leech MM400, Ball Mill, Germany) and sifted through a 65-mesh (0.3-mm) sieve. The sample was then dried again and weighed according to measurement index requirements (Fletcher et al., 2021). C and N concentrations were analyzed using a German ZNS-O element analyzer (ZNS-O-Vario EL cube; Heraeus Elementar, Hanau, Germany). Total P concentration was digested using a microwave digester (SpeedWave WS-4) and subsequently measured with an inductively coupled plasma spectrometer (ICP-AES).




2.4 Calculation methods for leaf-dry mass loss and nutrient release during mixed leaf species decomposition

The leaf dry mass loss (%) and nutrient release (%) were calculated using the following methods (Liu et al., 2017; Vogado et al., 2020; Yang et al., 2020):

[image: Formula for moisture loss percentage: ML (%) equals (M₀ minus Mₜ) divided by M₀, multiplied by one hundred percent.]	

[image: NL(%) is calculated as \((M_0C_0 - M_tC_t) / M_0C_0 \times 100\%\).]	

ML is dry mass loss (%). NL is the nutrient release (%). M0 refers to the initial dry weight of the sample (g), C0 is its initial nutrient concentration of the sample (g·kg-1), Mt is the dry weight of the sample after decomposition time (g), and Ct is the nutrient concentration of the sample at decomposition time (g·kg-1) (Liu et al., 2017; Smart et al., 2017).

[image: Mathematical formula for moisture loss efficiency, ML subscript e, equals the sum of ML subscript i times M subscript i, divided by the sum of M subscript i, multiplied by one hundred percent.]	

[image: Mixing effect formula: Delta equals open parenthesis M L subscript zero multiplied by M L subscript e close parenthesis divided by M L subscript e c and then multiplied by one hundred percent.]	

MLe is the expected mass loss of mixed species, and MLi is the mass loss of species i. Mi is the weight of mixed species i; ML0 is the actual mass loss of mixed species. At the same time, the expected mass loss of mixed leaves was calculated according to the average mass loss of individual species, and the mixing effect of leaf decomposition was calculated combined with its actual mass loss to explore whether the mass loss of mixed decomposition could be predicted by its component species. Non-additive effects in mixed leaf litter decomposition exist if the mixed decomposition rate and nutrient release are different from the expected results based on the decomposition rate of each individual leaf species. This effect can be manifested as a synergistic effect, that is, mixed decomposition is faster than single decomposition (p<0.05). It can also be manifested as an antagonistic effect, that is, mixed decomposition is slower than expected (Zhang et al., 2016).




2.5 Statistical analyses

To assess differences in initial element concentration and ratio across different litter treatments and elevations for each sample batch, we used an independent sample T-test. A one-way ANOVA was performed to analyze variations in initial element concentration and ratio at the litter treatment level between seasonal sample batches at different elevations (Pan et al., 2013). A two-way ANOVA was conducted to examine the effects of litter treatment, elevation, and their interactions on dry mass loss and nutrient release across seasonal periods (Wang et al., 2018). Additionally, a one-way ANOVA was used to determine whether mass loss and nutrient release in mixed-species treatments significantly differed from expected values. A mixed effect greater than 0 indicates a promoting effect, or a positive additive effect (p < 0.05), whereas a mixed effect less than 0 suggests an antagonistic effect (Zhang et al., 2016). Furthermore, a Pearson correlation test was conducted to analyze the relationship between nutrient release and mass loss of pine and broadleaf species in river ecosystems (Zheng et al., 2024). All data analyses were performed using SPSS 22.0 (IBM, Chicago, USA) and Origin Pro 2023 (OriginLab Corp., USA).





3 Results



3.1 Seasonal changes affect the initial element concentration of single and mixed litter treatments at different elevations

The initial element concentrations and their ratios varied significantly across litter treatments at all three elevations (Table 1). Notably, the standard error variance was relatively lower at the lower elevation (60 m) compared to the upper elevations (800 m) and middle elevations (110 m). Single-type foliage exhibited higher initial C and C/N ratios than mixtures. Conversely, mixed-type foliage demonstrated higher initial TN and N/P ratios compared to single-type foliage.

Table 1 | The initial element concentration and ratio (mean ± S.E.) of each litter treatment at different altitudes in river ecosystems.


[image: Table showing the effects of different litter treatments at various elevations on soil chemical properties: TC, TN, TP, C/N, C/P, and N/P ratios. Treatments include Taxodium distichum (Td), Taxodium ascendens (Ta), Salix matsudana (Sm), and their combinations. Values are presented with means and standard deviations. Significant differences are marked by different lowercase letters at a significance level of p < 0.05. Sample size is three hundred thirty-six.]
The interactions among litter treatments, elevation, and the combination of litter treatments and elevation significantly influenced the initial element content of all leaf types in both spring and autumn. However, there were some exceptions: in spring, litter treatments did not significantly affect C/N ratio, and in autumn, elevation did not substantially influence C, N concentrations, C/N, and N/P ratios, nor did the interaction between leaf types and elevation contribute to C/P ratios (Table 2). The effects were remarkably pronounced in spring, as samples collected during this season exhibited more substantial responses in terms of litter decomposition and nutrient release patterns. Additionally, litter treatments were more influential when comparing elevation factors.

Table 2 | Effect of litter treatments and elevation on the initial element concentrations and ratios of leaf species during different seasons in river ecosystems.


[image: Table displaying F values from a two-way ANOVA on various indices such as carbon, nitrogen, and phosphorus concentrations, as well as C/N, C/P, and N/P ratios. The factors are litter treatment, elevation, and their interaction, shown for both spring and autumn. Notable values include significant differences at p < 0.001, indicated by triple asterisks, and p < 0.01 or p < 0.05, with double and single asterisks respectively. The sample size is 336.]
The mass loss of all samples was notably affected by various litter treatments and elevations (Table 3). Elevation exerted a more pronounced influence compared to litter treatment. Furthermore, this effect was significantly more pronounced during spring, as indicated by higher effect values. In addition, when considering litter treatment and elevation together in both seasons, statistical tests did not yield significant results.

Table 3 | Effect of litter treatments and elevation on mass-loss rates during different seasons in river ecosystems.


[image: Table displaying F values for mass loss in two conditions, Spring and Autumn, across three factor types: litter treatments (Spring: 32.312, Autumn: 16.867), elevation (Spring: 34.986, Autumn: 19.793), and litter treatments x elevation (Spring: 0.331, Autumn: 1.124). Significant differences, indicated by asterisks, are at p < 0.001. Sample size is 336.]
The release rates of C, N, and P in all samples were notably influenced by different litter treatments (Table 4). The patterns mirrored those of elevation factors, except for the N release rate in spring, which did not show significance. Likewise, the joint effect of litter treatments and elevation on these nutrient concentrations was largely significant, apart from C and N release in autumn.

Table 4 | Effect of litter treatments and elevation on nutrient release from leaves during different seasons in river ecosystems.


[image: Table showing F-values for release rates of carbon, nitrogen, and phosphorus under different factors and seasons. Factors include litter treatments, elevation, and their interaction, with significant values indicated. Sample size is three hundred thirty-six, with significance levels at p < 0.001, 0.01, and 0.05.]
The release rates of C, N, and P from all litter treatments exhibit significant correlations with their rates of dry mass loss (Figure 1). Particularly, the correlation strengths for C and N were notably stronger in comparison to P. Furthermore, this correlation is more pronounced in broad-leaf tree species as opposed to pine trees. Additionally, these correlations are more prominent in mixed-species environments compared to monocultures.

[image: Heatmap showing the correlation between litter treatment types (Td, Ta, Sm) and percentages of carbon, nitrogen, and phosphorus. Color gradient indicates correlation strength from blue (low) to red (high). Asterisks denote significant correlations.]
Figure 1 | Heat map of Pearson’s correlation of leaf species nutrient release and mass loss of litter treatments in river ecosystems. **The correlation is significant at the 0.01 level (two-tailed). Abbreviations in the figure are Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). Sample size was n = 336.




3.2 Mass loss of single and mixed litter treatment at different elevations under seasonal changes

The mass loss of single species was the largest (90.19 ± 0.77%) in S. matsudana during spring at 60 m elevation and the lowest (29.82 ± 10%) in T. ascendens during autumn at 800 m elevation (Figure 2). However, this pattern was inconsistent across different seasons and elevations. The mass loss ratios were substantially higher in spring compared to autumn. Moreover, the mass loss of mixed species was the largest (80.89 ± 4.88%) in T. distichum × T. ascendens × S. matsudana during spring at 110 m elevation and the lowest (35.91 ± 3.18%) in T. distichum × T. ascendens during autumn at 800 m elevation (Figure 2). This pattern followed a trend: T. distichum × T. ascendens × S. matsudana < T. ascendens × S. matsudana < T. distichum × S. matsudana < T. distichum × T. ascendens at different seasons and elevations. Furthermore, this pattern followed the distinctive trend of 60 m < 110 m < 800 m elevations. The mass loss was substantially higher in spring compared to autumn. Comparing the observed and expected mass loss of mixed species showed that non-additive effects of mass loss were more obvious in T. ascendens × S. matsudana during autumn at 110 m (9.65 ± 6.14%) and 800 m (8.81 ± 4.75%) elevations. These non-additive effects became negative in certain observations: T. ascendens × S. matsudana at 800 m (-0.22 ± 3.02%) and 60 m (-1.44 ± 2.37%) elevations, and T. distichum × T. ascendens × S. matsudana at 60 m elevation (-1.78 ± 1.15%) during spring. Additionally, standard error ranges were notable in T. ascendens × S. matsudana arrangements. However, the limited arrangements showed statistical differences, and most showed insignificant differences (Figure 2).

[image: Bar charts depict mass loss percentages in various conditions for spring (green) and autumn (yellow) across different groups labeled Sm, Ta, and Td. Panels (a) and (b) show data for specific timeframes, while panel (c) presents expected mass loss. Each chart includes labels and significance markers.]
Figure 2 | Grouped bars of mass loss of single litter treatments (a), mixed litter treatments (b), and comparison between the observed and expected value of mass loss of mixed litter treatments (c) in river ecosystems. Means with different lowercase letters represent significant differences at P < 0.05 according to the two-way ANOVA (a, b). According to the independent sample t-test, statistical differences are significant at p < 0.05* (c). Positive values indicate an observed value that exceeds its expected value, and vice versa (c). The vertical whisker represents the standard error (black color). Abbreviations in the figure are Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). The Y-axis displays three elevations: 800, 110, and 60 m. Sample size was n = 336.

The comparison of the non-additive effects on mass loss of mixed litter treatments of pine and broadleaf species for spring and autumn is shown in Figure 3. The coniferous mixture T. distichum × T. ascendens showed synergistic effects across all sampling seasons and elevations. The results indicated that the mixed T. distichum × T. ascendens of two conifer species promoted the decomposition of single leaf T. distichum and T. ascendens. The coniferous and broad-leaved mixture T. distichum × S. matsudana showed non-additive effects across all sampling seasons and elevations. Similarly, the coniferous and broad-leaved mixture T. ascendens × S. matsudana promoted the decomposition of the single leaf of T. ascendens, influencing the mass loss with sampling season and elevation. The antagonism of the three mixed T. distichum × T. ascendens × S. matsudana occurred, while a synergistic effect occurred in the decomposition across all sampling seasons and elevations.

[image: Eight scatter plots arranged in a grid show the observed versus expected mass loss percentages, with dashed lines indicating equality. In spring (a-d), plots compare combinations of Td, Ta, and Sm. Panels (a) and (b) show a positive correlation, while (d) shows more spread. Autumn plots (e-h) also compare these variables, with similar trends. Different shapes and colors represent data variations. Axes range from 10% to 90%.]
Figure 3 | The non-additive effects of mixed litter treatments on the mass loss of leaf species in spring (a-d) and autumn (e-h) in river ecosystems. Abbreviations used are Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). The abscissa represents the expected mass loss of mixed samples, and the ordinate is their measured mass loss. A circle represents 60 m elevation, a square represents 110 m elevation, and a triangle represents 800 m elevation. The hollow shape of a circle, triangle, or square indicates a significant non-addition. Sample size was n = 192.




3.3 Nutrient release of single and mixed litter treatments at different elevations under seasonal changes

All foliar types significantly affect the release of C, N, and P, while different litter treatments, elevations, and their interactions significantly affect their release rates (Figure 4). The C release rate of single species was the largest (94.60 ± 0.58%) in S. matsudana during spring at 110 m elevation and the lowest (46.01 ± 3.02%) in T. ascendens during autumn at 110 m elevation (Figure 4). The pattern of C release followed the same pattern across S. matsudana, T. ascendens, and T. distichum: 110 m < 60 m < 800 m. However, this pattern was inconsistent across different seasons and elevations. The C release rate was substantially higher in spring compared to autumn. The N release rate of single species followed the same pattern as C and was the largest (93.27 ± 0.86%) in S. matsudana during spring at 110 m elevation. It was lowest (15.30 ± 3.44%) in the same T. ascendens during autumn at 800 m elevation (Figure 4). The pattern of N release followed the same patterns across S. matsudana, T. ascendens, and T. distichum: 110 m < 60 m < 800 m. The N release rate was considerably higher in spring compared to autumn. The P release rate of single species followed the same pattern as that of C and N. It was the largest (87.62 ± 1.02%) in S. matsudana during spring at 60 m elevation. However, it was lowest (9.20 ± 4.47%) in T. distichum but not in T. ascendens during autumn at 800 m elevation (Figure 4). The pattern of P release followed the patterns of S. matsudana and T. distichum: 60 m < 110 m < 800 m, and this pattern was reversed for T. ascendens. Importantly, the P release rate was considerably higher in spring compared to autumn.

[image: Three grouped bar charts (a, b, c) show percentages of carbon, nitrogen, and phosphorus loss across three groups (Sm, Ta, Td) at three soil depths (60, 110, 800). Two seasons are compared: Spring (green) and Autumn (yellow). Each chart indicates variance in nutrient loss percentages with alphabetical annotations on each bar. A legend explains the color coding for seasons.]
Figure 4 | The bar graph groups the rates of element concentration loss for carbon (a), nitrogen (b), and phosphorus (c) in single litter treatment in river ecosystems. Means with different lowercase letters indicate significant differences at p < 0.05, according to the two-way ANOVA; abbreviations include Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). The vertical whisker represents the standard error (black color). The Y axis displays three elevations: 800, 110, and 60 m, respectively. Sample size was n = 144.

The C release rate of mixed species was the largest (90.20 ± 1.65%) in T. distichum × S. matsudana during spring at 110 m elevation and the lowest (52.56 ± 1.95%) in T. distichum × T. ascendens × S. matsudana during autumn at 800 m elevation (Figure 5). The pattern of C release followed the same pattern across all mixture combinations: 110 m < 60 m < 800 m. However, this pattern was inconsistent across different seasons and elevations. The C release rate was significantly higher in spring compared to autumn. The N release rate of mixed species followed the same pattern as C and was the largest (87.42 ± 1.64%) in T. distichum × S. matsudana during spring at 110 m elevation. It was lowest (38.56 ± 2.82%) in T. distichum × T. ascendens during autumn at 800 m elevation (Figure 5). The pattern of N release followed dissimilar patterns across mixture combinations: 110 m < 800 m < 60 m. The N release rate was considerably higher in spring than autumn. The P release rate of mixed species showed a distinctive pattern different from C and N. It was the largest (82.67 ± 0.55%) in T. distichum × T. ascendens × S. matsudana during spring at 60 m elevation and the lowest (42.87 ± 4.46%) in T. distichum × S. matsudana during autumn at 800 m elevation (Figure 5). A dissimilar pattern was observed for P release, with 110 m < 60 m < 800 m, differing for T. distichum × S. matsudana. Importantly, the P release rate was substantially higher in spring compared to autumn.

[image: Bar charts compare percentage losses of carbon, nitrogen, and phosphorus across different group interactions under spring and autumn conditions. Groups are labeled as Td × Ta × Sm, Ta × Sm, Td × Sm, and Td × Ta at temperatures 60, 110, and 800. Spring is shown in green and autumn in yellow. Panels (a), (b), and (c) represent carbon, nitrogen, and phosphorus losses, respectively, with annotations indicating statistical differences.]
Figure 5 | The bar graph groups the rates of element concentration loss for carbon (a), nitrogen (b), and phosphorus (c) in mixed litter treatment in river ecosystems. Means with different lowercase letters indicate significant differences at p < 0.05, according to the two-way ANOVA; abbreviations include Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). The vertical whisker represents the standard error (black color). The Y axis displays three elevations: 800, 110, and 60 m, respectively. Sample size was n = 192.




3.4 Effects of different treatment of leaf mixing on nutrient release at different elevations under seasonal changes

The non-additive effects of C, N, and P release from all litter treatments at different elevations and seasons are shown in Figure 6. The C release rate of each mixed type of elevation and season has a non-additive effect, but the effect varies with sampling season and elevation (Figure 6). The non-additive effects of C release in mixed species were the largest (10.12 ± 4.37%) in T. ascendens × S. matsudana during autumn at 110 m elevation and the lowest (-6.22 ± 1.07%) in T. distichum × S. matsudana during spring at 60 m elevation (Figure 6). The pattern of non-additive effects of C release followed dissimilar patterns across all mixture combinations and mostly had positive values. However, this pattern also had some negative values, mostly from T. distichum × T. ascendens × S. matsudana. Moreover, limited combinations showed statistical differences at p<0.05. The non-additive effects of N release in mixed species followed a different pattern from C and was the largest (22.81 ± 3.74%) in T. ascendens × S. matsudana during autumn at 800 m elevation. However, it was lowest (-4.26 ± 1.49%) in T. distichum × S. matsudana during spring at 60 m elevation (Figure 6). The pattern of non-additive effects of N release followed distinctive patterns across mixture combinations: T. ascendens × S. matsudana < T. distichum × T. ascendens × S. matsudana < T. distichum × T. ascendens < T. distichum × S. matsudana. This pattern mostly had positive values, and most combinations showed statistical differences at p<0.05. The non-additive effects of P release in mixed species followed a distinctive pattern different from C and N. It was the largest (23.79 ± 4.31%) in T. distichum × T. ascendens during autumn at 800 m elevation and the lowest (-5.06 ± 1.94%) in T. distichum × S. matsudana during spring at 110 m elevation (Figure 6). The pattern of non-additive effects of P release followed dissimilar patterns, mostly positive except for T. distichum × S. matsudana, which were overwhelmingly negative. Most combinations showed statistical differences at p<0.05.

[image: Bar graphs showing the non-additive effects of carbon, nitrogen, and phosphorus loss in different groups. Graph (a) shows effects on carbon loss, (b) on nitrogen loss, and (c) on phosphorus loss. Data is displayed for spring (green) and autumn (yellow) across various groupings. Significance is noted with asterisks, and error bars indicate variability.]
Figure 6 | The bar graph groups the non-additive effects of carbon (a), nitrogen (b), and phosphorus (c) on mixed litter treatment in river ecosystems. According to the independent sample t-test, statistical differences are significant at p < 0.05*, p < 0.01**, and p < 0.001***. Abbreviations in the figure are Taxodium distichum (Td), Taxodium ascendens (Ta), and Salix matsudana (Sm). The vertical whisker represents the standard error (black color). The Y-axis displays three elevations: 800, 110, and 60 m. Sample size was n = 192.





4 Discussion

This study investigates the influence of elevation, season, and litter treatments on litter decomposition and associated nutrient fluxes. In aquatic systems, litter decomposition is closely linked to both physical and chemical properties (Tables 1–4), as well as environmental factors such as elevation, temperature, humidity, and water characteristics—including pH, dissolved oxygen, water temperature, and flow rate (Chen et al., 2024a; Zheng et al., 2024). Biological factors, such as benthic invertebrates and microorganisms, also play a crucial role (Li et al., 2024a; Putra et al., 2023). Physical properties of leaves—like texture, thickness, hardness, wax presence, and cuticle thickness—significantly influence decomposition rates (Rahman et al., 2023). Research indicates that leaves with a softer texture and lower leathery degree decompose more rapidly than those with tougher textures and greater rigidity (Grootemaat et al., 2015; Hoeber et al., 2020), regardless of whether they are in flowing or still-water environments. Leaves with lower toughness break down faster. In our study, S. matsudana, which has softer and thinner leaves, exhibited higher decomposition rates than T. distichum and T. ascendens. The thicker cuticles of the latter species hinder fungal invasion and water absorption, slowing decomposition. This pattern was consistent across all sampling stages and elevations (Figure 2), likely due to differences in leaf tissue structure and resistance to physical fragmentation (Salgado-Luarte et al., 2023).

The chemical composition of leaves also plays a crucial role in decomposition rates, with factors such as N, P, lignin, cellulose, and the C/N ratio being key determinants (He et al., 2019; Talbot and Treseder, 2012). High lignin or tannin content generally slows down decomposition, whereas a low C/N ratio accelerates the process (Bertrand et al., 2006). In our study, S. matsudana, which had a higher N concentration and lower C/N ratio, exhibited significantly greater dry mass loss than T. distichum and T. ascendens, both with lower N concentrations. Higher N availability promotes microbial growth on leaf surfaces, leading to increased microbial reproduction and, consequently, faster decomposition (Wu et al., 2023). Previous research on mixed-leaf decomposition in forest ecosystems suggests that approximately 67% of mixed litter exhibit diverse effects during decomposition (Chapman and Koch, 2007; Zhang et al., 2017). This occurs because high-quality leaves (those with higher nutrient content) transfer nutrients to lower-quality leaves, enhancing their nutritional availability and mitigating nutrient limitations for microorganisms. Specifically, about 64.3% of coniferous and broadleaf mixtures accelerate decomposition, highlighting their overall positive effect (Qiu et al., 2023). Our findings, spanning different elevations and seasons, aligning with those observed in KRSs, demonstrating non-additive effects in mixed decomposition across all sampling periods, though the magnitude of these effects varies (Figure 3).

Among the litter treatments studied, T. distichum and T. ascendens have smaller, thicker cuticles and more rigid textures, which may slow the leaching rate during the initial stage of decomposition (Chen et al., 2024a). In contrast, mixed-leaf treatments, such as coniferous-broadleaf mixtures (T. distichum × S. matsudana and T. ascendens × S. matsudana), exhibited higher N concentrations and lower C/N ratios compared to coniferous mixtures (T. distichum × T. ascendens). High-quality litter, characterized by elevated N concentrations, attracts more decomposers, who may transfer nutrients to adjacent leaves through leaching or mycelial networks, accelerating decomposition (Lyu et al., 2019). Our results indicate that dry mass loss in coniferous-broadleaf mixtures was consistently greater than in coniferous mixtures across different seasons and elevations (Figure 4). This suggests that similar processes observed in forest ecosystems also occur in aquatic environments but with faster leaching and higher decomposition rates in flowing-water zones. Environmental factors and decomposition cycles further influence leaf decomposition (Putra et al., 2023). In KRSs, leaves at lower elevations experience prolonged flooding periods, which enhance decomposition. For example, during summer, the mass loss of all leaf types at 60 m was significantly higher than at other elevations. This confirms that extended flooding accelerates decomposition. Additionally, stable water temperatures, continuous water supply, and rapid nutrient cycling in aquatic environments support this process. Flowing water enhances decomposer activity, promoting bacterial and fungal colonization (Li et al., 2024a). Temperature also plays a crucial role, as higher water temperatures stimulate microbial activity, further accelerating decomposition (Calero Preciado et al., 2021).

The dynamics of element release during leaf decomposition in KRSs are influenced by both leaf characteristics and aquatic environmental factors (Zhang et al., 2017). Our results revealed distinct patterns of element release across different seasons and elevations, with notable species-specific variations (Figure 6). Decomposition-driven release of C, N, and P plays a crucial role in ecosystem biogeochemical cycles. Changes in hydrological patterns within KRSs directly impact leaf decomposition, influencing material circulation and interactions between terrestrial and aquatic ecosystems (Chen and Arif, 2025; Ford et al., 2019). Nutrient fluxes generally increase over time, particularly at lower elevations during the summer, driven by leaf matrix quality, environmental conditions, and the specific elements involved. Biodiversity plays a key role in nutrient dynamics during mixed-leaf decomposition, as species interactions create mixing effects. High-nutrient-content leaves supply nutrients to lower-nutrient-content leaves, slowing nutrient release and mitigating microbial nutrient limitations (Du et al., 2020). This nutrient redistribution facilitates decomposition and enhances nutrient release. Our study found that nutrient flux release rates were higher in coniferous-broadleaf mixtures than in coniferous mixtures, suggesting that mixed-leaf treatments create a more favorable environment for decomposers. This accelerated both decomposition and nutrient release, highlighting the ecological significance of species diversity in nutrient cycling.

Spring and summer rainstorms, which lead to increased discharge, are closely associated with rapid increases in the nutrient flux released from leaves (Oehler et al., 2018; Zhao et al., 2021). Summer conditions promote decomposition faster than autumn. As autumn temperatures drop and precipitation increases at higher elevations, leaf nutrient flux declines. Furthermore, significant rainfall events marking the end of the dry period can elevate surface water nutrient concentrations (Fong et al., 2020). In contrast, autumn brings only minor increases in river water nutrient concentrations within KRSs. Our measurements confirm previous studies indicate that large discharge events caused by heavy summer precipitation quickly flush away nutrients from surface soils, resulting in rapid nutrient export (Skidmore et al., 2023). Elevated discharge is linked to higher nutrient concentrations. This suggests that these short-lived flow events account for significant portions of the annual nutrient flux in KRSs. This finding aligns with other river studies (Oehler et al., 2018). Nutrient flux concentrations vary with elevation, and organic matter composition changes based on litter treatment and season. Lower nutrient flux was observed during the autumn season, while higher values occurred during the spring season at lower elevations. During spring, surface soils and vegetation contribute substantially to higher nutrient flux values. Numerous watershed studies have established that spring typically hosts an abundance of nutrient sources from surface soils and vegetation (Li et al., 2021; Ni and Li, 2020; Yi et al., 2021). This phenomenon contributes to greater nutrient flux than at any other time of year. Thus, we conclude that during the high-flow spring—and during some large summer rainstorms with rapid, shallow flows—KRSs along the Li River experience increased nutrient flux from surface soil and plant litter, which tends to be high in C but low in N. In contrast, in-situ production during low-flow conditions in autumn significantly reduces flux ratios.

Future research could focus on the long-term implications of climate change on KRSs, particularly the effects of changes in temperature and precipitation (Lian et al., 2020). Additionally, it is crucial to assess the impact of vegetation and land use changes on biogeochemical outcomes within KRSs (Chi and He, 2023). Added field data to hydrological and ecological models could help make better predictions about biogeochemical dynamics in KRSs, which would lead to better conservation and management plans (Johnson et al., 2021).




5 Conclusion

This study highlights the critical roles elevation and seasonality play in shaping leaf decomposition and nutrient release within the Li River karst systems. The results revealed significant interactions between litter treatments, elevation, and season. These interactions were notably higher in spring than in autumn. At lower elevations, decomposition and nutrient release were more pronounced, highlighting the significant influence of elevation on temperature and moisture variations. Distinct patterns emerged among litter treatments, with species like Salix matsudana exhibiting the highest decomposition rates at lower elevations in spring. In contrast, Taxodium ascendens showed the lowest rates at higher elevations in autumn. Mixed-leaf treatments displayed both synergistic and antagonistic effects, depending on species and environmental context. Importantly, non-additive effects on nutrient release and mass loss were observed in mixed-species treatments, reflecting complex interspecies interactions that fluctuate with elevation and season. These findings provide valuable insights into ecological restoration strategies in karst systems, advocating for approaches that consider both spatial and temporal dynamics. Effective management must integrate knowledge of how elevation and seasonality influence decomposition to preserve and enhance ecosystem health. Future research can explore the long-term impacts of these patterns and their interactions with broader climatic and anthropogenic changes, aiming to develop sustainable conservation and restoration practices for karst river systems.
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Introduction

Coffee is one of the most economically essential agricultural commodities worldwide and in Ethiopia in particular. Despite its importance, it is constrained by different factors. Among these, coffee leaf rust, caused by Hemileia vastatrix, and wilt diseases, caused by Gibberella xylarioides, are major limiting factors of coffee production. However, Ethiopia has not yet reported a commercialized resistant variety for both of these diseases. Therefore, the present study was conducted to evaluate lowland coffee genotypes against coffee leaf rust and wilt diseases under field and greenhouse conditions, respectively.





Methods

A field experiment was conducted across four locations (Agaro, Teppi, Bebeka, and Gelesha) from 2021 to 2023. A randomized complete block design with three replications was used. The experiment for wilt disease was conducted on seedlings using seedling stem-nicking inoculation techniques.





Results

The results revealed a significant difference among the genotypes in reaction to leaf rust and wilt diseases. Among the tested genotypes, I-1, I-2, K-1, and K-2 consistently showed a highly resistant reaction to leaf rust across locations, whereas one genotype (EB-1) indicated a susceptible reaction across all locations. The highest mean leaf rust severity was recorded on EB-1 (27.1%), while the lowest severity was recorded on genotype I-2 (0.35%). Similarly, four genotypes (I-1, I-2, K-1, and K-2) showed moderate resistance to wilt disease and indicated an extended incubation period compared to the susceptible control (Geisha).





Discussion

Analysis of genotype by environment (G×E) interaction indicated a highly significant interaction (P < 0.01). Among climate factors, relative humidity and maximum temperature showed a highly significant and positive correlation with coffee leaf rust. These resistant genotypes could be used by farmers as a component of integrated disease management in coffee leaf rust-prone areas of the country. In addition, end users must integrate these genotypes with other wilt management options. Overall, these genotypes can enhance the resilience of coffee production when combined with other management strategies for coffee leaf rust and wilt diseases across the lowland coffee production areas of Ethiopia.
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Introduction

Coffee is one of the most important cultivated crops around the world. It is the second most traded commodity after crude oil and employs more than 100 million people globally (Gray et al., 2013; Asegid, 2020). It creates significant trade relations between producing and consuming countries (Redden, 2022; Siles et al., 2022). It is an important exchange commodity that contributes significant national revenue for coffee-producing nations to various extents (Lemma and Megersa, 2021). Not only for producing countries, coffee has also been playing a pivotal role in the economies of consuming countries through different value chains. Thus, its significance extends beyond economic value; coffee also influences the livelihoods, international trade, environmental protection, and cultural values of the countries (Siles et al., 2022; Correia da Cruz et al., 2024; McCook, 2024). Globally, Ethiopia has been recognized as the birthplace of Arabica coffee (Girmay, 2024). Coffee is a primary export commodity that contributes more than 30% of foreign currency earnings in Ethiopia (Asfaw, 2023; Girmay, 2024). The total land area covered by coffee production in Ethiopia is estimated to exceed 700,000 ha (Daba et al., 2022). Uniquely, coffee has a lion’s share in the Ethiopian economy and the cultural well-being of the people (Worku, 2023); up to 5% of the country’s gross domestic product (GDP) is estimated to be covered by the coffee sector (Hailu and Wako, 2024). More than 20% of Ethiopian people depend on coffee production, particularly in rural areas, through employment and income opportunities (Adane, 2024). In addition to direct income, coffee plays a significant role in biodiversity conservation and ecological balance across the country (Legesse, 2020; Singh, 2022). However, despite its importance, coffee production is constrained by different biotic and abiotic factors. Among the constraints, coffee diseases—namely berry disease, wilt disease, leaf rust, thread blight, bacterial blight, and root rot—are significantly impacting coffee production and productivity in Ethiopia, which directly leads to the country’s economic repercussions (Belachew et al., 2015a, Belachew et al., 2015b; Demelash and Kifle, 2018).

Among the diseases, coffee leaf rust and wilt diseases are seriously affecting coffee production, especially in the lowland coffee-growing areas of Ethiopia (Chala et al., 2010; Daba et al., 2023). Globally, coffee leaf rust is the most important coffee disease and is estimated to cause up to 25% yield losses (Talhinhas et al., 2017; Daba et al., 2022). In Ethiopia, the incidence and severity of coffee leaf rust have been reported to be 86.7% and 55.5%, respectively (Belachew et al., 2020; Berihun and Alemu, 2022). In a similar way, wilt disease has also been an ongoing concern for Ethiopian coffee farmers for the past 70 years (Girma et al., 2010; Peck and Boa, 2024), and remains an alarming problem. Coffee wilt disease can lead to substantial yield losses and has been affecting the livelihoods of coffee farmers across the country (Flood, 2021; Mulatu et al., 2023); it is a critical challenge to the Ethiopian coffee sector. Nationally, the incidence and severity of wilt disease have been reported to be 28% and 5%, respectively (Wassie, 2019). Two decades ago, yield loss due to wilt disease was estimated at 3,360 tons annually (Oduor et al., 2003); while the current loss due to this disease can be estimated to have increased by several folds since reports indicated that within the last two decades, the incidence of wilt disease increased from 30% in 2003 to 42% in 2017, which implies that the impact of coffee wilt disease has increased over time (Peck and Boa, 2024).

In Ethiopia, studies on coffee leaf rust have mainly focused on the spatial distribution of the disease (Belachew et al., 2020; Daba et al., 2022), evaluation of bioagents against it (Zewdie et al., 2021; Colman et al., 2021; Ayalew et al., 2024), analysis of the pathogen’s genetic diversity (Daba et al., 2024), and the interaction of the disease with environmental conditions (Belachew et al., 2020; Zewdie et al., 2021). The status of coffee leaf rust has evolved significantly, becoming a major threat in regions previously considered less affected (Berihun and Alemu, 2022). The disease has been spreading from lowland to mid- and highland areas, with alarming increases in intensity over time (Belachew et al., 2020; Adem and Amin, 2021). Apart from Ethiopia, coffee leaf rust causes significant economic losses in more than 50 Arabica coffee-growing countries, drawing the attention of international communities for its management (Gichuru et al., 2021). However, in Ethiopia, limited efforts have been made to develop effective mitigation options. Among the control options, the use of resistant genotypes is often prioritized by researchers as a key component of an integrated management strategy that can be used in coffee cropping systems (Gichuru et al., 2021; Sera et al., 2022; Ferrucho et al., 2024). Nonetheless, very little effort has been made to evaluate the reaction of coffee genotypes to coffee leaf rust in Ethiopia. Coffee production across different environments is seriously constrained by diseases, with coffee leaf rust being one of the major threats (Belachew et al., 2020). The intensity of coffee diseases can vary across the agroecologies, which may challenge the stability of genotypes in their response to these diseases.

Moreover, genotype, environment, and their interaction can determine the yield and resistance performance of crops (Mohebodini et al., 2015). Thus, analysis of genotype × environment (G×E) interactions is crucial when the potential of genotypes varies across environments (De Leon et al., 2016). Indeed, identifying stable genotypes that exhibit minimal G×E interaction under significant environmental fluctuation is very important. Coffee production across different environments is seriously constrained by diseases, with coffee leaf rust being one of the major threats (Belachew et al., 2020). The intensity of coffee diseases can vary across agroecologies, posing a challenge to the stability of genotypes in their disease reactions. Therefore, G×E analysis is crucial for understanding genotype stability across different locations.

Regarding coffee wilt disease, despite extensive attempts to develop resistant coffee genotypes, there has been no commercially released wilt-resistant variety to date in Ethiopia. In addition, different cultural management options such as uprooting and burning infected trees, delaying replanting, avoiding wounds, disinfecting tools, using cover crops, applying mulch, and using bioagents have been recommended to manage wilt disease (Belachew et al., 2015a; Assefa et al., 2022; Mulatu et al., 2023). However, no resistant coffee genotype has been recommended to integrate with these cultural management options. Among the management options, using resistant varieties is the most straightforward, economical, harmless, and effective to reduce yield losses caused by coffee leaf rust and wilt diseases. Therefore, this study was initiated to evaluate the reaction of lowland coffee genotypes against coffee leaf rust and wilt diseases in southwestern Ethiopia.





Materials and methods




Description of the study areas

The experiment was conducted in four different locations during the 2021 to 2023 cropping seasons. These locations were purposively selected to represent lowland and midland coffee-growing areas of Ethiopia, where coffee leaf rust and wilt diseases are major problems in coffee production  (Table 1; Figure 1). Among the locations, the Gomma district is located in the Jimma zone, Oromia Regional State. The study was conducted at the Agaro Agricultural Research Subcenter, which is located in the Gomma district and was selected to represent midland coffee-growing areas (Table 1; Figure 1). This subcenter is located 397 km away from Addis Ababa (Abebe, 2005). The second experimental location was the Teppi Agricultural Research Center, located in the Yeki district, Sheka zone, in the southwestern Ethiopia People’s Regional State (Sora and Jibat Guji, 2023). The third experimental specific location was Bebeka, situated in the Debub Bench district, Bench Sheko zone, in the southwestern Ethiopia People’s Regional State, approximately 610 km from Addis Ababa (Abraham, 2020). The fourth experimental location was Gelesha, located in the Godere district, Majang zone, Gambela Regional State (Choudhary et al., 2021).


Table 1 | Description of the study areas.
	Districts
	Specific locations
	Altitude of specific locations (m)
	Maximum average temperature
	Minimum average temperature
	Annual 
rainfall (mm)



	Gomma
	Agaro
	1,630
	28.4°C
	12.4°C
	1,616


	Yeki
	Teppi
	1,200
	29.7°C
	15.5°C
	1,559


	Debub bench
	Bebeka
	1,368
	35.6°C
	17.2°C
	1,742


	Godere
	Gelesha
	1,000
	33.1°C
	13.2°C
	2100 mm







[image: Map showing regions in Ethiopia, including a detailed view of areas within a red circle. The main map highlights zones like Benishangul Gumuz, Gambela, and South West Ethiopia in different colors. Insets at the bottom show the Godere area in green, Yeki in red, Debub Bench in yellow, and Goma in blue, detailing their geographical boundaries and locations. Geographic coordinates and sources are noted.]
Figure 1 | Map of the study areas.





Experimental design and treatments for coffee leaf rust

Five coffee genotypes (EB-1, I-1, I-2, K-1, and K-2) were collected from an international coffee collection that was established and planted by the international coffee collection program at Bebeka, whereas coffee cultivars used as controls (7454 and Dessu for leaf rust as well as Feyate, Geisha, and 370 for wilt disease) were collected from Jimma agricultural research center (Table 2). The genotypes were selected based on their background for yield and disease resistance. The pedigree and mode of pollination of the genotypes and cultivars are pure lines and self-pollination, respectively. Subsequently, these genotypes were subjected to evaluation under different locations with two cultivar controls (7454 and Dessu), which are currently under production across the study areas. The study was laid out in a randomized complete block design (RCBD) across the locations.



Table 2 | Description of coffee genotypes and varieties used for evaluation against leaf rust and wilt diseases in southwestern Ethiopia.
	Coffee genotypes
	Origin
	Reaction to CLR
	Reaction to wilt



	I-1
	International collection
	Highly resistant
	–


	I-2
	International collection
	Highly resistant
	–


	K-1
	International collection
	Highly resistant
	–


	K-2
	International collection
	Highly resistant
	–


	EB-1
	International collection
	Susceptible
	–


	7454
	Variety
	Moderate resistant
	–


	Dessu
	Variety
	Resistant
	–


	Feyate
	Variety
	–
	Resistant


	Geisha
	Variety
	–
	Susceptible


	370
	Genotype
	–
	Resistant





“–” reaction to the disease unknown.







Experimental design and treatments for coffee wilt disease

Evaluation for wilt reaction was undertaken under greenhouse conditions at Jimma Agricultural Research Center (JARC) using five coffee genotypes (EB-1, I-1, I-2, K-1, and K-2), along with two positive controls (370 and Feyate) and one negative control (Geisha). The study was arranged in a completely randomized design (CRD) under greenhouse conditions with three replications (i.e., three pots per genotype).





Seedling preparation for wilt experiment

Coffee seeds were collected from five coffee genotypes (EB-1, I-1, I-2, K-1, and K-2) and three controls (i.e., coffee cultivars 370 and Feyate as positive controls, and Geisha as a negative control). The seeds of each genotype and cultivar were soaked in sterile distilled water for 24 h after the parchment was removed to facilitate early germination. About 30 soaked seeds of each genotype were then sown into sterilized, moistened sandy soil in disinfected plastic pots. To maintain sufficient moisture for seedling growth, sterile water was routinely applied at 2-day intervals for 12 weeks (Belachew et al., 2015a). After germination, the number of seedlings was reduced to 20 per pot for inoculation.





Gibberella xylarioides inoculum preparation

Samples of partially wilted stems were collected from the Gera area, and isolation was performed following the method described by Adugna et al. (2005). Synthetic nutrient agar (SNA) medium was used for isolation. After isolation, purification was carried out, and mass spore production was prepared using sterilized fresh coffee twigs. The twigs, collected from healthy trees (Geisha variety), were cut into small pieces (10 to 15 cm), and the bark was carefully scratched off. Subsequently, the twigs were sterilized in an autoclave. After sterilization, each twig was inoculated with three discs (5 mm) of Gibberella xylarioides and incubated for 7–10 days at 22°C ± 2°C (Adugna et al., 2005; Mulatu et al., 2023). The spore suspension was then prepared by thoroughly rinsing the twigs with sterilized water. The suspension was stirred with a magnetic stirrer and filtered through double layers of cheesecloth. Finally, the spore concentration was adjusted to 2 × 106 conidia per milliliter using a hemocytometer.





Inoculation of coffee seedlings

Inoculation of Gibberella xylarioides was performed using the stem-nicking (stem wounding) technique on 12-week-old coffee seedlings (Adugna and Huluka, 2000). A sterilized scalpel was dipped into the spore suspension and used to nick the stem about 2 cm above the soil level (Belachew et al., 2015a). After inoculation, the seedlings were kept in a controlled growth room with optimal relative humidity (> 95%) and temperature range (23°C–25°C) for 10 days to promote infection (Adugna et al., 2005; Belachew et al., 2015a). Subsequently, the seedlings were transferred to a greenhouse for continuous monitoring and data collection.





Coffee leaf rust data collection

Leaf rust severity was assessed on three pairs of branches representing the upper, middle, and lower canopy layers of each coffee plant. For each genotype and cultivar, five representative trees were selected for data collection. On each branch, the number of leaves was counted and rated for leaf rust severity following the method of Julca et al. (2019). The average leaf rust severity per branch was calculated based on the proportion of rusted leaf area. Finally, the severity of leaf rust per tree was determined by segregating the values from each branch (Julca et al., 2019; Malau et al., 2021).





Coffee wilt disease data collection

Data collection began a month postinoculation and continued for 6 months at 2-week intervals following the standard procedures of Tshilenge-Djim et al. (2011). The number of seedlings showing wilt symptoms was recorded every 14 days. In addition, the incubation period (number of days from inoculation to symptom appearance) was periodically recorded (Belachew et al., 2015a). Wilt disease percentage was calculated as the cumulative number of dead seedlings divided by the total number of seedlings (dead plus healthy) over 6 months (Wubshet et al., 2024).





Statistical analysis

The severity of coffee leaf rust and wilt diseases was analyzed using SAS statistical software (SAS, 2016). The percentage data for leaf rust were transformed to angular values before performing statistical analysis. The least significant difference (LSD) test was used for treatment mean separation. Finally, the reaction class of coffee genotypes and cultivars was determined based on the percentages of leaf rust severity according to Malau and Sihotang (2023), with slight modification. Genotypes with severity percentages of 0, 0.1–5, 5.1–15, 15.1–25, 25.1–35, and > 35% were classified as immune, highly resistant, resistant, moderately resistant, susceptible, and highly susceptible, respectively. Parametric Pearson correlation analysis was used to assess the association of coffee leaf rust with climate variables during the data collection month (October for each year). The significance thresholds for the relationship between leaf rust (dependent variable) and climate variables (independent variables) were determined using the 95% and 99% prediction ellipses. Before conducting the combined analysis, the homogeneity of residual variance was tested using Bartlett’s homogeneity test. Coffee leaf rust data were analyzed using the PROC MIXED model (GLM) with the MIXED procedure of SAS (2016), corresponding to the statistical model: Yij = μ + Gi + Rj + ϵij for an individual site, where Yij is the plot value of each trait for the ith genotype and the jth replication, μ is the trial mean of the given trait, Gi is the effect of genotype, Rj is the effect of replications, and ϵij is the plot error. For the analysis across locations/environments, ANOVA was carried out for each trait using the SAS procedure, based on the statistical model Yijk = μ + Ek + R(E)k(j) +Gi + GEik + ϵijk. Here, Ek, R(E)k(j), and GEik represent the effects of locations/environments, the effect of replications nested within locations/environments, and the genotype–environment interaction, respectively. The statistical significance of these effects was determined using the F-test. Stability analysis was performed using GEA-R software version 4.0 (2016).






Results




Coffee leaf rust

The result indicated that there were significant differences among the genotypes in reaction to coffee leaf rust disease consistently across the locations (Table 3). Based on the mean disease severity percentage, four genotypes (I-1, I-2, K-1, and K-2) showed the lowest severity of leaf rust disease (Table 3), whereas the controls (7454 and Dessu) showed severity levels three times greater than the genotypes that showed a resistant reaction. Based on the categorization of reaction classes, the four genotypes (I-1, I-2, K-1, and K-2) exhibited highly resistant reactions to leaf rust disease (Table 3). These resistant genotypes have consistently demonstrated the capacity to resist coffee leaf rust across locations and seasons. On the contrary, the EB-1 genotype showed a susceptible response to leaf rust, whereas the controls, 7454, and Dessu exhibited moderately resistant and resistant responses, respectively (Table 3). The highest mean leaf rust severity was recorded on EB-1 (27.1%), while the lowest severity was recorded on the I-2 (0.35%) genotype. A wide range of leaf rust severity percentages was observed among the genotypes. In highly resistant genotypes, a leaf rust severity ranging from 0% to 3% was recorded, whereas 7% to 40% severity was observed in the susceptible genotype (EB-1).


Table 3 | Severity percentage of coffee leaf rust and reaction class of coffee genotypes in southwestern Ethiopia, 2020 to 2022.
	Genotypes
	Agaro
	Bebeka
	Teppi
	Gelesha
	RC


	CLR
	CLR
	CLR
	CLR


	2021
	2022
	2020
	2021
	2022
	2020
	2021
	2022
	2020
	2021
	2022



	EB-1
	36.3 (3.5) a
	36.7 (3.5) a
	7.0 (1.4) ab
	15.4 (2.3) a
	52.1 (4.2) a
	15.7 (2.3) a
	24.3 (2.9) a
	32.5 (3.3) a
	8.0 (1.6) ab
	39.6 (3.6) a
	30.4 (3.2) a
	S


	I-1
	3.4 (1.2) d
	0.6 (0.7) e
	3.3 (1.0) ab
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) d
	3.7 (1.1) bc
	0.0 (0.6) c
	0.0 (0.6) b
	HR


	I-2
	3.6 (1.2) d
	0.2 (0.6) e
	0.0 (0.6) b
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) cd
	0.0 (0.6) c
	0.0 (0.6) c
	0.0 (0.6) b
	HR


	K-1
	3.4 (1.2) d
	2.8 (1.1) d
	0.0 (0.6) b
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) c
	0.0 (0.6) d
	0.0 (0.6) d
	0.0 (0.6) c
	0.0 (0.6) c
	0.0 (0.6) b
	HR


	K-2
	6.1 (1.5) c
	0.2 (0.6) e
	1.3 (0.8) b
	0.0 (0.6) c
	5.0 (1.4) c
	3.3 (1.0) bc
	5.0 (1.3) c
	10.4 (1.9) c
	1.3 (0.8) bc
	4.6 (1.1) c
	0.8 (0.7) b
	HR


	Dessu
	25.0 (2.9) b
	4.2 (1.3) c
	3.3 (1.1) ab
	5.0 (1.4) b
	25.4 (2.9) b
	5.3 (1.4) b
	14.3 (2.2) b
	21.7 (2.7) ab
	4.0 (1.3) abc
	23.3 (2.8) b
	20.8 (2.6) a
	R


	7454
	26.3 (3.0) b
	9.6 (1.9) b
	11.3 (1.9) a
	12.1 (2.0) a
	39.2 (3.6) a
	15.3 (2.3) a
	18.4 (2.5) ab
	18.7 (2.5) bc
	11.7 (1.9) a
	25.4 (2.9) ab
	30.4 (3.2) a
	MR


	LSD
	0.2
	0.16
	0.9
	0.5
	0.6
	0.7
	0.5
	0.7
	0.8
	0.8
	0.7
	 


	CV (%)
	6.5
	6.5
	51.7
	23.2
	18.0
	34.3
	19.8
	21.7
	38.2
	24.7
	23.3
	 





The number in parentheses is the transformed value using arcsine. Mean values with the same letter within a column did not significantly differ at p < 0.05. RC, reaction class; S, susceptible; HR, highly resistant; R, resistant; MR, moderate resistant; LSD, least significance difference; CV, coefficient of variation; CLR, coffee leaf rust.







Coffee wilt disease

The analysis revealed a significant difference among the genotypes in their reaction to wilt disease (Table 4). This demonstrates the presence of genetic variability among Arabica coffee genotypes in response to wilt disease, encouraging further investigation and providing insights for developing resistant coffee varieties. Among the tested genotypes, I-1, I-2, K-1, and K-2 exhibited moderate resistance to wilt disease under greenhouse conditions (Table 4). Furthermore, compared to the susceptible control, these genotypes displayed an extended incubation period. On the other hand, the resistant controls (370 and Feyate) performed significantly better than the genotypes exhibiting a moderate resistance to wilt disease. Among the tested genotypes, Feyate showed no wilt symptoms throughout the data collection period, indicating its strong resistance potential as a control genotype. In contrast, negative control (Geisha) exhibited the highest severity of the disease and the fastest incubation period compared to the other tested genotypes. In general, this finding confirmed the existence of variability in reaction to wilt disease, ranging from susceptible to highly resistant ranges. The EB-1 genotype was not tested due to failure to germinate; therefore, there were no results on its reaction to wilt disease.


Table 4 | Severity of coffee wilt disease on genotypes under greenhouse conditions.
	Genotypes
	Disease severity (%)
	IP
	Remark



	EB-1
	NE
	NE
	 


	I-1
	45.3 b
	90
	 


	I-2
	38.9 b
	110
	 


	K-1
	33.3b
	95
	 


	K-2
	42.5b
	100
	 


	370
	8.1c
	165
	Positive control


	Feyate
	0.0 c
	0.0
	Positive control


	Geisha
	97.2 a
	67
	Negative control


	Mean
	37.9
	89
	 


	CV (%)
	17.7
	 
	 


	LSD
	19.8
	 
	 





NE, not evaluated for wilt disease, not tested due to germination loss of the seed; IP, incubation period.








Discussion




Coffee leaf rust

Coffee leaf rust is one of the main global challenges of coffee production. Therefore, one of the resilient mitigating ways is developing resistant coffee varieties. However, in this country, there has been a limitation of coffee leaf rust-resistant varieties to date. The current study identified coffee leaf rust-resistant genotypes across the locations. Similar to our result, Malau et al. (2021) reported coffee genotypes that were resistant to leaf rust across locations. Among the genotypes, I-1, I-2, K-1, and K-2 showed highly resistant reactions (Table 3). Concurrently, different studies identified Arabica coffee genotypes that exhibited a resistant reaction to coffee leaf rust (Belete et al., 2014; Malau et al., 2021; Aryal et al., 2022). In addition, previous findings identified coffee genotypes that showed moderate resistance to leaf rust (Gokavi et al., 2022), which agrees with the current result recorded for the 7454 genotype. In this study, genotypes such as EB-1, Dessu, and 7454 showed moderately resistant and resistant reactions in some of the study years, which could have been due to the age of the crop, as the lowest severity was recorded in the 2020 production year. Our finding matches that of Ehrenbergerova et al. (2018), who reported that coffee plant age had a significant positive effect on the intensity of coffee leaf rust. Stability analysis also indicated that the EB-1 genotype was not stable across the locations (Figure 3). This indicates the inconsistent performance of a genotype under different environmental conditions, which can significantly affect the resistance and other traits of the genotype (Posada et al., 2009). Even though the genotypes showed a consistent reaction across locations and seasons, some slight differences observed in the severity of leaf rust across locations and seasons might have occurred due to the variations in environmental conditions, agronomic practices, and coffee ages from season to season (Rocha et al., 2015; Aryal et al., 2022). Similarly, previous studies stated that the expression of leaf rust resistance can be influenced by environmental conditions, which affect the physiological activity of coffee plants, pathogenesis, and sporulation of the pathogen (Toniutti et al., 2017; Malau et al., 2024).

Across the study locations, four genotypes (I-1, I-2, K-1, and K-2) consistently demonstrated a highly resistant reaction to leaf rust. Stability analysis also confirmed the stability of these genotypes across environments (Figure 3). Our findings align with previous studies, which reported that the response of coffee genotypes against leaf rust disease is mainly influenced by genetic resources and environmental conditions (Aryal et al., 2022; Mariz et al., 2025). Additionally, correlation analysis showed that rainfall (Figure 2A, Table 5) had a significantly negative correlation with the severity of coffee leaf rust. Meanwhile, relative humidity and maximum temperature (Figures 2B, C, Table 5) showed a highly significant and positive correlation with the severity of leaf rust. Among the climatic factors, no variable exhibited a strong correlation with the severity of leaf rust; this suggests that genetic resistance of the coffee plant, possible virulence of the pathogen, and microclimate conditions played significant roles in the slight variability of disease severity observed across the locations. Our findings of no strong correlation between climate variables and coffee leaf rust severity align with the previous study by Malau et al. (2024), which reported that genetic factors of the host and pathogen can significantly influence disease outcomes.

[image: Four scatter plots display the relationship between severity and four variables: RF, RH, Max_Temp, and Min_Temp. Each plot contains 231 observations with prediction ellipses at ninety-five percent and ninety-nine percent confidence levels. Correlations (Ranging: 0.0762 to 0.2414) and p-values (0.2485 to 0.0002) vary across the plots.]
Figure 2 | Correlation between coffee leaf rust severity and climatic factors. RH, relative humidity; RF, rainfall; Max_Temp, maximum temperature; Min_Temp, minimum temperature.

[image: Biplot showing AMMI CLR from an RCB, with two factors on the axes. Factor 1 explains 77.89 percent of the variance, and Factor 2 explains 14.74 percent. Points represent genotypes and environments, connected by green lines, labeled with names like Gen1, Gen3, and Geleisha.]
Figure 3 | AMMI biplot of IPCA1 against coffee leaf rust severity percentages. Gen1, EB-1; Gen2, I-1; Gen3, I-2; Gen4, K-1; Gen5, K-2; Gen6, 7454; Gen7, Dessu.



Table 5 | Correlation between coffee leaf rust and climate variables of October during the 2020 to 2022 production years.
	Variables
	Max.T
	Min.T
	RF
	RH
	Sev



	Max.T
	1
	0.63**
	− 0.21*
	0.64**
	0.23**


	Min.T
	0.63**
	1
	0.29**
	0.17*
	0.08ns


	RF
	− 0.21*
	0.29**
	1
	− 0.34**
	− 0.21*


	RH
	0.64**
	0.17*
	− 0.34**
	1
	0.24**


	Sev
	0.23**
	0.08ns
	− 0.21*
	0.24**
	1





Max.T, maximum temperature; Min.T, minimum temperature; RF, rainfall; RH, relative humidity; Sev, leaf rust severity; ns, nonsignificant; *significant; **highly significant.



In general, a significant difference was observed among the coffee genotypes against leaf rust, among which four genotypes were highly resistant. These genotypes consistently maintain their leaf rust resistance across the locations under different environmental conditions. Therefore, these coffee genotypes have the potential to enhance coffee production and productivity across the lowland coffee-growing areas of the country. In addition to being released as varieties, they can also serve as sources of genes for developing resistant varieties in future breeding programs. Thus, it is crucial to adopt these resistant genotypes as one of the main mitigation options and also to consider and manage environmental conditions to minimize the damage caused by coffee leaf rust. In addition, understanding the evolving nature of the pathogen requires attention to effectively and sustainably address the issue of coffee leaf rust.





Genotype-by-environment interaction

Phenotypic expression of one genotype against coffee leaf rust that performs better in one environment might be less effective in another environment, and such background can be determined by analysis of environment-by-genotype interaction. In the present result, genotypes showed highly significant interaction, whereas the environment did not significantly interact with the severity of leaf rust disease. This indicates that genetic potential can play a more crucial role in determining leaf rust severity than environmental conditions. Previous findings also stated that genotypes exhibited highly significant interactions with coffee leaf rust severity percentages, whereas the environment did not show a significant interaction with the severity of coffee leaf rust disease. Therefore, the differences in disease severity were primarily determined by the genetic makeup of the genotypes rather than environmental factors, which strongly indicates the importance of genotype in managing coffee leaf rust disease (Rodrigues et al., 2015; Malau, 2020).





Stability analysis




Additive main effects and multiplicative interaction

The additive main effects and multiplicative interaction (AMMI) analysis of variance indicated highly significant differences (p < 0.01) for environments, genotypes, and their interaction. Moreover, Gollob’s test revealed that the first two IPCAs were highly significant (p < 0.01), indicating that the total information contained in the genotype-by-environment interaction can be explained using these IPCAs (Table 6). The cumulative value of PC1 and PC2 was 92.63, and the pattern of GEI by PC1 against PC2 is generally informative, while the rest of the PCs were captured as noise (Table 7). Stability analysis depicted the large sum of squares and a highly significant mean square of genotype, which showed that the genotypes were very diverse in their reaction to leaf rust. This indicated that the influence of genotypes was greater than that of the environment on the severity of coffee leaf rust. This suggests that coffee genetic resources can play a critical role in determining the reaction of genotypes to coffee leaf rust, and managing coffee leaf rust may need to focus on selecting resilient genotypes across locations. In contrast to this finding, Malau et al. (2021) reported that the largest variation was due to the environment, while such a contrast might have occurred due to the variations in materials used for the experiment.


Table 6 | Combined ANOVA for coffee leaf rust sum of squares of seven genotypes tested across 11 environments.
	Source
	df
	SS
	MS
	F-value
	Pr > F



	Environment (E)
	10
	4,679.9
	467.9
	19.70
	< 0.0001


	Rep (environment)
	22
	841.6
	38.3
	1.61
	0.0530


	Genotype(G)
	6
	23,429.6
	3,904.9
	164.34
	< 0.0001


	GEIs
	60
	7,324.6
	122.1
	5.14
	< 0.0001


	Error
	132
	3,136.5
	23.8
	 
	 


	Total
	230
	39,370.3
	 
	 
	 





df, degree of freedom; SS, sum of squares; MS, mean square; GEIs, genotype-by-environment interaction.





Table 7 | Combined analysis of variance over environments (locations).
	Variances
	df
	SS
	Explained
	% Cum
	MS
	F-value
	p-value



	Env
	10
	4,642.0
	13.1
	13.1
	464.2
	17.9
	0


	Gen
	6
	23,420.7
	66.2
	79.3
	3,903.4
	151.1
	0


	Env*Gen
	60
	7,329.5
	20.7
	100
	122.2
	4.7
	0


	PC1
	15
	5,700.6
	77.8
	77.9
	380.0
	15.4
	0


	PC2
	13
	1,078.8
	14.7
	92.6
	82.9
	3.4
	0.00015


	Residuals
	154
	3,978.1
	0.0
	0.0
	25.8
	NA
	NA





df, degree of freedom; SS, sum of squares; MS, mean square; Env, environment; Gen, genotype; PC1, principal component one; PC2, principal component two; NA, not available.



The mean versus stability biplot clearly showed the mean performance and stability of the genotypes (Figure 4). The genotypes along the average environment coordinate axis, with an arrow indicating the highest value, represent their mean performance across all environments (Figure 4). The average environment coordinate ordinate separates genotypes with below-average means from those with above-average means. In this regard, candidate genotypes I-1, I-2, K-1, and K-2 showed lower mean reactions to coffee leaf rust. In the AMMI 1 biplot model, the IPCA 1 scores of genotypes and environments were plotted against their respective means (Table 8; Figure 3). The IPCA scores for both genotypes and environments were plotted against the coffee leaf rust reaction for genotypes and environments. Genotypes or environments on the right side of the midpoint of the axis have lower reactions to coffee leaf rust than those on the left side (Figure 3). Accordingly, genotypes I-1, I-2, K-1, and K-2 are plotted on the right side of the main axis and exhibited lower coffee leaf rust severity than the genotypes plotted on the left side of the main axis (Figure 3). Therefore, this implies that the four coffee genotypes described above were coffee leaf rust-resistant genotypes (Figure 3).

[image: A biplot titled "Mean vs. Stability" shows the distribution of various samples along two axes: AXIS1 at ninety-four point twenty-five percent and AXIS2 at three point fifty-three percent. Samples are labeled with names like Agaro1, Gelesha2, and Gen1. Blue and green colors differentiate the groups in the plot.]
Figure 4 | Mean versus stability biplot analysis using leaf rust severity percentages.


Table 8 | List of the environments and their descriptions used to analyze GXE interaction.
	Environment
	Description
	Environment
	Description



	Teppi-1
	2020/2021
	Gelesha-1
	2020/2021


	Teppi-2
	2021/2022
	Gelesha-2
	2021/2022


	Teppi-3
	2022/2023
	Gelesha-3
	2022/2023


	Bebeka-1
	2020/2021
	Agaro-1
	2021/2022


	Bebeka-2
	2021/2022
	Agaro-2
	2022/2023


	Bebeka-3
	2022/2023
	 
	 











Coffee wilt disease

Similar to coffee leaf rust, coffee wilt disease has significantly impacted coffee production and productivity in Ethiopia. The disease remains economically important and, despite the availability of effective cultural management practices, varietal development addressing this disease is still lacking. Our results showed significant differences among genotypes in their reaction to wilt disease, consistent with previous studies reporting relatively resistant coffee genotypes (Getaneh et al., 2021; Olal et al., 2018). This highlights the presence of genetically determined variability among Arabica coffee genotypes in their response to wilt disease. In this study, some genotypes exhibited a longer incubation period compared to the susceptible control; however, these were significantly shorter than those observed in the resistant controls (370 and Feyate). In line with this result, Wubshet et al. (2024) recently reported accessions showing resistant and moderately resistant reactions to wilt disease under greenhouse conditions. Additionally, numerous previous studies have identified resistant and moderately resistant coffee genotypes under greenhouse conditions (Demelash and Kifle, 2015; Belachew et al., 2015a; Demelash Teferi et al., 2018). However, none of these previously reported genotypes demonstrated promising resistance under field conditions (personal observation). Our result was consistent with these previous findings. This implies that, when using these genotypes, integration with other cultural wilt management practices should be carefully considered. In short, this study also confirmed the existence of variability in the response to wilt disease among Arabica coffee genotypes, as previously reported by various studies (Girma et al., 2010; Demelash Teferi et al., 2018; Getaneh et al., 2021; Wubshet et al., 2024). Among the genotypes, Eb1 was not tested due to failure to germinate; therefore, no data were obtained on its reaction to wilt disease.







Conclusion

Ethiopia is the birthplace of Arabica coffee and the center of its diversity. Similarly, the country has a highly diversified agro-ecology suitable for coffee production, which faces various biotic and abiotic production bottlenecks. Among these constraints, coffee diseases are highly economical; indeed, the coffee research strategy strongly emphasizes the development of disease-resistant genotypes for each of the growing areas. Nevertheless, despite extensive efforts to develop resistant coffee genotypes against wilt and leaf rust disease, no disease-resistant variety has been developed to date. Obviously, growing resistant coffee varieties has always been considered the most sustainable and affordable management option against coffee diseases. Thus, our study aimed to evaluate coffee genotypes against leaf rust and wilt disease. The study has identified coffee genotypes that showed resistant reactions to coffee leaf rust under field conditions and moderately resistant to wilt disease under greenhouse conditions. This implies the possibility of developing resistant coffee varieties through selection and hybrid development against these diseases. From the current finding, three coffee genotypes have been nationally released for leaf rust-prone areas but not for wilt disease, as these genotypes have not been evaluated under field conditions against wilt disease. Therefore, farmers must use them wisely by integrating recommended coffee wilt disease management options. Overall, the study identified highly resistant genotypes against leaf rust and recommended for these disease-prone areas. In addition, climate change is currently causing an increase in coffee disease epidemics across coffee-producing ecologies of Ethiopia. Thus, future research should focus on developing disease-resistant varieties by evaluating collections and hybrids across diverse ecologies. In addition, the identification and documentation of the resistance mechanisms in these genotypes should be studied to support future breeding programs.
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Treatment Scion—rootstock combination Treatment = Scion-rootstock combination = Treatment

Z/B Z/D Z/H Z/B Z/D Z/H
A (pmol m2s™) WUEi (tmol CO, mol™ H,0)
DAW 1  Well-watered 1363 + 143 1005+ 152 1258110 | 1209 +0.84° | 62.28+479 & 81.86+220 7650+ 466 | 7355+ 327
Waterlogged 825+0.72 7.72 £ 071 8.63 + 1.49 820+ 056" | 7740+ 6.11 = 93.68 348 9276 +4.62 | 8795+ 339"
69.84 87.77
Combination 1094 + 1.26 8.89 = 0.89 1061 + 1.14 - +4.59° +2.93° 84,63 +4.32° -
90.81
1279 + 1.46"% | 1341 £155%  14.69 + 1.28*
DAW2  Well-watered 13.63 £ 0.79° +24.91 80.51 445 | 6596+ 6.12  79.09 843
109.0 113.08
1161 £ 1.09"% | 532+094° 746+ 125 b e
Waterlogged 8.13 + 0.98 62.06 = 3.84 +£7.69 +14.62 94.73 £ 8.65
76.44 89.52
1220 + 0. .36 + 1.
Combination 20087 232113 1107 £ 1.60 = +12.87 94.78 + 6.78 +11.54
DAW 3 Well-watered 1425+ 1.62% 1548 150" | 13.61 +0.82% = 1445+0.75" | 60.52+3.04  68.06 +7.85  64.10+753 = 6423 353"
87.95
15.12 + 0.64* 396 076  6.17 +0.69"
Waterlogged 842+ 150" | 5822329 9565 £ 856 +11.03 80.60 + 6.51°
59.37 81.85 76.02
Combination 14.68 + 0.82° 972 +231° 9.89 + 149 - +212° +7.49° +7.65"
11.62 11.99 62.29 82.94 7921
DAW 4  Well-watered 14.04 £ 1.60* +0.94°% + 136" 12.55 + 0.76" +590° +5.88"% + 58748 74.81 + 4.10
74.60 50.23 102.00
Waterlogged 1195 +230* 130+ 064 571+085°C  632+152° +7.48*° +14.68" +7.66% 7561 + 8.41
68.45 66.58
Combination 13.00 + 135" 646 £2.02° | 8.85+ 140" - +4.98° +9.58" 90.61 + 6.21° -
Ci (umol mol™) Tieat (°C)
DAW 1 Well-watered 28496 +6.14 25902+ 454 26345+7.92  269.15+ 476" | 3210+027 32294013  3239+014  3226+011°
Waterlogged 267.84£927 | 24147 £639 | 24304 +559 25078 +526° | 32.44+025 @ 3279£0.09  32.52+014 | 32.58 +0.10°
25025
Combination 27640 + 6.08" +492° 253.25 + 5.92° - 3227+018 | 3254012 | 3245009 -
3166 31.90 31.88
DAW 2 Well-watered 24523 £3835 | 260.34 £ 663 = 28111 £9.18 | 262.23 + 12.85 +0.11% +0.07*" +025%8 31.81 £ 0.09"
225.25 21629 3130 32.57 3246
Waterlogged 28592 +7.35 +13.02 +2248 24249 +12.38 +0.14% + 020" +0.14% 32.11 £0.19°
24870 3148 32.24
Combination 26558 +19.64 | 242.80 + 9.47 +16.63 - +0.11° +0.16* 3217 £0.17° -
27718 28597 3157 31.93 3187
DAW 3 Well-watered 29359 + 427 £1075 +1212 28558 + 5.44 +0.16° £0.23%¢ +0,11%¢ 31.79 £ 0.10°
256.50 25425 3169 33.17 32.56
Waterlogged 293.78 + 5.13 +10.89 +15.28 268.18 + 8.02 +0.085¢ +035" + 018" 3247 +0.22°
266.84 270.11 3163 32.55
Combination 293.69 + 3.09° +8.09° +10.84% - +0.09° +0.30° 3222 £0.16* -
253.97 259.44 3201 32.43 32.65
DAW 4 Well-watered 284.13 £ 8.31%° +8.15" + 819" 265.84 + 5.84 +0.18° +0.10% +0.16"¢ 32.36 £ 0.11°
315.88 23097 3231 33.82 33.19
Waterlogged 266.88 + 9.81*° +23514 +11.83% 271.24 1348 £0.17° +025% +0.18"% 3311 +0.21°
284.92 3216 33.12
Combination 27550 + 678" +16.42° 24521 + 856" - +0.13° +0.29° 3292 £ 0.15° -

The means of each scion-rootstock combination are compared within the same row, the means of each irrigation treatment are compared within the same column, and the interaction between all
values is assessed using Tukey’s honest significant difference (HSD) comparison test (p < 0.05). Different lowercase letters indicate significant differences in the means of each treatment and each
scion-rootstock combination, while different uppercase letters indicate significant differences of the interaction (n = 4 + SE). Note that letters were not reported when there were no
significant differences.
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Treatment Rootstock Treatment Rootstock

Treatment
D D
A (umol m=2s7) WUEi (umol CO, mol™ H,0)
DAW 1 | Well-watered 10.55 + 0.34 8.46 + 0.56 10.09 + 1.19 9.70 + 0.49 7944 £206 = 8569 +639 8104 +7.90 82.06 + 3.23
‘Waterlogged 8.01 + 1.45 703.x1.72 8.43 + 1.31 7.82 £ 0.80 7443 + 3.05 92.93 + 3.86 90.58 + 5.04 85.98 + 3.26
Rootstock 928 + 0.84 7.75 £ 0.88 9.26 + 0.8 - 7694195 = 89.31+372 8581470 -
DAW 2 | Well-watered 9.73 + 1.034" 9.47 + 1.23°F 7.96 + 0.73°8 9.05 £ 0.58 75.69 + 6.54 80.46 + 3.69 74.02 £ 7.51 76.72 £ 3.31
Waterlogged 1144 + 1.78* 4.65 + 0.89% 6.14 + 1.37°F 741+ 114 63.03 £ 3.56 86.82 + 7.61 74.74 + 6.81 74.86 + 4.38
Rootstock 10.58 + 101 7.06 + 1.15° 7.05 + 0.80° - 69.36 +419 | 8364410 = 7438+ 470 -
DAW 3 | Well-watered 9.76 + 1.10 9.51 +£0.38 9.38 + 1.04 9.55 + 0.47 7212 +7.40 81.34 £2.74 7843 + 4.39 77.30 + 2.96
Waterlogged 10.67 +0.76 7.64 + 0.84 529 + 1.60 7.87 + 0.89 6181 +164 9346 +833 6610 £6.15 7379 £ 5.28
Rootstock 1021 + 0.64 858 +0.55 734 £ 118 - 66.97 £ 401° | 8740 + 466" | 7226 + 4.20™ -
DAW 4 | Well-watered 1143 + 1.26% 858 + 1.12°F 8.48 + 0.40°® 9.50 + 0.67* 70.84 + 6.87 SLIxx3W 85.18 + 3.42 82.58 + 3.70
Waterlogged 11.78 + 1.16* 3.16 + 0.59¢ 4.48 + 0.85%¢ 647 +1.24° 70.00 + 3.57 89.24 +£7.97 82.52 + 6.87 77.59 £ 4.94
Rootstock 1161 £ 079" 587+ 118" 648 + 0.87° = 65.92+ 4.04° | 9049 £4.15" | 83.85 + 359" =
Ci (umol mol™) Tiaar (CC)
DAW 1 | Well-watered 26092 + 3.56 | 253.60 + 9.44 258.74 + 13.26 257.76 £ 5.11 3245 +0.03 3288 £0.13 32.59 £ 0.07 [ 32.64 £ 0.07
Waterlogged 27191 £ 3.75 243.81 £ 4.20 24561 + 8.14 253.78 + 4.89 3261 £0.21 33.03 £0.11 3291 £0.18 32.85 £ 0.10
Rootstock 26642 +3.07 | 24871513 | 25218 +7.62 - 3253+ 010" 3295+0.08" | 3275+ 0.11° =

DAW 2 | Well-watered 27233 £ 9.54 264.71 £5.02 | 277.02 £ 1244 | 271.35% 519 3234 +0.09 3259 £0.17 3248 +0.18 3247 +0.08

Waterlogged 289.96 + 4.96 260.60 £ 13.06 = 278.00 + 12.05 276.19 £ 6.64 3224 +£0.18 33.07 £ 0.16 3273 £ 021 32.68 + 0.14
Rootstock 281.15 + 5.99 262.66 + 6.52 277.51 + 8.02 - 3229+ 0.10° | 3283 £0.14° | 3261 +0.14" -
DAW 3 | Well-watered 277.25 £ 10.72 262.75 + 4.66 267.71 £ 7.82 269.23 + 4.61 32.50 + 0.09 32,65 +0.21 3247 + 0.09 32.54 +0.08
Waterlogged 292.33 £ 1.83 24565 + 12.69 = 292.35 + 10.33 276.78 + 8.29 3241 +0.05 3293 +£0.04 3241 +0.24 32.58 +0.10
Rootstock 284.79 + 579 | 254.20 + 7.04° | 280.03 + 7.59" - 3245 +0.05 3279 £0.11 3244 +£0.12 -

DAW 4 | Well-watered 27239 +9.82 24275 + 6.09 253.49 + 545 256.21 + 5.34 33.06 +0.12 3374 £0.19 3346 + 0.08 3342+ 0.11°
‘Waterlogged 288.45 + 6.15 25279 £13.08 = 262.44 + 11.35 267.89 £7.16 32.98 +0.07 34.31 £ 0.08 33.77 £ 0.17 33.69 +0.17°

Rootstock 28042 + 6.16° | 247.77 + 694° | 257.97 + 6.07° - 33.02 0065 3403 +0.14° | 33.61 +0.11° -

‘The means of each rootstock are compared within the same row, the means of each irrigation treatment are compared within the same column, and the interaction between all values is assessed
using Tukey’s honest significant difference (HSD) comparison test (p < 0.05). Different lowercase letters indicate significant differences in the means of each treatment and each rootstock, while
different uppercase letters indicate significant differences of the interaction (n = 4 + SE). Note that letters were not reported when there were no significant differences.
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Indexes Sequence Interpretation (%) P
N 1 47.0 0.002%
N/P 2 235 0.002*
AK 3 6.6 0.014*
pH 4 56 0.008%
SOC 5 4.0 0.034*
TP 6 37 0.018*
SOM 7 04 0456
CIN 8 04 0526
c/p 9 <0.1 0.874

* and ** indicated significant difference at P<0.05 and P<0.01, respectively.
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Stepwise regression

equation

Impact factors

F=0.805D,;-1.589 0.648 Population density 0.029
Y=15.736 + 0.600X,-0.424X3 0.538 TN, TP <0.001
F=8.759-0.894X;- TN,pH,TP <0.001

.785
0.416X,-0.366X; 0

Y indicated the individual yield. F indicated the comprehensive value of medicinal quality. D,
indicated the population density. X;, X5, X3 indicated the TN, pH and TP, respectively.
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Indexes Maximum Mean CV (%)
Neochlorogenic acid (mg g-1) 0.09 0.15 0.12 0.02 15.35
Chlorogenic acid (mg g) 0.10 172 091 038 41.52
Tsochlorogenic acid B (mg g) 243 6.97 3.81 1.28 3358
Isochlorogenic acid C (mg g") 0.67 1.68 1.04 0.26 2525
Jaceosidin (mg g") 0.02 0.13 0.07 0.03 40.23
Eupatilin (mg g) 0.0006 0.0029 0.0012 0.0005 4250
Cryptochlorogenic acid (mg g™) 0.09 023 0.14 0.04 29.85
Isochlorogenic acid A (mg g") 0.73 2.1 120 0.36 2965
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Index PC1 PC2 PC3
Output rate of moxa 0.046 0.264 0.932
Total volatile oil -0.741 -0.369 0.09
Eucalyptus oleoresin 0.530 0.501 -0.492
Borneol -0.563 0.752 0.009
Neochlorogenic acid 0.976 0.097 0.042
Chlorogenic acid 0.985 0.087 0.102
Isochlorogenic acid B 0.972 0.092 0.13
Isochlorogenic acid C 0.988 0.086 0.009
Jasceosidin 0.828 -0.438 -0.158
Eupatilin -0.778 0.372 -0.188
Cryptochlorogenic acid 0.938 0.119 0.04
Isochlorogenic acid A 0.981 0.059 -0.042
Initial eigenvalue 8.128 1.402 1.212
Contribution rate/% 67.733 11.683 10.097
Accumulative contribution — 79416 89:512

rate/%

PCI1, PC2 and PC3 represent principal component 1, principal component 2 and principal

component 3, respectively.
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Population density

Altitude (m)  Slope (°) TRP

(plants m™2)

<500 31.33 0.79 24.92
500-600 12.78 0.78 12.5
600-700 49.05 0.94 1538
700-800 1.40 0.09 85
800-900 19.95 047 1875
900-1000 26.35 0.55 9.92

>1000 16.67 0.38 185
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Indexes Sequence Interpretation (%) P
Population density 1 434 0.042*
Slope 2 17.1 0.246
Heliophytes 3 126 0.264
Pielou’s evenness index 4 16.2 0.148
TRP 5 8.7 0.176
Species richness index 6 2.0 1.000

*indicated significant difference at P<0.05.
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Principal

Treatment Combebent .
P Eigenvalue CCR (%)
1 557 2652 2652 030
2 412 19.61 46.13 022
3 331 15.75 61.88 018
CK |
4 256 1219 74.07 0.14
5 151 7.17 81.23 0.08
6 134 6.38 87.62 007
1 12.89 6137 61.37 0.68
) 235 1121 7258 012
D1 3 152 7.22 79.80 0.08
4 L1l 529 85.09 006
5 104 497 90.06 0.06
1 13.99 66.60 66.60 075
2 215 10.22 76.82 012
D2
3 140 667 83.49 0.08
4 102 484 88.33 005
1 1524 7259 7259 079
2 178 8.49 81.07 0.09
D3
3 119 5.64 86.72 0.06
4 103 490 91.62 005

CR, contribution rate; CCR and cumulative contribution rate.
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Treatment

Membership

function value

Variety

CK

D1

D2

D3

u(X,) 0.00 0.75 062 1.00
U(Xz) 0.00 1.00 036 077
U(Xs) 0.00 1.00 069 099
U(X,) 0.00 0.61 088 1.00
U(Xs) 0.00 038 059 1.00
U(Xe) 1.00 0.53 0.00 007
U(X,) 1.00 0.63 056 0.00
U(X,) 1.00 0.75 088 0.00
U(X3) 0.00 0.84 1.00 094
U(X,) 1.00 0.76 079 0.00
U(Xs) 1.00 0.75 078 0.00
UX,) 1.00 0.28 023 0.00
U(X2) 1.00 0.09 0.00 008
U(X) 1.00 0.00 0.00 012
UXy) 0.00 0.82 086 1.00
UX,) 1.00 0.50 046 0.00
U(X,) 0.66 038 0.00 1.00
U(X3) 1.00 022 021 0.00
U(Xy) 1.00 0.15 003 0.00
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Treatment

Variety

Plant height

Maximum leaf length

Maximum leaf width

Maximum leaf area

Dry weight per plant

CK 12.33 £ 0.67a 12.80 + 0.46a 13.67 £ 0.47a 13.97 + 0.47a
D1 11.20 + 0.66a 11.17 £ 0.35b 11.80 £ 0.36b 11.87 + 0.49b
D2 9.87 + 0.35b 9.90 £ 0.30c 10.07 + 0.38c 9.77 £ 0.31c
D3 8.83 + 0.25¢ 8.73 £ 0.21d 8.80 + 0.40d 8.40 + 0.46d
CK 1543 £ 0.5% 15.20 + 0.56a 15.17 £ 0.42a 14.70 + 0.46a
D1 14.43 + 0.60a 13.47 £ 0.65b 13.07 £ 0.55b 12.13 £ 0.45b
D2 13.10 £ 0.46b 12.00 £ 0.27¢ 11.67 £ 0.32¢ 10.93 + 0.35¢
D3 12.00 £ 0.27¢ 10.97 £ 0.25d 10.13 £ 0.40d 9.20 + 0.40d
CK 7.27 £ 0.35a 7.73 £ 0.25a 7.57 +0.15a 8.03 +£0.32a
D1 6.87 £ 0.46a 6.87 + 0.35b 6.53 + 0.31b 6.60 + 0.27b
D2 6.03 + 0.15b 6.03 +0.25¢ 5.83 +0.29¢ 6.00 + 0.20c
D3 5.63 +0.21c 5.43 + 0.15d 5.07 £0.21d 5.13 +0.32d
CK 7122 + 5.75a 74.54 + 1.98a 72.82 + 2.57a 74.88 + 1.55a
D1 6298 + 6.62a 58.58 + 0.48b 54.24 + 4.78b 50.80 + 2.38b
D2 50.15 + 2.01b 4594 + 2.21c 43.16 + 1.70c 41.64 £ 2.28¢
D3 42.90 + 2.26¢ 37.80 + 1.22d 32.61 +2.59d 29.92 + 0.76d
CK 20.63 + 0.90a 2313+ 1.22a 2298 +£0.51a 23.53 + 0.61a
D1 17.57 + 0.87b 18.70 + 0.66b 18.43 + 0.40b 17.43 + 0.80b
D2 15.17 £ 0.65¢ 16.03 + 0.45¢ 15.77 £ 0.87¢ 15.60 + 0.40c
D3 12,60 + 0.82d 13.53 = 1.00d 12.30 £ 0.62d 11.30 + 0.62d

Different lowercase letters in the same column indicate significant differences among different treatments of the same variety (P< 0.05).
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Variety

Treatment

CK 1.33 £ 0.06a 1.33 £ 0.09% 142 £ 0.04a 1.28 + 0.04a
D1 1.23+007a 1.13 £ 0.04b 1.15 + 0.09b 098 + 0.07b

Chlorophyll a content
D2 1.08 + 0.05b 0.97 + 0.04c 097 +0.04c 0.84 + 0.05¢
D3 0.91 £ 0.03¢ 0.85 + 0.02d 0.87 +0.03d 074 +0.04d
CK 0.28 + 0.03a 0.27 0.02a 024 +0.02a 025 +0.01a
D1 0.26 + 0.02a 022 £0.012b 02 +0.01b 0.19 +0.01b

Chlorophyll b content
D2 022 + 0.02b 0.19 + 0.01c 0.16 + 0.01c 0.15 £ 0.02¢
D3 0.19 £ 0.01c 0.15 + 0.01d 0.14 £ 0.01d 011 +0.01d
CK 1.62 £ 0.08a 1.60 + 0.11a 1.66 + 0.06a 1.53 +0.052
Chlorophyll a D1 1.49 £ 0.07a 1.36 £ 0.05b 1.35 £ 0.09b 1.18 + 0.08b
+b content D2 1.3 +0.05b 115 + 0.05¢ 114 £ 0.04c 0.99 + 0.05¢
D3 1.10 £ 0.06c 0.10 + 0.02d 1.00 + 0.04d 085 +0.03d

Different lowercase letters in the same column indicate significant differences among different treatments of the same variety (P< 0.05).
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Treatment Grains/spikelets Test weight (g) Grain yield (kg/ha) Yield improvement

(%)
T1—Control Season 1 128 £67 221086 6024 + 216 0
T3—Microbial biostimulant 166 + 6.7* 28 +1.12% 8004 + 299 32

Yield related traits mentioned are average data collected from five independent plants from season I study. Differences were evaluated using the two-tailed Student’s t-test, and P < 0.05 and
P < 0.01 are represented by “*” and “**”, respectively.
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Percent

Variables Description oo
srad5 Solar radiation in May 25.6
prec5 Precipitation in May 16.5
prec4 April precipitation 10.1
bio6 Min temperature of the coldest month 8.1

precll November precipitation 7
bisti Mean temperature of the £5

coldest quarter
srad7 Solar radiation in July 6
Temperature annual range

e ’ (BIO5-BIO6) : o
bio9 Mean temperature of the driest quarter 29
srad10 Solar radiation in October 24
T-BS Basic saturation 2.1
T-PH-H,O pH 1.9
precl January precipitation 1.8
AWC-class Soil-effective water content 1.8
srad4 Solar radiation in April 1.7
prec3 March precipitation 0.8
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kSt oot e L Logide  Atds
1 Co4 India DPK Cs0 1 - - . -
2 co13 India KUL $50 2 - - - -
3 co14 India DPK Cs0 1 - = - -
4 023 India DPK Cso 1 - = - -
5 033 India DPK Cs0 1 = = = =
6 cos6 India DPK | cson I = = = &l
7 Co46 India MPM Cso 1 = = @ 3
8 €076 India MPM $SO 1 % s = =
9 079 India MPM $SO 1 = e = =
10 €080 India MPM $SO 1 = e = =
11 CAs Australia Laura River NS s 144°31° 95 988
12 CA7 Australia Laura River NS I 15°37°S 144°31 95 988
13 cas Australia Laura River NS 1537'S 14431 95 988
14 cA9 italia | Kennedy River NS 1523'S 144°10° 80 988
15 CAl6 Australia ‘ Morehead River NS 15°02° S 143°40° 60 1201
16 CA21 Australia Palmer River NS 16°07° S 144°48 410 1041
17 CA22 Australia ‘ Palmer River NS 16°07° S 144°48 410 ( 1041
Normanby
18 cA26 Australia N‘ii“:::by NS 15%6'S 144°59° 205 954
Rivers
19 cA27 Australia Normanby NS 15°46'S 144°59’ 205 954
Rivers
20 CA28 Australia Normanby NS 15°46' S 144°59° 205 954
Rivers

! Seedlots or family names commencing with C were supplied by CSIRO’s Australian Tree Seed Centre.
> The exact locations of the C0 Indian seed orchards are uncertain. The three categories are as follows: CSO, clonal seed orchard; SSO, seedling seed orchard; and NS, natural stand.
*Type categories are as follows: $SO, seedling seed orchard; CSO, clonal seed orchard; NS, natural stand.
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VoL BT MOR MOE SSG &l WDB LC | HEC FP PN

Family (m?)/1000  (cm)  (Mpa) (Mpa) (Mpa) (Mpa) (g/cm™) (%) (%) (s)  (mm)
Co4 271 1177 899 3838 0.58 81.05 7394 27.99 48.15 047 2372 | 2747 4519 0.61 25.26 24.04 49075 1291
co13 2388 1136 11.66 36.82 0.61 7116 6741 2624 44.49 042 2410 | 2771 4530 0.59 26.62 2232 490.60 13.64
co14 220 897 11.38 46.52 0.73 68.72 6011 21.58 43.00 044 1952 | 2872 5113 059 2538 23.37 | 52067 1290
c023 156 11.41 10.93 45.66 071 76.71 7403 27.03 49.65 049 2299 2782 5095 053 24.60 2166 53338 1433
€033 1.50 9.15 9.95 3843 0.58 73.53 8470 25.07 53.06 045 1986 2858 50.55 059 25.86 2291 478.50 13.79
€036 260 743 7.60 3175 032 7079 7103 23.07 4142 046 1953 2828 51.80 057 25.90 2220 | 44867 1317
C046 1.00 1124 9.81 4207 0.67 58.00 5056 19.87 4209 039 2416 | 2756 54.18 053 24.03 2213 567.33 1352
Q076 125 1156 9.27 41.61 0.50 78.54 7426 3017 49.84 0.50 2191 | 2768 46.80 0.58 24.89 2348 48200 13.32
079 250 8.13 9.48 2658 0.55 76.54 7230 19.54 44.73 043 2613 | 2757  46.03 057 25.50 22,55 456.00 1348
C080 1.08 1148 1137 4298 0.65 63.66 6365 23.69 40.12 041 2292 | 2732 4480 057 2437 2323 55100 14.52
CAS 220 9.58 1101 43.07 0.60 86.54 7813 30.04 4642 0.50 2147 | 2884 4834 0.59 26.02 2251 459.70 11.80
CA7 195 9.95 10.46 49.05 0.58 8299 7233 27.80 4744 047 2547 | 2737 4612 0.60 25.99 23.00 46090 12,95
CA8 193 10.08 10.76 4291 0.62 81.42 7346 27.16 48.61 049 2458 | 2715 43.98 057 2477 22.96 | 48873 12,59
CA9 1.60 1203 1117 5145 065 58.69 5904 16.20 37.06 041 2351 2696 4226 058 2522 2286 50845 13.23
CAl6 120 11.35 10.59 4497 0.60 73.84 6638 27.41 4345 044 1937 2793 4659 058 2537 2270 | 51064 13.80
CA21 100 11.67 1213 5534 0.70 83.94 7231 2332 47.76 047 2247 | 2813 49.19 0.59 25.53 2295 503.60 13.57
CA22 125 10.65 9.50 4097 0.57 89.00 8165 3125 5241 0.50 2196 2862 5164 0.58 25.28 22.88 48917 12,53
CA26 171 9.92 1.4 45.72 0.61 78.21 7616 29.79 49.94 049 2479 | 2898 49.93 0.60 2553 23.58 46171 12.84
CA27 110 1035 9.53 41.67 0.56 84.77 7705 2426 49.02 0.51 2418 2848 4243 0.59 26.23 22.39 500.30 13.00

CA28 238 9.89 897 375 048 8486 7943 2924 5055 049 2340 | 2757 4817 057 | 2436 | 2351 50580 1220
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Residual

Family Fitted equation T R?
CA26 Y=aX1+bX2+cX3+d | -00003 = -0.1739 = 0.0492  -0.1720 0.1028 09050 84775 | 28258
ca21 Y=aX1+bX2+cX3+d | 00000 = 0.1172 | 0.0433 00164 0.0744 0.8960 95.54 3185
CA22 Y=aX1+bX2+cX3+d = -0.0004 = -0.1496 = 0.0656  -0.0980 0.1066 0.8799 31643 105.48
CA28 Y=aX1+bX2+cX3+d | -0.0000 = 01260 = -0.0742 = 0.0027 0.1935 0.7937 62447 | 208.16
CO46 Y=aX1+bX2+cX3+d | -0.0005 = 00038 = -0.0342 02110 0.1221 0.6371 10651 3550
C076 Y=aX1+bX2+cX3+d | -00002 = -02320  0.0976  -0.0517 0.1757 0.8977 129541 431.80
Co79 Y=aX1+bX2+cX3+d | -00002 = 02355 = 0.0865  0.0013 0.1012 09600 130167 = 433.89
Co5 Y=aX1+bX2+cX3+d | -0.0007 & -02068 = 0.1115 | 0.0601 0.0736 0.8983 22138 73.79
CA27 Y=aX1+bX2+cX3+d | -0.0003 = 00020 = -0.0011 | 00115 0.1019 0.8431 184.66 61.55
co13 Y=aX1+bX2+cX3+d | -00003 = -00114 = 00140 = 06598 03941 0.8472 61034 | 20345
C033 Y=aX1+bX2+cX3+d | -00011 = 03382  0.7866  -0.0618 0.1284 0.8396 40545 13515
Co4 Y=aX1+bX2+cX3+d | -0.0006 = -0.0075 = -0.0128 = -0.0142 0.1013 09110 262.88 87.63
C036 Y=aX1+bX2+cX3+d | -0.0003 = 00028  0.0588  -0.0133 0.1151 09120 73180 | 24394
cA9 Y=aX1+bX2+cX3+d | -0.0010 = 04044 = -0.0487 = 0.1034 0.1390 09673 161850  539.50
CA16 Y=aX1+bX2+cX3+d 000005 = -0.0241 = 0.1146  -0.0058 0.1780 0.7077 259.10 86.67
Co23 Y=aX1+bX2+cX3+d | -0.0002 = -02123 = 0.0994 00188 0.0982 09737 330973 110324
CA8 Y=aX1+bX2+cX3+d | -0.0003 = -0.04238 = 0.0564 | 0.0264 0.1347 09158 266823 889.41
ca7 Y=aX1+bX2+cX3+d | 00016 = -0.0546 = 0.03386  -0.0204 0.0852 09322 112.88 37.63
col4 Y=aX1+bX2+cX3+d | -0.0005 = 0.0999  0.0053  -0.0013 0.0670 09325 43490 | 14497
CO80 Y=aX1+bX2+cX3+d | -00019 = 01972 | -0.0247 = 0.0038 0.0876 0.8848 33873 11291
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F value

Factor type

Spring  Autumn

Litter treatments 6. 12745 16.416***
Carb it
arvon release Elevation 47213 | 451204
rate (%) |
Litter treatments x Elevation 5.301% 2.018
Litter treatments 20.224°* | 39.108***
Nit: 1
HHrOBENL IEXEASE | Elevation 2332 30.238%%
rate (%)
Litter treatments x Elevation 3.225% 2.027
Litter treatments 42.416*** | 11.109***
Phosphorus .
Elevation 64.9687* | 7.692**
release rate (%)
Litter treatments x Elevation 10.318%%* | 3.227*

According to the two-way ANOVA, the statistical differences are significant at p < 0.001**%,
P < 0.01*%, and P < 0.05*. Sample size was n = 336.
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F value
Factor type

Spring Autumn

Litter treatments 32:312%% | 16:867*F
Mass loss (%) Elevation 34.986*** | 19.793***
Litter treatments x Elevation 0.331 ‘ 1.124

According to the two-way ANOVA, the *** denotes statistically significant differences at
p < 0.001. Sample size was n = 336.
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F value

Spring  Autumn

Litter
336.371%** | 73.982%**
treatment
Carbon (C) concentration Elevation 39.415%* 2.334
(mgg™)
Litter
treatment 23.546* 5.687%%*
x Elevation
Litter
462.321%** | 82.968***
treatment
Nitrogen (N) concentration Elevation 8.127%* 1.118
(mgg™)
Litter
treatment 11.110%* 7693+
x Elevation
Litter
3.113* 28.529%%%
treatment
Phosphorus (P) concentration Elevation 12.214%* 8.113*
(mgg™)
Litter
treatment 2.216* 2.457*
x Elevation
Litter
479.918*** | 122.657***
treatment
Elevati 18:21704F 0.967
C/N ratio evation
Litter
treatment 17.368*** 14.784***
x Elevation
Lit
itter 0.429 38,9817
treatment
Elevati 28.428** 6.314*
C/P ratio SYaHes |
Litter
treatment 3.229% 1.312
x Elevation
Litter
161.362*** | 36.985***
treatment
. Elevation 19.528*%** 4.718
N/P ratio
Litter
treatment 4,213 4.319**
x Elevation

According to the two-way ANOVA, the statistical differences are significant at p < 0.001***,
P < 0.01*%, and P < 0.05*. Sample size was n = 336.
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Litter treatment = Elevation (m)

800 478.64 + 1.74c 16.30 £ 0.21¢ 1.85 + 0.09¢ 29.39 + 0.42a 261.78 £ 13.51a 8.90 + 0.36a
Td 110 507.58 + 1.29b 20.80 + 0.92a 224 + 0.08b 2457 + 0.97b 227.95 + 8.05b 940 + 0.76a
60 519.42 + 0.90a 18.14 + 0.28b 257 + 0.04a 28.66 + 0.43a 202.40 + 3.26b 7.07 + 0.21b
800 499.86 + 1.87a 14.22 + 0.49¢ 201 +0.13a 3531 + 1.14a 25401  17.72a 7.19 £ 0.40a
Ta 110 484.46 + 0.78¢ 15.32 £ 0.31b 1.95 + 0.05a 31.68 + 0.68b 248.81 + 6.51a 7.87 £ 0.27a
60 494.50 + 1.02b 18.54 + 0.21a 2.01 £0.37a 26.69 £ 0.31c 203.77 + 14.15b 7.63 £ 0.51a
800 447.96 + 1.31a 31.20 + 0.26a 1.76 + 0.03b 14.36 £ 0.11a 254.31 + 4.44a 17.71 £ 0.34a
Sm 110 447.14 + 1.34a 30.88 + 0.32a 2.13 £ 0.09a 14.49 £ 0.13a 21121 +9.37b 14.59 + 0.71b
60 446.66 = 1.01a 30.02 + 0.57a 2.00 + 0.05a 14.90 £ 0.26a 224.32 £ 5.1b 15.08 + 0.44b
800 498.69 + 2.56b 17.35 + 0.38b 2.02 + 0.09b 2879 + 0.57a 248.54 £ 9.52a 8.64 + 0.32a
Td x Ta 110 49331 £ 3.01b 18.33 + 0.3ab 2.26 + 0.05a 26.94 + 0.57b 2183 + 4.61b 8.11 £ 0.17a
60 507.91+ 0.33a 1872 £ 0.27a 2.31 £ 0.05a 27.15 £ 0.39b 22045 + 4.86b 8.13 £ 0.29a
800 4654 + 1.24¢ 239 + 0.54b 1.86 + 0.04b 19.51 £ 0.46a 250.63 + 5.42a 12.86 + 0.3a
Td x Sm 110 4744 + 2.02b 25.18 + 0.18a 1.98 + 0.08b 18.84 + 0.1a 241.31 + 9.76a 12.81 + 0.56a
60 480.4 £ 0.51a 24.74 £ 0.17ab 22 +0.02a 19.42 £ 0.15a 218.72 £ 1.75b 11.26 + 0.13b
800 473.06 + 4.16a 2631+ 0.74a 1.87 + 0.04b 18.03 + 0.46a 253 £7.14a 14.07 £ 0.5a
Ta x Sm 110 461.44 + 2.54b 25.99 + 0.42a 1.98 + 0.09b 17.77 £ 0.25a 235.51 + 11.23ab 13.24 + 0.54a
60 465.8 + 1.02ab 25.76 + 0.49a 2.2 +0.05a 18.11 £ 0.38a 212 +£4.91b 11.73 £ 0.42b
800 476.03 + 2.23b 2594 + 0.33a 2.1 £ 0.05a 18.37 £ 0.31c 22697 + 5.84a 1236 + 0.27a
Td x Ta x Sm 110 481.43 + 1.71ab 24.89 + 0.45a 2.01 £ 0.03a 19.37 £ 0.35b 240.1 + 3.46a 1242 + 0.35a
60 483.79 + 1.54a 23.71 + 0.25b 2.07 £ 0.04a 20.41 + 0.19a 233.63 + 4.6a 11.45 + 0.23b

Means with different lowercase letters represent significant differences at p < 0.05 according to the independent sample t-test. The abbreviations in the table are Taxodium distichum (Td),
Taxodium ascendens (T2), Salix matsudana (Sm), total (T), carbon (C), nitrogen (N), and phosphorus (P). Sample size was n = 336.
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Economic
benefits
(x104 $ ha™)

Irrigation Cost Income

Frequencies (x104 $ha™l) (x104 $ha™)

I, 14.95 37.68b 22.73b
1F, 14.95 47.15a 32.20a
1F; 14.95 35.97b 21.02b
1E, 14.95 33.25¢ 18.30c
ANOVE 7 NS 7 b b

The data were the average of three replicates. The mean + standard deviation within the
column, and the different lowercase letters, indicate significant differences between all
treatments at the 0.05 level. “NS” means no significance; significant at *Py < 0.05;
significant at **P,,.< 0.01; significant at ***P ,,.< 0.001. IF; represents irrigation
frequency once every three days; IF, represents irrigation frequency once every five days;
IF; represents irrigation frequency once every seven days. IF, represents irrigation frequency
once every nine days.
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Organs Indexes PC1 PC2 PC3

Neochlorogenic acid 0.987 -0.03 -0.042
Chlorogenic acid 0.971 -0.113 -0.084
Isochlorogenic
5 0.977 -0.129 -0.017
acid B
atilgrogemy 0973 | 0019  -0.12
acid C
Leaves
Jaceosidin 0.786 -0.259 -0.171
Eupatilin -0.735 0.489 0.067
tochl i
Cryptochlorogenic | o0 0024 | -0.009
acid
TeaetlomgRnTe 0966 | 0012 | -0.138
acid A
Neochlorogenic acid 0.790 0.391 0.375
Chlorogenic acid 0.521 0.779 0.054
Teorhlomgeiie 0139 | 0930 | -0.086
acid B
Isochlorogenic
. 0.498 0.664 0.211
acid C
Stems
Jaceosidin -0.361 -0.262 0.659
Eupatilin 0.369 -0.289 0.668
tochl i
Cryptochlorogenic | o o1 0122 | 0.163
acid
Isochlorogenic
. 0.008 0.936 0.050
acid A
Initial eigenvalue 8.912 3.447 1.180
Contribution rate/% 55.700 21.543 7.377
Accumulative contribution rate/% 55.700 77.243 84.620

PCI1, PC2 and PC3 represent principal component 1, principal component 2 and principal
component 3, respectively.
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Irrigation Frequencies Root dry matt_eir mass Yield (kg ha™%) Evapotranspiration Water usglefﬁc[?n
(g plant™) (mm) (kg ha™ mm™)
IF, \ 748 £ 0.54b 561 + 40.5b 49592 + 027a 113 £ 0.01b
I 1F, ‘ 936 +0.62a 702 £ 4652 47822 + 0.46b 146 £ 0.17a
IF; ‘ 7.14 + 0.36b 5355+ 27.1b 465.86 + 1.19¢ 114 £ 0.01b
IE, ‘ 66+ 0.56b 495 + 42.2b 464.93 + 1.165¢ 1.06 + 0.01b
ANOVE ‘ w

The data were the average of three replicates. The mean + standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the
0.05 level. “NS” means no significance; significant at *Pyy,.< 0.05; significant at **P,,.< 0.01; significant at ***Py < 0.001. IF, represents irrigation frequency once every three days; IF,
represents irrigation frequency once every five days; IF; represents irrigation frequency once every seven days. IF, represents irrigation frequency once every nine days.
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Root hydraulic conductivity (k,, 107 kg m™ Mpa™ s?)

Irrigation Frequencies

Seedling stage Flowering stage Fruiting stage Root growth stage
1F, 3812 + 0.063¢ 2.978 + 0.032¢ 4246 + 0.106b 3.845 + 0.124c
IF, 4.834 +0.101a 3.448 £ 0.093b 4.969 + 0.095b 4550 + 0.053a
IF; 4.704 £ 0.145a 3.063 + 0.050¢ 4.647 £ 0.114a 4.269 + 0.121b
IF, 4248 + 0.047b 4302 + 0.126a 4377 + 0.063b 3.851 + 0.098¢
ANOVE

The data were the average of three replicates. The mean + standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the
0.05 level. “NS” means no significance; significant at *Pygue< 0.05; significant at **Pyyue< 0.01; significant at ***Pyy,e< 0.001. IF, represents irrigation frequency once every three days; IF,
represents irrigation frequency once every five days; IF; represents irrigation frequency once every seven days. IF, represents irrigation frequency once every nine days.
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Soil nutrient content Irrigation Seedling stage = Flowering stage  Fruiting stage Root

growth stage

IF, 7238 + 6.48a 64.50 + 4.39ab 61.80 + 6.87ab 7315+ 3.78a
Soilalkali hydrolyzed nitrogen content IF, 7145 + 7,19 6098 + 4.63b 5733 + 5.65b 67.03 + 3.85b
-t
(mg kg i 72.15 + 6.48a 66.95 + 6.38ab 61.60 + 7.49ab 73.68 + 4.28a
IE, 73.83 + 5.98 67.10 = 5.13a 62.10 + 7.28a 73.85 + 4.28a
ANOVE * o
IF, 2251 +1.3% 18.21 £ 0.66ab 13.10 £ 0.79ab 20.34 + 092ab
Soil available phosphorus content IF, 2031 +0.71b 17.08 + 0.72¢ 12.05 + 0.81b 1934 + 081b
1
(mg kg IF; 2155 + 0.65ab 18.70 + 0.57a 13.56 + 0.57a 2115 £ 0.78a
IE, 2161 + 021ab 17.69 + 0.56bc 12,63 + 0.60ab 20.19 + 095ab
ANOVE vk wos .
IF, 29175 + 33.27b 254,02 + 30.88ab 212,50 + 26.29ab 187.25 + 23.90ab
Soil available 1F, 285.73 + 29.49c 228.75 + 33.95b 197.75 + 20.37b 171,50 + 22.37b
potassium content
(mg kg™) IF; 294.74 + 34.83b 253.25 + 26.53ab 207.25 + 23.64ab 186.03 + 23.69ab
IF, 32375 + 35.27a 281.25 + 35.78a 238.75 + 31.24a 216,01 £ 30.12a
ANOVE o

The data were the average of three replicates. The mean + standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the
0.05 level. “NS” means no significance; significant at *Pyqe< 0.05; significant at **Pyyue< 0.01; significant at ***Pyyue< 0.001. IF, represents irrigation frequency once every three days; IF,
represents irrigation frequency once every five days; IF; represents irrigation frequency once every seven days. I, represents irrigation frequency once every nine days.
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Total fertilization amount

Treatments Total irrigation amount (mm) (kg bsl)
Irrigation frequencies Fertilizer rate
1F, | 150 kg ha™* 2017 480 150
(3d time™) 2018 510 150
IF, 150 kg ha™* 2017 480 150
(5d time™) 2018 510 150
1F; 150 kg ha™! 2017 480 150
(7d time™") 2018 510 150
1F, | 150 kg ha™! 2017 480 150

(9d time™) 2018 510 150
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F—— Seedling stage Flowering stage Fruiting stage Root growth stage
- ft for fter for fter for r
Irrigation st mioation | AsWs SEEEEE ion [ Ass e ion iigation | inigagon | ASWS
frequencies 9 9 (mm) 9 g (mm) 9 9 9 &l (mm)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
. 10896 12164 12.68 9416 1236 182 10408 11644 1236 11348 12656 13.08
. + 1602 +301c +031d +235 £197d +032d + 1562 +249d +026d +135 +157b +018¢
i 10564 13344 278 9644 12532 2888 107.24 13528 2804 11421 15662 241
2 +137 +220b +04587¢ 150 192 +044c +1209 +1.76b 037 +24% £212 +057b
- 10676 1472 4044 9396 138 4104 100.72 14864 4792 10956 15372 1116
4 +2472 +35% £097b +120 +3.36b +132b £231b +343 +110a +1.40b +481a +138b
- 9976 14384 4408 906 14568 5508 9136 12324 3188 10636 15561 14925
N £ 119 +4472 +1372 +1.08b +4382 +165 +1.73¢ +242¢ +063b +186b +38% +121a
ANOVE .. NS -

‘The data were the average of three replicates. The mean + standard deviation within the column, and the different lowercase letters,indicate significant differences between all treatments a the 005 level. “NS” means no significance; significant at *P, < 0.05; significant at
**Prsic 001; significant at ***Prasee< 0.001. IF, represents irrigation frequency once every three days; IF; represents irrigation frequency once every five days; IF; represents irrigation frequency once every seven days. IEy represents iigation frequency once every.
nine days.
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Experimental site Value

Maximum temperature (°C) 28.00
Minimum temperature (°C) 5.00
Mean relative humidity (%) 58.00
Mean altitude (m) 1945.00
Average annual sunlight (h) 2200.00
Soil pH 6.00
Soil bulk density (g cm™) 1.30
Soil field capacity (ecm™ em™) 0.41
Soil organic matter content (%) 1.32
Soil total nitrogen content (g kg’l) 0.89
Soil total phosphorus content (g kg™) 0.73
Soil total potassium content (g kg') 14.08
Soil alkali-hydrolyzed nitrogen (mg kg"l) 65.83
Soil ammonium nitrogen (mg kg"l) 21.56
Soil available phosphorus (mg kg™*) 13.80
Soil available potassium (mg kg’l) 337.50
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Nitrogen accumulation
(mg plant™)

Irrigation

Frequencies  Apoveground

part part

IF, 61.20 £ 5.33b 132,98 + 21.64b
1F, 87.44 + 10.69a 151.43 + 8.27a
IF; 90.22 + 14.35a 181.76 + 31.13a
1F, 37.35 + 6.17¢ 127.92 + 20.43b
ANOVE A NS

Underground

Phosphorus accumulation
(mg plant™)

Aboveground

part
4.08 £ 0.09¢
734+ 0.20a
6.25 + 0.14b

269 +0.11d

Underground

part
12,51 + 251b
2048 + 8.27a
15.66 + 4.25ab
10.47 + 1.94b

NS

Potassium accumulation
(mg plant™)

Aboveground Underground
part part

64.44 + 1.69¢ 209.27 + 19.59bc

100.55 + 1.22a 307.82 + 27.88a

78.82 + 3.42b 227.17 + 18.58b
37.01 + 2.76d 178.94 + 19.44c

The data were the average of three replicates. The mean + standard deviation within the column, and the different lowercase letters, indicate significant differences between all treatments at the
0.05 level. “NS” means no significance; significant at *Pyyue< 0.05; significant at **Pyyue< 0.01; significant at ***Pyy,e< 0.001. IF, represents irrigation frequency once every three days; IF,
represents irrigation frequency once every five days; IF; represents irrigation frequency once every seven days. IF, represents irrigation frequency once every nine days.
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DBD

Cultivar Treatment

(g Stalk™)

FC + SW 0.50 £ 0.12a 0.82 £ 0.15a 378¢ 62.2b

FC + EBR 0.50 + 0.07a 0.97 £ 0.09a 339d 66.2a
JN17

DH + SW 0.63 £+ 0.07a 0.37 £ 0.06c 62.6a 374d

DH + EBR 0.53 £ 0.09a 0.60 + 0.10b 47.0b £31c

FC + SW 0.65 + 0.06ab 0.80 + 0.04b 44.8b 552b

FC + EBR 0.61 + 0.10b 1.00 + 0.17a 379 ¢ 62.1a
LX77

DH + SW 0.74 £ 0.03a 0.43 £ 0.06¢ 633 a 36.7 ¢

DH + EBR 0.62 + 0.03ab 0.70 + 0.06b 469b 53.1b

EC + SW, EC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry-hot
wind conditions, and spraying 24-epibrassinolide under dry-hot wind conditions. Different letters indicate significant differences at the 0.05 level (p < 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
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Stem + Sheath Leaf Rachis + Glumes

Total
(g-Stalk™))  Weight Ratio Weigh Ratio Weight Ratio

(gStalk™ (%)  (gStalk™) (%) (g:Stalk) (%)

Treatment

FC + SW 2.80 + 0.03b 0.87 £ 0.01a 3l2¢ 0.25 + 0.01b 9.0a 0.37 + 0.01a 13.1c¢ 1.31 £ 0.04b 46.8 ab
FC + EBR 3.00 + 0.04a 0.90 + 0.02a 299d 027 + 0.01a 89a 0.37 £ 0.01a 124 d 1.46 + 0.03a 488 a
7 DH + SW 233 +0.04d 0.80 + 0.01c 345a 0.17 £ 0.01d 7.1b 0.36 + 0.01a 156 a 1.00 £ 0.03d 429 ¢
DH + EBR 2.54 +0.07¢ 0.83 + 0.01b 326b 0.22 + 0.01c 88a 0.36 + 0.02a 143 b 113 £0.05c | 443 bc
FC + SW 3.10  0.06b 0.96 + 0.01ab 300 ¢ 0.27 £ 0.01b 88b 042 +00la 135b 1.45+006b | 469 ab
FC + EBR 3.29 £ 0.07a 0.98 + 0.02a 297d 0.31 + 0.01a 95a 0.40 + 0.01a 122 ¢ 1.60 = 0.08a 48.6 a
= DH + SW 266 +0.01d 0.89 + 0.03¢ 338a 021 +0.02d 7.8¢ 0.39 + 0.01a 14.8 a 1.17 £ 0.03d 44.1b
DH + EBR 2.87 £ 0.05¢ 093 + 0.01b 315b 0.24 + 0.01c 8.3 be 0.39 + 0.01a 138 b 1.31 £ 0.05¢ 45.8 ab

FC + SW, EC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry-hot
wind conditions, and spraying 24-epibrassinolide under dry-hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
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Forward primer (5'-3')

Reverse primer (5'-3")

18s GTCGGGGGCATTCGTATTTC = CGGCATCGTTTATGGITGAG
NPF5 TCAGCCGTCTTGACCACTTC | ACCTGAGCTTTCCTCTGCAC
NPF6 | GGGACAGGCACACTAGCATT | ATTTAAGACCGCCAGTCCCG
CLC-g | TGCTATCGTCGGCTCCAATC CTGTTGCGCCAATCTTGCTT
SLAH3 = ATATGTCTCGGCGTCAGCAG ' GGACGGAGATGCACCATAGG
HY5.1 ‘ CCGAAGGTTCCCGGAGAAAA = TTGACTCGCACCTCCAACTC
LBD38 | GATACAGTCCTTCGAGGCGG = ACGGACTTCCCTGACGTAGA
NRI.I | ACGACTGGTCCGTGGAGATA | GTTGCCGGGAACTCTCTTGA
NiR1.2 ‘ AGTTCCACCAGGCTGTATGC | ATCGGTTCACCGCCAATCTT

GS ATTTCCGCTGGTGACGAGTT = TCCAGCACCATTCCAGTCAC
GDH ‘ ACGACTTGCTGGTTTCCGAT = GCAGCAGCATGCTTGTATCC
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Stem + Sheath Leaf Spike

Cultivar Treatment ( _g?;f;.l) Weight . . . Weight .
9 (g-Stalk ™) Ratio (%) 9 Ratio (%) (g-Stalk™) Ratio (%)
FC + SW 198 £ 0.12a 115 + 0.06a 580a 032 +0.02a 163a 051 +0.04a 257a
FC + EBR 203 + 0.05a 112 £ 0.03a 55.1a 034 +0.0la 169 a 057 +0.02a 2802
7 DH + SW 1.96 £ 0.07a 1.07 £ 0.05a 59.4a 032 +0.03a 167 a 052 +0.02a 274a
DH + EBR 1.94 £ 0.08a 110 + 0.03a 56.8 a 031 +0.02a 159a 053 +0.04a 273a
FC + SW 229 + 0.05a 1.37 £ 0.05a 59.8a 033 +0.03a » 145a 059 +0.07a 257a
FC + EBR 230 + 0.09a 1.37 £ 0.10a 594 035 +0.03a 152a 058 + 0.04a 254a
= DH + SW 223 + 0.06a 1.34 + 0052 60.2a 033 +0.03a 149a 055 + 0.05a 249a
DH + EBR 217 +0.02a 133+ 003 61.3a 033 +0.03a 151a 051 +0.12a 236a

EC + SW, EC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry-hot
wind conditions, and spraying 24-epibrassinolide under dry-hot wind conditions. Different letters indicate significant differences at the 0.05 level (p < 0.05). “Ratio” represents the proportion of
the dry matter weight of the organ to the total dry matter weight of the whole plant.
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20 mM
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Y: year; C: cultivar; D: dry-hot wind; E: 24-epibrassinolide; ABA: abscisic acid; JA: jasmonic acid; SA: salicylic acid; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase; *P<0.05;
**P<0.01; ns: P>0.05.
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1 5.0 4.8 53 0.236 52 4.6 5.6 0.355
2 59 5.4 6.2 0.616 58 5.0 6.2 0.516
3 4.1 35 4.5 0.272 42 35 45 0.412
4 6.2 55 6.8 0.621 6.3 55 6.8 0.693
5 42 37 44 0.204 44 35 4.6 0.276
6 53 4.8 57 0.301 5.0 4.6 58 0.342
7 5.1 4.8 5.6 0.324 5.0 4.6 58 0.442
8 52 4.9 54 0.147 54 5.0 5.6 0.153
9 5.1 4.6 54 0.233 5.0 4.5 58 0.276
10 58 52 6.2 0.262 6.1 5.1 6.3 0.432
11 53 4.9 5.7 0.145 54 5.0 58 0.176

*: a — arithmetic, w — weighted; LC - soil light.
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*:a - arithmetic, w - weighted; HD - soil moisture, FH - variability of soil moisture.
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Species up/dowi N.vs.CK W.vs.CK NW.vs.CK

up 18 51 35
Liquidambar formosana

down 64 80 112

up 59 61 58
Quercus acutissima

down 33 41 33

up 108 104 37
Quercus variabilis

down 67 142 27

up 39 51 31
Celtis sinensis

down 24 52 43

up 16 4 24
Lindera glauca

down 23 22 11

up 22 49 36
Acer buergerianum 5

down 11 9 27

CK, control; N, canopy N addition at 25 kg ha™ yr™"; W, canopy water addition at 30% of the local precipitation; N*W, canopy N addition at 25 kg ha™" yr™" and water addition at 30% of the
local precipitation.
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Species Treatmel CA POD SOD Pro S SS
N 0.174 0417 0917 0.973 0.185 0.068 0.616
Liquidambar formosana w 0.677 0.741 0.323 0.526 0.158 0.024* 0.853
N*wW 0.518 0.741 0.766 0.147 0.017* 0.031* 0.657
N 0.468 0.049* 0.974 0.686 0.569 0.771 0.998
Quercus acutissima w 0.06 0.127 0.25 0.307 0.203 0.235 0.927
N*'wW 0.481 0.001** 0.091 0.331 0.064 0.016* 0.449
N 0.844 0.744 0.184 0.021* 0.155 0.454 0.54
Quercus variabilis w 0.536 0.816 0.435 0.043* 0.391 0.622 0.487
N*wW 0.822 0.602 0.803 0.003** 0.97 0471 0.454
N 0.958 0.027* 0.709 0.148 0.495 0.136 0.25
Celtis sinensis w 0.434 0416 0.585 0.753 0.396 0.76 0.053
N*W 0.542 0.782 0.594 0.599 0.52 0.274 0.051
N 0.965 0.915 0.626 0.004* 0.119 0.073 0.686
Lindera glauca w 0.004** 0.655 0.817 0.375 0.499 0.165 0.022*
N*wW 0.462 0.504 0.853 0.043* 0.141 0.594 0.91
N 0.051 0.846 0.262 0.28 0.453 0.178 0.497
Acer buergerianum w 0.001** 0.688 0.095 0.924 0.084 0.053 0.283
N*W 0.231 0.015* 0.425 0.196 0.524 0.814 0.183

* P<0.05 and ** P<0.01 in the table indicate significant differences in impact; P>0.05 indicates no significant difference. CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; Pro, proline;
SP, soluble protein; SS, soluble sugar; MDA, malondialdehyde; CK, control; N, canopy N addition at 25 kg ha™ yr™'; W, canopy water addition at 30% of the local precipitation; N*W, canopy N
addition at 25 kg ha™' yr™" and water addition at 30% of the local precipitation. Bold characters indicate statistically significant differences.
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Species Treatmen SL. © LPC
N 0.231 0.37 0351 0.42
Liquidambar formosana w 0.874 0.348 0.116 0.813
N*wW 0.167 0.368 0.202 0.243
N 0.35 0.696 0.189 0.145
Quercus acutissima w 0.785 0.939 0.03* 0.462
N*wW 023 0.908 0.543 0.601
N 0.348 0.259 0.072 0.361
Quercus variabilis w 0.712 0.247 0.301 0.282
N*wW 0.033* 0.196 0.438 0.193
N 0.612 0.593 0.591 0919
Celtis sinensis w 0377 0.476 0253 0.678
N*'wW 0.949 0.433 0.828 0.885
N 0.682 0.898 0.528 0.921
Lindera glauca w 0471 0.571 0.291 0.061
N*wW 0.561 0.554 0.611 0.932
N 0.766 0.793 0434 0.357
Acer buergerianum w 0.303 0.928 0.397 0.794
N'wW 0.976 0.498 0.578 0.908

* P<0.05 in the table indicate significant differences in impact; P>0.05 indicates no significant difference. SLA, specific leaf area; LMC, leaf moisture content; C:N, the carbon-nitrogen ratio; LPC,
leaf phosphorus content; CK, control; N, canopy N addition at 25 kg ha™' yr™'; W, canopy water addition at 30% of the local precipitation; N*W, canopy N addition at 25 kg ha™" yr™" and water
addition at 30% of the local precipitation. Bold characters indicate statistically significant differences.
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Needle biomass, shed needles, and the percentage needle loss for control trees and trees after short and long droughts. Total needle area and the percentage needle area loss for control trees and
trees after short and long droughts. Values are given in mean + SE.
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Whether Percent

Category Abbreviation

Suitable range

excluding contribution (%)
biol Annual mean temperature (°C) No 83 4.86~15.08
bio2 Mean diurnal range (°C) No 1.6 9.41~13.50
y Isothermality (bio2/

N 1. 24.30~32.2(
bio3 bio?) (x100) o 5 30~32.26
bio4 Temperature seasonality Yes - -

o Max temperature of warmest Yes ~ ~
month (°C)
Min temperature of coldest
bio6 ¢ - -
o month (°C) ©
bio7 Temperature annual range (°C) Yes 2 =
Climate
biod Mean temperature of wettest No o {§96.3555
quarter (°C)
biod Mean temperature of driest Yes ~ ~
quarter(°C)
bioid Mean temperature of warmest Yes ~ _
quarter (°C)
Hig1a Mean temperature of coldest Yes ~ ~
quarter (°C)
biol2 Annual precipitation (mm) No 41.6 351.96~712.77 ‘
bigi3 Precipitation of wettest i _ ~
month (mm)
- Precipitation of driest Yes ~ ~
month (mm)
biol5 Precipitation seasonality No 8.0 -165.68~100.23
bicig Precipitation of wettest os ~ -
quarter (mm)
biol7 Precipitation of driest Yes ~ ~
quarter (mm)
biols Precipitation of warmest Yes ~ ~
quarter (mm)
— Precipitation of coldest Yes ~ _
quarter (mm)
t_bs Topsoil base saturation (%) Yes - 5
T¢ il calci t
t_caco3 opsoil calcium carbonate No 14.8 2.08~16.38
(% wt.)
t_casod Topsoil Gypsum (% wt.) No 0 -1.51~0.34
t_clay Topsoil clay fraction (% wt.) No 02 8.00~24.67
t_ece Topsoil salinity (dS/m) No 0 0.14~1.63
tesp Topsoil sodicity (%) No 03 0.49~4.72
Soil t_gra Topsoil gravel content (%vol.) No 0 299~9.72
t_oc Topsoil organic carbon (% wt.) No 0 -3.75~-0.91
t_ph Topsoil pH (-log (H+)) No 6.0 7.31~9.34
Topsoil reference bulk density
t_ref Yes - -
- (kg/dm3)
t_sand Topsoil sand fraction (% wt.) No 0.2 28.99~50.64
tsilt Topsoil silt fraction (% wt.) Yes - -
t_teb Topsoil TEB (cmol/kg) No 0.1 16.79~65.30
d_ele Elevation (m) No 15.9 -783.10~1052.71
Topographical d_asp Aspect (rad) No 04 154.75~352.65

d_slo Slope () No 10 -3.24~2.05
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able Middle suitable H suitable Total suitable

Scenarios Unsuitable Low s

Current 666.4479 131.1424 84.0277 47.6093 262.7794

SSP245 20508 632.9549 128.2292 88.7691 112.5365 329.5348
SSP245 2070S 638.5816 139.0122 65.8020 119.0938 323.9080
SSP585 20508 676.3507 115.7135 102.3681 68.0572 286.1388

SSP585 20708 680.2292 109.0365 105.7917 67.4322 282.2604
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Variable Percent Permutation

contribution (%)  importance (%)

Biol6 32.7 254
Tmeanll 19 124
Bio3 179 0.9
Bio4 13.7 155
Slope 6.6 83
Biol5 39 6.4
Elev 2.1 17
Aspect 14 1.8
Bio2 14 10
T_clay 1.1 1.9
Prel 0.1 0.3
Prel2 0.1 0.2
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Variable Environmental factor

Aspect Aspect (°C)

Bio2 Mean diurnal range (°C)

Bio3 Isothermality (%)

Bio4 Standard deviation (SD) of temperature seasonality (°C)
Biol5 Precipitation seasonality (mm)

Biol6 Precipitation of the wettest quarter (mm)
Elev Elevation (°)

Prel January precipitation (mm)

Prel2 December precipitation (mm)

Slope | Slope (°)

T_clay Percentage clay respectively in the topsoil (%)
Tmeanll | Average November temperature (°C)
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Rainfall treatment (R)
Effects

ds F

Soluble sugar

Leaves 1 7.676 0.017 1 0300 0.746 1 1.723 0220

Branches 1 0.025 0.876 1 11.244 0.002 1 0.466 0.639
Root 1 0.4705 0.049 1 12.147 0.001 1 1.593 0243
Starch 7 ‘
Leaves 1 4.009 0.068 1 5.646 0.019 1 0.609 0.560
Branches 1 0.685 0.424 1 15.973 0.000 1 2.824 0.099
Root 1 19.355 0.001 1 35.976 0.000 1 0.847 0453

Non-structural carbohydrate ‘

Leaves 1 0.326 0.578 1 2.562 0.118 1 0.287 0.756
Branches 1 2.302 0.155 1 9.016 0.004 1 0.085 0919
Root 1 15.895 0.002 1 31.921 0.000 1 1.071 0373

Fand p values are given. The bold value meant significant difference at 0.05 level.
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Rainfall treatment (R)

Effects

de B
Cellulose
Leaves 1 0.384 0.547 1 8.044 0.006 1 3.853 0.051
Branches 1 1.300 0276 1 0.353 0.710 1 0701 0515
Roots 1 4.637 0.052 1 3.595 0.060 1 6324 0.013
Lignin ‘
Leaves 1 14.824 0.002 1 1.886 0.194 1 0236 0793
Branches 1 0.118 0.737 1 0.323 0.730 1 0223 0.803

Roots 1 7.221 0.020 1 6.982 0.010 1 4.024 0.046

Cellulose:Lignin ratio

Leaves 1 8.890 0.011 1 6.247 0.014 1 0.186 0.833
Branches 1 1.148 0305 1 0.956 0.412 1 0.804 0.470

Roots 1 33611 0.000 1 20.296 0.000 1 0.902 0.432

Fand p values are given. The bold value meant significant difference at 0.05 level.
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Factors

Elevation (m a.s.l.) 136

Slope (°) 15

Slope aspect S

Soil depth (cm) 60

SOC (gkg™) 34.37 + 9.06
Soil total N (gkg™) ‘ 2.72 £0.79
SAP (mgkg ') 4.25+093
DBH (cm) 1342 +2.17
Height (m) 17.28 + 0.90
Density (nha™") I 3,800

s, sunny slope; SOC, soil organic carbon; SAP, soil available phosphorus; DBH, diameter at breast height.
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S

60

36.11 + 7.03
234027
4.64 £ 0.81
14.72 + 1.55
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272 £ 048
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291 £ 0.52
594 +1.23
14.30 + 1.93
15.97 + 2.04

3,000

146

22

N

60

37.82 £821

256 +0.29
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12,99 253
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Cultivar Treatment Splké(er;lg;nber Gr;lenr Zg{l?ser 1000-grain weight (g) G(Lag‘]"hg'ﬁ;d
FC + SW 609.00 £ 12.17a 43.67 + 2.08a 4152 £ 1L11b 719523 + 76.10b
FC + EBR 607.33 + 11.02a 44.00 + 1.00a 43.15 + 0.69% 7564.98 + 47.88a
7 DH + SW 602,67 + 9.97a 4433 + 153 36.34 + 0.56d 6222.41 + 107.50d
DH + EBR 614.33 + 19.86a 4400 + 2652 3812 + 0.87c 679333 + 78.29¢
2020-2021
FC + SW 600.33 + 12.50a 4333 + 153 4430 + 0.31a 8092.85 + 136.05a
FC + EBR 603.00 + 4.58 45.00 + 1.00a 4494 + 049 8173.87 + 104.04a
= DH + SW 605.67 + 12.66a 44.67 + 3.06a 4106 + 0.49¢ 722155 + 92.86¢
DH + EBR 601005 13018 4433 + 153 42.04 + 0.56b 7577.86 + 78.23b
FC + SW 647.00 + 10832 4100 + 1.00a 41.26 + 0.18b 7326.30 + 84.55b
FC + EBR 65100 + 14242 40.67 + 2.08a 42.80 + 0.70a 7644.16 + 75.14a
e DH + SW 645.87 + 2221a 41.00 + 2.00a 37.09 + 0.63d 6515.48 + 27.69d
DH + EBR 63664 + 7.08a 4133 + 153 3943 + 1.04c 7002.71 + 51.19¢
2021-2022
FC + SW 653.00 + 32.20a 40.00 + 1.00a 4250 + 0.90a 8373.86 + 74.50a
FC + EBR 649.00 + 16252 41.00 + 1.00a 43.13 + 0dla 8457.33 + 47.01a
= DH + SW 645.00 + 15.57a 39.67 + 1.53 3933 + 0.51c 7773.60 + 124.63¢
DH + EBR 641.00 + 23.27a 4067 + 1532 40.89 + 0.71b 7951.14 + 69.53b
Analysis of variance F values
Year (Y) 77.80% 46.08* 959 12060
Cultivars (C) 018 0.10 129.76* 1345.74*
Dry-hot wind (D) 0.56 0.10 32551 827.81"
EBR (E) 0.02 0.65 4678 148,51
¥xC 0.70 0.94 23.98% 1501
YxD 093 0.10 441% 10.60°*
YxE 0.33 0.03 0.40 242
CxD 0.01 0.10 1472 9.65%
CxE 0.16 0.65 4.58* 2727
DxE 0.04 0.24 1.86 13.61%
YxCxD 0.08 0.10 145 0.12
YXCxE 0.06 0.03 0.01 0.04
YXDXE 027 0.65 059 113
CxDxE 0.04 0.24 0.04 0.01
YXCxDxE 21535 0.08* 001 4185.8145

FC + SW, FC + EBR, DH + SW, and DH + EBR, respectively, represent spraying water under field conditions, spraying 24-epibrassinolide under field conditions, spraying water under dry-hot
wind conditions, and spraying 24-epibrassinolide under dry-hot wind conditions. Different letters indicate significant differences at the 0.05 level (p< 0.05). *p<0.05; **p<0.01.
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Soil

Root

Stem

Indices
Moisture content(%)

NH,"-N (ug g Fw)

NO; N (ug g Fw)

Protease (g g h Fw)

NH,"-N (ug g Fw)

NOy-N (ug g' Fw)

NR (nmol min™* g Fw)

GS (umol min™ g Fw)
GDH (nmol min™ g Fw)

NH,-N content (mg g™ Fw)

NH,*-N (ug g Fw)

NO;-N (ug g Fw)

NR (nmol min™* g Fw)

GS (mol min™ g Fw)
GDH (nmol min™ g Fw)

NH,-N content (mg g Fw)

M. micrantha

21.17+0.19b (20.68, 21.66)

0.22:0.01bc (0.20, 0.25)

065:0.03a ( 0.57, 0.72 )

26.88+0.40a ( 25.16, 28.59)

22.37+0.95b (19.33, 25.41)

123.14+8.35a
(99.95, 146.32)

22505+11.74a
(187.69, 262.41)

5.59£0.09¢ (531, 5.87)
0.140.10a (0.10, 0.18)

0.22+0.05a (0.07, 0.37)

18.94+1.50d (14.16, 23.71)

3453146372
(14579, 544.82)

167.18+16.18a
(97.56, 236.80)

4.86:0.29¢ (4.12, 5.61)
0.11:0.01ab (0.07, 0.14)

4.35%0.73a (1.21, 7.49)

cairica

26.12+1.59a (22.04, 30.21)

0.340.02ab (0.23, 0.45)

0.28+0.05b ( 0.13, 0.43)

20.3622.02b (15.18, 25.55)

26.31%0.73ab (24.44, 28.17)

118.7149.04a
(89.95, 147.47)

233.09+15.39a
(184.11, 282.07)

7.800.30a (6.83, 8.76)
0.09:0.01b (0.07, 0.10)

0.14£0.03ab (0.03, 0.25)

44.99+3.50b (35.27, 54.71)

136.77+14.10b
(76.13, 197.41)

212.19+22.58a
(115.03, 309.35)

8.30£0.65b (6.64, 9.97)
0.1120.01a (0.08, 0.14)

3.62+0.37a (246, 4.78)

L. nil

21.73+0.51b (20.53, 22.93)

0.410.07a (0.18,0.64)

0.26x0.18b ( 0.20, 0.31)

20.58+1.10b (17.53, 23.63)

25.23+0.91b (22.33, 28.13)

53.97+3.06b (46.12, 61.83)

106.90+3.56¢
(95.56, 118.24)

6.33:0.08b (6.09, 6.56)
0.09:0.01b (0.07, 0.12)

0.10£0.01b (0.07, 0.13)

58.61+3.16a (48.56, 68.67)

234.63+19.53b
(150.59, 318.66)

102.88+19.64b
(18.36, 187.40)

13.10+0.38a (12.12, 14.07)
0.08+0.00b (0.07, 0.10)

1.60+0.11b (1.12, 2.08)

P. scandens

22.85+0.99b
(20,31, 25.39)

0.16:0.08c (0.13, 0.19)
031:0.06b ( 0.13, 0.49)

25.37+0.93ab
(21.36, 29.38)

32.05+3.73a
(21.68, 42.42)

62.41+3.99b
(45.24, 79.59)

172.3246.56b
(154.12, 190.53)

6.77+021b (6.10, 7.44)
0.06:0.01c (0.03, 0.09)
0.1120.01ab (0.08, 0.15)

34.28+2.82¢
(2531, 43.25)

226.24+31.74b
(12524, 327.25)

30.01£5.67¢
(5.61, 54.41)

4.68+0.22¢ (4.06, 5.30)
0.04x0.01c (0.03, 0.06)

2.21+0.28b (0.99, 3.44)
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No detected monoterpene storage Detect

onoterpene storage

EV No detected isoprene E 6 7
Detected isoprene E. 13 11

BD No detected isoprene E, 24 16 03
Detected isoprene E 13 16

NE | No detected isoprene E, 8 12 0.04
Detected isoprene E,ps 20 8

BD, brevideciduous, trees that lost all their foliage/part of their foliage and flushed new leaves concentrated in the drier months of the year; EV, evergreen, trees that showed detectable flushing

events and massively flushed new leaves, predominantly in the drier months of the year; NF, no flushing detected, evergreen trees that possibly added and lost leaves throughout the year and did
not show detectable flushing crown events during the monitoring period.
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; ; F P P P
Dependent variable Independent variables dfl  df2 ratio trait  Phenotype = interaction

Detected isoprene E FtP * Pheno.type 2 148 4.69 0.15 0.05 0.01

Anpass * Pheno.type 2 148 4.62 0.1 0.06 0.01

Presence of stored monoterpenes * Pheno.type 2 141 4.13 0.4 0.07 0.02

CN * Pheno.type 2 146 3.05 0.9 0.05 0.04

LT * Pheno.type 2 130 241 0.6 0.06 0.09

Presence of stored sesquiterpenes * Pheno.type 2 148 232 04 02 0.1

LDMC * Pheno.type 2 134 1.85 04 0.09 02

Diversity of stored monoterpenes * Pheno.type 2 148 1.50 05 0.07 02

LMA * Pheno.type 2 147 1.48 03 0.06 02

Relative abundance of stored sesquiterpenes 2 127 1.21 0.1 0.2 03
* Pheno.type

Diversity of stored sesquiterpenes * Pheno.type 2 148 0.98 02 0.06 04

Total phenolics * Pheno.type 2 140 0.57 0.8 0.07 0.6

Prass * Pheno.type 2 148 0.45 06 0.06 06

Relative abundance of stored monoterpenes 2 138 0.26 0.5 0.2 0.8
* Pheno.type

§'°C* Pheno.type 2 137 0.10 02 0.08 0.9

Magnitude of isoprene E Diversity of stored sesquiterpenes * Pheno.type 2 60 4.82 09 07 0.01

Total phenolics * Pheno.type 2 49 323 0.6 0.8 0.05

LMA * Pheno.type 2 22 3.07 0.006 0.65 0.07

Presence of stored sesquiterpenes * Pheno.type 2 50 235 1.0 03 0.1

Relative abundance of stored sesquiterpenes 2 54 1.35 02 09 03
* Pheno.type

§'3C * Pheno.type 2 59 1.26 0.4 | 0.7 0.3

Diversity of stored monoterpenes * Pheno.type 2 70 1.24 08 0.8 03

FtP * Pheno.type 2 74 1.10 0.01 0.5 03

CN * Pheno.type 2 68 0.88 0.001 0.9 04

Relative abundance of stored monoterpenes 2 66 0.70 0.8 09 0.5
* Pheno.type

LT * Pheno.type 2 56 0.64 0.1 0.7 0.5

LDMC * Pheno.type 2 60 0.48 0.07 0.7 0.6

Apnass * Pheno.type 2 49 0.18 0.0002 0.6 08

Presence of stored monoterpenes * Pheno.type 2 62 0.02 1.0 0.8 1.0

Pyass * Pheno.type 2 73 0.02 03 0.8 10

Models were constructed as y ~ x * Pheno.type + (1|Species), where y = detected isoprene E, or magnitude of isoprene E; (dependent variable), x = functional trait (independent variable), and
Pheno.type = leaf phenological type (interaction term). dfl, degrees of freedom of interaction term; df2, degrees of freedom associated with the residual variance; F ratio, ratio of variance
explained by a factor to the residual variance; p trait, p-value of x; p pheno, p-value of Pheno.type; p interaction, p-value of the interaction between x and Pheno.type. Models of detected isoprene
E, were performed with all trees (n = 154), and models of the magnitude of isoprene E,  were performed with trees that showed detected isoprene E, y ( = 81); both had species as a random
factor. Statistically significant variables are in bold.
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Leaf dry mass per area (LMA)
Leaf dry matter content (LDMC)
Leaf thickness (LT)

Force to Punch (FtP)
Carbon-to-nitrogen ratio (CN)
Phosphorus concentration (Pynas)
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Net photosynthesis per area (4,)
Photosynthesis per mass (A pqs5)
Relative abundance of stored monoterpenes
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Presence of stored sesquiterpenes
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%
%
n of compounds

n of compounds

Mean
6.2
18

008
469.9
0.2
0.3
27.7
0.6
-30.9
3.7
2232
1.6
29
8.4
15
%l
0.46

0.71

SD
84
24
0.04
76.1
0.07
0.1
8.0
03
15
35
2220
93
10.3
15.0
24
3.6
05

05

Range of values
0-40.1
0-115
0.03 - 0.4
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8.6-528
02-21

344 - 272

0.004 - 15.0

0.303 - 1098.1

0 - 100
0 - 100
0 - 100
0-13
0-15
Oorl

Oorl

Relative abundances of stored monoterpenes and sesquiterpenes are calculated as the sum of peak areas of stored monoterpenes (sum of stored monoterpenes) and stored sesquiterpenes (sum of
stored sesquiterpenes) found in a given sample, normalized by the largest sum observed in the dataset for each group of compounds. Stored monoterpene and sesquiterpene diversity refer to the
number of different mono- and sesquiterpene compounds found in each sample.





OPS/images/fpls.2025.1527439/fpls-16-1527439-g002.jpg
Normal

Biomass(g/L)

Culture days

Normal

(2)

0.15

e
-
o

0.05

Lipid content(g/g)

Culture days

Biomass( g/L)
o o
SN »

=
N

Culture days

-N -S
0.25 0.20
-O- pMaa7
0.20
0.15 - skpl-r-3
0.15
0.10 —&— skp1-r-12 pCAM
0.10
—¥— skp1-r-16
0.05 0.05%
0.00 0.00
0 1 2 3 4 0 1 2 3 4
Culture days Culture days
-N -S
OE
0 1 2 3 4
Culture days Culture days
B pMaa7
(4)
0.20

- ok -O- pCAM

o * %
------- B) 0.15 * 5k * % - SKP1-OE-7

= —— SKP1-OE-11

» I

+ 0.10 % ——¥— SKP1-OE-29

: PR

o

T

= 0.05 g %) RNAi

i 4

Culture days






OPS/images/fpls.2024.1522606/fpls-15-1522606-g008.jpg
600 900

300

6e-06

p=

124

p=0.0021

124
9
6
3
0

0.034
05

p=

0.3 04

0.2

i.

12
9
6
3
0

(,.u, B oB) V°3 sueidos|

Apmass (10C g h7)

40 50
CN

30

20

Force to punch (FtP, N mm™")





OPS/images/fpls.2025.1527439/fpls-16-1527439-g001.jpg
RbcS Maa7 D Maa7

35S HSP70A/ aphvii ~ RbCS
3'UTR

ter RbcS pro

EcoRV

Xhol EcoRl EcoRl Xhol

R Gu—

skp T skp7

Transformation

750bp —

250bp—
Screening on TAP agar






OPS/images/fpls.2024.1522606/fpls-15-1522606-g007.jpg
Isoprene E. y; (ngC g‘1 h‘1)

125

10.0

75

5.0

25

0.0

p=0037

p=0.16

.
o
.

el e
.

.

.
.
oS

p=067

0 25

50

75

100 0 25 50 75
Total phenolic content (%)

100 O 25

50

75

100





OPS/images/fpls.2025.1527439/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1522606/fpls-15-1522606-g006.jpg
Isoprene E. \; (ngC g‘1 h‘1)

125

10.0

75

5.0

25

0.0

.o
.
[
[

.o

10

0 5 10 0
Diversity of stored sesquiterpenes (n of compounds)

10





OPS/images/fpls.2025.1557446/M1.jpg
Sallwater content( %)

(soil fresh weight  soil dry weight /soil dry weight) x 100






OPS/images/fpls.2024.1522606/fpls-15-1522606-g005.jpg
60

50

40

CN

30

20

10

p=067 p=0.079 p=0.03
* ¢ 1 "
, ey : .
. .
I f '
T T T T T T
No Yes No Yes No Yes

Detected isoprene E





OPS/images/fpls.2025.1557446/fpls-16-1557446-g005.jpg
V-C-ABAO
V-D-ABAO
V-C-ABA25
Group 1
V-C-ABAGF V-C-ABASO

COOH-JA-Ile

PC2 (24.95%)

V-D-ABAZ25
V-D-ABASO

«5-D-ABASD
" 5.C-ABA2S g c.apars

*$-C-ABAS( _ Z '- . : o S-C-ABAO

1.2 X . '
PC1(31.74%) S-C-ABAZ

S-D-ABASO

S-C-ABASO
K-C-ABAZ5
K-D-ABA25
K-C-ABAS0

Group 2

S-D-ABAO
S-D-ABAZS
K-C-ABAO
K-D-ABAO
K-D-ABASO

Group 3

Distance

oci

091





OPS/images/fpls.2025.1557446/fpls-16-1557446-g004.jpg
TPS2

CYP71D178

CYP71DI180

CYP71D181

y-Terpinene

Thymol Pearson's correlation
1
0.8
C 1
arvacro 0.6
0.4
P-Cymene 0.2
0
Thymoquinone 0.2
-0.4
"b D \ > &
S O & ¥ =
D > < & O
f\\Q A f\\Q \°® NS S
4‘% $ S
& & 6 s &
X N2





OPS/images/fpls.2025.1496769/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1522606/fpls-15-1522606-g004.jpg
A mass (1gC 941 h41)

10001

7504

250

1

Yes

No Yes
Detected isoprene E y

No

Yes






OPS/images/fpls.2024.1522606/fpls-15-1522606-g003.jpg
06

o
IS

Force to punch (FtP, N mm“)
o
o

p=049 p=0.067 p=0.00034

} i :
. l - . +
: P S
i = :
1
T T T T T T
No Yes No Yes No Yes

Detected isoprene E y





OPS/images/fpls.2025.1557446/fpls-16-1557446-g003.jpg
TPS2 A CYP71D178 B

ine
o
IS
(=)
w

=
9}
w
o

Fold change
=
o

Fold change
("]
o

0.0 0 - ; & T T
ABA25 ABAS50 ABA25  ABAGSO C ABA25 ABAS0 ABA25 ABAS0
Regular watering Drought stress Regular watering Drought stress
T. vulgaris T. vulgaris
CYP71D180 c CYP71D181 D
5 3 a
& 4 y 25
= c 2
83 g
=] o 15 de
o 2 T 1 i cd
° ; @ . °
& 1 2 05 @
o i L & : L
ABA25  ABAS0 ABA25  ABAS0 ABA25  ABAS0 ABA25  ABAS0
Regular watering Drought stress Regular watering Drought stress
T. vulgaris T. vulgaris
TPS2 £ CYP71D178 F
30 10 a
a
& 2° a $ 8
S 20 & 6
=
< 15 o 4
= 10 b = b
2 ¢ b b b 2 2 b b b b
° | sm T T L
c ABA25 ABAS0 D ABA25S ABAS0 C ABA25 ABAS0 D ABA25 ABAS0
Regular watering Drought stress Regular watering Drought stress
T. serpyllum
T. serpyllum
CYP71D180 G CYP71D181 :
14 15 a
o 12 g
2 10 S 10
[ 8 =
5 ¢ 5
T 5§
5 4 9 b b = b b
w2
0 0
ABA2S ABAS0 ABA2S ABAS0 C ABA25 ABAS0 D ABA25 ABAS0
Regular watering Drought stress Regular watering Drought stress
T. serpyllum T. serpyllum
TPS2 | CYP71D178 J
120 20 ]
a )
2 10 b 21
g 80 =
< 60 C o 10
hd -
T 40 o 5 b b
o d g b b b
L 20 d d
o T 1 L ol mm  wm T T T
C  ABA25 ABASO | D  ABA25  ABASO L Aah AR | B AAD ARG
Regular watering Drought stress Regular watering Drought stress
T. kotschyanus T. kotschyanus
CYP71D180 K CYP71D181 L
120 a
% g '
c c 80
T w
S S 60
= 2 40
: " 1 &
0
ABA25  ABAS0 ABA25  ABAS0 ABA25  ABAS50 ABA25  ABAS0
Regular watering Drought stress Regular watering Drought stress

T. kotschyanus T. kotschyanus





OPS/images/fpls.2024.1522606/fpls-15-1522606-g002.jpg
o~
IS
n
©
o s werwe
n
o
~
IS
n
o o o mv mv
MM o © ™
o (%) sauadisjinbses paio)s Jo ‘qe |8y
™
IS
n
o o o o o
MV_ (2] © (2]
m (%) seuadisjouow palols Jo “ge ‘|oy
(=]
oS
n
©
o o e sees ene mmsseoss
n
of

o
<+

o o

«

(s _ wowu) ¥°3 suaidos|

b=

EV NF

Leaf phenological type

BD

EV NF

Leaf phenological type

BD

EV NF

Leaf phenological type

BD





OPS/images/fpls.2025.1557446/fpls-16-1557446-g002.jpg
High

anauidia) -»
[ooEury
Ak )-ouO
[0-€-uadQ- |

|ouag

Jow Ky,
B|3p-g-aUAIBI%]aUBUIO)-f]
 mnouLan

100 [Aijow [ouseare))
saipo (Ao (Ausiy),
1oidure)y

Ga

G3

[oBAR)
[FuRIID

aunumbouaj

apnm auafAydokey

[loaeing

augqourcia) -»

aparpi| MImnQRG-SUn |
aUCAIEIIPAYI]

62

ofpAaig-paaruLI
auarely£-0ac
auajoqesiq-g
auaKydasmy-¢
susjoqesig-ng
[rmuoN
Jo-p-uaindia),
aaling ] »

61

*V-C-ABA2S!
*V.D-ABAO
“V-C-ABASO|
*V-D-ABASORS
*S-C-ABAQ

*V-C-ABAO
*V-D-ABA23

“5-C-ABA25
*S-C-ABASO

*S-D-ABAS0

“K-C-ABAS0
*S-D-ABAO

*S-D-ABA23
K-D-ABAO

*K-D-ABA23
K-D-ABAS0






OPS/images/fpls.2025.1543011/fpls-16-1543011-g004.jpg
Groups

20

Groups

40 60 80
Carbon loss (%)

100 0

20 40 60 80
Phosphorus loss (%)

20

40 60 80

Nitrogen loss (%)

W Spring (S)
.~ Autumn (A)

100





OPS/images/fpls.2024.1522606/fpls-15-1522606-g001.jpg
A X*p=0.04 B
50

X2 p=0.95 c

X p=0.90

No Yes
detected isoprene E o

s —

No Yes
Stored monoterpenes

60
40
401
30
40
ES
20
201
20
19 18% n=32
12%n =21 hCeas 13.5% n=23 20% =35
9% n=16
0 04 0
NS . Yes No Yes No Yes
detected isoprene Ea Stored monoterpenes Stored sesquiterpenes
Leaf phenological type ¥ 8D M EV I NF
D X’ p=0.94 E X*p=0.25 F X2 p <0.001
60
404
40
T1%n =121
46%n =78
204
20
0 0

s —

No Yes
Stored sesquiterpenes





OPS/images/fpls.2025.1557446/fpls-16-1557446-g001.jpg
Drought stress (striped)

- Regular watering (filled)

wHAZ 7
e = 2y vmwv 2 O EFF I 2
o HEEFFFFFIFFIFFTFIFF] = =
anhyh» ] oA A S
g % =y .l«H.J
o HEZZA v e S S
2 - 2
O S o S
o, | & 3
- ,umvw; | M~ - =~
« - E @m‘
O
¥
< HAZA g
. WM ey F TS, =
8 e £ %l & Q =
L S = SHEFFFFFFFFFFFF I =
e o % | = S X
‘m ..Ie s m“ m o §
- & * o
q = Q,JV =2 w.. 4 B~
© S| & @l m
f. W
m Chaes G Z
=~
. oI
o HEE) @W. .
¥, > 2
.mh B QMW»M\ ) = m
o HEI=T (o Y2 g S0
- 80 S
s 7, = .
_ HVav = bh B~
g =y kmvm..%» B
oI
=HE @V
o 2 2 2 2 o © © S 8 8 8 8 8 °
S o & © o o o S o o o o o
w L= W ] w (=] wy O w -t 2] o~ —
TR T = B B ) 5
SSBJA Usad,] 3/3u SN 1Rl B0
A O BHEFFTFITTITTITFIY G —_—
[ | g " Pl il i A A A = v\ oy
= PP FIFFIFIFIFIFIZI] o av%y W
OHEFFFFFIFIF T I = c A 3
mm) S EZFIIIITIFIFIT I o avm.» =
LT TEITTTETIETTS - S
8 &P 7 =
g b | £
; 9 ot |
¥} i nv
o Q YA
e
L= &,
C RIS aMJ va? =
m te nww» .lu. L
i~ O S -EFF A7 ¢ %w» ,W o
— ] = . L
S -
m,. it FV‘% on Am/\w. @l & w
= o & 0% n
=
OHERFIIFITITI o
%,
” & HEZZZZZZZZZZZZZZZ| ., /N I
.9 c .
S £ Q
3 N o T ITTITTES @, 8
S e I
S o E]
.-‘.D Q il fou?
g B |
o ol &
L
3 o Y
o 0 0 0 9 o o o © O o o o o o o
e e e 2 e e e (=] [ ome ] o [an]
SgRf8RgR_ S 2 8 % 8 =2

SSBJA] UsaJ,] 5/5u SSBJA] UsaJ,] 5/5u

o

T. kotschyanus

T. serpyllum

T. vulgaris





OPS/images/fpls.2025.1543011/fpls-16-1543011-g003.jpg
Observed value of mass loss (%)

20

40 S0 60 70 80 10 20 30 40 50 60
Expected value of mass loss (%)

70 80

10

20 30 40 50 60 70 80 90





OPS/images/fpls.2024.1522606/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1557446/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1543011/fpls-16-1543011-g002.jpg
Groups

20

Groups

40

TdxTaxSm

TaxSm

TdxSm

TdxTa

TdxTaxSm 1 "‘

TaxSm "‘

-"‘

TdxSm -::
m

TdxTa "‘

002

60 80 100 0 20
Mass loss (%)

110 2 "-
800 "

IN)"“-

IH)""

o0 [

IN)"“-

—4 -2 0 2 4 6 8 10 12 14 16 18

Expected value of mass loss (%)

40

60 80 100

W Spring (S)
- Autumn (A)






OPS/images/fpls.2024.1473493/table3.jpg
Predictor

N dep
N dep’
P dep
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MAP
MAT
pH
Foliar N
Foliar P
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N dep:MAP
N dep:pH
N dep: Foliar N
P dep:MAP

P dep: Foliar P

0.04 + 0.01*

=0.29 + 0.02***

049 + 0.02**

029 +0.01**

—0.05 + 0.01%**

0.01 % 0.003***

~0.02 + 0.003***

0.17 £ 0.02**
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0.58 + 0.02***

=047 + 0.047*

027 +0.02**

—0.09 + 0.008***

=0.24 + 0.02%*

0.04 +0.01*

0.07 +0.01***
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0.21 + 0.03***

023 + 006"

~0.09 + 0.006***

=0.41 £ 0.02*

0.07 + 002

0.26 + 001

—0.15 + 0.006***

—0.15 £ 0.02***

MAT: MAP
RZ 0.99 0.99 0.99 0.74 0.99
R,’ 0.63 0.53 0.57 0.35 0.53

Displayed are the significant scaled fixed-effects estimates + standard error and statistical significance (***P < 0.001, **P < 0.01, and *P < 0.05) of the optimal models, as well as the explained
variance of the most optimal model (R,,’, fixed effects only; R.?, both fixed and random effects). HB, herb; EB, evergreen broad-leaf; DB, deciduous broad-leaf; CO, conifer; N dep, total N
deposition; P dep, total P deposition; MAP, mean annual precipitation; MAT, mean annual temperature.
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MAP (mm) 700 + 20 1,667 + 38 1,181 £ 37 773+ 13 1,145 + 23
MAT (K) 280 + 1 293+ 05 29105 2841 288 £ 0.3
Foliar N (mgg™) 237 04 18.1£03 207 + 04 115+ 0.2 1932 + 04
Foliar P (mgg™) 1.94 + 0.06 139 +0.04 1.72 £ 0.05 0.98 = 0.03 1.56 + 0.03
pH ) 644 £ 0.05 572 +0.03 6.02 +0.03 6.92 £ 0.07 6.17 = 0.02
Elevation (m) 1,271 £ 56 416 £ 21 368 + 20 809 + 34 708 + 13
Site 194 453 251 279 631
N obs 1,908 2224 1,598 1,003 6733

HB, herb; EB, evergreen broad-leaf; DB, deciduous broad-leaf; CO, conifer; N dep, total N deposition; P dep, total P deposition; MAP, mean annual precipitation; MAT, mean
annual temperature.
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Abbreviation

Derived from

Response = Net primary NPP MODIS 17A3HGF
variable productivity (Running and Zhao, 2019);
(g Cm 2yr™") accuracy: 1 km; time
range: 2007-2021
Air Total N N dep (Ackerman et al., 2019);
quality deposition accuracy: 1 km; time
(kg'ha tyr™) range: 2007-2021
Total P P dep Ensemble dataset
deposition (modeled); accuracy: 1 km;
(kg-ha tyr™) time range: 1954-2021
Climate Mean annual MAP WorldClim 2 (Fick, 2017);
precipitation accuracy: 1 km; time
(mm) range: 2007-2021
Mean annual MAT WorldClim 2 (Fick, 2017);
temperature accuracy: 1 km; time
(°C) range: 2007-2021
Stand Foliar TRY Plant Trait Database
property N (mgg ") (Kattge et al., 2011); time
range: 2007-2021
Foliar TRY Plant Trait Database
P (mg-g_l) (Kattge et al., 2011); time
range: 2007-2021
Site Soil pH World Soil Database
quality (pH units) (WISE30sec) (Batjes,
2015); accuracy: 1 km
Elevation WorldClim 2 (Fick and
(m as.l.) Hijmans, 2017); accuracy:

1 km

MODIS, moderate resolution imaging spectroradiometer; MODIS 17A3HGF, MODIS NPP
data; WISE30sec, world soil property estimates at a nominal resolution of 30 by 30 arc sec.





OPS/images/fpls.2025.1521596/fpls-16-1521596-g003.jpg
1.00

0.75

0.50

0.25

0.75

0.50

-2

1.00

0.75

SLA

high 0.50

---- low

-4 -2 0

soil resources
0 2

soil resources

soil resources

(d)

0.75

Height

high
0.50

-—--- low

0.25

0 2 -4 D 0
soil resources

06
MPD
E
.,' - High
g == == ==  Mean
b - - - - Low
0.2

Soil resources

leaf production

c3/c4 plants

—_— 03

——— cd





OPS/images/fpls.2025.1551684/table3.jpg
Area (10%km?) Change (%)

Future climate scenarios

Increase Retain Increase Rate = Retention Rate Loss Rate
2050s-SSPs126 11.96 ‘ 87.61 13.88 11.79 86.33 ‘ 13.68
2050s-SSPs245 17.23 96.67 4.81 16.98 95.26 ‘ 4.74
2050s-SSPs585 16.53 94.07 741 16.29 927 ‘ =3
2070s-SSPs126 17.94 92.79 8.7 17.68 91.44 ‘ 8.57
2070s-SSPs245 15.39 92.09 9.39 1517 90.75 ‘ 9.25
2070s-SSPs585 | 19.15 94.7 6.79 [ 18.87 | 93.32 ‘ 6.69

The Increase, Retention, and Loss Rates are derived by dividing the respective areas—increased, retained, and lost—by the total current suitable area and are expressed as percentages to indicate
the proportional change from the baseline under future climate scenarios.
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2050 2070
SSPs126 SSPs245 SSPs585  SSPsp126 SSPs245 SSPs585

Suitability Category

Unsuitable area 773.62 773.66 7743 767.96 773.74 775.88 778.29

Low suitable area 58.85 58.11 52.8 55.01 47.85 57.35 43.61
Medium suitable area 57.94 62.27 46.03 57.31 64.06 55.96 57.38
High suitable area 72.02 68.38 89.3 82.14 76.78 7324 83.14
Total suitable area 188.81 188.76 188.13 194.46 188.69 186.55 184.13
Compared to current -0.05 -0.68 5.65 -0.12 -2.26 -4.68

Unit (104km2).
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BIO2
BIO4
BIO6
BIO8
BIO12
BIO14

ELV

ronmental Variables
Mean Diurnal Range
Temperature Seasonality
Min Temperature of Coldest Month
Mean Temperature of Wettest Quarter
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ratio_root_shoot
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Ke

°C

°C-d

°C-d

pa

Base temperature for calculating daily effective thermal time below which the temperature is
regarded as non-effective.

Change of day length between the end of juvenile stage to floral initiation

Thermal time required from end of juvenile stage to floral initiation stage related to day
length change

Fraction of available soil water maximum soil water in the profile, 0.0 indicates no water
available, 1.0 indicates maximum water storage.

Delay in green-up date by reduction in daily thermal time calculation related to f_sw fraction
change, 1.0 indcates no delay in green-up stage.

Thermal time accumulation required from green-up to the end of juvenile stage
Reduction in plant phenology due to mowing or harvesting

Daily photosynthate allocation between root and shoot, growth cycles from seeding duration:
transition duration: reproductive duration

Daily photosynthate of shoot allocated for leaf development, growth cycles from seeding
duration: transition duration: reproductive duration

Leaf area index

Maximum specific leaf area for daily increase in LAI between which the value was
linear interpolated

Radiation use efficiency, growth cycles from seeding duration: transition duration:
reproductive duration

Transpiration efficiency coefficient change, growth cycles from seeding duration: transition
duration: reproductive duration
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3 (Chen
etal, 2014)
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ssland type Experiment station Sand/% Silt/% Clay/% ASW/DUL-Wilting Soil bulk density/g c

Meadow steppe Elerguna Qi 445 417 137 ‘ 44mm 116 830
Typical steppe Xilinhot 404 418 43mm 1.34 7.90
14.6mm 144 7.87

Desert steppe Siziwang Qi 76.8 142
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Shell Fruit Number of  Numberof ~Numberof  Total seed st seed

Characteristics \:"\“ “'h ‘:":l'h ;:“‘:l wz‘j“; i e:::“; o Weight/ erih:i\a o skul dl‘a':::ev \::efh d‘a’:e:ler seed sacks seeds. seeds weight weight
9 'gl =ight | P g fruit  PErEMA9e  ypickness eng! per fruit per sack per fruit per fruit per fruit
Fruit length L000 0810 | 0831 0837 0647 0793 0112 0053 0809 0517 0583 0233+ 064 0266 0242+ 0004
Fruit width 1000 0908 0909 068" 086" 0056 0041 | 099" | 0460™ 05457 0422 0275 0416 0413 0123
Fruit weight 1000 | 0995 0578 0970% 0120 0019 0908 0468 0554 0409 0252 0408+ o1 0131
Pulp weight 1000 063t 0915 0053 003 | 0910 | 073 0558 0415+ 0203 0361 0360 0095
Pulp percentage 1000 041" 04ds 0419 063 03267 04137 0302 0265 0126 0133 ~0141*
Shell
1.000 0315+ 0173 0854 0430% 0509 0344+ 0263+ 0403+ 041 0.159°
weight/fruit
Shell percentage 1000 0791 | 0044 | 0069 0010 -0155* 0.108 0067 0060 0050
Frait
1000 005 0003 0038 0077 0122 0097 0059 002
skull thickness
Inner diameter 1000 0461 0545 0423 0273+ 0415+ oa13+ 0.124
Seed length 1000 0657 0307+ 0161 0241+ 0210+ 0049
Seed diameter 1000 0310 0210 0302 0281 0037
Necibésiof seed 1000 0030 0386 0344 0016
sacks per fruit
Number of - - -
ot e sk 1.000 0887 0369 0315
Number of " .
B 1000 0967 0312
Tohed 1000 0526+
weight per fruit
Test sed weight -
per fruit

** and * indicate levels of significance at 5% and 1%, respectively.
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Characteristics \:"\“ “'h ‘:":l'h ;:“‘:l wz‘j“; i e:::“; o Weight/ erih:i\a o skul dl‘a':::ev \::efh d‘a’:e:ler seed sacks seeds. seeds weight weight
9 'gl =ight | P g fruit  PErEMA9e  ypickness eng! per fruit per sack per fruit per fruit per fruit
Fruit length L000 | 08I0 | 0832 0838% 0650 | 0794 0113 0052 0809 0519 0585 0235° 064 0267 0202 0004
Fruit width 1000 0908 0910 0631 0857 0056 0039 | 099" | 046" 056" 0426 0276° 017 0414 0127
Fruit weight 1000 | 0995 08It 0970% 0121 0019 0908 0469 0555 0413+ 0253 0408+ o1 0136
Pulp weight 1000 063 0916™ 0053 0057 | 091 | 0d7et | 0559 0420 0204 0361 0361 0099
Pulp percentage 1000 0443 04de 0427 063 0328 0415 0307 0267 0126 0131 0132
Shell
1.000 0315+ 0175 0855 043t 05107 0318+ 0265 0403+ 0412 0165
weight/fruit
Shell percentage 1000 0802 | 0044 | 0069 0010 -0157 0.108 0067 0061 0052
Frait
1000 003 0002 0034 0080 0124 0099 0060 0024
skull thickness
Inner diameter 1000 0462 0546% 0428+ 0275 0416 oaa 0.128
Seed length 1000 0659 0310 061 0241* 0210 0050
Seed diameter 1000 0312 0212 0303+ 0282 0038
Number of seed . .
sacks per fruit 1000 0391 0348 0019
Number of - i -
ot e sk 1.000 0889 087 0336
Number of " .
B 1000 0969 0327
Tohed 1000 0536+
weight per fruit
Test sed weight -
per fruit

** and * indicate levels of significance at 5% and 1%, respectively.
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Characteriotics Coefficient of variation (%) Heritability % Genetic Genetic advance
ECV GCV PCV (Broad Sense) = advancement as % of mean
Fruit length 192 20.99 21.08 99.17 356 43.06
Fruit width 178 | 22.18 I 2225 99.36 | 365 | 45.55
Fruit weight 1.30 63.92 63.93 99.96 ' 48153 131.64
Pulp weight 144 66.94 66.96 99.95 35847 137.86
Pulp 121 7.96 8.05 97.74 11.20 1621
Shell weight/fruit 259 67.67 67.72 99.85 120.38 139.30
Shell 132 13.45 1352 99.05 645 27.58
Fruit skull thickness 296 1037 10.79 92.42 054 20.55
Inner diameter 1.81 [ 2293 [ 23.00 99.38 [ 3.64 i 47.10
Seed length 215 19.88 19.99 98.84 2.80 40.71
Seed diameter 208 19.79 19.90 98.91 213 40.55
Number of seed sacks per fruit 4.60 1831 18.88 94.06 437 36.59
Number of seeds per sack 6.16 37.83 38.33 97.42 653 76.92
Number of seeds per fruit 250 40.99 41.07 99.63 8151 84.28
Total seed weight per fruit 4.12 48.02 48.19 99.27 19.07 98.55
Test seed weight per fruit 542 11.55 12.75 81.97 425 21.54

ECV, environmental coefficient of variation; GCV, genotypic coefficient of variation; PCV, phenotypic coefficient of variation.
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