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Editorial on the Research Topic 


Abiotic stress in plants: sustainability and productivity


The Research Topic Abiotic Stress in Plants: Sustainability and Productivity was dedicated to study the effects of stressful conditions of abiotic origin, such as water and thermal stress, heavy metals and soil salinity, on crops and tree species, with focus on molecular and physio metabolic responses or adjustments. Innovative management and cultural treatments as a promising practice to induce tolerance and favor plant survival, as well as efficient recovery and productivity, were also considered in the thirteen articles published on this topic.

In their review, Yang et al. discuss recent advances in heat perception mechanisms in plants, with focus on second messengers. Furthermore, this review reported the regulatory mechanisms that involve specific transcription factors. Calcium ion, hydrogen peroxide, and nitric oxide have emerged as key players in heat perception. After discussing the roles of transcription, thermotolerance, and temperature targeting factors, such as plasma membrane-associated thermosensors, the authors paid attention to unsolved questions in the field of heat perception that require further investigation in the future.

The review by Qin et al. reports the potential of porous fiber materials (PFM) made from mineral rocks in conserving soil and water in areas where flooding and drought may occur. The effectiveness of PFM depends on their porosity and permeability, which, if high they can increase the capacity to retain, replace and infiltrate water into the soil during rainfalls, thereby reducing the risk of flooding, runoff and nutrients loss.

In two of the papers presented here, the issue of abiotic stress effects modulated by the plant’s developmental stage is examined. Zhang et al. observe that, at any stage, mild water deficit reduces the crop coefficient and evapotranspiration intensity in watermelon, and the water demand differs among the stages, increasing rapidly from the seedling stage to vines.

Similarly, Chen et al. describe that management of deficit irrigation is a strategy to conserve water in agriculture. In their study with sunflower, they also report that mild water deficit, both at the seedling stage and maturity, promoted increase in water use efficiency by leaves. The authors conclude that mild water deficit may be an effective irrigation strategy for sunflower production in the cold and arid environment of Northwest China.

In addition to the above focus on developmental stages, the research reported here shows that cultivars and genotypes of the same species respond differently to abiotic stresses as well as the resources used to mitigate adverse environmental conditions. In this context, Safarpour et al. report that, although considered as resistant plant species, barley plants exposed to water stress showed decreases in growth and grain production, as well as an enhanced antioxidants' response. The barley cultivar showing the highest proline content and catalase activity was the one with the highest biomass production and grain yield, which led to the conclusion that foliar urea applications can be effective to increase water stress tolerance, by improving the plant physiological performance.

Zhou et al. evaluated the effect of irrigation management strategies associated with nitrogen fertilization on eggplant, and verified that mild water deficit combined with medium nitrogen application rate (W1N2) is the right choice for growing conditions in arid environment, providing better water and nitrogen use efficiency and productivity.

The germplasm variability in stress responses was also studied by Li et al., who identified drought-resistant genotypes with potential value for breeding programs within a collection of 42 lettuce genotypes. Drought-resistance was found to be associated with little increases in stomata density, the production of superoxide and the content of malondialdehyde (MDA), but also with large increase in the activities of antioxidant enzymes, on the other hand.

In the same vein, Kumar et al. with the aim of identifying wheat genotypes tolerant to heat stress, verified that those tolerant ones maintained balanced phenological-physiobiochemical characteristics and high activities of their antioxidant enzymes. They also suggested that high photosynthesis and delayed senescence must be the best selection parameters for the heat tolerance in wheat.

The tolerance to a single stress or the combination of heat and drought stresses must be variable according to the cotton genotype, presenting different responses for enzymatic activity and non-enzymatic compounds (Zafar et al.). According to these authors, under combined stress, four genotypes exhibited superior performance in terms of agronomic traits and fiber quality, while others maintained gas exchange and relative water content, decreased their levels of H2O2 and MDA and increased levels of chlorophylls, carotenoids and activity of antioxidant enzymes.

Many papers reported here suggest that alternative cultural treatments can mitigate the stressful effects of the environment. In a study on the effect of partial replacement of chemical fertilizer (CF) by Trichoderma biofertilizer (TF) on wolfberry cultivation in saline lands,Yan et al. observed that replacement with 75% CF improves the N use efficiency and promotes higher photosynthetic rate, resulting in greater biomass and fruit production.

Seeking for the mitigation of water stress effects on ‘jatobazeiro’ seedlings (Hymenaea courbaril L.), Reis et al. confirmed the positive effect of intermediate shading of 30 and 50%, which accelerated the recovery of the photosynthetic rate after the resumption of irrigation. As a consequence, the cultivation under water deficit without shading (0%) should not be adopted for seedlings production in this species.

Considering that heavy metals pollution reduces the yield and quality of vegetables, Sun et al. demonstrated that the foliar spraying with zinc oxide nanoparticles (ZnO NPs) on tomato seedlings improved Cd tolerance, increased photosynthesis efficiency and antioxidant capacity, and reduced Cd accumulation in roots and leaves. Metabolomic analysis showed that exposure to ZnO NPs mitigates Cd toxicity, with higher effect on leaves than roots, with reduction of oxidative damage.

Once more in tomato seedlings, Turan et al. evaluated the potential of growth-promoting rhizobacteria (PGPR) to alleviate the stressful effect of drought, and verified that applying 4 L ha-1 of a biostimulant containing PGPR not only mitigated detrimental effects of water stress on hormonal balance and growth characteristics, but also restored plant growth and improved soil organic matter and the soil contents of total N, P, Ca, and Cu.
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Cadmium (Cd) pollution seriously reduces the yield and quality of vegetables. Reducing Cd accumulation in vegetables is of great significance for improving food safety and sustainable agricultural development. Here, using tomato as the material, we analyzed the effect of foliar spraying with zinc oxide nanoparticles (ZnO NPs) on Cd accumulation and tolerance in tomato seedlings. Foliar spraying with ZnO NPs improved Cd tolerance by increasing photosynthesis efficiency and antioxidative capacity, while it reduced Cd accumulation by 40.2% in roots and 34.5% in leaves but increased Zn content by 33.9% in roots and 78.6% in leaves. Foliar spraying with ZnO NPs also increased the contents of copper (Cu) and manganese (Mn) in the leaves of Cd-treated tomato seedlings. Subsequent metabonomic analysis showed that ZnO NPs exposure alleviated the fluctuation of metabolic profiling in response to Cd toxicity, and it had a more prominent effect in leaves than in roots. Correlation analysis revealed that several differentially accumulated metabolites were positively or negatively correlated with the growth parameters and physiol-biochemical indexes. We also found that flavonoids and alkaloid metabolites may play an important role in ZnO NP-alleviated Cd toxicity in tomato seedlings. Taken together, the results of this study indicated that foliar spraying with ZnO NPs effectively reduced Cd accumulation in tomato seedlings; moreover, it also reduced oxidative damage, improved the absorption of trace elements, and reduced the metabolic fluctuation caused by Cd toxicity, thus alleviating Cd-induced growth inhibition in tomato seedlings. This study will enable us to better understand how ZnO NPs regulate plant growth and development and provide new insights into the use of ZnO NPs for improving growth and reducing Cd accumulation in vegetables.
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1 Introduction

Heavy metal pollution seriously affects the safety of agricultural production. Cadmium (Cd) pollution is particularly serious among all kinds of heavy metal pollution. According to a recent survey, 7% of soil contains excessive Cd, and 0.5% is severely contaminated in China. (Wu et al., 2013). Different plants have distinct capacities for Cd uptake, transport and accumulation (Greger, 2004; Zhang et al., 2013). Cd accumulation in plant shoots or fruits is largely determined by the efficiency of root mobilization, uptake and transport of Cd from soil (Chen et al., 2003; Farinati et al., 2010; Jiang et al., 2012; Xue et al., 2012). Cd stress reduces the biomass, fresh weight and dry weight of plants, ultimately affecting crop quality and yield (Wagner, 1993; Rizwan et al., 2017; Wang et al., 2022). Cd toxicity threatens human life and health through the food chain (Wang et al., 2016). Therefore, Cd uptake and accumulation in crops must be controlled to reduce the potential health risks of food consumption. There is an urgent need for innovative solutions to control the problem of heavy metal pollution in crops with the increasing demand for food safety (Lowry et al., 2019).

Tomato (Solanum lycopersicum) is an annual herb of the genus Solanaceae and is one of the most important vegetable plants in the world (Kimura and Sinha, 2008). Due to its short growth cycle, easy-to-observe phenotype, relatively small genome, and conserved genome structure, tomato is considered to be a representative species of Solanaceae (Wang et al., 2018). In recent years, great progress has been made in the development and utilization of tomato, including active substance extraction, tissue culture, functional genomics, comparative genomics, and cloning and expression of functional genes (Jeon et al., 2020). The tomato variety Micro-Tom (MT) has been used as a model plant due to its small size and short life cycle (Shikata and Ezura, 2016). Cd toxicity markedly inhibits growth and development in tomato (Hussain et al., 2019). Reducing Cd accumulation in tomato is of great significance for improving yield and quality and food safety.

Nanomaterials have positive and negative effects on plant growth and development (Lee et al., 2013; Wang et al., 2016; Dimkpa and Bindraban, 2017). Nanotechnology has important application value in the sustainable development of agriculture (Milani et al., 2015; Dimkpa and Bindraban, 2017; Ajmal et al., 2022; Mahamood et al., 2023). Among them, ZnO nanoparticles (ZnO NPs) have been used as an efficient nanofertilizer due to the widespread zinc deficiency in agricultural soils worldwide (Milani et al., 2015; Dimkpa and Bindraban, 2017), and ZnO NPs can also be used as an antibacterial agent (Pranjali et al., 2019). Studies have shown that ZnO NPs have a certain toxic effect on plants (Lee et al., 2013; Wang et al., 2016). ZnO NPs can induce the accumulation of reactive oxygen species (ROS) and subsequent oxidative damage, thereby inhibiting plant growth (Lin and Xing, 2008; Wang et al., 2016; Nair and Chung, 2017; Wan et al., 2019). ZnO NPs can inhibit plant primary root (PR) growth; however, a recovery growth experiment showed that ZnO NP-treated plants recovered faster than Zn2+-treated plants (Wan et al., 2019). Several studies have demonstrated the role of ZnO NPs in abiotic and biotic stress responses (Sun et al., 2020; Wan et al., 2020; Zou et al., 2022). ZnO NPs can effectively alleviate chlorosis caused by iron (Fe) deficiency and enhance salt tolerance by reprogramming carbon and nitrogen metabolism and secondary metabolism (Sun et al., 2020; Wan et al., 2020). ZnO NPs and copper oxide nanoparticles (CuO NPs) significantly reduce Cd accumulation in rice and soybean seedlings (Rossi et al., 2018; Ma et al., 2020), but the mechanism is still unclear. Based on this, we investigated the physiological and molecular mechanisms underlying ZnO NP-mediated Cd accumulation in tomato.




2 Materials and methods



2.1 Plant material and growth conditions

Tomato (Solanum lycopersicum cv. Micro-Tom) seeds were sterilized and germinated for approximately 7 d and then transferred to 1/2 Hoagland medium for growth for 2 weeks (Xu et al., 2013). Three-week-old Micro-Tom seedlings were exposed to Cd (5 μM) with or without ZnO NPs (50 mg/L) for 12 d. Specifically, ZnO NPs were sprayed on the leaf surface once every 2 days for a total of 6 times (for 12 d). The culture solution was changed every 3 d during the whole culture process. Plant material was cultured in a climate chamber with a photoperiod of 14 h/10 h (light/dark) and 23 ± 1°C. After 12 d of treatment, the morphological index data were measured and recorded, and plant tissue samples were collected. The leaves were collected from the third to fifth pairs of young leaves at the top of the plant. Samples were quick-frozen in liquid nitrogen after sampling and were stored at -80°C for later use.




2.2 ZnO NP stock preparation

In this study, ZnO NPs (purity 99.9%, size 30 ± 10 nm) were purchased from McLean Biotechnology Co., LTD. The average hydrodynamic size and zeta potential for ZnO NPs were 278.23 ± 12.72 nm and 3.09 ± 0.71 mV, respectively. The ZnO NPs were suspended in sterile deionized water (ddH2O), stirred for 2 h, and homogenized by ultrasonication at 40 kHz for 60 min until the NPs were evenly distributed as described previously (Zou et al., 2022).




2.3 Phenotypic parameters

Plant growth parameters, including plant height, leaf fresh weight (FW), dry weight (DW), primary root (PR) length, chlorophyll content and photosynthetic parameters, were measured after 12 d of Cd, ZnO NPs or combined treatment. Roots were placed in a scanning dish, scanned using a scanner (EPSON Perfection V800 Photo) and analyzed by WINRHIZO (Pro2016A). Chlorophyll content was measured using SPAD 502 (Minolta, Japan). The leaf photosynthetic rate (Pn) was measured using a Li-6800 photosynthesizer (LiCOR, USA). At least three independent biological replicates were performed with 25 plants measured in each treatment group.




2.4 Mineral element determination

After treatment, the roots and leaves of tomato seedlings in each group were collected. Samples were soaked in 1 mM EDTA solution for 30 min and then rinsed 5 times with ddH2O. Subsequently, the samples were fixed for 15 min at 105°C and dried to constant weight at 70°C. The dried sample (0.3 g) was ground and digested with HNO3 according to the method of Sun et al. (2020). The contents of Cd, zinc (Zn), iron (Fe), manganese (Mn) and copper (Cu) were determined by inductively coupled plasma−mass spectrometry (ICP−MS). The experiments are performed in triplicate.




2.5 Analysis of antioxidant enzyme activity

Total protein was extracted in potassium phosphate buffer (50 mM, pH 7.8) on ice. After centrifugation (15 min, 15000 rpm, 4°C), the supernatant was removed for determination of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities. The activities of SOD and CAT were measured by the method described by Xu et al. (2010). POD activity was measured by the method described by Teisseire and Guy (2000).




2.6 Metabolomics analysis

Eight root and leaf samples were used for broadly targeted metabolomic analysis (Chong et al., 2018; Mamat et al., 2021). The samples were flash-frozen in liquid nitrogen, ground and extracted, and then tested and partially analyzed by Biotree Biomedical Technology Co., Ltd. (Shanghai, China). Sample testing was performed using an ultra-performance liquid chromatography (UPLC) system that coupled Phenomenex Kinetex columns to a Triple TOF 6600 instrument (QTOF, AB Sciex) (Zou et al., 2022). Each experiment was repeated three times. The process of metabolome data preprocessing includes material screening, noise elimination, normalization and standardization as described by Wang et al. (2022). After data pretreatment, univariate statistical analysis (t test) and multivariate statistical analysis (PCA, PLC-DA) were performed to identify the differential accumulation metabolites (DAMs). The screening criteria of DAMs were VIP ≥ 1 and P value < 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis and correlation analysis were performed using Metaboanalyst 5.0 (https://www.metaboanalyst.ca/).




2.7 Statistical analysis

Three independent biological replicates were used for each experiment in our study. Experimental results are shown as the mean ± standard error (SE). The significance of differences was analyzed using Student’s t test (IBM SPSS Statistics 20.0). The asterisk indicates P < 0.05. One-way ANOVA with Tukey’s test was used to compare multiple groups. Different lowercase letters represent significant differences at P < 0.05.





3 Results and discussion



3.1 Effects of ZnO NPs on the growth of tomato seedlings under Cd stress

We first analyzed the effects of Cd on the growth of tomato seedlings. Cd treatment inhibited plant height, leaf FW and DW, root length, and root FW and DW by 54.7%, 59.4%, 55.6%, 45.3%, 34.3% and 19.8%, respectively (Figures 1A-H). This plant growth-inhibiting property of Cd toxicity is also found in plants such as Perilla and mung bean (Aqeel et al., 2021; Wang et al., 2022). This indicates that Cd toxicity has a certain universality in plants. Foliar application of ZnO NPs had no significant effects on tomato plant growth compared to the untreated control (Figures 1A-H). Under Cd stress, foliar spraying with ZnO NPs promotes the growth of tomato seedlings. As shown in Figures 1A-D, the plant height and leaf FW and DW increased by 20.9%, 52.6% and 56.9%, respectively, in the ‘ZnO NP+Cd’ group compared to Cd treatment alone. This is similar to the inhibitory effect of Cd toxicity on Perilla growth (Wang et al., 2022). Cd stress not only inhibited leaf expansion in tomato seedlings but also reduced leaf number (Figure 1I). Foliar application of ZnO NPs had no effect on leaf number and leaf area in tomato compared to the untreated control (Figure 1I). Under Cd stress, foliar spraying with ZnO NPs improved leaf growth (Figures 1I, J). These results collectively indicated that foliar spraying with ZnO NPs improved Cd tolerance in tomato seedlings. Zou et al. (2022) also obtained similar results in a study of Cd toxicity in tobacco. These results indicate that ZnO NPs have a certain universality in alleviating cadmium toxicity in plants.




Figure 1 | Foliar spraying with 50 mg·L-1 ZnO NPs alleviates Cd-mediated growth inhibition in tomato. (A) Three-week-old tomato seedlings were transferred to 1/4 strength fresh Hoagland solutions with or without 5 μM CdCl2 for 12 days, and the seedlings were foliar sprayed with 50 mg·L-1 ZnO NPs (bar = 10 cm); the (B) plant height, (C) leaf fresh weight (FW), (D) leaf dry weight, (E, F) root length, (G) root FW, (H) root DW (bar = 5 cm), and (I, J) leaf area of tomato seedlings (bar = 2 cm) were measured. The results shown are the mean ± SE (n=3; 15 plants/treatment/replicate), and different letters indicate significant differences (P < 0.05 according to Tukey’s test).






3.2 Effects of ZnO NPs on photosynthesis in tomato seedlings under Cd stress

Cd stress caused etiolation in tomato leaves (Figure 2A). Soil and Plant Analyzer Development (SPAD) is a fast and effective method to detect chlorophyll content. We measured chlorophyll contents in tomato leaves using the SPAD method. Cd stress decreased the chlorophyll content by 28.3% in tomato leaves, and this phenomenon is similar to a study on mung bean (Aqeel et al., 2021). ZnO NPs had no adverse effects on chlorophyll content compared to untreated control seedlings (Figure 2B). Under Cd stress, foliar spraying with ZnO NPs increased the chlorophyll content by 14.4% in tomato compared with Cd treatment alone (Figure 2B). We next determined the photosynthetic parameters in the leaves. Cd stress inhibited chlorophyll fluorescence parameters, such as Fv/Fm (maximum quantum yield), NPQ (nonphotochemical quenching), Y(NO) (lake model quenching parameter) and qN (nonphotochemical fluorescence quenching), in tomato leaves (Figures 2C-G). Under Cd stress, foliar spraying with ZnO NPs increased Fv/Fm, NPQ and qN in tomato leaves compared to Cd exposure alone (Figures 2C-G). Fv/Fm characterizes the maximum efficiency of “open” photosynthetic system II (PS II) reaction centers capturing excitation energy, and this parameter is used as a sensitive indicator of plant photosynthetic performance (Rod et al., 2012). The decrease in the Fv/Fm value is a typical manifestation of plants under Cd stress (Küpper et al., 2007; Bi et al., 2009; Monteiro et al., 2009; Kummerová et al., 2010). NPQ is a measure of heat dissipation and reflects a mechanism for plant photoprotection, and qN reflects the same photosynthetic state as NPQ (Demmig-Adams et al., 1996; Kato et al., 2003; Adams et al., 2004). Cd stress significantly reduced NPQ, indicating that the photoprotection system was damaged. However, we found that ZnO NPs mitigated this damage caused by Cd stress (Figures 2C-G). These results indicated that ZnO NPs improved photosynthesis under Cd stress in tomato seedlings.




Figure 2 | ZnO NPs improve photosynthesis in Cd-treated tomato seedlings. (A) Representative leaf images. (B) SPAD values (bar = 20 mm). (C) Representative chlorophyll fluorescence images and (D–G) quantification of Fv/Fm (D), NPQ (E), Y (F) and qN (G). Bar = 50 mm. Error bars represent the ± SEs (P < 0.05), and different letters indicate significant differences (P < 0.05 according to Tukey’s test).






3.3 Effects of ZnO NPs on antioxidative capacity under Cd stress

The degree of oxidative damage and lipid peroxidation level can be evaluated by malondialdehyde (MDA) contents in plants (Barclay and McKersie, 1994). We measured MDA levels in tomato seedlings. Cd stress increased MDA levels by 116.8% and 104.4%, respectively, in the leaves and roots of tomato seedlings (Figure 3A). Under Cd stress, foliar spraying with ZnO NPs decreased MDA levels by 29.4% and 34%, respectively, in the leaves and roots compared to the untreated control (Figure 3A). We then examined the antioxidative enzyme activities in tomato seedlings and found that foliar spraying with ZnO NPs increased the activity of catalase (CAT), which catalyzes the decomposition of H2O2 into O2 and H2O, by 116.6% and 57.8%, respectively, in the leaves and roots of tomato seedlings compared to Cd treatment alone (Figure 3B). These results indicated that ZnO NPs alleviated Cd-induced oxidative damage by improving CAT activity in tomato seedlings.




Figure 3 | ZnO NPs alleviate Cd-induced oxidative damage and reduce Cd accumulation in tomato seedlings. The (A) MDA levels, (B) CAT activity, (C) Cd contents and (D) Cu, Mn, Fe and Zn contents were determined in tomato seedlings. The heatmaps in (D) show the log2FC values of the different treatments compared with the control (D). The results shown are the mean ± SE (n=3; 15 plants/treatment/repeat). Different letters indicate significant differences (P < 0.05 according to Tukey’s test). * indicates significantly different values at P < 0.05 according to Student’s t test.






3.4 Effects of ZnO NPs on mineral element accumulation in tomato seedlings under Cd stress

Under Cd stress, foliar spraying with ZnO NPs reduced Cd accumulation in tomato seedlings (Figure 3C), indicating that ZnO NPs effectively repressed Cd uptake in tomato. Our previous studies have shown that ZnO NP exposure reduces Cd accumulation in tobacco and perilla (Wang et al., 2022; Zou et al., 2022). These results suggest that the effect of ZnO NPs on reducing Cd accumulation is widespread in plants (Hussain et al., 2018; Rizwan et al., 2019a; Rizwan et al., 2019b; Ma et al., 2020; Li et al., 2021; Wang et al., 2022; Zou et al., 2022). In addition, we measured the levels of micronutrients in tomato seedlings. The accumulation of Cu, Mn and Fe in tomato leaves under Cd stress decreased by 16.8%, 30.5% and 14.3%, respectively (Figure 3D). Studies have shown that Cd competes with isovalent elements for binding sites or transporters, such as NRAMP (natural resistance-associated macrophage protein), IRT1 (gene encoding a high affinity Fe transporter) and ZIP (zinc-regulated transporter/iron-regulated transporter-related) protein (Guerinot, 2000; Clemens, 2006; Clemens et al., 2013). Therefore, the absorption and transport of mineral elements is disturbed, which affects the accumulation of mineral elements, ultimately inhibiting plant growth (Hédiji et al., 2015). This is consistent with the results of Hédiji et al. (2010). Wu et al. (2004) found that Cd toxicity inhibits the long-distance transport of meal ions from roots to shoots in cotton. Consistent with this result, we found that Cd toxicity increased the accumulation of Cu, Fe and Zn by 270%, 61.5% and 79.4%, respectively, in the roots (Figure 3D).

Foliar spraying with ZnO NPs increased the contents of Cu, Mn and Zn by 13%, 60.8% and 78.6%, respectively, in the leaves of tomato under Cd toxicity (Figure 3D) and increased the contents of Mn and Zn by 267.8% and 33.9%, respectively, in the roots of tomato under Cd toxicity (Figure 3D), suggesting that ZnO NPs improve micronutrient levels under Cd toxicity, thereby improving plant growth. Our previous study revealed that the expression of several metal transporter genes, including basic HELIX-LOOP-HELIX 38 (bHLH38), bHLH39, bHLH100, zinc transporter 9 (ZIP9), iron-regulated transporter 1 (IRT1), IRT2, niacinamine synthetase 2 (NAS2) and natural resistance associated macrophage protein 4 (NRAMP4), was induced, while NAS3 and NRAMP1 were repressed by ZnO NPs in Arabidopsis (Wan et al., 2019). ZnO NPs increased the contents of Zn and Fe in the leaves and Cu and Mn in the roots of perilla seedlings (Wang et al., 2022), while they also increased Zn contents in the leaves and the contents of Cu, Mg and K in the roots of tobacco (Zou et al., 2022). Altogether, these results indicate that ZnO NPs promote the absorption of mineral elements in plants.




3.5 Metabolomics analysis

To further elucidate the mechanisms underlying ZnO NP-alleviated Cd toxicity in tomato, a metabonomics analysis was subsequently performed to excavate the differentially accumulated metabolites (DAMs) in the roots and leaves of tomato seedlings. Heatmap analysis showed that the DAMs in the control group were close to those in the ‘ZnO NP’ group, while the DAMs in the ‘Cd’ group were close to those in the ‘ZnO NP+Cd’ group in both the roots and leaves of tomato seedlings (Figures 4A, B). PLS-DA showed that compared with the control, the first principal component of the metabolites was significantly separated into the ‘ZnO NP’, ‘Cd’, or ‘ZnO NP+Cd’ group (Figure S1), indicating that Cd stress reprogrammed metabolites and that foliar spraying with ZnO NPs changed the levels of metabolites in the roots and leaves of tomato seedlings.




Figure 4 | Metabolomic analysis identified the differentially accumulated metabolites in the leaves (A) and roots (B) of tomato seedlings.



A total of 827 metabolites were identified in tomato seedlings (Tables S1). Comparative analysis showed that a total of 170 and 258 DAMs were identified in the leaves and roots of tomato seedlings, respectively (VIP ≧ 1 and P value < 0.05) (Figure 5A; Tables S2). Among them, 59 DAMs were shared between leaves and roots (Figure 5A).




Figure 5 | Differentially accumulated metabolites (DAMs) in tomato seedlings. (A) Venn diagram analysis showed the overlapping DAMs between leaves and roots. B and C, The number of upregulated and downregulated DAMs in the leaves (B) and roots (C) of the Cd/control, ZnO NP/control, ZnO NP+Cd/control and ZnO NP+Cd/Cd comparisons. D-G, Venn diagram analysis of DAMs in the leaves and roots of (D) Cd/control, (E) ZnO NP/control, (F) ZnO NP+Cd/control and (G) ZnO NP+Cd/Cd comparisons. Up, upregulated metabolites; Down, downregulated metabolites. The tables below list the DAMs in the intersections (a-m) in the Venn diagrams from D to G.



A total of 82 DAMs (36 increased and 46 decreased) and 137 DAMs (29 increased and 108 decreased) were identified in the leaves and roots of the Cd/control comparison, respectively (Figures 5B, C; Tables S3, S4); 62 DAMs (25 increased and 37 decreased) and 64 DAMs (19 increased and 45 decreased) were identified in the leaves and roots of the ZnO NP/control comparison, respectively; 67 DAMs (30 increased and 37 decreased) and 144 DAMs (29 increased and 115 decreased) were identified in the leaves and roots of the ZnO NP+Cd/control comparison, respectively; and 37 DAMs (17 increased and 17 decreased) and 58 DAMs (30 increased and 28 decreased) were identified in the leaves and roots of the ZnO NP+Cd/Cd comparison, respectively (Figures 5B, C; Tables S3, S4).




3.6 Root and leaf metabolic profiling under cadmium stress or ZnO NP exposure

A total of 36 elevated DAMs (43.9% of the total DAMs) were identified in the leaves, while 29 elevated DAMs (21.2% of the total DAMs) were identified in the roots of the ‘Cd/control’ comparison (Figures 5B, C). An additional Venn diagram analysis showed that, in this comparison, two elevated DAMs and 12 reduced DAMs in common were identified in the leaves and roots. In addition, eight metabolites had elevated accumulation in the leaves but reduced accumulation in the roots, and seven DAMs were reduced in the leaves but elevated in the roots (Figure 5D). A total of 25 elevated DAMs (40.3% of the total DAMs) in the leaves and 19 elevated DAMs (29.7% of the total DAMs) in the roots were identified in the ZnO NP/control comparison (Figures 5B, C). Meanwhile, the Venn diagram analysis showed that, in this comparison, only one common elevated DAM (nicotinamide) and one common reduced DAM (adenosine 5’-monophosphate) were identified in the leaves and roots (Figure 5E); one DAM (cysteinylglycine) was elevated in leaves but reduced in roots, whereas one DAM (crotonoside) was reduced in leaves but elevated in roots (Figure 5E).




3.7 Effects of ZnO NPs on root and leaf metabolomes under Cd stress

In the ZnO NP+Cd/Cd comparison, the accumulation of 30 DAMs was elevated and 37 DAMs were reduced in the leaves, and 29 DAMs were elevated and 115 DAMs were reduced in the roots (Figures 5B, C). Venn diagram analysis showed that only one DAM (L-citruline) was elevated and 10 DAMs were reduced in both the leaves and roots (Figure 5F). Moreover, the accumulation of 5 DAMs was elevated in the leaves but reduced in the roots, and 4 DAMs were elevated in the roots but reduced in the leaves (Figure 5F).

A total of 17 elevated DAMs (50% of the total DAMs) in the leaves and 30 elevated DAMs (51.7% of the total DAMs) in the roots were identified. Venn diagram analysis showed that the accumulation of only one DAM (primin) was reduced in leaves but elevated in roots (Figure 5G). Taken together, these results suggest that ZnO NP exposure alleviated the fluctuation of metabolic profiling in response to Cd stress, and it had a more prominent effect in leaves than in roots.

To further elucidate whether ZnO NP exposure can alleviate the metabolic disorder caused by Cd stress, we analyzed the common metabolites in the leaves and roots of tomato seedlings. By comparing the DAMs among the treatment groups, including the Cd/control, ZnO NP/control, ZnO NP+Cd/control comparisons, we found that the levels of flavonoids, phenylpropanoids, alkaloids, amino acid derivatives, nucleotides and their derivatives changed the most in Cd-treated seedlings (Figure S2). The accumulation of seven flavonoids, four alkaloids, eight phenylpropanoids, three amino acid derivatives and eight nucleotides and their derivatives increased, while four flavonoids, two alkaloids, five phenylpropanoids and four amino acid derivatives decreased in the leaves of Cd-treated groups (Figure S2). Moreover, the accumulation of 12 flavonoids, seven alkaloids, 16 phenylpropanoids, three amino acid derivatives and four nucleotides and their derivatives increased, while one flavonoid, four alkaloids, one amino acid derivative and seven nucleotides and their derivatives decreased in the root (Figure S2). Interestingly, we found that ZnO NPs recovered the contents of these metabolites to normal levels in the leaves and roots of Cd-treated seedlings (Figure S2). Specifically, the contents of 25 DAMs (including nine flavonoids, five alkaloids, three phenylpropanoids, three amino acid derivatives, five nucleotides and their derivatives) in the leaves and 24 DAMs (including nine flavonoids, five alkaloids, three phenylpropanoids, one amino acid derivative and six nucleotides and their derivatives) in the roots recovered to normal levels after ZnO NP exposure. These results further supported the opinion that ZnO NPs alleviated Cd-induced metabolic disorder in tomato.




3.8 Correlation analyses between DAMs and growth parameters

The above results indicated that ZnO NPs had a positive effect on alleviating Cd stress. To further explore the relationship between DAMs and the growth and development of tomato seedlings, a correlation analysis was performed between the DAMs and the physiological parameters, including plant height, leaf FW, leaf DW, chlorophyll content, chlorophyll fluorescence, root length, root FW, root DW, antioxidant system, and metal element contents. We found that the accumulation of nine flavonoids, ten phenylpropanoids, seven alkaloids, two nucleotides and their derivatives, and five amino acid derivatives in the leaves was positively correlated with plant height, leaf FW, leaf DW, chlorophyll content, NPQ, Y(NO), qN, Fv/Fm, and the contents of Cu in the leaves, while 12 flavonoids, 13 phenylpropanoids, nine alkaloids, ten nucleotides and their derivatives, and three amino acid derivatives in the leaves exhibited negative correlations with these physiological parameters (Figures 6A–E); in contrast, the MDA contents and CAT activity exhibited negative correlations with these DAMs.




Figure 6 | (A–E) Correlation analysis of leaf growth parameters with flavonoids (A), phenylpropanoids (B), alkaloids (C), nucleotides and their derivatives (D), and amino acid derivatives (E), * indicates significantly different values at P < 0.05 according to Student’s t test.



In root traits, the accumulation of six flavonoids, six phenylpropanoids, seven alkaloids, seven nucleotides and their derivatives, and three amino acid derivatives in the roots were positively correlated with root length, root FW, root DW and root Mn content, while 20 flavonoids, 22 phenylpropanoids, eight alkaloids, five nucleotides and their derivatives, and seven amino acid derivatives in the roots were negatively correlated with these root physiological parameters (Figure S3); the accumulation of 18 flavonoids, 23 phenylpropanoids, eight alkaloids, five nucleotides and their derivatives, and seven amino acid derivatives in the roots were positively correlated with the contents of Cu and Zn, while five flavonoids, six phenylpropanoids, eight alkaloids, seven nucleotides and their derivatives, and two amino acid derivatives in the roots were negatively correlated with the contents of Cu and Zn (Figure S3). In addition, the accumulation of 20 flavonoids, 23 phenylpropanoids, ten alkaloids, five nucleotides and their derivatives, and seven amino acid derivatives in the roots were positively correlated, while six flavonoids, seven phenylpropanoids, seven alkaloids, seven nucleotides and their derivatives, and three amino acid derivatives were negatively correlated with root MDA content and CAT activity (Figure S3).

Further analysis revealed that several DAMs in the leaves and roots were correlated with plant growth. First, the accumulation of one nucleotide derivative (inosine) and one amino acid derivative (L-citrulline) was positively correlated with the growth parameters (including plant height, leaf FW, leaf DW, root length, root FW and root DW) (Figures 6, S3). Second, the accumulation of three flavonoids [swertiajaponin, (-)-epiafzelechin and rutin], two phenylpropanoids (ferulic acid and cinnamyl cinnamate), two alkaloids (vasicine and trigonelline) and two nucleotide derivatives (adenosine 5’-monophosphate and guanosine) was negatively correlated with the growth parameters (plant height, leaf FW, leaf DW, root length, root FW and root DW) (Figures 6, S3). Third, the accumulation of two flavonoids (spinosin and hydrangenol), one phenylpropanoid (coniferyl alcohol), one alkaloid (huperzine B), and two amino acid derivatives (proline and cysteinylglycine) was positively correlated with plant height, leaf FW and leaf DW, while they were negatively correlated with root length, root FW and root DW (Figures 6, S3). Fourth, the accumulation of one flavonoid (poncirin), two alkaloids (nicotinamide and crotonoside), four nucleotides and their derivatives (uracil, adenosine 3’-monophosphate, β-nicotinamide mononucleotide and cytidine) were negatively correlated with plant height, leaf FW and leaf DW, while they were positively correlated with root length, root FW and root DW (Figures 6, S3).

Citrulline is ubiquitous in animals, plants, bacteria, and fungi. It is an amino acid that is not involved in protein synthesis but is closely related to arginine metabolism (Moinard and Cynober, 2007; Joshi and Fernie, 2017). In this study, we found that Cd toxicity inhibited L-citrulline accumulation in the leaves and roots of tomato seedlings (Tables S3, S4). Meanwhile, KEGG metabolic pathway enrichment analysis showed that the arginine and proline metabolism pathways were enriched in the leaves and roots of tomato seedlings under Cd toxicity (Figures 7A, B). These results suggest that Cd toxicity inhibits the growth of tomato seedlings by interfering with arginine and proline metabolism. Citrulline is one of the most effective scavengers of hydroxyl free radicals (Yokota et al., 2002). We found that Cd toxicity decreases L-citrulline contents in tomato seedlings, thereby aggravating Cd-induced oxidative damage in plants. Cinnamic acid is a precursor to lignans, polyphenols and substituted derivatives, which are involved in the regulation of various physiological processes in plants (Shuab et al., 2016). Cinnamic acid and its hydroxyl derivatives are synthesized from the aromatic amino acids phenylalanine and tyrosine (Jitareanu et al., 2011). In this study, we found that Cd toxicity induces cinnamate accumulation in leaves and roots (Tables S3, S4). KEGG analysis showed that the alanine, aspartate and glutamate pathways were enriched in the leaves and that the biosynthesis of the alkaloid pathway was enriched in the roots of tomato seedlings under Cd toxicity (Figures 7A, B). These results suggest that Cd stress inhibits the growth of tomato seedlings by interfering with alanine, aspartate and glutamate metabolism and the biosynthesis of alkaloids.




Figure 7 | KEGG enrichment analysis of the differentially accumulated metabolites in the leaves and roots of tomato seedlings. Top 20 enriched KEGG pathways of DAMs between the control and Cd-treated leaves (A, C); top 20 enriched KEGG pathways of DAMs between the control and Cd-treated roots (B, D).






3.9 Enrichment analysis of the main metabolite pathways

KEGG enrichment analysis indicated that Cd toxicity regulates metabolic processes, including purine metabolism, flavonol and flavonol biosynthesis, arginine and proline metabolism, amino acid biosynthesis, niacin and niacinamide metabolism, ABC transporters, fructose and mannose metabolism, photosynthesis and oxidative phosphorylation in tomato seedlings (Figures 7A, B). The DAMs were mainly enriched in three pathways in the leaves of Cd-treated seedlings, including metabolism, genetic information processing and environmental information processing (Figure 7C). In the roots, DAMs were mainly enriched in two pathways: metabolism and environmental information processing (Figure 7D).

KEGG analysis revealed that secondary metabolism pathways, including purine metabolism and biosynthesis of flavonoids and flavonols, play important roles in tomato seedlings in response to Cd toxicity (Figure 7). Next, we focused on the accumulation of metabolites in purine metabolism and biosynthesis of flavonoids and flavonol pathways and found that Cd stress resulted in a higher accumulation of the nucleotide derivative adenosine 5’-monophosphate in the leaves compared to the control. Compared with Cd stress alone, ZnO NP exposure reduced adenosine 5’-monophosphate levels in the leaves of Cd-treated seedlings (Figure 8A). Cd toxicity also reduced the levels of three nucleotide derivatives (5’-deoxyadenosine, uracil and cordycepin) but elevated the level of the nucleotide derivative nicotinic acid adenine dinucleotide in the roots compared to the control (Figure 8A). Foliar spraying with ZnO NPs recovered the levels of nicotinic acid adenine dinucleotide in the roots of Cd-treated seedlings (Figure 8A). Meanwhile, we found that Cd toxicity resulted in an elevation in the accumulation of the flavonoid compound vitexin in the leaves compared to the control; however, ZnO NP exposure reduced vitexin levels in the leaves of Cd-treated seedlings (Figure 8B). Cd toxicity induced an elevation in the accumulation of three flavonoid compounds (6-hydroxykaempferol, spinosin and glycitin) compared to the control, while ZnO NP exposure recovered the levels of these flavonoid compounds in the roots of Cd-treated seedlings (Figure 8B).




Figure 8 | The differentially accumulated (A) nucleotide and its derivatives and (B) flavonoids in the leaves and roots of tomato seedlings. (C) Mechanistic model of ZnO NPs alleviation of Cd stress in tomato seedlings. * indicates significantly different values at P < 0.05, ** indicates significantly different values at P < 0.01 according to Student’s t test.



Secondary metabolites are significantly induced by a variety of abiotic stresses, including light, temperature, salinity and heavy metal stress (Yang et al., 2018; Yeshi et al., 2022). Heavy metal-inducible accumulation of alkaloids, flavonoids and anthocyanins plays an important role in plant stress tolerance responses (Srivastava and Srivastava, 2010; Tan et al., 2021). In this study, we found that the alkaloid biosynthesis pathway was significantly enriched in the roots of tomato under Cd toxicity (Figure 7B). Many studies have demonstrated that high concentrations of alkaloids such as cinnamic acid are autotoxic to plants (Ding et al., 2007; Chen et al., 2011). Therefore, excessive alkaloid accumulation caused by Cd stress inhibits plant growth. We found that ZnO NP exposure reduced alkaloid contents to normal levels in Cd-treated seedlings (Figure S2), thereby improving plant growth.

Flavonoids play an important role in mediating abiotic and biological stress responses in plants (Wen et al., 2020). In this study, we found that the accumulation of flavonoids decreased significantly in the roots of tomato under Cd toxicity (Figure S2). The flavonoid synthesis pathway is a major branch of the phenylpropanoid pathway, which also produces alkaloid compounds, such as lignin and hydroxycinnamic acid, in plants (Vogt, 2010). Therefore, the excessive accumulation of alkaloids consumes upstream substrates, leading to the inhibition of flavonoid biosynthesis, which in turn leads to the reduction of flavonoid accumulation in Cd-treated seedlings (Ahmad and Prasad, 2012). ZnO NP exposure increased the accumulation of most flavonoids to normal levels (Figure S2). As an important antioxidant in plants (Ahmad and Prasad, 2012), increased flavonoids improve Cd toxicity tolerance in tomato.





4 Conclusion

Cd is one of the most harmful elements with high toxicity to organisms, and Cd pollution threatens sustainable agricultural development and food safety (Godt et al., 2006; Kaur et al., 2017). In this study, we investigated the alleviating effects of ZnO NPs on tomato seedling growth under Cd stress. Our results indicated that foliar spraying with ZnO NPs promoted the growth of tomato seedlings under Cd stress by improving photosynthetic performance and reducing Cd accumulation in tomato seedlings (Figure 8C). ZnO NPs effectively inhibit Cd accumulation in plants, thus alleviating the adverse effect of Cd toxicity on plant growth. We found that ZnO NPs significantly induced the uptake and accumulation of Mn and Zn in tomato seedlings (Figure 3D). As homovalent elements, Mn and Zn may compete with Cd for metal transporters, resulting in reduced Cd accumulation in plants. This may be an important reason for ZnO NPs to alleviate Cd toxicity in tomato. Furthermore, metabolomic analysis revealed that ZnO NPs reprogrammed plant metabolic pathways, especially alkaloid, amino acid and flavonoid metabolism, in tomato seedlings (Figure 8C). Compared with root application (Ma et al., 2020), foliar spraying with NPs can reduce the dosage and cost. This study provides a theoretical basis for using NPs in agricultural production to improve crop yield and quality and provides a new strategy for field management and sustainable agriculture.
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To investigate the evapotranspiration and crop coefficient of oasis watermelon under water deficit (WD), mild (60%–70% field capacity, FC)and moderate (50%–60% FC) WD levels were set up at the various growth stages of watermelon, including seedling stage (SS), vine stage (VS), flowering and fruiting stage (FS), expansion stage (ES), and maturity stage (MS), with adequate water supply (70%–80% FC) during the growing season as a control. A two-year (2020-2021) field trial was carried out in the Hexi oasis area of China to explore the effect of WD on watermelon evapotranspiration characteristics and crop coefficient under sub-membrane drip irrigation. The results indicated that the daily reference crop evapotranspiration showed a sawtooth fluctuation which was extremely significantly and positively correlated with temperature, sunshine hours, and wind speed. The water consumption during the entire growing season of watermelon varied from 281–323 mm (2020) and 290–334 mm (2021), among which the phasic evapotranspiration valued the maximum during ES, accounting for 37.85% (2020) and 38.94% (2021) in total, followed in the order of VS, SS, MS, and FS. The evapotranspiration intensity of watermelon increased rapidly from SS to VS, reaching the maximum with 5.82 mm·d-1 at ES, after which it gradually decreased. The crop coefficient at SS, VS, FS, ES, and MS varied from 0.400 to 0.477, from 0.550 to 0.771, from 0.824 to 1.168, from 0.910 to 1.247, and from 0.541 to 0.803, respectively. Any period of WD reduced the crop coefficient and evapotranspiration intensity of watermelon at that stage. And then the relationship between LAI and crop coefficient can be characterized better by an exponential regression, thereby establishing a model for estimating the evapotranspiration of watermelon with a Nash efficiency coefficient of 0.9 or more. Hence, the water demand characteristics of oasis watermelon differ significantly during different growth stages, and reasonable irrigation and water control management measures need to be conducted in conjunction with the water requirements features of each growth stage. Also, this work aims to provide a theoretical basis for the irrigation management of watermelon under sub-membrane drip irrigation in desert oases of cold and arid environments.
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1 Introduction

Desert oases are an essential barrier to guaranteeing regional food and ecological security. In the interior of northwest China, the oasis agricultural region of Hexi features a temperate continental desert climate with little to no annual rainfall and a severe water resource constraint (Deng et al., 2017). As is well known, oasis agriculture is dominated by irrigated agriculture, so without irrigation, there would be no agriculture (Li et al., 2016). The proportion of agricultural water use in the total water resources of the Hexi area is the largest, at 88.40% (Wang et al., 2019). At present, agricultural cultivation in most areas of the Hexi Oasis region still uses the traditional check-field flood irrigation, with its backward and unreasonable irrigation techniques and low water use efficiency (WUE) (Wang et al., 2020a). Moreover, together with the long years of machine well extraction, this has led to the overexploitation of local groundwater resources, aggravating the degree of arable desert and deteriorating the ecological environment (Chai et al., 2014). Although, the area has long sunshine hours, a short frost-free period, abundant light and heat resources, and a 15–20°C temperature difference between day and night, all of which make it an ideal base for melon cultivation (Yang et al., 2018; Li et al., 2022a). A shortage of water resources and water waste in the region (Huang et al., 2017; Zhou et al., 2022), along with the recent blind expansion of watermelon and other specialty cash crops, has severely hampered the development of the local watermelon industry. Thus, studies on water consumption and evapotranspiration of oasis watermelon under water deficit conditions are of vital practical value for water resources deployment and to ensure stable and high watermelon yields.

The production of special melons in the oasis is a highly advantageous enterprise. But the watermelon’s growth can be significantly affected by changes in water availability because of its high water requirements and sensitivity to soil moisture (Leskovar et al., 2007; Zhang et al., 2009). During certain growth periods maintaining an appropriate water deficit (WD) not only enhances the conversion of photosynthetic products to fruits but also suppresses excessive nutrient growth in the above-ground parts and promotes root growth, thereby improving yield and quality (Rahmati et al., 2018; Zuniga et al., 2018). The results of a study using daily evaporation from the water surface of the evaporation dish as the water control criterion showed that the overall benefits for watermelon were best when the evaporation coefficients were determined at 0.75, 0.75, 1.25, and 1.00 for the seedling (SS), flowering and fruiting (FS), expansion (ES) and maturity (MS) stages in that order (Lin et al., 2010). As for the study that used drip irrigation frequency as a water control criterion, the recommended drip irrigation system for greenhouse watermelon in the arid zone was one drip every four days at both SS and ES, while one drip every two days at FS and one drip every six days at MS (Liu et al., 2014). In addition, the results of the experiment by Wu and Wang (2008) showed that soil water content (SWC) in watermelon fields was controlled at 70.92%–81.24% while leaf area index (LAI) was between 1.44–1.32, which both enhanced leaf photosynthetic efficiency and promoted the accumulation of assimilates. Kuscu et al. (2015) achieved an optimum balance between water productivity, quantity, and quality in watermelon fruits under semi-humid conditions with 100% crop evapotranspiration (ETc) before maturity and 50% ETc recovery afterward. Accordingly, by scientifically managing the water demand pattern during the watermelon’s growing season in the oasis, high-quality and efficient ecological watermelon cultivation may be achieved.

Evapotranspiration (ET) is a critical component of farmland water balance during the hydrologic cycle, which has a significant effect on crop development and yield (Cui et al., 2008b). The water in farmland under sub-membrane drip irrigation is mainly consumed by ETc (Skaggs et al., 2010; Feng et al., 2018). Thus, accurate estimation of ETc is crucial to reducing water consumption during the crop reproductive period, improving WUE, and developing water-saving agriculture (Liu et al., 2002; He et al., 2013). There are two main methods for calculating ETc: one is a direct calculation approach, and the other uses the reference crop evapotranspiration (ET0) and the crop coefficient (Kc). Since most of the direct calculation methods are empirical formulas with strong geographical limitations, the prevailing method is based on ET0 (Liu et al., 2009). Related studies have indicated that the ET0 calculated using the Penman-Monteith (P-M) is the closest to the measured values in both humid and arid regions, so it is a preferred calculation method that is widely used (Allen et al., 1989; Allen et al., 2011).

The LAI is an essential growth indicator that reflects the quality of crop population and is strongly linked to photosynthesis, transpiration, and water productivity (Zhao et al., 2018; Wang et al., 2021). A study has shown that variation in plant leaf area has a substantially greater effect on evapotranspiration than that of variation in the climate and that climatic factors have a stronger influence on evapotranspiration indirectly through plant cover (Yang et al., 2022). As well known, Kc is relevant to LAI dynamics, intercepted solar radiation, and crop phenological stage (Netzer et al., 2009). Meanwhile, crop stage water requirement is equal to the product of stage ET0 and Kc (Meng, 2011).

For apple trees under irrigated conditions, Du et al. (2017) discovered a positive correlation between transpiration and LAI, while Juhasz and Hrotko (2014) reached the same conclusion for the Hungarian sweet cherry. Munitz et al. (2019) reported a significant linear relationship between LAI and Kc for irrigated vineyards, i.e., Kc could be estimated by measuring the LAI of the vineyard and combining it with meteorological data from neighboring weather stations to calculate ET0, and then ETc is obtained. As can be seen, it is feasible to establish a regression model of LAI against Kc (Zhang et al., 2019). However, Kc is greatly influenced by environmental conditions such as climate, soil, and degree of WD in different areas (Wang et al., 2020b). Therefore, investigating the relationship between LAI and Kc under WD conditions is critically valuable for accurately predicting oasis watermelon ET in the Hexi region.

In conclusion, a model can be established to estimate the ET of oasis watermelon in the Hexi region using LAI and meteorological factors, thereby letting the model to master the dynamic water consumption law of local watermelon during various growth periods, which has excellent practical significance for enhancing the level of watermelon precision management, formulating a reasonable water dynamic management plan, and maintaining the stability of fruit yield. However, there exists a seriously limited knowledge in the Hexi region about the water consumption characteristics of watermelon under mulched drip irrigation, and studies on the determination of Kc and ET estimation models for oasis watermelon have not been reported. Therefore, the aims of this study were: (1) to analyze the stages evapotranspiration characteristics of oasis watermelon under WD and its change law; (2) to accurately calculate ET0 during the reproductive period of watermelon based on the PM equation and then invert Kc of oasis watermelon; and (3) to establish an estimation model of oasis watermelon evapotranspiration, thereby achieving precise irrigation at various growth phases of oasis watermelon and effectively improving the water productivity in the Hexi region.




2 Materials and methods



2.1 Description of the study site

The experiment was conducted from May to August 2020 and 2021 at the Yimin Irrigation Experiment Station (100°43′ E, 38°39′ N, altitude: 1,970 m, total area: 20 mu), which is a joint scientific research and training base of Gansu Agricultural University. The test site is in a typical desert oasis of China’s northwestern arid region, where the annual average temperature is 6°C, the frost-free period is 165 days, the annual precipitation mostly ranges between 183–285 mm, the annual average evaporation is 2,000 mm, the annual average sunshine hours is 3,000 h, and the climate is temperate continental grassland. The soil texture of the test site is a light loam with a soil bulk density of 1.4 g·cm-3 and a pH of 7.2. The field capacity (FC) of tilled soil is 24.0% (mass water content), and the wilting point is 8.2%. The salinization hazard is negligible due to the large depth of groundwater burial.




2.2 Experimental design and agronomic management

The watermelon variety tested was the “Xinong 8,” a local main planting. The main growth period of oasis watermelon was divided into five stages: seedling stage (SS), vine stage (VS), flowering and fruiting stage (FS), expansion stage (ES), and maturity stage (MS). Deep plowing, weeding, fertilizer application, drip irrigation, and mulching were carried out before sowing so that the initial conditions of water and nutrients in each plot were similar. Planting was done manually by breaking the film in a north-south direction, with two rows at 30 cm × 210 cm spacing in each plot. The irrigation method was sub-membrane drip irrigation, with one pipe controlling one row of crops and the length of the pipe equaling the length of the plot. Specific agronomic management measures are presented in Table 1.


Table 1 | Agronomic management practices in the oasis watermelon trial plots.



The experiment was a one-way completely randomized design. WD treatments were applied mainly at the watermelon SS, VS, ES, and MS. The amount of irrigation was calculated as the average SWC as a percentage of the FC in the planned wet layer (0–60 cm), and irrigation was applied immediately to the upper limit when the measured SWC was below (or close to) the design lower limit of the treatment. A total of nine treatments were set up, with three replications of each treatment, in which suitable irrigation was performed throughout the reproductive period and served as the control treatment. The specific experimental design scheme is illustrated in Table 2.


Table 2 | The experimental design scheme of oasis watermelon.






2.3 Measurements and calculations



2.3.1 Meteorological information

Meteorological data was achieved from a fully automatic weather station located at the experimental site. Meteorological factors such as precipitation (P), air temperature (T), relative humidity (RH), sunshine hours (n), wind speed (u), wind direction, and air pressure were automatically measured in the test area.




2.3.2 Soil water content (SWC)

The SWC of the planned wet layer (sampled every 20 cm) was determined layer by layer using the dry method every 7–10 days after the start of the treatment, with the sampling points randomly selected in the middle of two watermelon plants and the average value taken to determine the amount and timing of irrigation, with additional measurements before and after irrigation.




2.3.3 Leaf area index (LAI)

The non-linear regression equation for single leaf area (LA) against leaf width (w) was established according to the reference (Zheng, 2009): LA = exp-0.096w1.758, where the determination coefficient R2 = 0.912 (p< 0.01). The LAI was gained by calculating the total LA of all plants per unit of land and then comparing it to the land area.




2.3.4 Crop evapotranspiration

Crop evapotranspiration (ETc) was calculated by using the water balance equation (Cui et al., 2008a).

 

where Pr is the effective precipitation in each period (mm); U is the groundwater recharge (mm), the test site is in an inland arid area, the groundwater burial depth is below 20 m, so the groundwater recharge can be neglected, i.e., U=0. I is the amount of irrigation water during the period (mm); D is the amount of deep seepage (mm), because the soil moisture design is lower than the field capacity, and the design flow rate of under-film drip irrigation is 2 L·h-1, there is no deep seepage problem, so the amount of deep seepage is negligible, i.e., D=0; S is the surface runoff (mm), the test field is in flat mulching, there is no surface runoff, i.e., S=0; ΔW is the change of soil water storage in the 0–100 cm-layer during the period (mm).

Hence, Eq. (1) can be simplified as follows.

 

ΔW and I in Eq. (2) are calculated as follows.

 

 

where θi2 and θi1 are the volumetric SWC of i-layer at the end and beginning of the calculation period, respectively (%); Hi is the thickness of i-layer (mm); I is the volume of single irrigation (mm); ρ is the soil bulk density (g·cm-3); H is the depth of the plan wetted layer (cm); p is the design wetting ratio, 0.65 is taken for this test; θmax is the design upper limit of SWC (%); θt is the SWC before irrigation (%); η is the irrigation water utilization ratio, taken as 0.95 in this experiment.

The stage evapotranspiration intensity and water consumption modulus can be found in Wei et al. (2017).




2.3.5 Reference crop evapotranspiration (ET0)

ET0 was calculated using the Penman-Monteith (P-M) formula, strongly recommended by FAO 1998 (Allen et al., 1998).



where ET0 is the reference crop evapotranspiration (mm); Rn is the net radiation (MJ·m-2·d-1); G is the soil heat flux (MJ·m-2·d-1); Δ is the slope of the saturation water vapor pressure against temperature curve (kPa·°C-1); γ is the hygrometer constant (kPa·°C-1); T is the mean air temperature (°C); u2 is the wind speed at a height of 2 m above ground (m·s-1); es is the saturation water vapor pressure of air (kPa); ea is the actual water vapor pressure of air (kPa).




2.3.6 Crop coefficient

The crop coefficient (Kc) under no WD conditions is determined by the ratio of evapotranspiration under adequate water supply conditions to the ET0. This is calculated by Eq. (6).

 

where Kc0 is the Kc without water stress; ETc is the evapotranspiration under adequate water supply (mm); ET0 is the reference crop evapotranspiration (mm).

When soil moisture is insufficient, the Kc is not only affected by meteorological factors and the crop’s characteristics but also by the SWC. Therefore, the moisture stress coefficient is introduced into the calculation of the Kc. The moisture stress coefficient is derived from the evapotranspiration measured under WD conditions, the ET0, and the Kc0 (Allen et al., 1998) and is calculated as follows.

 

where Ks is the water stress coefficient; ETWD is the evapotranspiration under water stress conditions (mm); ET0 is the reference crop evapotranspiration (mm).

The Kc is calculated as follows.

 




2.3.7 Methodology for testing of ETc estimation model

The correlation coefficient (r), Nash efficiency coefficient (NSE), and total equilibrium coefficient (R) were considered as statistical coefficients to evaluate the merits of the ET estimation model (Wang et al., 2014). The error analysis was performed quantitatively using average relative error (ARE) and mean absolute percentage errors (MAPE).





2.4 Data processing

The average and standard deviation (± SD) of the data were calculated in Microsoft Excel 2010 (Microsoft Corp., Raymond, Washington, USA). The software Origin 2020 (Origin Lab, Corp., Hampton, Massachusetts, USA) was used for graphing and regression analysis. Significance analysis with Duncan’s multiple range test was performed at a 5% level using SPSS 19.0 (IBM, Inc., New York, USA).





3 Results



3.1 Distribution characteristics of ET0

The daily ET0 variation and effective rainfall distribution for oasis watermelon during two consecutive growing seasons from 2020–2021 are indicated in Figures 1A, B. We can see from Figure 1, the daily ET0 fluctuated in a sawtooth pattern with sharp fluctuations, especially in late July and early August, but the overall trend was relatively stable, with the peak occurring from late July to early August. Moreover, the higher ET0 was concentrated after the fruit set, among which the frequency of daily variation was higher in 2020 and reached a peak of 6.40 mm on 28 July, while the frequency of daily variation was relatively low in 2021 and reached a maximum of 6.66 mm on 1 August. This is mainly related to the climatic characteristics (temperature) of the trial site. Besides, the distribution of rainfall also showed that the greater the daily rainfall on a rainy day, the smaller the corresponding daily ET0, with a negative correlation between them.




Figure 1 | Variation of daily ET0 and effective precipitation distribution during the growing season of oasis watermelon in 2020 (A) and 2021 (B).



As seen in Figure 1, the effective rainfall during the watermelon reproductive period in 2020 was 68 mm, and the rainfall during the SS, VS, FS, ES, and MS was 28.50 mm, 29.90 mm, 0.00 mm, 0.00 mm, and 9.60 mm, respectively, with the highest rainfall of 28.5 mm on 21 June. Similarly, it can be seen that the effective rainfall in 2021 for different growth stages and the whole reproductive period was 28.70 mm, 16.90 mm, 0.00 mm, 6.50 mm, 9.30 mm, and 61.40 mm, respectively. The largest amount of rainfall was 9.7 mm on 23 June. It can be concluded that irrigation should be controlled during the SS in watermelon cultivation to avoid excessive irrigation consuming the less water-demanding reproductive period, and on the contrary, timely irrigation is required during the melon ES to replenish soil water to avoid WD. It is also clear from Figure 1 that the ET0 of stage cumulative was highest at the VS (128.32 mm in 2020 and 117.17 mm in 2021), while the ET0 of the FS was relatively lowest because of its shortest duration (19.30 mm in 2020 and 23.27 mm in 2021). The mean of daily ET0 results was highest at SS and lowest at FS in 2020, highest at ES and lowest at VS in 2021.

ET0 and its composition for different growing periods of oasis watermelon in the Hexi region are illustrated in Table 3. The ET0 calculated by the P-M equation is derived from the sum of the solar radiation term (ETrp) and the aerodynamic term (ETop), both of which constitute the effect on the ET0 (Glasbey and Allcroft, 2008). As can be seen in Table 3, the proportion of ETrp in each stage of oasis watermelon (in 2020, for example) was 71.48%, 76.67%, 80.09%, 78.14%, and 75.97%, in that order. The proportion of ETrp in ET0 showed a single-peak trend of increasing and then decreasing as the growth period progressed and increased to the largest proportion at FS and ES. Meanwhile, the weight of ETrp influencing ET0 was greater than 70%, much higher than ETop, while the total ETrp share was 75.60% throughout the growing season. This is mainly because the respective ratios of ETrp and ETop are affected by the regional geography and climatic environment and change over time. The Hexi Oasis lies in the interior, where there is an enormous amount of ETrp rather than ETop in ET0 due to the region’s arid environment, lack of precipitation, high evaporation intensity, and long daylight hours.


Table 3 | Cumulative ET0 and its composition for oasis watermelon.






3.2 Effects of meteorological factors on ET0

The results of the ET0 calculation are directly influenced by the meteorological factors needed in the P-M equation. Due to the unique climatic conditions of the Hexi Oasis region, it is imperative to examine the correlations between the following meteorological variables: daily maximum temperature (Tmax), daily minimum temperature (Tmin), daily mean temperature (Tmean), sunshine hours (n), atmospheric pressure (P), relative air humidity (RH), water vapor pressure (ea), wind speed (u2) and ET0, as well as the correlation between ET0 and meteorological data under the interaction of multiple factors. The meteorological data for 2021 was used as an example in the study that was done above.

Figure 2 presents the bivariate correlation analysis between meteorological factors and ET0 during the watermelon growing season. The Pearson correlation analysis shows that ET0 had a highly significant positive correlation with Tmax, Tmean, n, and u2 whose coefficients were 0.721, 0.644, 0.870, and 0.392, respectively; a significant positive correlation with Tmin whose coefficient was 0.234; and a negative correlation with P, RH, and ea whose coefficients were -0.439, -0.761, and -0.195, which were negatively correlated.




Figure 2 | Correlation analysis of ET0 and meteorological elements during the watermelon growing period in 2021. Correlations between the two indicators were significant at *p< 0.05 and **p< 0.01. Tmax, daily maximum temperature; Tmin, daily minimum temperature; Tmean, daily mean temperature; n, sunshine hours; P, atmospheric pressure; RH, relative air humidity; ea, water vapor pressure; u2, wind speed.



Figures 3A–H shows the functional correlation between a particular meteorological factor and ET0 during the watermelon growing season. From Figure 3, we can see that Tmax, Tmean, n, and RH were highly correlated with ET0 with an R2 > 0.4 (p< 0.05); and P was somewhat negatively correlated with ET0, but the R2 was only 0.1933. While Tmin, ea, and u2 did not demonstrate a functional relationship for the effect of ET0. With an R2 of 0.757, both T and n were significantly and positively correlated with ET0, indicating that temperature, sunshine duration, and wind speeds had a significant promoting effect on ET0.




Figure 3 | Relationships between meteorological elements and ET0 during the growing season in 2021. (A–H) describes the relationship between daily maximum temperature (Tmax), daily minimum temperature (Tmin), daily mean temperature (Tmean), sunshine hours (n), atmospheric pressure (P), relative air humidity (RH), water vapour pressure (ea), wind speed (u2) and reference crop evapotranspiration (ET0), respectively.



The r and significance analysis was subsequently computed for each step to conduct a thorough investigation into the relationship between ET0 and various climatic parameters within each growth stage. The results are displayed in Figure 4. The correlations between meteorological factors and total ET0 during the entire growing season were consistent with the results of the above analysis. The correlations between ET0 and each meteorological factor within different growth stages had co-factor influences, although there was some variability. Both the r of n at FS and P at MS with ET0 were 0.823 and 0.509, but neither was statistically significant. This was mostly because the growing time was not significantly affected by the relatively small sample size. Tmin peaked at the SS and became extremely significant, but they were unimportant at all other growth stages and had negative correlations at the VS and MS. While u2 demonstrated a highly significant positive correlation at both the VS and ES with no significant influence at any other stage, ea displayed a highly significant negative correlation at both the SS and the ES.




Figure 4 | Correlation analysis of ET0 and meteorological elements during the watermelon growth period. * and ** represent significance at the p<0.05 and 0.01 levels , respectively.



To further explore the role of multiple factors in driving the dependent variable, a multiple linear regression equation was constructed between ET0 and the meteorological parameters subsumed in its calculation for the watermelon growing season and each period. Table 4 displays the specific results, and the R2 was all above 0.9 (p< 0.01), which was a better fit.


Table 4 | Multiple linear regression analysis of meteorological elements and ET0 in each growth stage.






3.3 Effects of different WD treatments on ET

Tables 5–9 show the ET, Kc, ET intensity, and water consumption modulus of oasis watermelon under various water treatments during various growing period. The ET of watermelon during the whole growing season was 323 mm and 334 mm in 2020 and 2021, respectively, with adequate water supply. Compared with CK, the ET of WD treatments decreased to different degrees, and the most significant was the WD treatment at the ES, while the water consumption of watermelon showed a bimodal trend during the growing season.


Table 5 | ET, Kc, ET intensity, and water consumption modulus under different water treatments at the SS.




Table 6 | ET, Kc, ET intensity, and water consumption modulus under different water treatments at the VS.




Table 7 | ET, Kc, ET intensity, and water consumption modulus under different water treatments at the FS.




Table 8 | ET, Kc, ET intensity, and water consumption modulus under different water treatments at the ES.




Table 9 | ET, Kc, ET intensity, and water consumption modulus under different water treatments at the MS.





3.3.1 Effects of WD at the seedling stage (SS)

Table 5 shows that for mild (WD1) and moderate (WD2) WD, respectively, the ET was considerably reduced in 2020 and 2021 compared with CK by 6.45%–6.65% and 12.79%–12.84%, respectively (p< 0.05), whereas the other treatments did not significantly differ from CK (p > 0.05). The ET intensities of WD1 and WD2 were 1.85–1.93 mm·d-1 and 1.74–1.79 mm·d-1, respectively, and both were significantly lower than CK. The moderate treatment saw a higher decline, whereas the other treatments did not differ significantly from CK. The water consumption modulus of the treatments ranged from 15.08%–20.03% in both years due to short, slow-growing watermelon plants and relatively low temperatures during the SS.




3.3.2 Effect of WD at the vine stage (VS)

As can be seen from Table 6, ET was highest in 2020 with 87.30 mm for CK, and 89.79 mm for treatment WD8 in 2021, which was only 2.85% higher than that of CK, but the difference was not significant, while ET was lowest in 2a moderate WD treatment WD4 with a decrease of 16.08%–19.15%, while mild WD treatment WD3 decreased by 10.09%–12.26%, and the rehydration treatment WD1 was at the same level as CK. The ET intensity was highest in CK, with 2a at 2.91 mm·d-1 and 3.01 mm·d-1 respectively, followed by the rehydration treatment WD1. The ET intensity of treatment WD4 was significantly reduced by 18.85%–19.15% compared to CK, and the reduction in treatment WD3 was 12.26%–13.07%. When watermelon entered the VS, the root crown developed rapidly, the temperature rose gradually and the water consumption modulus increased, which ranged from 24.95% to 30.75%.




3.3.3 Effect of WD at the flowering and fruiting (FS)

Table 7 indicates that the water consumption of the various water treatments was the same as that of the preceding stage, with a relatively small water consumption modulus of 6.48%–8.03%. This was caused by the stage’s brief duration as well as the stage’s higher ET intensity of approximately 4.30 mm·d-1, which occurred as the plants were in a crucial stage of transition from nutritional to reproductive growth.




3.3.4 Effect of WD at the expansion stage (ES)

As can be seen from Table 8, ET was highest for CK in 2020 and 2021, with treatments WD1 and WD3 not significantly different from CK, while ET for the mild (WD5) and moderate (WD6) WD treatments decreased significantly by 18.90% and 26.95%, respectively, compared to CK, while WD treatments WD3 and WD4 were still smaller than CK during the VS, and the differences were significant. The ET intensity was highest in CK, reaching 5.23 mm·d-1 and 5.82 mm·d-1, but the effect of WD on watermelon water consumption was greater at this stage, with treatments WD5 decreasing by 18.93%–19.24%, while treatment WD6 had the least ET intensity, decreasing by 25.60%–26.96%. Since the ES was the critical period of water demand for watermelon, to ensure the rapid expansion of the flesh cells, water demand was at its maximum, with a water consumption modulus of 32.71%–41.18%.




3.3.5 Effect of WD at the maturity stage (MS)

As can be seen from Table 9, in 2020 and 2021, evapotranspiration was highest in CK, while treatment WD6 remained the lowest at 24.63 mm and 26.32 mm, significantly lower than CK by 23.72% and 21.29%, respectively, while treatments WD2 and WD3 were not significantly different from CK, while mild (WD7) and moderate (WD8) WD treatments were significantly lower than CK by 5.53%–5.67% and 13.13%–13.25%, respectively. The evapotranspiration intensity of CK was still the highest, with treatments WD1–WD3 at the same level as CK, but WD8 demonstrated a significant decrease of 13.26%–18.45% compared with CK, and WD7 indicated a decrease of 5.67%–2.73%. Moreover, at watermelon MS, the growth rate also slowed down and the water consumption modulus dropped to 8.78%–10.66%.

In summary, (1) the ET results revealed that the ET of the SS in 2020 was similar to that of the SS in 2021, and the remaining treatments except for the WD at this stage were not significantly different from CK. The ET at the VS and ES decreased with increasing WD levels, with a significant decrease compared with CK, and the ET at the ES in 2021 was higher than that in 2020. The ET of CK was the highest at the MS. (2) The ET intensity showed that it was lowest at the SS (about 1.94 mm·d-1), higher at the VS and MS (about 2.81 and 2.59 mm·d-1), and highest at the FS (about 4.36 and 5.14 mm·d-1). The ET intensity of oasis watermelon ranged from 1.74 to 5.82 m·d-1 under different water treatments throughout the entire reproductive period. (3) The water consumption modulus showed a relatively similar distribution pattern for watermelon during the two-year reproductive period, i.e., 32.71%–40.52% at the ES, 24.95%–30.75% at the VS, 15.24%–20.03% at the SS and 8.78%–10.66% at the MS. This is mainly since many factors influence the water consumption modulus, such as ET intensity, total evapotranspiration during the growing season, environmental factors, and the duration of the growth stage, which cannot be directly related to the magnitude of the WD.

The Kc is related to the crop type, variety, reproductive period, and LAI, reflecting the physiological characteristics of the crop itself. As can be seen from Tables 5-9, Kc generally showed a single-peaked curve fluctuation of increasing and then decreasing, reaching peaks of 1.246 and 1.237 at the ES, followed by 1.154 and 1.006 at the FS, and a minimum of 0.459 and 0.473 at the SS. Irrigation had a large effect on Kc, with any stage of WD reducing the Kc for that stage, and the greater the stress the smaller the corresponding Kc. Kc for both years was smallest at 0.400 and 0.412 for the moderate WD treatment at SS (WD2), largest in 2020 (1.247), and largest in 2021 (1.237) for the moderate WD treatment at ES (WD8), while the average values of Kc were 0.803 and 0.784 for the whole reproductive period.





3.4 Effects of different WD treatments on LAI

Figure 5 shows the variation curves of watermelon LAI with time under different water treatments. The trend of the LAI of oasis watermelon under different water treatments is generally similar, with the LAI gradually increasing from the beginning of the growing season, and the LAI increasing rapidly during the VG, which is a critical stage for the growth of watermelon vine leaves and other nutrient organs, reaching a peak in the early ES. The late ES to the MS, the plant’s nutritional growth stalled, most of the vine-leaves nutrients were absorbed by the fruit, the crop metabolism tended to slow down, the base leaves gradually withered and fell off, and the LAI showed a slow decrease trend.




Figure 5 | LAI curve with time for different water treatments.



For reasons of length, only 2020 data was analyzed. Compared with CK, WD treatments WD1 and WD2 at SS reduced LAI by 6.35% and 16.90%, respectively, with significant differences (p< 0.05). At VS, WD1 grew faster and higher than CK by 4.42% after rehydration, but the difference was not significant (p > 0.05), while WD2 still decreased by 2.58%, and the LAI of WD treatments WD3 and WD4 decreased significantly by 5.80% and 13.25%, respectively, compared with CK. The results of all treatments at FS were the same as that of VS. Upon entering the ES, the LAI of treatment WD1 was the largest, while the leaf growth of treatments WD2 and WD3 accelerated after rehydration and were still lower than that of CK but not significantly different, and the WD treatments WD5 and WD6 were both lower than that of CK during this period, with a significant difference for treatment WD6. By the end of MS, the LAI of all treatments decreased, among which all treatments were lower than CK except for the mild WD treatment at the SS, with a decrease of 0.11%–7.53%, while treatment WD4 (moderate WD at the VS) was significantly different from CK. The LAI was affected differently by different WD treatments at different growth stages. SS to the beginning of FS was the rapid formation stage of watermelon stems and leaves and other nutrient organs, WD at this stage had a significant effect on the LAI, but it is not significantly different from CK due to the compensation result of light stress after rehydration.




3.5 Relationship between Kc and LAI

Kc has a dynamic process of change during the reproductive period, and it is generally accepted that there is a correlation between Kc and LAI. In this paper, the regression equation between Kc and mean LAI under different water treatments was established based on the actual data measured in two consecutive growing seasons of oasis watermelon in the Hexi region, as shown in Figure 6.




Figure 6 | Relationship between Kc and LAI for oasis watermelon.



The LAI and Kc were first analyzed for correlation, with r = 0.759 (p< 0.01), indicating a highly significant positive correlation between the LAI and Kc of oasis watermelon. The regression analysis in Figure 6 shows that there was a good exponential relationship between Kc and LAI for oasis watermelon, with the fitted relationship equation   and R2 = 0.5811 (p< 0.01), indicating that it is possible to estimate the Kc by measuring the LAI of watermelon using this relationship equation, thereby providing a practical reference for watermelon irrigation.




3.6 ET estimation model and error analysis

The quantitative relationship between the LAI and Kc and the integrated P-M equation enabled the modeling of the actual ET of oasis watermelon in the Hexi region with the LAI and meteorological factors.



To evaluate the reliability of the model established under different water treatment conditions, the experimental data from 2020 and 2021 were employed to validate the established ET estimation model. The quantitative evaluation analysis was conducted by comparing the actual evapotranspiration values (ETs) obtained from the water balance equation with the modeled values (ETm). The evaluation results are shown in Figure 6.

Figure 6 shows the results of the statistical coefficients comparing ETs with ETm for the assessment phase of the model equation. The r for the actual values obtained from the water balance method and the estimated model modeling values in 2020 and 2021 were 0.965 and 0.973 respectively (p< 0.01), i.e., the correlation between both was good; the NSE was 0.917 and 0.919 respectively, i.e., the NSH of the model constructed was close to 1, indicating that the model had better fitting accuracy and high reliability; the R was 1.023 and 1.032 respectively, i.e., the totals were similar, which showed that the model has a better performance in the evaluation phase. In addition, ARE values for two-year were small and the MAPE values were 16.831% and 16.199%, indicating that the errors in the modeling results were relatively small. It can be shown that the model constructed in this study can better estimate the watermelon ET under the conditions of sub-membrane drip irrigation in the Hexi Oasis by using LAI and meteorological factors.





4 Discussion



4.1 Variations of ET0 during the watermelon growing season

ET0 is a critical parameter for calculating crop water requirements and irrigation management (Ahmad et al., 2017; Kadam et al., 2021), and the ET0 calculated based on the P-M equation is directly affected by the local climate (Neto et al., 2015; Borges and Pinheiro, 2019). In this study, the average ET0 values during the watermelon growing season were found to be 4.15 mm (2020) and 4.33 mm (2021), with the relatively smallest ET0 at MS. Simple correlation analysis between meteorological factors and ET0 during the growing period showed that ET0 was positively correlated with T, n, and u2, while it was negatively correlated with P, RH, and ea. Similar findings were obtained by Zeng (2018), which were mainly related to the evaporative properties of water. To further clarify the influence of meteorological factors on ET0, a multiple linear regression model was established between ET0 and the meteorological factors involved in the calculation for the whole reproductive period and stage, and the fitting results were high. Wang et al. (2014) achieved similar results for the ET0 estimation in the Hetao areas.




4.2 The ET pattern of oasis watermelon

ET0 is determined by soil, irrigation, crop varieties, and meteorology, but WD can effectively reduce ET of melon crops (Leite et al., 2015; Qin and Leskovar, 2020), especially at the fruit growth and development stage, which has a more significant effect (Yavuz et al., 2021). According to the water consumption of the two-year, WD at the VS and ES had a greater impact on the stage ET of watermelon, thereby leading to a significant reduction in total ET. Compared with CK, stage ET was significantly reduced by 10.09%–1.32% for mild WD at VS (WD3), and by 16.08%–19.15% for moderate WD treatment (WD4), and the difference between WD3 and WD4 was significant. During the ES, stage water consumption was highest in CK at 125.61 mm in 2020 and 133.76 mm in 2021, and was significantly reduced by 18.90%–19.16% and 25.50%–26.95% in the mild (WD5) and moderate (WD6) WD treatments, respectively, during this period. The difference between them was also significant. This is consistent with the findings of Zhang et al. (2021), where stage WD resulted in a linear decrease in the average daily ET of watermelon, with the greatest decrease occurring during the ES.

Studies (Ji et al., 2015) have shown that water regulation effectively reduced the stage water consumption modulus and ET intensity of crops. The results of two consecutive growing seasons indicated that ET showed an increasing and then decreasing law, with the highest water consumption modulus (about 40%) at the ES, followed by the second highest (29%) at the VS, the smallest (about 7%) at the FS, and about 19% and 10% at the SS and MS. The ET intensity is the smallest at the SS (about 1.9 mm·d-1), relatively large at the VS and MS (about 2.8 mm·d-1), and the largest at the FS (4–5 mm·d-1). This is because crop water requirements are mainly influenced by growth characteristics, meteorology, and agronomic management practices, but also follow the corresponding habitual and quantitative patterns. Furthermore, WD at various growth stages caused a decrease in both water consumption modulus and ET intensity of watermelon, and the more the corresponding stage ET, the more significant the effect of WD-induced decrease in water consumption. This is similar to the results of Wang et al. (2018b) and Huang et al. (2021) on the water requirements patterns of WD peppers.




4.3 Relationship between LAI and Kc

Kc can be employed to describe the effect of crop biological features, water productivity, and soil tillage conditions on crop water requirements as an indirect parameter for determining ET0 (Wright, 1982; Pereira et al., 1999). Related studies (Yun et al., 2015; Li et al., 2022b) revealed that between crop LAI and Kc existed a more favorable exponential relationship, which was consistent with the results of this work but differed from the findings of Hu et al. (2012) and He and Wu (2018), who discovered a quadratic curve relationship between Kc and LAI of drip irrigated jujube trees. This might be related to crop varieties and cultivation areas. In addition, this paper established an ET estimation model for watermelon with under-mulched drip irrigation in the Hexi region based on the above-mentioned exponential regression relationship, and after evaluation and validation, the NSE reached more than 0.9, which was higher than the NSE of ET models established in different approaches by Wang et al. (2018a), thereby filling a research gap in the estimation of Kc and ET for oasis watermelon.





5 Conclusion

(1) Water deficit at various growth stages led to a decrease in the evapotranspiration intensity of watermelon. Evapotranspiration was relatively highest at the ES, which is a critical water requirement period for oasis watermelon, ranging from 91.75 to 133.76 mm with an average evapotranspiration intensity of 5.06 mm·d-1.

(2) There was a promotion of ET0 by temperature, hours of sunlight, and wind speed, and the potential impact of high-temperature variation on watermelon growth was greater than other climatic factors. The crop coefficients for field watermelon at the SS, VS, FS, ES, and MS were in the order of 0.400–0.477, 0.550–0.771, 0.824–1.168, 0.910–1.237, and 0.552–0.803, under water deficit conditions in Hexi region.

(3) The leaf area index varied more significantly among the different water treatments and increased with increasing irrigation. Moreover, there was a strongly significant correlation between crop coefficient and leaf area index, showing a well-exponential relationship. Based on this relationship, a model for estimating the evapotranspiration of oasis watermelons concerning the leaf area index was also established, and the modeling results of the proposed model were empirically analyzed to be in good agreement with the actual values.

The model in this work is based on the results of two consecutive growing seasons trials of water deficit watermelon, and only single crop coefficient method were used to calculate and establish the estimation model, which might have some bias. In future studies, we will combine years of actual measurement data to build an evapotranspiration estimation model according to the dual-crop coefficient method to further improve the accuracy and practical application of the model.
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Drought adversely affects many physiological and biochemical events of crops. This research was conducted to investigate the possible effects of biostimulants containing plant growth-promoting rhizobacteria (PGPR) on plant growth parameters, chlorophyll content, membrane permeability (MP), leaf relative water content (LRWC), hydrogen peroxide (H2O2), proline, malondialdehyde (MDA), hormone content, and antioxidant enzymes (catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD)) activity of tomato (Solanum lycopersicum L.) seedlings under different irrigation levels. This study was carried out under controlled greenhouse conditions with two irrigation levels (D0: 100% of field capacity and D1: 50% of field capacity) and three biostimulant doses (B0: 0, B1: 4 L ha-1, and B2: 6 L ha-1). The results of the study show that drought stress negatively influenced the growth and physiological characteristics of tomato seedlings while biostimulant applications ameliorated these parameters. Water deficit conditions (50% of field capacity) caused decrease in indole acetic acid (IAA), gibberellic acid (GA), salicylic acid (SA), cytokine, zeatin, and jasmonic acid content of tomato seedlings by ratios of 83%, 93%, 82%, 89%, 50%, and 57%, respectively, and shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, plant height, stem diameter, and leaf area decreased by 43%, 19%, 39%, 29%, 20%, 18%, and 50%, respectively, compared to the control (B0D0). In addition, 21%, 16%, 21%, and 17% reductions occurred in LRWC, chlorophyll a, chlorophyll b, and total chlorophyll contents with drought compared to the control, respectively. Biostimulant applications restored the plant growth, and the most effective dose was 4 L ha-1 under drought condition. Amendment of biostimulant into the soil also enhanced organic matter and the total N, P, Ca, and Cu content of the experiment soil. In conclusion, 4 L ha-1 biostimulant amendment might be a promising approach to mitigate the adverse effects of drought stress on tomato.
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1 Introduction

Among the natural disasters with meteorological character, the one with the most comprehensive effect is drought. Drought causes significant social, environmental, and economic damage. Arid and semi-arid regions in the world are estimated to comprise 16% of the total land, which corresponds to around 21-22 million km2. In such regions, factors such as lack of precipitation, irregularity of precipitation regimes, and scarcity of resources are among the main problems of agriculture. In order to solve the problem of drought, especially due to water scarcity and lack of precipitation, and to bring agriculture into these regions, either irrigation activities are developed or the application of dry farming methods is attempted (Oweis et al., 1999; Ekinci et al., 2015). Climate change further reduces the water availability, efficiency, and causes drought stress in major agro-systems of the world, especially in rain-fed ecosystems (FAO, 2020). In particular, water scarcity is a very important factor for the yield of vegetable crops. Drought adversely affects the root growth, root length, water nutrient uptake and transport, photosynthetic activity, seed germination, seedling emergence, carbon assimilation, dry matter accumulation, flowering, pollen formation, fertilization, and, ultimately, the yield of vegetable crops (Ors et al., 2016; Nephali et al., 2020; Gedeon et al., 2022).

Foliar, seed, or soil applications of biostimulants increase the resistance of plants against stress, and as a result, plant growth, product quality, and yield are positively affected (Turan et al., 2021; Yildirim et al., 2021a; Niu et al., 2022; Tuver et al., 2022). Biostimulants are plant growth-promoting substances that are both nutrients and soil improvers, such as humic substances, amino acids, hydrolyzed proteins, algae, chitosan-like polymers, inorganic compounds, and beneficial microorganisms (Bulgari et al., 2015; De Vasconcelos and Chaves, 2019; Drobek et al., 2019). Today, the utilization of biostimulants consists of rhizospheric microorganisms, amino acids, humic substances, and enzymes, and it has become an important aspect of sustainable agriculture (Nadeem et al., 2013; Marella, 2014; Adedayo et al., 2022). Mechanisms related to the increase in plant growth caused by biostimulants are divided into two groups: (1) Direct mechanisms: stimulation of growth and plant protection; reduction of plant ethylene synthesis by 1-aminocyclopropane-1-carboxylate deaminase produced in bacteria; improvement of the rhizosphere by the dissolved phosphate and chelated iron by the bacterial activity; and increased plant nutrition by the siderophores produced by the bacteria; (2) Indirect mechanisms: reduction of reactive oxygen species (ROS) through antioxidant production, reduction of osmotic stress, decrease in sodium intake and increased resistance to diseases as a result of chitinase enzyme activity, antibiotic production, and induced systemic resistance (Nadeem et al., 2013). Biostimulants enrich the soil rhizosphere area with provided plant nutrients through N fixation and P and K mineralization, and they promote plant growth with plant growth regulators (Yildirim et al., 2021a).

Tomato (Solanum lycopersicum) is an important vegetable crop from the Solanaceae family, native to South and Central America. Turkey is the largest tomato producer after China. However, tomato production does not meet demand as it has been affected by several biotic and abiotic stresses in the last decade (Ali et al., 2021). Climate change, especially water stress, causes a decrease in leaf surface, a reduction in the absorption of minerals, flower shedding, smaller fruits, puffiness, fruit splitting, and calcium deficiency-related disorders such as blossom-end rot (BER) and poor seed viability (Jangid and Dwivedi, 2016). Studies have shown that biostimulants are effective in mitigating the negative impacts of the stress conditions with different mechanisms (Turan et al., 2021).

Many farmers have faced drought stress globally in the last decades. Drought is classified into four distinct categories: meteorological drought that occurs in areas of dry weather; hydrological drought that happens in situations of low and scarce water supply, especially in surface and ground water levels and that is encountered after several months of meteorological drought; agricultural drought that is often associated with decreased soil water levels and consequent crop failures, severely affecting food production all over the world; and the socio-economic drought that relates to failure of supply and demand of various commodities due to drought (Heim, 2002). Among all the sectors, agriculture is most sensitive to water scarcity, and it faces significant decline in yield potential (40 to 60%) in rain-fed areas (FAO, 2020). Therefore, water management is an important task to achieve global food security and zero hunger.

Different crops face different kinds of biotic and abiotic stress. Biotic stress is any stress caused by living organisms such as insects, viruses, bacteria, fungi, and arachnids. Abiotic stress includes conditions such as drought, temperature fluctuations, high soil salinity, metal toxicity, and oxidative stresses. These stresses can cause permanent damage to a plant, such as stunted growth, hampered metabolism, reduced yield, and change in genetic behavior, leading to mutations in the progeny. Drought stress often leads to the accumulation of reactive oxygen species, enzyme inactivation, disrupted membrane structure, damaged ultrastructural cellular components, decreased pistil and pollen development, proline toxicity, hormonal imbalance, reduced photosynthesis, root branching, and root growth, cellular dehydration, decrease in water potential resulting in reduced cell growth, shoot growth, hampered cell expansion and cell wall synthesis, and salt deposition around stomatal openings causing their malfunction.

The aim of this study is to reduce the physiological problems caused by drought stress in the plant and to eliminate yield loss by using new generation biostimulant formulations to increase adaptation and help plants to recover from the stress damage of tomato (Solanum lycopersicum L.) seedlings under water deficit conditions.




2 Materials and methods

The study was carried out as a pot study under greenhouse conditions, and tomato (Solanum lycopersicum L. cv. H2274) was used as the plant material. Throughout the study, the relative humidity was 60-70%, and the temperature was 25 ± 2°C during the day and 18 ± 2°C at night. Tomato seeds were first planted in the peat: perlite (2:1, v:v) was mixed in multi-celled trays, then when the seedlings had 2-3 true leaves, they were transferred to 3 L pots (18 cm diameter and 15 cm high) as one seedling in each pot. The first irrigation for seedlings was performed at field capacity, and the next irrigations were calculated and performed according to the application level (100% and 50%). No fertilizer was applied to the developing seedlings. The pots were filled with the medium prepared with a mixture of soil: peat: sand (2: 1: 1, v: v: v).

A commercial biostimulant product (Microsense® Root) was kindly supplied by Humintech GmbH (Grevenbroich/Germany), and the contents were as follows: 1% Zn, %5 amino acid, % 5 humic substance, and microbial organisms (Azotobacter chroococcum, Azosprillium brasilense) 1x109 cfu ml-1.

Two days after the seedlings were transplanted into pots, biostimulant was applied in 4 L ha-1 (B1) and 6 L ha-1 (B2) doses as drench in pots. Tap water (B0) was used as the control. The applications were repeated three times with one-week intervals. Subsequent irrigations were continued with tap water (pH: 7.40; EC: 0.20 dS m-1).

The amount of water to be given before each irrigation was determined with a portable moisture meter (HH2, Delta-T Devices). The soil water content in each pot was measured before irrigation, and the water required (full irrigation; D0) was determined for the available pot moisture to reach the field capacity applied to the control application. In the water restriction application, the water amount was adjusted according to 50% (D1) of the D0 (100%) application.

The experiment was completed 45 d after transplanting. Shoots and roots were separated for further analysis. At the end of the study, shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, plant height, and stem diameter were measured. For dry weight measurements, the plant material was kept at 70°C for 48 h. To determine the content of proline, hormone, MDA, H2O2, and antioxidant enzyme activity, roughly 20 g of fresh leaves were frozen in liquid nitrogen and then stored at −80°C. Analyses were performed in quadruplicate.

Electrolyte leakage (EL): 10 leaf discs (10mm in diameter) from the young fully expanded leaves from two plants per replicate were placed in 50 mL glass vials and rinsed with distilled water to remove the electrolytes released during the leaf disc excision. Vials were then filled with 30 ml of distilled water and allowed to stand in the dark for 24 h at room temperature. The EC (EC1) of the bathing solution was determined at the end of the incubation period. Vials were heated in a temperature-controlled water bath at 95°C for 20 min and then cooled to room temperature, and the EC (EC2) was measured. Electrolyte leakage was calculated as a percentage of EC1/EC2 (Shi et al., 2006; Yildirim et al., 2021b).

Leaf relative water content (LRWC): the leaf discs (1 cm in diameter) were cut from randomly selected plants (5 discs for each replicate) and immediately weighed for fresh weight determination (FW). Then, the leaf discs were placed in distilled water for 5 hours to determine the turgor weights. Finally, the discs were oven dried at 72 °C for 48 hours and weighed for dry weight (DW) determination (Yildirim et al., 2021b). Tissue water content was calculated according to the following equation (Arora et al., 1998):

	

Chlorophyll reading values: The amount of chlorophyll was determined by the method defined by Lichtenthaler and Buschmann (2001). The equations below were used to calculate the amounts of chlorophyll a, chlorophyll b, and total chlorophyll in fresh weight (mg g-1) (Arnon, 1949; Wellburn, 1994). Where V is the extraction volume and W is the sample weight:

	

	

	

Leaf area: The total leaf area of a plant was determined by the leaf area meter (CI-202 Portable Laser Leaf Area Meter by CID Bio-Science, USA).

Lipid peroxidation (malondialdehyde-MDA): Lipid peroxidation was defined by the content of MDA. A 0.2 g sample of frozen leaves was grounded to a fine powder with liquid nitrogen and extracted with 3 ml of cold ethanol. The crude extract preparation was centrifuged at 12,000 g for 20 min. A mixture of trichloroacetic acid (TCA), thiobarbituric acid (TBA), butylated hydroxytoluene, and an aliquot of supernatant was heated, and the reaction was stopped quickly by placing the mixture in an ice bath. The cooled mixture was centrifuged, and the absorbance of the supernatant was measured at 400, 500, and 600 nm. Thiobarbituric acid-reactive substances were measured as MDA, a degraded product of the lipid. The concentration of MDA was determined from the absorbance by using an extinction coefficient of 155 mmol l−1 cm−1 (Shams et al., 2019).

Hydrogen peroxide (H2O2): H2O2 was determined according to Velikova et al. (2000). Leaf tissues (200 mg) were homogenized in 2 ml of 0.1% (w/v) TCA solution on ice. The homogenate was centrifuged at 12,000 g for 15 min, and 0.4 ml of the supernatant was added to 0.4 ml of 10 mmol l−1 potassium phosphate buffer, pH 7.0, and 0.8 ml of 1 mol l−1 KI. The absorbance of the supernatant was measured at 390 nm. The content of H2O2 was calculated by comparing with a standard calibration curve previously made using different concentrations of H2O2.

Proline: frozen leaf sample was powdered with liquid nitrogen and extracted with a mortar with sulfosalicylic acid in an ice bath. The homogenates were filtered with a filter paper. Supernatant was reacted with acid ninhydrin and glacial acetic acid in a test tube for 1 h at 100°C, and the reaction terminated in an ice bath. Proline concentration was determined spectrophotometrically at 520 nm (Bates et al., 1973).

CAT, POD, and SOD enzyme activities: Fresh leaf samples were homogenized in the extraction solution according to the method specified by Angelini et al. (1990) and Angelini and Federico (1989), and the obtained supernatant was used to determine enzyme activities. CAT activity was determined by the decrease in absorbance of H2O2 at 240 nm (Liu et al., 2014). POD activity of the samples was determined at 436 nm and SOD activity at 560 nm with method of Liu et al. (2014) by spectrophotometry.

Hormone analysis: Extraction and purification processes were performed as described by Battal and Tileklioglu (2001) and Kuraishi et al. (1991). Methanol (80%) at –40°C was added to the fresh samples, homogenized at 10 min (Ultra-Turrax, T-25, IKA GmbH &Co), and then incubated for 24 h in dark conditions. Following this, the samples were dried in 35°C and dissolved with 0.1 M KH2PO4 (pH 8.0). The hormones were determined by HPLC using a Zorbax Eclipse-AAA C-18 column (Agilent 1200 HPLC). Abscisic acid (ABA), cytokinin, gibberellic acid (GA), indole acetic acid (IAA), jasmonic acid, salicylic acid (SA), and zeatin were defined at 265 nm with a UV detector (Ekinci et al., 2014).

Mineral analysis, pH, organic matter (OM), and electrical conductivity (EC) of the soil were determined according to the methods of McLean (1983); Nelson and Sommers (1983), and Rhoades (1983).

Experiments were conducted with a randomized plots design: a total of 108 plants were used with three replications and 6 plants per repeat. The obtained data were subjected to variance analysis using the SPSS statistical program, and the difference between the means was determined by Duncan multiple range tests.




3 Results

To clarify the promoting impacts of biostimulants, Solanum lycopersicum plants grown in normal and water deficit conditions were treated with biostimulant containing microbial organisms that produce natural hormones such as auxin and gibberellin (Azotobacter chroococcum, Azosprillium brasilense (1x109 cfu/ml) combined with natural organic acid, amino acid, and fulvic acid solutions and applied at 4 L ha-1 and 6 L ha-1 doses. The effects of biostimulant and drought stress on the growth of the tomato seedlings are shown in Figure 1.




Figure 1 | Effect of drought stress and biostimulant applications on plant growth of tomato. B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.



The results from the analyzed data showed a significant impact from drought stress when using biostimulant on the studied plants. Under drought (B0D1), the shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, plant height, stem diameter, and leaf area decreased by 43%, 19%, 39%, 29%, 20%, 18%, and 50%, respectively, compared to the control (B0D0) (Figures 2, 3). In addition, 21%, 16%, 21%, and 17% reductions occurred in LRWC, Chl a, Chl b, and total chlorophyll contents under drought, respectively (Figures 3, 4). It was detected that although drought stress caused a considerable effect on plant growth, LRWC, Chl a, Chl b, and total chlorophyll, application of biostimulant mitigated its destructive influences significantly. In both B1D1 and B2D1 applications, the decrease of drought stress on these parameters was less compared to B0D1 application. In D1 conditions, the plant morphological growth parameters increased with the B1 and B2 applications compared to B0D1 (Figures 2–4).




Figure 2 | Effect of drought stress and biostimulant applications on shoot fresh weight, root fresh weight, shoot dry weight, and root dry weight of tomato seedlings. The difference between the means indicated by different letters on the bars is statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.






Figure 3 | Effect of drought stress and biostimulant applications on plant height, stem diameter, leaf area, chlorophyll a, chlorophyll b, and total chlorophyll of tomato seedlings. The difference between the means indicated by different letters on the bars is statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.






Figure 4 | Effect of drought stress and biostimulant applications on leaf relative water content (LRWC) and membrane permeability (MP) of tomato seedlings. The difference between the means indicated by different letters in the same line is statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.



Growing tomato plants in drought-stressed soil stimulated a salient rise in the ROS (H2O2) levels (Figure 5), which catalyzed leakage of ions (MP) (Figure 4) and levels of peroxidation of lipids (evaluated as malondialdehyde (MDA) content). Biostimulant treatments were almost equally effective on these parameters (Figure 5). The contents of H2O2 and MDA were also lessened saliently with B1 and B2. In B1D1 and B2D2 applications, H2O2 content was 36% and 46% lower, and MDA content was 47 and 48% lower, respectively, compared to B0D1 application. Drought stress almost doubled the amount of proline of the tomato seedlings. However, biostimulant treatments lowered the proline content of the tomato seedlings under drought stress conditions (Figure 5). Water-restricted conditions resulted in increased antioxidant activity (82%, 50%, and 38% rising in CAT, POD, and SOD, respectively) in the tomato seedlings. Biostimulant-treated tomato seedlings were found to have less CAT, POD, and SOD activity under drought stress but still slightly greater than D0 treatment (Figure 6).




Figure 5 | Effect of drought stress and biostimulant applications on H2O2, MDA, and proline content of tomato seedlings. The difference between the means indicated by different letters on the bars is statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.






Figure 6 | Effect of drought stress and biostimulant applications on CAT, POD, and SOD enzyme activity of tomato seedlings. The difference between the means indicated by different letters on the bars is statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha-1 biostimulant, B2: 6 L ha-1 biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.



The biostimulant application affected the hormone content of the tomato seedlings under both non-drought and drought conditions. Water deficit conditions caused a decrease in the IAA, GA, SA, cytokine, zeatin, and jasmonic acid content of the tomato seedlings by a ratio of 83%, 93%, 82%, 89%, 50%, and 57% compared to the control, respectively. Biostimulant applications exerted statistically significant effects on these hormone contents. In D1 conditions, B2 in terms of IAA, SA, cytokine, and jasmonic acid and B1 application in terms of GA and zeatin gave better results. Drought-stressed tomato seedlings had more ABA content than the non-stressed ones, while B1 and B2 applications decreased ABA content in both drought and normal conditions (Table 1).


Table 1 | Effect of drought stress and biostimulant applications on plant hormone content of tomato seedlings.



Lower irrigation level decreased the soil organic matter and S, Mg, Na, and Zn content (by a ratio of 8%, 14%, 19%, and 38%, respectively), but it did not affect the pH, EC, P, K, Ca, B, Cu, and Mn content. Biostimulant applications at different doses exerted significant effects on some properties of the soil used in the study except for pH and Mn content (Table 2). B1 and B2 treatments enhanced OM content of the soil in both water stress (increase of 19% and 16%, respectively) and normal conditions (increase of 50% and 32%, respectively), of which the most effective was B1. Similarly, the total N and P content of the soil was higher in biostimulant applications than the control. In normal or drought soil, supplying tomato plants with biostimulant catalyzed a salient increase in P and K. K content was the highest in B1D0 (58% increase compared to B0D0) followed by B2D0. B1D0, B2D0, and B2D1 elevated the S content of the soil in both drought (39% increase compared to B0D0) and normal (41% increase compared to B0D0) conditions. Compared with the control, the tomato seedlings treated with the biostimulant had increased contents of Ca and Mg by a ratio of 71% and 51%, respectively.


Table 2 | Effect of drought stress and biostimulant applications on some chemical properties of rhizosphere soil of tomato seedlings.






4 Discussion

Drought is one of the leading factors that cause serious yield losses in agricultural production (Wahab et al., 2022). The duration of a water shortage is critical to plant growth and thus the crop yield. In the first periods of drought conditions, root development is triggered in order to reach more water while stem elongation is slowed down. If water-deficient conditions prolong, both stem and root development stop, the leaf area and number of leaves decrease, and leaves may turn yellow and fall off. Our study showed that biostimulant application decreased the shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, plant height, stem diameter and leaf area by 43%, 19%, 39%, 29%, 20%, 18% and 50%, respectively, compared to the control (B0D0) (Figures 2, 3). In addition, 21%, 16%, 21%, and 17% reductions occurred in the LRWC, Chl a, Chl b, and total chlorophyll contents under drought, respectively (Figures 3, 4).

When the B1D0 application was compared with the B0D0 application, an increase of 18%, 21%, 15%, 12%, 7%, and 2% occurred in the shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, stem diameter, and leaf area, respectively. Similar to the results of previous studies (Hao et al., 2019; Liang et al., 2020; Nephali et al., 2020; Lamin-Samu et al., 2021; Ors et al., 2021; Gedeon et al., 2022), our findings showed that water deficit conditions negatively affected the growth of tomato seedlings (Figures 1, 2). The decrease in the plant growth resulted from the cessation of cell division and expansion of cells in shoot and root meristems, reduction in chlorophyll content, degradation of chloroplast structure, reduction in electron transport rate (ETR), downregulation of photosynthesis rate, degradation of D1 protein, and decrease in quantum yield of photosystem II and efficiency due to the decrease in the rate of photosynthesis as a result of water deficiency (Anjum et al., 2011a; Wang et al., 2019; Yang et al., 2019; Nagamalla et al., 2021; Zhang et al., 2021).

Biostimulants play an important role in “Induced Systemic Tolerance” (IST), which involves the physical and chemical changes that provide tolerance to abiotic stresses in plants (Bulgari et al., 2019; Turan et al., 2021). Under drought stress, the plant with damaged physiology alters its water relation to maintain cellular functions and accumulates a range of osmotically active molecules/ions including soluble sugars, sugar alcohols, and amino acids (Chen et al., 2020; Ozturk et al., 2021). The tolerance against drought stress and water use efficiency could be improved by using biostimulants such as PGPR, fulvic acid, and amino acids. Earlier studies reported that biostimulants containing PGPR improve plant growth in arid or semi-arid conditions (Heidari and Golpayegani, 2012; Gururani et al., 2013), which might be explained by root development in plants due to IAA and GA production by bacteria (Sahin et al., 2015; Ekinci et al., 2021). Fulvic acids were also shown to increase plant growth by improving photosynthesis, respiration rate, intercellular CO2 concentration, and proline content with and without drought conditions (Anjum et al., 2011b; Wang et al., 2023). Amino acids play a supportive role in the resistance and defense mechanisms of plants against abiotic stress factors and oxidative conditions. Glycine, betaine, and proline are known to remove ROS and stimulate stress-related genes (Abdelaal et al., 2021; Kayak et al., 2023). Proline and some other osmoprotectants contribute to the regulation of many vital processes, such as protein and enzyme stabilization, storage of metabolic energy, osmoregulation, osmoprotection, and signal transduction, in plants under some abiotic stress conditions such as drought (Zulfiqar et al., 2020; Zulfiqar and Ashraf, 2022). Lee et al. (2006) stated that arginine is effective in N storage and transport under biotic and abiotic stress conditions. With glutamate applications, primary root development slows down, and root branching increases, since glutamate plays a signaling role in plants for the roots to develop into parts of the soil where nutrients are more available (Walch-Liu et al., 2006a; Walch-Liu et al., 2006b; Forde and Lea, 2007).

The decrease in the chlorophyll content of tomato plants that are subjected to drought stress (Figure 3) might be explained by the activity of chlorophyllase (chl-degrading enzyme) and the inhibition of chlorophyll biosynthesis after increased production of ethylene due to formation of ROS such as singlet oxygen, superoxide anion, and H2O2 (Sachdev et al., 2021). As can be seen in Figure 5, drought stress increased H2O2 and MDA content due to the decrease in the photosynthesis rate.

As predicted, drought caused a reduction in the LRWC of the tomato seedlings (Figure 4) since the first response to water stress is to decrease the tissue water content. In particular, drought stress has been reported to reduce the leaf water potential (Tuver et al., 2022). Both ionic imbalance and osmotic stress under drought stress could be linked to the reduction in water content (RWC) (Rady et al., 2021). As expected, the MP of the plant was found to increase with drought stress. The MP values were the lowest under well-watered conditions and significantly increased under water deficiency (Figure 4). The major metabolic damage caused by drought stress was reported as the membrane damage resulting in increased lipid peroxidation (Liang et al., 2020). The production of ROS is an obvious consequence of abiotic stresses and is gaining importance, not only because of their ubiquity in plants and their subsequent deleterious effects but also for their diversified roles in the signal chain influencing other biomolecules, hormones involved in growth, development, or stress regulation (Hasanuzzaman et al., 2020). Biostimulant amendment to soil enhanced chlorophyll content while it reduced H2O2 and MDA content and MP (Figures 4, 5). The biostimulant used in this study directly and positively influenced the plant response to drought, with a persisting effect until the end of the water-deficient conditions. The biostimulant-treated plants were able to use the scarce water resource more efficiently.

Figure 5 shows that proline content increased in plants subjected to drought stress. Proline acts as an osmoprotectant and directly stabilizes proteins, membranes, and other subcellular structures, scavenges free radicals, and balances the cell redox status under stress conditions (Abdelaal et al., 2022). Drought changes the plant cell turgor pressure (i.e., the amount of water potential), and thus osmotic balancing is crucial to ensure that plant cells are least affected by water stress.

The activity of CAT, POD, and SOD increased with water deficiency (Figure 6). Previous studies also reported increased antioxidant enzyme (SOD, CAT, and POD) activities in tomato (Solanum lycopersicum L.) under drought (Yuan et al., 2016; Hao et al., 2019; Liang et al., 2020). Antioxidant enzyme activity plays an important role in increasing tolerance to drought stress in plants. This can be achieved by reducing the negative effects of free radicals, which increase especially under stress conditions. Reduction of reactive oxygen compounds formed during drought stress and prevention of their accumulation are important factors in the struggle of plants with stress conditions. In the fight against oxidative stress caused by the accumulation of reactive oxygen compounds, plants use enzymatic (SOD, POD, CAT, and APX) or non-enzymatic (glutathione, ascorbate, tocopherols, and carotenoids) antioxidant molecules. While the main task of non-enzymatic antioxidant molecules is to protect photosynthetic membranes, enzymatic antioxidant molecules prevent their accumulation by reducing reactive oxygen compounds (Impa et al., 2012). Biostimulant treatments in water deficit conditions modulate the antioxidant enzyme activities compared with stressed untreated plants. Protein–protein interactions of antioxidant enzymes represent an important part of the machinery of ROS regulation. Through protein–protein interactions, these enzymes are regulated by folding, stabilization, degradation, and activation, which have crucial consequences in ROS accumulation and plant stress tolerance. On the other hand, protein–protein interactions may link ROS scavenging with diverse metabolic and physiological processes (Mittler et al., 2022).

These impacts on stressed plants were confirmed by Turan et al. (2021). Biostimulants might have reduced the negative effects of drought stress on the tomato seedlings by improving soil structure and enhancing organic matter with humic and fulvic substances. Drought stress led to damage to the plant physiology with oxidative stress induction by generating ROS such as hydroxyl radicals, singlet oxygen and H2O2, membrane damage, and altered antioxidant enzymatic activity, leading to the loss of membrane integrity and damage to the ATP synthase. Moreover, biostimulant applications lowered CAT, POD, and SOD activity of the tomato seedlings under water deficit conditions (Figure 6), which is also in agreement with previous studies (Vasconcelos et al., 2009; Kałużewicz et al., 2017; Rady et al., 2020; Agliassa et al., 2021; Rai-Kalal et al., 2021).

Lower irrigation levels caused a reduction in IAA, GA, and SA content but increased ABA content (Table 1). Under drought stress, there is a decrease in the stomatal openings in leaves (Decoteau, 2000), which is associated with a decrease in the level of intrinsic cytokinins and an increase in the level of ABA. In an earlier study, ABA levels were found to increase, while auxin, gibberellin, and cytokinin levels decreased in corn plant (Zea maize) grown in arid conditions, and this could be reversed with biostimulant applications. This might be explained by the antagonistic relationship due to the common biosynthetic origin of cytokinins with ABA. In plants exposed to drought stress, the amount of ABA increases in stomatal cells; as a result, water-insoluble starch is formed, and K ion decreases (Nelissen et al., 2018). Drought stress also affects the production of the endogenous level of hormones, such as ABA, jasmonic acid (JA), ethylene, GA, auxins, SA, and cytokinins (Ullah et al., 2018). ABA synthesis is one of the fastest responses of plants to drought stress causing stomatal closure. In addition, SA is involved in the regulation of drought responses, enhancing antioxidant enzymatic activities together with other physio-biochemical traits (Liu et al., 2022). In our experiment, while endogenous ABA levels in stressed plants increased, jasmonic acid decreased compared to the control plants (Table 1). The active derivative of jasmonic acid, also known as jasmonates, has an important role in controlling the response to various biotic and abiotic stresses (Ullah et al., 2018). Mia et al. (2012) suggested that growth-promoting effects of PGPR on plants could be attributed to the production of hormones. The present research shows that biostimulant treatment elevated the IAA, GA, SA, cytokinine, zeatin, and jasmonic acid content under lower irrigation levels, which shows its particular ability to stimulate plant growth under abiotic stress conditions. The PGPR strains used in this study might have affected the root hormone concentrations by producing plant hormones in the rhizosphere, which were then absorbed by the root (Turan et al., 2014; Arkhipova et al., 2020). In mung beans (Vigna radiata) exposed to water stress, it has been reported that the IAA level increased with the application of drought-tolerant Pseudomonas aeruginosa GGRJ21 (Sarma and Saikia, 2014). PGPR administration can be effective in the formation of a tolerance mechanism developed with stress by increasing cytokinin and IAA levels (Kudoyarova et al., 2019).

The findings of the study showed that lower irrigation level caused a decrease in S, Mg, Na, and Zn but did not statistically affect the pH, EC, total N, K, Ca, B, Cu, Fe, and Mn content of the experiment soil (Table 2). Decreases in nutrient uptake during drought occur due to reduced mineralization, nutrient diffusion, and mass flow in the soil. Drought also decreases nutrient uptake by affecting the kinetics of nutrient uptake by the roots (Martinez et al., 2020).

Furthermore, biostimulant applications increased OM and total N, P, K, S, Ca, Mg, and Fe content under both normal and drought conditions (Table 2). They also stimulated the working of microorganisms as activators, non-symbiotic N fixation, enzyme increase in plant nutrient solubility, siderophore production, solubility of mineral nutrients of the soil, and increase of the nutrient uptake and production of volatile organic compounds. In addition to their role in N fixation of the aforementioned bacteria, they also have been shown to synthesize vitamins such as thiamine and riboflavin and hormones such as auxin, gibberellin, and cytokinin (Abd El-Fattah et al., 2013). It has been reported by different researchers that bacteria convert P in the soil into receivable forms. The mechanisms most used by microorganisms to dissolve P are the production of organic acids (Goldstein, 1995; Basu et al., 2021) and production of phosphatases (Rodríguez et al., 2006; Turan et al., 2021; Da Silva et al., 2023).

These effects of biostimulant applications on the soil are also due to the humic and fulvic acids it contains. Fulvic acids can adsorb more cations by having a higher cation exchange capacity than humic acids due to their higher content of carboxyl groups (Bocanegra et al., 2006). Due to their small molecular size, fulvic acids can pass through biological membranes. Fulvic acids have positive effects on the availability and transport of Fe and other microelements due to both their chelating properties and their ability to pass through cell membranes (Bocanegra et al., 2006; Turan et al., 2022). Fulvic acids also have positive effects on root growth (Lulakis and Petsas, 1995; Dobbss et al., 2007). In addition, positive effects of fulvic acid applications on root organs have been observed.

Humic substances increase the cation exchange capacity (CEC) of soils and increase soil fertility. Humic acids contribute to plant growth and development by improving the structure of the soil. Humic acids slow down the evaporation of water in the soil. This is especially important for increasing the water-holding capacity of soils with little or no clay. Since humic and fulvic acids have colloidal properties, they increase aggregate formation by binding sand, silt, and clay fractions and improve soil structure. Humic acids stay in the soil for a long time and are gradually broken down over time. In addition to the positive effect of humic substances on soil properties, it also directly contributes to the plant with the plant nutrients released at the end of mineralization (Ampong et al., 2022).




5 Conclusions

To improve abiotic stress tolerance, the roles of biostimulants have been investigated in various plant species by different studies. Our findings showed that the application of biostimulants is a promising strategy to alleviate the negative impacts of drought stress on the growth of tomato seedlings under drought condition. It is thought that with the biostimulant formulations used in the study, the physiological problems caused by drought stress in the plant and the consequent yield losses can be reduced. In order to determine this more clearly, it would be beneficial to take this study one step further and move on to fruit yield.
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Terminal heat stress has become one of the major threats due to global climate change which is significantly affecting the production and productivity of wheat crop. Therefore, it is necessary to identify key traits and genotypes to breed heat-tolerant wheat. The present study was undertaken with the objective of comparing the effects of heat stress (HSE) and extended heat stress (EHSE) on phenological-physio-biochemical traits of contrasting heat-tolerant and heat-susceptible genotypes during the reproductive phase. Phenological traits exhibited significant reduction under EHSE compared to HSE. Heat-tolerant genotypes maintained balanced phenological-physio-biochemical traits, while heat-sensitive genotypes showed significant reductions under both stress regimes. Among phenological traits, DM (R2 = 0.52) and BY (R2 = 0.44) have shown a positive effect on seed yield, indicating that biomass and crop duration contributed to the yield advantage under stress. During the grain filling stage, both the normalized difference vegetation index (NDVI) and chlorophyll (Chl) exhibited consistently  positive impacts on grain yield under both HSE and EHSE conditions. This could be attributed to the enhanced photosynthesis resulting from delayed senescence and improved assimilate remobilization under terminal heat stress. The biochemical activity of superoxide dismutase (SOD), peroxidase (POX), and ascorbate peroxidase (APX) was induced in tolerant genotypes under HSE. The correlation of canopy temperature with phenological-physio-biochemical traits remained static under HSE and EHSE, suggesting CT as the best selection parameter for heat tolerance. The traits showing a positive association with yield and that are less affected under stress could be used for selecting tolerant genotypes under stress environments. These tolerant genotypes can be used to develop mapping populations to decipher the genes conferring tolerance as well as to study the molecular basis of tolerance.
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Introduction

As the world population is growing at an exponential rate, meeting the growing demand for wheat products necessitates more concentrated efforts to improve the production and productivity of wheat in a changing climate scenario. As per the global climate models, the mean ambient temperature is predicted to increase by 1.5°C within the next two decades (Masson-Delmotte et al., 2021), and the crop plants will be exposed to heat stress. Wheat is one of the most important cereal crops cultivated throughout the world in terms of area planted and makes a significant contribution to global cereal production (28%) and trade (41.5%) (FAO, 2020). Despite being the world’s second-largest producer of wheat, India’s average productivity is only 2770 kg per hectare, compared to China’s 3885 kg and the UK, the Netherlands, and other NW European nations’ 8043 kg. Higher temperatures, especially during grain filling, shorter crop duration, and a shorter grain filling period are to blame for India’s decreased yield (Mitra and Bhatia, 2008). Continual heat stress (average daily temperature over 17.5°C in the season’s coldest month) affects approximately 7 million ha of wheat in developing countries, while terminal heat stress is a problem in 40% of temperate environments, which cover 36 million hectares (Reynolds et al., 2010). The wheat crop is crucial to the food security of India, and there is a continuous need to enhance the productivity of wheat to meet the food requirements of a fast-growing population (Singh et al., 2012). It has been shown that the 0.4°C increase in global temperature between 1980 and 2000 had a negative effect on wheat productivity (Lobell and Field, 2007). At present, most cereal breeding programs generally deal with limited variability or germplasm to breed new wheat varieties, leading to narrow genetic diversity. This necessitates rethinking and redesigning the breeding strategy to channel newer diversity to breed genotypes with higher productivity and better tolerance to stresses posed by changing climate. The evaluation and identification of germplasm at hot spot locations or by creating artificial stress environments is required. Also, the identification of key traits that contribute more towards tolerance could be useful in selecting desirable genotypes. In India, heat stress is affecting the wheat crop more than other abiotic stresses to which it is exposed (Joshi et al., 2007). Like other C3 species, wheat (Triticum aestivum L.) is not physiologically suited to thrive in hot environments, particularly at the grain filling stage. According to Lawlor and Mitchell (2000), an increase of 1°C in temperature during grain filling reduces the harvest index and grain yield of wheat by a proportionate amount and shortens this period by 5%. The impacts of heat stress on reducing photosynthesis, affecting respiration, inactivating enzymes, and rupturing membranes can significantly reduce biomass production (Djanaguiraman et al., 2018; Djanaguiraman et al., 2020). In the Southern Plains, where high temperatures are frequent during crucial developmental stages, the negative effects of heat stress on plant productivity are particularly obvious in winter wheat during seedling establishment (late summer) and grain-filling stages (late spring) (Singh et al., 2012). However, heat stress-induced severity depends on the duration and intensity of stress as well as on genotypes (Kumar et al., 2022). Therefore, it is important to focus on maintaining wheat yields by identifying genotypes that are tolerant to heat stress and promoting breeding techniques and management methods that can protect the wheat output from heat stress (Posch et al., 2019). Practical ramifications of a better understanding of the morpho-physio-biochemical characteristics linked to heat stress tolerance include the identification of different tolerance mechanisms and their application in alleviation treatments (Langridge and Reynolds, 2021; Rehman et al., 2021). Wardlaw and Wrigley (1994) discovered that yield reductions are linked to two types of temperature stress in wheat. The first type is chronic heat stress, characterized by high temperatures throughout the growth cycle, with a mean temperature ranging from 18°C to 25°C and maximum daytime temperatures reaching up to 32°C during grain filling. The second type is heat shock, which occurs when temperatures exceeding 32°C occur during the mid- or late-reproductive stages of wheat, including grain filling. In a study conducted by Wardlaw et al. (2002), contrasting effects of chronic heat stress and heat shock on kernel weight and flour quality in wheat were observed. Heat stress during anthesis results in decreased pollen viability and seed set (Saini and Westgate, 1999; Dolferus et al., 2011; Khan et al., 2022). When stress occurs during grain filling, it leads to diminished starch and protein accumulation (Bhullar and Jenner, 1985; Zahedi et al., 2003), hastened plant development, premature leaf senescence, and reduced photosynthetic rate and capacity (Stone and Nicolas, 1995; Tewolde et al., 2006). Ultimately, these effects culminate in smaller grain size (Wardlaw and Wrigley, 1994; Stone and Nicolas, 1995; Sharma et al., 2008; Talukder et al., 2014) and lower grain yield (Tewolde et al., 2006; Talukder et al., 2014; Kumar et al., 2021; Kumar et al., 2023a). Plants employ various major adaptive mechanisms to develop thermotolerance. These mechanisms involve the increased production of thermo-protectants like secondary metabolites, compatible solutes, ROS scavenging mechanisms, and heat shock proteins (HSPs) (Nakamoto and Hiyama, 1999; Sakamoto and Murata, 2002; Wahid et al., 2007; Mittler et al., 2012). Under severe heat stress, the generation of reactive oxygen species (ROS) as a by-product of aerobic metabolism can have detrimental effects on cellular metabolism, such as lipid membrane peroxidation and damage to nucleic acids and proteins (Bita and Gerats, 2013). To counteract this, plants activate enzymatic and non-enzymatic ROS scavenging systems. The primary ROS-scavenging enzymes include superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX), and glutathione reductase (GR), while non-enzymatic systems involve ascorbic acid (ASC) and glutathione (GSH) (Suzuki et al., 2012). Maintaining elevated levels of these antioxidants is crucial for enhancing thermotolerance in plants (Awasthi et al., 2014). However, owing to the complex nature of thermotolerance, it demands a multidisciplinary, holistic approach integrating the outcomes of biochemical, physiological, breeding, and agronomic interventions to sustain wheat production under current and future changing climates (Yadav et al., 2022). In the literature, most of the heat tolerance studies in wheat are undertaken on large germplasm, and that too focused either on morphological or physiological traits. Enhanced activity of biochemical traits like superoxide dismutase (SOD), peroxidase (POX), and ascorbate peroxidase (APX) is also important in providing tolerance under stress environments. Therefore, the present study was undertaken to (1) assess the differences in the performance of tolerant and heat sensitive genotypes under heat and extended heat stress on yield-contributing biochemical and physiological traits; (2) to identify key traits that could be useful in selecting and breeding wheat for heat tolerance.





Materials and methods

The present investigation was conducted at the Experimental Research Farm of the Department of Genetics and Plant Breeding, BUAT, Banda (25.5269°N Latitude and 80.3418°E Longitude). The present investigation was undertaken with the objective of studying the effects of short- to long-duration terminal heat stress on wheat by exposing plants to heat stress conditions through delayed sowing.




Plant material

The experimental material was identified based on the phenotypic screening of 123 bread wheat cultivars under open field conditions during rabi season 2020-21 at BUAT-Banda. Out of 123 cultivars, eight contrasting wheat cultivars viz., four heat tolerant (DBW 150, WH 730, AKAW 2862-1, and Halna) and four heat sensitive (K 1006, PBW 550, WH 1105, and HD 2967) cultivars were identified based on Heat Tolerance Index (HTI), Heat Susceptibility Index (HSI), Canopy Temperature (CT), Capacity for Grain Filling (KWR %) and Yield Stability Index (YSI). All of these genotypes were of the spring type and were collected from ICAR- Indian Institute of Wheat and Barley Research, Karnal (India). These eight contrasting cultivars were evaluated to study the effect of heat stress on different phenological, physiological, and biochemical traits in bread wheat during crop season 2021-22.





Field growing conditions

The weather in Banda is characterized by high temperatures, frequent droughts, and unpredictable precipitation, with an average annual rainfall of 850 mm. The climatic conditions in this region make it an ideal location for conducting terminal heat stress screening for cool-season crops, such as wheat. The data on weather parameters was obtained from the Meteorological Observatory Unit (MOU) at the BUAT campus. The annual rainfall (mm), maximum, minimum temperature, and relative humidity during the entire crop growth period are presented in Figure 1.




Figure 1 | Weather data on rainfall (mm), humidity, and temperature during the 2021-22 crop season.



The experimental material was planted in a two-row plot measuring 2 m in length, with two replications following a randomized complete block design. The distance between plants and rows was maintained at 10 cm and 25 cm, allowing for approximately 40 plants in each plot (per genotype). Experiments were conducted in three different environments, as described below:

	I. Optimum environment (OE): The crop was sown in the first week of November.

	II. Heat stress environment (HSE): The crop was sown in the second week of December.

	III. Extended heat stress environment (EHSE): The crop was sown in the first week of January.



Both the OE and HSE experiments were irrigated five times to avoid the effect of drought on the test material. The EHSE experiment was irrigated every 8-10 days to avoid the confounding effects of heat and drought stress. The recommended practice packages for this region in terms of fertilization, weeding, and crop protection were adopted to grow healthy wheat crops.





Data collection

A total of 21 traits such as phenological, physiological, and biochemical traits were recorded in each contrasting cultivar, as mentioned below.





Phenological traits

Data on 10 important phenological traits were recorded in all three environments. The traits included 50% flowering (FLW), days to maturity (DM), plant height (PH in cm), number of tillers per plant (NT), spike length (SL in cm), spikelet/spike (SS), grain number/spike (GS), test kernel weight (TKW in g), biological yield (BY), and seed yield (SY). The FLW and DM were recorded on a plot basis when 50% of the plants reached heading and when the whole plot crop reached physiological maturity. PH, NT, SL, SS, and GS were measured on five randomly selected plants, and average values were taken for further analysis. The BY and SY were recorded in kg per plot for each genotype, while the TKW was estimated by counting 100 seeds in grams (g).





Physiological traits

Data on four relevant physiological traits, viz., canopy temperature (CT), normalized difference vegetation index (NDVI), chlorophyll content index (CCI), and chlorophyll concentration in µmol m2 (Chl), were recorded at the heading and grain filling stages of the crop (Pask et al., 2012).





Canopy temperature °C

The canopy temperature of the plot was measured using a portable infrared radiometer (Apogee, MI-210) at the heading and mid-grain filling stages. The readings were recorded between 11:00 and 14:00, when plants were exposed to the highest temperatures. The five CT readings from each plot were recorded, and the mean values were used for analysis.





Normalized difference vegetation index

The NDVI was measured using a portable infrared radiometer (Apogee, AT-100) at the heading and grain filling stages for each plot. The readings were measured under bright, sunny, and clear skies. The five observations from each plot were recorded for 20 seconds and the mean values were used for analysis.





Chlorophyll content

The chlorophyll content index (CCI) and the chlorophyll concentration in µmol m2 (Chl) of the middle part of the flag leaf were measured using a chlorophyll concentration meter (Apogee, MC-100) at the mid grain-filling stage. The three readings were taken from plant leaves, and five plants were selected from one plot and connected directly to the data logger. The average values of each of the 15 samples were used for data analysis.





Biochemical parameters

Leaf samples were collected at 15 DAA (days after anthesis) and subjected to biochemical studies.





Extraction and estimation of antioxidant enzymes

All enzymes were extracted in triplicate (replication-wise) with appropriate extraction buffers at 4°C and assayed at 37°C. Glutathione reductase (GR) and SOD were extracted by homogenizing the samples in 0.1 M phosphate buffer (pH 7.5) containing 1% polyvinylpyrrolidone (PVP), 1 mM EDTA, and 10 mM β-mercaptoethanol using a pre-chilled pestle and mortar. CAT and APX were extracted with 0.05 M phosphate buffer (pH 7.5) containing 1% PVP (Kaur et al., 2008). After centrifugation of the homogenates at 10,000g for 20 min, the supernatant was used for the assay.

The activity of SOD was determined by adding 100 mM Tris HCl buffer (pH 8.2), 6 mM EDTA, and 6 mM pyrogallol solution to the enzyme extract as described by Marklund and Marklund (1974), with partial modifications in the concentrations of the components (Singh et al., 2023). The change in absorbance was recorded at 420 nm after an interval of 30 sec up to 3 min. One unit of enzyme activity was defined as the amount of enzyme that caused 50% inhibition of the auto-oxidation of pyrogallol observed in the blank in one minute in one gram of fresh tissue.

GR activity was assayed by adding 200 mM potassium phosphate buffer (pH 7.5), 1.5 mM MgCl2, 0.2 mM EDTA, and 0.025 mM NADPH to the enzyme extract, followed by 0.25 mM oxidized glutathione in the reaction mixture (Esterbauer and Grill, 1978). Partial modifications of the original method included the use of phosphate buffer (0.2M, pH 7.5) instead of Tris-HCl (0.1 M, pH 7.4) and modified concentrations of the other assay components to achieve better results (Kaur et al., 2023). The decrease in absorbance at 340 nm was recorded after an interval of 30 sec up to 3 min. One unit of GR activity was expressed as nmoles of NADP+ formed min-1g-1 of FW and was calculated using €NADPH of 6.22 mM-1 cm-1.

The assay mixture of APX included 50 mM sodium phosphate buffer (pH 7.0), 0.5 mM ascorbic acid in enzyme extract, and H2O2 solution (Nakano and Asada, 1987). Absorbance was recorded at 290 nm in a spectrophotometer after an interval of 30 sec up to 3 min. The molar extinction coefficient of monodehydroascorbic acid (MDAA) was 2.8 mM-1cm-1 and the enzyme activity was expressed as nmoles of MDAA formed min-1g-1 of FW.

CAT activity was determined by preparing a reaction mixture containing 50 mM sodium phosphate buffer (pH 7.5) and enzyme extract. The reaction was initiated by the addition of H2O2 solution: its consumption was recorded at 240 nm for 3 min at 30-sec intervals (Chance and Maehly, 1955). The extinction coefficient for H2O2 was 0.0394 mM-1cm-1. Enzyme activity was expressed as μmoles of H2O2 decomposed min-1g-1 of FW.





Extraction and estimation of proline

The method by Bates et al. (1973) was used to measure the amount of proline. Extraction was performed in a sulfosalicylic acid solution (3% w/v), followed by centrifugation at 6000 g for 15 min. The assay mixture included an acid-ninhydrin solution and glacial acetic acid in addition to the extract. The reaction mixture was boiled at 100°C for 1 h, followed by the addition of toluene. The toluene-containing chromophore was aspirated from the aqueous phase, and the absorbance was read at 520 nm and measured in a spectrophotometer. Proline content was calculated using the standard curve and expressed as mg g−1 FW.





Statistical analysis

The combined analysis of variance for all pheno-physiological and biochemical traits was computed using the STAR, I (2014). The genotypes, treatments, their interactions, standard errors, and least significant difference (LSD) test along with Tukey’s Honest Significant Difference (HSD) test, were performed. Correlation analysis was performed for each environment and combined using the corr_plot function of the “metan” package (Olivoto and Lúcio, 2020) in R software. The linear regression analysis and scatter plot of SY taken as a dependent variable with all traits considered independent variables were performed using tidyverse, coherent rstatix (Wickham et al., 2019), and ggplot2 (Wickham, 2016) packages in R software.






Results

The analysis of variance showed a significant effect of genotypes, environments, and genotype x environment interaction, indicating that the expression of genotypes changed in different environments for all the measured traits (Table 1). The comparative analysis of cultivar performance under different environments demonstrated a high impact of heat stress on all the traits studied.


Table 1 | Analysis of variance for phenological-physio-biochemical traits in contrasting heat-tolerant and heat-susceptible wheat cultivars used in the study.






Phenological traits

There were significant effects of a gradual increase in temperature observed in each genotype for all phenological traits (Figure 2).




Figure 2 | Phenological traits (A) FLW (B) DM (C) PH (D) NT (E) SL (F) SS (G) GS (H) TKW (I) BY and (J) SY under optimum environment, heat stress environment (HSE) and extended heat stress environment (EHSE). Letters a, b, c, d and e on bar indicates significant differences between variety-temperature combinations based on Tukey’s HSD test. Means with the same letter are non-significant.



i. Days to 50% flowering (FLW): The average FLW under OE was 81 days, 66 days in HSE, and 58 days in EHSE (Figure 2A, Table 2). The FLW ranged from 63 to 91 days in OE, 54-72 days in HSE, and 48-62 days in EHSE. Halna was the earliest parental line among 64 days in OE, 55 days in HSE, and 49 days in EHSE. The HD 2967 was the last and took the maximum amount of time to head into each environment. The FLW showed an 18% reduction in HSE and a 28% reduction in time in EHSE as compared to the FLW in OE (Supplementary Material, Table A1).


Table 2 | Descriptive statistics of 21 phenological, physiological, and biochemical traits recorded in the contrasting varieties under optimum, heat stress and extended heat stress environments.



ii. Days to maturity (DM): The duration of crop maturity is an important factor to avoiding terminal heat stress. The average DM in the heat-tolerant and heat-susceptible parents was 131 and 139 days, respectively, under optimum environment (OE) (Table 2). The average maturity duration was reduced to about 25 days (18%) under HSE and EHSE (36%) in heat-tolerant and heat-susceptible parents (Figure 2B; Supplementary Material, Table A2). The crop cycle was drastically shortened, leading to forced maturity in EHSE as compared to OE. Parent HD2967 took the maximum amount of time to reach maturity and was of longer duration in all environments.

iii. Plant Height (HT): Plant height was significantly reduced, to about 36% under EHSE as compared to OE. Plant height showed less reduction (4%) under HSE as compared to OE (Figure 2C; Supplementary Material, Table A3). Halna was the shortest line and remained unaffected in all conditions, and WH730 was the tallest genotype in all environments.

iv. Number of Tillers/Plant (NT): TN ranged from 9-19 under OE, 7-12 under HSE, and 6-10 under EHSE. The average number of tillers per plant was high in heat-susceptible parents (15) as compared to heat-tolerant parents (11) under OE (Figure 2D). The number of tillers per plant showed a reduction of 39% under EHSE (Supplementary Material, Table A4). A maximum reduction of 38% and 62% was observed in HD 2967 under HSE and EHSE, respectively.

v. Spike length (SL): Spike length ranged from 9.0-13.67 under OE, 8.67-13.0 under HSE, and 7-12 under EHSE (Figure 2E; Table 2). Spike length was drastically reduced under EHSE, and the maximum reduction (15.56%) was observed under EHSE. Spike length was more affected in HD2967.

vi. Number of spikelets/spike (SS): The number of spikelets/spike was not significantly affected by temperature stress. The average number of spikelets per spike was 21 in OE, 20 in HSE, and 18 in EHSE (Figure 2F; Table 2). The maximum reduction of 20% in SS was recorded in EHSE.

vii. Number of grains per spike (GS): The average GS recorded a reduction of 32% and 14% under EHSE and HSE, respectively, in comparison to OE (Figure 2G; Supplementary Material, Table A7). The highest reduction in GS (47%) was observed in WH 1105, while the minimum reduction (16%) was observed in WH 730 under EHSE (Figure 2).

viii. Test kernel weight (TKW): The average 100 seed weight was reduced by 17.54% and 27.33% under HSE and EHSE, respectively, compared to OE. The maximum shriveled grain (42.31%) was recorded in cultivar HD 2967, while the minimum reduction (6.42%) was observed in DBW 150 (Figure 2H, Supplementary Material, Table A8).

ix. Biological yield (BY): Biological yield was also severely affected by heat stress under HSE and EHSE. The average BY (1.85 kg/plot) was recorded under OE, 1.34 kg/plot under HSE, and 0.78kg/plot under EHSE. The BY showed a reduction of 17% in HSE and 42% in EHSE in heat-tolerant parents, whereas a reduction of 23% and 54% was observed under HSE and EHSE in heat-susceptible parents, respectively (Figure 2I; Supplementary Material, Table A9).

x. Seed Yield (SY): The heat-tolerant parental lines showed the highest yield reduction under HSE (28.57%) and EHSE (50.0%), whereas a yield reduction of 51% and 81% was observed under HSE and EHSE environments in heat-susceptible parents (Figure 2J; Supplementary Material, Table A10). HD 2967 (89% reduction) was highly affected by prolonged heat stress, showing yield in EHSE.





Physiological traits

The canopy temperature (CT) at the heading stage was <35°C, which does not affect the reproductive ability of the plant. The average CT recorded at the heading stage was 21.82°C and 20.14°C in OE and HSE, respectively. The CT at the heading stage was 32.24°C in the very late-sown experiment. At the grain filling stage, the average CT was 23.33°C in OE and 31.86°C in HSE, and a high temperature of 40.85°C was recorded in EHSE at the mid-grain filling stage of the crop. Thus, the late-sown crop was exposed to extensive heat stress under the prolonged heat stress environment of EHSE (Figures 3A, B). The NDVI (Normalized Difference Vegetation Index) is a simple graphical indicator that is used to analyze the sample based on the difference in measurement of near-infrared and red light. The NDVI was high at the heading stage (622 measured in OE, 573 measured in HSE, and 461 measured in EHSE), whereas the NDVI values showed a reduction at the grain filling stage (600 in OE, 490 in HSE, and 370 in EHSE). Plant greenness was significantly reduced in the heat-stress environment as compared to the optimum environment (Figures 3C, D). The CCI was higher in OE as compared to the heat-stress environment at the grain filling stage. The average chlorophyll concentration was 556 μmol m2 in OE, 483 μmol m2 in HSE, and 411 μmol m2 in EHSE (Figures 3E, F).




Figure 3 | Physiological traits (A) CTHS (B) CTGFS, (C) NDVIHS (D) NDVIGFS (E) CCIGFS, and (F) ChlGFS, under optimum environment, heat stress environment (HSE) and extended heat stress environment (EHSE). Letters a, b, c and d on bar indicates significant differences between variety-temperature combinations based on Tukey’s HSD test. Means with the same letter are non-significant.







Biochemical traits

The biochemical studies related to understanding the mechanism of heat tolerance were also undertaken with a major focus on the antioxidant system (Figure 4). It was observed that the activity of SOD was moderately to significantly induce in all the tolerant genotypes under heat stress as compared to the control samples, with a maximum increase of 33% recorded in AKW2862-1, while all the susceptible genotypes showed a decline in activity in heat-stressed samples, with the highest decrease of 26% observed in PBW 550. All heat-tolerant and heat-susceptible genotypes showed a decrease in SOD activity under extended heat stress conditions when compared with controls. The trend for POX activity was also found to be similar to that of SOD. The rise in POX activity in tolerant genotypes ranged from 10.4% (Halna) to 41% (DBW 150). Like SOD, POX activity in susceptible genotypes also showed a decreasing trend under stress conditions, with the highest decrease of 24% recorded for PBW 550 under heat stress, while other susceptible genotypes also showed moderate to slight decreases in activity. Both sets of genotypes showed decreased POX activity under extended heat stress; however, this reduction was more pronounced in heat-susceptible genotypes as compared to heat-tolerant ones.




Figure 4 | Biochemical traits (A) SOD (units min-1gm -1 of FW), (B) POX (ΔA min-1gm-1 of FW), (C) APX (nmoles of MDA formed min-1gm-1 FW), (D) CAT (µmoles of H2O2 decomposed min-1g-1 of FW), and (E) Proline content (mg/gm FW) under optimum environment, heat stress environment (HSE) and extended heat stress environment (EHSE). Letters a, b, c and d on bar indicates significant differences between variety-temperature combinations based on Tukey’s HSD test. Means with the same letter are non-significant.



APX activity was significantly increased in tolerant genotypes under heat stress compared to controls. The increase in activity ranged from 193% (DBW 150) to 56.6% (AKAW 2862-1) when compared to control samples, whereas only a slight increase in activity was observed in the case of all the susceptible genotypes. A decrease in APX activity under extended heat stress was observed in both genotypes except in DBW 150, where the activity was 37% higher than the control samples, although the activity was 53% lower than the activity under heat stress. CAT activity was found to either remain unchanged (DBW 150 and Halna) or significantly decreased (WH 730 and AKW 2862-1) in tolerant genotypes, while the activity was significantly decreased in all the susceptible genotypes except for K 1006, in which the activity remained unchanged. All genotypes showed a decline in APX activity under extended heat stress as compared to the activity recorded under optimum and heat stress conditions.

The data presented in Table 2 and Figure 4 showed that both the tolerant and susceptible genotypes accumulated higher proline content under heat stress conditions as compared to the control samples. The highest increase of 72% in proline content was recorded for DBW 150. followed by WH 730, which showed an increase of 44% in proline content as compared to control samples. However, variation in the pattern could be observed under prolonged heat stress in terms of proline synthesis, as tolerant genotypes exhibited a moderate increase in proline content under extended heat conditions, whereas a moderate decrease was observed in heat-susceptible genotypes as compared to the samples analyzed in optimum environments.

Correlation analysis: Correlation heat maps were generated to understand the relationship between phenological, physiological, and biochemical variables in all three individual environments and pooled across environments.

Optimum environment: SY was significantly and negatively correlated with CTHS (r = - 0.84***) and CTGFS (r = - 0.73**) (Figure 5A). The TKW (r=-0.27) and NT (r = -0.06) were not significantly or negatively correlated with SY. SY was significantly and positively correlated with BY (r = 0.82***), SL (r = 0.73**), PH (r = 0.70**), SS (r = 0.80***), and NDVIHS (r = 0.60*), while APX (r =0.20), CAT (r =0.25), FLW (r =0.44), and DM (r =0.41), showed a positive but insignificant correlation. DM was negatively correlated with CTHS, CTGFS, TKW, POX, SOD, proline, GS CCIGFS, ChlGFS, and NDVIGFS, while phenological traits had a positive correlation. The CTHS and CTGFS were highly negatively correlated with all the traits studied, while both traits were positively correlated with ChlGFS and TKW.




Figure 5 | Correlation heat map of all 21 traits under (A) Optimum Environment (B) Heat Stress Environment (HSE) (C). Extended Heat Stress Environment (EHSE) (D) Combined Environment. The blue color indicates a negative correlation, while the red color indicates a positive correlation. The color intensity increases with its significance level.



Heat stress environment: Under a heat stress environment, SY was highly significant and negatively correlated with CTHS (r = -0.83***), and CTGFS (r = -0.66**) (Figure 5B), but FLW (r = -0.11), DM (r = -0.22), and NDTVHS (r = -0.04) showed a non-significant negative correlation. SY was significantly and positively correlated with GS (r =0.54*), ChlGFS (r =0.69**), TKW (r =0.56*), proline (r =0.86**), SOD (r =0.89**), POX (r =0.80**), and CCIGFS (r =0.90**).

Extended heat stress environment: Under EHSE, SY was significantly but negatively correlated with the crop cycle traits FLW (r = -0.80***) and DM (r = -0.72**) (Figure 5C), but the traits CTHS (r =0.05), CAT (r = - 0.01), TKW (r = - 0.29), and NT (r = - 0.05) showed a non-significant negative correlation with SY. Traits GS and NDVIGFS had a non-significant positive correlation with seed yield. SY under high-temperature stress was significantly and positively correlated with the PH (r =0.66**), Proline (r =0.58**), POD (r =0.80**), SOD (r =0.53*), POX (r =0.72**), and BY (r =0.67**), while SL (r =0.06), SS (r =0.17), CTGFS (r =0.31), APX (r =0.37), and CCIGFS (r =0.49), had a non-significant positive correlation.

Combined correlation: A correlogram (Figure 5D) was generated for all three environments, showing the relationship between the parameters. The combined correlation analysis shows that all studied traits are positively correlated with SY except CTHS (r = -0.71**), and CTHFS (r = -0.88**). The correlation between traits and SY changed under different stress environments. For some of the traits, the correlation changed from positive to negative. A few important traits that showed a positive correlation with SY even under EHSE, should be highlighted for the selection of heat-tolerant lines.

Regression analysis: A regression analysis was performed to determine the relationship between phenological-physio-biochemical traits and seed yield. Among the phenological traits, DM (R2 = 0.52) and BY (R2 = 0.44) have shown a positive effect on seed yield, indicating that biomass and crop duration contributed to the yield advantage under stress conditions  (Figure 6). CTHS and CTGFS had a positive impact on seed yield, with R2 = 0.70 and R2 = 0.54 under OE and R2 = 0.88 and R2 = 0.43 under HSE, respectively (Figure 7). In EHSE, CT had a non-significant association with seed yield. The NDVIHS showed a significant association (R2 = 0.36) with seed yield under OE, while a non-significant association was observed under HSE and EHSE. The NDVIGFS and ChlGFS showed a consistently significant positive effect on grain yield under HSE and EHSE. The strong effect of CCI and ChlGFS on grain yield was observed under HSE, which was found to be reduced under EHSE. Among biochemical traits, SOD, POX, APX, and proline had the maximum positive relationship under HSE and EHSE, while the effect was very low under OE conditions (Figure 8).




Figure 6 | Regression coefficient of phenological traits (A) FLW, (B) DM, (C) PH, (D) NT, (E) SL, (F) SS, (G) GS, (H) TKW, and (I) BY with seed yield (kg/plot) under optimum environment, heat stress environment (HSE) and extended heat stress environment (EHSE).






Figure 7 | Regression coefficient of physiological traits (A) CTHS, (B) CTGFS, (C) NDVIHS, (D) NDVIGFS, (E) CCIGFS, and (F) ChlGFS, with seed yield (kg\plot) under optimum environment, Heat stress environment (HSE) and extended heat stress environment (EHSE).






Figure 8 | Regression Coefficient of biochemical traits (A) SOD (B) POX (C) APX (D) CAT and (E) Proline with seed yield (kg\plot) under optimum environment, heat stress environment (HSE) and extended heat stress environment (EHSE).








Discussion

This study was conducted to assess the effect of moderate to extreme heat stress on phenological-physio-biochemical traits in four heat-tolerant and four heat-sensitive genotypes. Late planting is an effective way to expose plants to terminal heat stress to estimate the effect of high temperature on phenological-physio-biochemical traits (Gupta et al., 2015; Nagar et al., 2015; Sharma et al., 2015; Agarwal et al., 2021; Rehman et al., 2021). The ANOVA analysis indicated significant differences among the genotypes for phenological-physio-biochemical traits under stress conditions, indicating that there are differences among the genotypes with respect to stress tolerance. The reduction in the mean and range for different traits was high in the EHSE environment as compared to the HSE.

High temperatures negatively affect the growth and development of wheat, but the damage depends on the duration of exposure and the developmental stage of the plant exposed to stress (Ruelland and Zachowski, 2010; Balla et al., 2012). A reduction in phenological traits under heat stress is a good indicator for the selection of tolerant plants (Ullah et al., 2022). In the present study, heat-sensitive genotypes showed a significant reduction in phenological traits, namely FLW, DM, PH, NT, SL, SS, GS, TKW, BY, and SY under HSE and EHSE. Days to 50% flowering and maturity are key traits when breeding for late-sown, short-duration, and heat-tolerant wheat cultivars. In our experiments, a significant effect of high temperature was observed for FLW and DM under HSE and EHSE. Under EHSE, a maximum reduction of 28% was observed for FLW. High temperatures induce early flowering (Prasad and Djanaguiraman, 2014), the production of non-viable pollen grains, slow growth of pollen tubes, and failure of fertilization (Saini et al., 1983; Saini et al., 1984; Khan et al., 2021a). The maturity duration of the crop was drastically reduced to 18% under HSE and 36% under EHSE conditions, leading to early senescence and reduced grain weight (Shirdelmoghanloo et al., 2016). The reduction in GS was maximum under EHSE as the crop is exposed to terminal high heat stress, which hampers pollen viability, which in turn increases sterility, ovule viability, successful fertilization, and embryo development (Jäger et al., 2008; Prasad et al., 2008; Kumar et al., 2013; Prasad and Djanaguiraman, 2014). High temperatures during the grain development phase reduce grain filling duration, accelerate maturity, and significantly reduce yield (Chakrabarti et al., 2013). Yield loss was highest in heat-susceptible genotypes (51% under HSE and 81% under EHSE environments). HD 2967 is a mega variety grown over a wide area in the northwestern and northeastern plains of India: it was highly affected by extended heat stress, resulting in an 89% reduction in grain yield. Wheat productivity is adversely affected (3 to 5%) per 10C rise in temperatures through changes in physiology, growth, and yield characteristics (Gibson and Paulsen, 1999).

Physiological traits such as CT, NDVI, CCI, and Chl are the key traits to study genotypes under heat stress environments (Balota et al., 2008; Kumari et al., 2012; Ullah et al., 2019; Ahmed et al., 2020). CT at the heading stage (CTHS) was low in heat-tolerant genotypes as compared to heat-sensitive genotypes. Low CT was significantly associated with grain yield in a number of studies (Guo et al., 2016; Kaur et al., 2018; Liang et al., 2018; Sohail et al., 2020). In previous studies, CT was established as a selection criterion as it showed a high correlation with delay in the senescence of leaves (Fang et al., 2017), stomatal conductance (Bonari et al., 2020), leaf and stem wax (Mondal et al., 2015), root system architecture (Pinto and Reynolds, 2015), grain/spike (Sohail et al., 2020), and 1000 grain weight (Gulnaz et al., 2019). Under OE and HSE, CT was negatively associated with phenological and biochemical traits. However, the association of the biochemical and phenological traits with CT was static under EHSE. Thus, CT remained the best selection indicator for heat tolerance under high and extended terminal heat stress. At the grain filling stage, CT was lower in heat-tolerant genotypes, whereas higher CT was observed in heat-sensitive genotypes. The CTGFS was comparatively low in HD 2967, which was associated with high biomass as compared to another sensitive genotype.

High NDVI under high temperatures is positively correlated with grain productivity (Hazratkulova et al., 2012), so NDVI could be used for indirect selection of heat tolerance. However, NDVI readings decreased under EHSE compared to HSE. Despite its declining trend under HSE and EHSE, NDVI had a positive association with seed yield. The experiments showed that the decrease in the NDVI under the EHSE was mainly related to the long-term high-temperature stress during the vegetative and reproductive stages of the crop. In the present study, CCI and Chl were higher in the tolerant genotypes under HSE and EHSE. The heat-tolerant genotypes DBW 150, WH 730, AKW 2862-1, and Halna were found to be superior for maintaining a high chlorophyll content in the flag leaf, while the sensitive genotype lost chlorophyll at high temperatures. High chlorophyll concentrations in plant leaves are a key determinant of high photosynthetic rates under heat stress (Kumari et al., 2012; Roy et al., 2021). Previous studies have also shown that CT, CCI, Chl, and NDVI are associated with heat tolerance and are significantly correlated with SY under high-temperature stress (Pask et al., 2012; Islam et al., 2014). Furthermore, the heat-tolerant cultivars (DBW 150, WH 730, AKW 2862-1, and Halna) showed low CT and high CCI, Chl, and NDVI under heat stress compared to the heat-sensitive genotypes. There were significant differences in the response of different cultivars under HSE to EHSE. The yield decrease in tolerant genotypes was comparatively lower, mainly because they maintained higher GS and TKW than the heat-sensitive genotypes under heat stress. Low CT during grain filling and high CCI, NDVI, and Chl during the reproductive phase in wheat genotypes are indicative of delayed senescence and high photosynthetic rate remobilization of assimilates under terminal heat stress. In conclusion, an extreme heat stress environment decreased the maximum pheno-physiological traits FLW, DM, PH, NT, SL, SS, GS, TKW, BY and CT, NDVI, CCI, and Col, which resulted in low seed yield.

Plants employ both enzymatic and non-enzymatic processes to safeguard themselves from the production of reactive oxygen species (ROS) (Bita and Gerats, 2013). The main enzymes involved in ROS scavenging are superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and glutathione reductase (GR), while the non-enzymatic system includes ascorbic acid (ASC) and glutathione (GSH) (Suzuki et al., 2012). By assessing the expression levels of these enzymes, genotypes can be selected, favoring those with higher activities among heat-tolerant varieties over heat-sensitive ones (Kumar et al., 2013). Biochemical analysis indicated that the activity of SOD, POX, and APX was induced in tolerant genotypes under heat stress as compared to control conditions, whereas a decrease in activities was observed under extended heat stress. The activities of SOD, POX, and APX showed a decreasing trend under heat and extended heat stress in comparison to controls in susceptible genotypes. SOD is a key ROS-scavenging enzyme that catalyzes the dismutation of superoxide to H2O2 and O2. Thus, increased SOD activity has been correlated with increased protection from the damage associated with oxidative stress (Kaur et al., 2021). The presence of a better antioxidant enzyme system, as evidenced by the higher activities of SOD, POX, and APX in heat-tolerant wheat genotypes, could be an indicator that these genotypes are more efficient at scavenging superoxide anions produced in plants due to heat stress and provides a plausible explanation for their tolerant nature under stress conditions. Overexpression of SOD and APX genes, which are utilized in ROS scavenging, has been reported to be one of the mechanisms of enhanced antioxidative defense and ultimately improved tolerance to abiotic stresses (Lee et al., 2007; Hamurcu et al., 2020; Chugh et al., 2022; Sharma et al., 2023). Rajjou and Debeaujon (2008) suggested that a well-developed detoxification mechanism due to the higher activity of antioxidant enzymes in dry seeds helps to preserve their high germination ability. In a recent study, Sehar et al. (2023) reported ethylene-enhanced proline accumulation and an antioxidant defense system, resulting in improved photosynthetic performance and heat stress tolerance in wheat plants. Several other researchers have also reported differential antioxidant responses in contrasting wheat cultivars under terminal heat stress (Yadav et al., 2022; Alsamadany et al., 2023; Kumar et al., 2023b).

Both tolerant and susceptible genotypes accumulated higher proline levels under heat stress conditions as compared to control samples. However, genotypic variation in proline synthesis could be observed under extended heat stress, as tolerant genotypes exhibited a moderate increase in proline levels under extended heat conditions as compared to sensitive genotypes. Since the protective role of proline in the stabilization of proteins and antioxidant enzymes, direct scavenging of ROS, the balance of intracellular redox homeostasis (e.g., NADP+/NADPH and GSH/GSSG ratio), and cellular signaling is well documented, the higher content of proline in tolerant wheat genotypes could have an impact on plant survival under heat stress conditions and also serve as a biochemical marker for the early screening of the genotypes (Liang et al., 2013; Dikilitas et al., 2020; Zhang et al., 2022; Sihag et al., 2023). Many plants accumulate a number of compatible osmolytes such as proline and various sugars under drought, heat, salinity, flood, heavy metals, and cold stress conditions, and these osmolytes function as osmo-protectants in plant stress tolerance (Gupta and Kaur, 2005; Chaudhary et al., 2020; Moukhtari et al., 2020; Khan et al., 2021b; Chugh et al., 2022).

Regression analysis in three environments revealed the dynamic relationship between phenological-physio-biochemical traits. In our study, traits BY, DM, CT, NDVI, Chl, and biochemical parameters, particularly SOD, POX, APX, and proline, were observed to play a crucial role in providing tolerance under stress conditions and eventually maintaining seed yield. The relationship between these variables changed in response to different levels of stress environments. This suggests that these traits may respond together to provide tolerance. In conclusion, these traits may help crops better adapt to high-stress conditions and may play a promising role in maintaining yield in such challenging environments. The tolerant genotypes identified in this study could be used for breeding heat-tolerant plants and to develop mapping populations to understand and dissect the underlying genes/QTLs conferring tolerance.
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With improvement in living standards, consumer preferences for vegetables are changing from quantity- to quality-oriented. Water and nitrogen supply, as two major determinants of vegetable crop yield and quality, can be optimally managed to improve the yield and quality. To evaluate the response in yield, fruit quality, and water and nitrogen utilization of eggplant to different water and nitrogen management strategies, a 2-year (2021 and 2022) field trial under mulched drip irrigation was conducted. The growth period was divided into seedling, flowering and fruit set, fruit development, and fruit ripening stages. Three irrigation levels were applied during the flowering and fruit set stage: W0, adequate water supply (70%–80% of field water capacity, FC); W1, mild water deficit (60%–70% FC); and W2, moderate water deficit (50%–60% FC). In addition, three nitrogen application rates were applied: N1, low nitrogen level (215 kg ha−1); N2, medium nitrogen level (270 kg ha−1); and N3, high nitrogen level (325 kg ha−1). The irrigation and nitrogen rates were applied in all combinations (i.e., nine treatments in total). Adequate water supply throughout the reproductive period in combination with no nitrogen application served as the control (CK). The yield of the W1N2 treatment was significantly increased by 32.62% and 35.06% in 2021 and 2022, respectively, compared with that of the CK. Fruit soluble protein, soluble solids, and vitamin C contents were significantly higher under W1 than W2. Fruit quality was significantly higher under the N2 rate compared with the other nitrogen rates. The W1N2 treatment showed the highest water productivity, with a significant increase of 11.27%–37.84% (2021) and 14.71%–42.48% (2022) compared with that under the other treatments. Based on the average water-deficit degree and nitrogen application rate, W0 and N1 had the highest partial factor productivity of nitrogen. Assessment of the results using the TOPSIS (technique for order preference by similarity to an ideal solution) method indicated that mild water deficit in combination with the medium nitrogen application rate (W1N2) was the optimal water and nitrogen management strategy for cultivated eggplant. The present findings contribute novel insights into the sustainable cultivation of eggplant in an oasis arid environment.
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1 Introduction

Eggplant (Solanum melongena L.) is the third-most important crop in the Solanaceae in terms of the harvested area and yield (Dou et al., 2022). Eggplant is a popular vegetable crop that is grown and consumed worldwide (Toppino et al., 2020; Zhou et al., 2021), and produces fruit of high nutritional value. The fruit contain essential nutrients for human health, such as vitamins, minerals, and amino acids, as well as bioactive compounds (Nisha et al., 2009; Karimi et al., 2021). Eggplant is among the most important vegetables grown in summer and autumn throughout China (Dou et al., 2022) and elsewhere in the world (Olak et al., 2018). Ongoing population growth requires sufficient food production to meet the increasing global food demand (Lahoz et al., 2016). In addition, with rapid economic development and improvement of living standards, consumer preferences in food have changed from quantity- to quality-oriented (Li et al., 2021). The eggplant yield and quality of fruit are not only influenced by genotype but are also strongly associated with environmental factors, such as climate change, soil water content, and nutrient availability (Rosales et al., 2011). Water and nitrogen fertilizer are the most critical and easily managed environmental determinants in agricultural production (Li et al., 2021). Therefore, the establishment of an effective water and nitrogen management strategy is fundamental to increase local eggplant yields and fruit quality as well as improve crop water productivity (WP) and nitrogen utilization.

In the interior of west-central China, where rainfall and available water resources are severely limited and evapotranspiration is extremely high (Meng et al., 2013), irrigation is a decisive driver of crop development and agricultural sustainability (Duan et al., 2004). Thus, it is essential to alleviate the water scarcity by establishing novel irrigation strategies to decrease agricultural water consumption and increase resource utilization (Chen et al., 2018). The function of irrigation is to timely provide a certain volume of water required for normal physiological activities of crops (Zhang et al., 2022). In practice, farmers often achieve higher yields through excessive irrigation (Xiao et al., 2023). However, irrigation that exceeds the plant demand or field water capacity (FC) can lead to an imbalance between vegetative and reproductive growth (Reddy, 2016), thereby reducing yield, WP, and fruit quality (Rostamza et al., 2011; Matteau et al., 2022). In contrast, appropriate deficit irrigation helps to achieve a balance between plant vegetative and reproductive growth (Han et al., 2023), reducing plant height while maintaining crop yields, improving fruit quality, and maximizing WP (Wu et al., 2021). Furthermore, deficit irrigation influences crop physiology, and soil nutrient mineralization and absorption, and severe deficit irrigation constrains crop growth, ultimately leading to a dual decrease in yield and quality (Wang et al., 2012).

Nitrogen is among the essential nutrients required for plant growth. An appropriate nitrogen application rate is important to promote the development of plant roots, and enhance the ability to absorb soil moisture and nitrogen, and thereby increase crop yield and fruit quality (Jiang et al., 2017). However, some agricultural activities (such as cultivation and harvesting) can lead to a reduction in the total nitrogen content of surface soils (Urioste et al., 2006). When the nitrogen supply to the soil is insufficient, plant growth is inhibited, and ultimately the yield declines (Lambers et al., 2008). To avoid soil nutrient deficiencies and to achieve higher yields and greater economic returns, farmers often apply large amounts of fertilizers to fields (Chen et al., 2004). In vegetable production, the nitrogen fertilizer input often exceeds the amount needed for crop growth by several-fold, motivated by its greater yield-enhancing effect than other nutrients and the lower input costs (Ju et al., 2006). Nevertheless, excessive nitrogen application can result in accumulation of residual nitrogen or ammonia volatilization in the soil (Fernandez et al., 2020), and there is a risk of nitrate leaching during heavy precipitation (Wei et al., 2009), which can lead to groundwater contamination and groundwater eutrophication (Gong et al., 2011), reduce crop yield, quality, and resource utilization (Zhang et al., 2011; Lang et al., 2018), and increase production costs (Sun et al., 2013). Under drought stress, an appropriate nitrogen application can enhance the drought resistance of plants and simultaneously reduce the negative influences of the stress on crop growth (Waraich et al., 2011). Therefore, it is of vital importance for sustainable agricultural development to optimize nitrogen management strategies to suppress nutrient and nitrate leaching, and improve crop yield, nitrogen utilization, and fruit quality.

The growth, fruit character, yield and quality of continuous cropping eggplant under the irrigation halving treatment were better than those under other treatments (Miao et al., 2019). Rational nitrogen fertilizer rates not only significantly increase eggplant yield and improve the nutritional quality of the fruit, but also increase nutrient accumulation in the plant (He, 2020). Previous research has predominantly concentrated on irrigation and nitrogen management to enhance eggplant yield and quality. Fewer studies have examined the combined effects of water and nitrogen interactions on eggplant. However, in practice, irrigation and nitrogen application need to be managed simultaneously. Whether optimal irrigation and nitrogen application strategies can simultaneously enhance eggplant yield, fruit quality, and resource utilization is currently unclear (Mwinuka et al., 2021). In the present research, we hypothesized that it is possible to establish an optimal level of deficit irrigation and nitrogen application rate that best balances crop evapotranspiration, yield, water and nitrogen utilization, and fruit quality of eggplant. Therefore, the aims of this study were 1) to evaluate the combined effects of different deficit irrigation levels and nitrogen application rates on eggplant evapotranspiration, yield, water productivity, nitrogen utilization, and fruit quality, and 2) to determine the optimal deficit irrigation level and nitrogen application rate using the technique for order preference by similarity to an ideal solution (TOPSIS) for multi-objective optimization to trade-off yield and fruit quality.




2 Materials and methods



2.1 Experimental site

The experiment was conducted in 2021 and 2022 at the Yimin Irrigation Experiment Station (38°39′′N, 100°43′′E), Minle County, Zhangye City, Gansu Province, China (Figure 1). The region has a typical continental desert steppe climate. The long-term average annual rainfall ranges from 183 to 345 mm, the average annual evaporation is 1638 mm, and the average annual temperature is 7.6°C. The annual sunshine duration is 2932 h, the desiccation index is 5.85, and the frost-free period is approximately 150 days. The agricultural soil type is a light loam. The soil bulk density is approximately 1.46 g cm−3 (0–60 cm soil layer). The FC of the 0–100 cm soil layer is approximately 24% (gravimetrically measured). The water table in the study area is located at a depth of more than 20 m.




Figure 1 | Location of the study site in Minle County, Gansu Province, China.



During the two growing seasons, meteorological data were obtained from automatic weather stations installed at the experimental station and from the Minle County Meteorological Bureau. Figure 2 shows the precipitation, and daily maximum and minimum temperatures in the study area from May to August in 2021 and 2022. In 2021 and 2022, the average daily maximum temperature was 25.3°C and 26.2°C, while the average daily minimum temperature was 6.6°C and 3.4°C, respectively. The total precipitation in 2021 and 2022 was 91.1 mm and 127.6 mm, respectively. A high-rainfall event of more than 15 mm occurred on July 15, 2022.




Figure 2 | Precipitation, daily maximum temperature, and daily minimum temperature in the study area from May to August in 2021 (A) and 2022 (B).






2.2 Experimental design and management

In this study, a complete block design was adopted with nine combinations of water and nitrogen treatments and one control. The field trial was designed as a two-factor test, with irrigation level as the main factor and nitrogen application rate as the secondary factor. Based on plant characteristics, the growth period of eggplant was divided into four stages, comprising seedling (May 9–June 8, 2021; May 11–June 3, 2022), flowering and fruit set (June 4–July 5, 2021; June 4–July 5, 2022), fruit development (July 6–August 2, 2021; July 6–August 2, 2022), and fruit ripening (August 3–August 28, 2021; August 3–August 30, 2022). Three soil moisture levels were applied: W0, adequate water supply (soil moisture maintained at 70%–80% of FC); W1, mild water deficit (soil moisture maintained at 60%–70% of FC); and W2, moderate water deficit (soil moisture maintained at 50%–60% of FC). In addition, three nitrogen application rates were tested: N1, low nitrogen level (215 kg urea ha−1); N2, medium nitrogen level (270 kg urea ha−1); and N3, high nitrogen level (325 kg urea ha−1). The mild and moderate water deficit applications were applied at the flowering and fruit set stage, whereas the adequate water supply was provided at the other growth stages. The adequate water supply (W0) and no nitrogen application (N0) combination was applied as the control (CK). Three replications were performed for all treatments, comprising a total of 30 plots, each of 12 m2 (2 m × 6 m). The experimental treatments are summarized in Table 1.


Table 1 | Summary of the combinations of irrigation and nitrogen application rate treatments applied in the study.



Eggplant ‘Lanza 2’ was used in the study. This cultivar has the advantages of high yield and strong resistance to disease. The eggplant seedlings were transplanted on May 9, 2021 and May 11, 2022. The plants were cultivated in an open field on ridges, each with two rows of plants, in combination with ridge mulching and mulched drip irrigation (Figure 3). Each plot comprised two ridges of length, width, and height of 600 cm, 60 cm, and 20 cm, respectively. A drip irrigation belt was laid along the center of each ridge, which was then covered with plastic film of 120 cm width of the film as a mulch. The discharge rate and drip hole distance of the drip irrigation belts were 2.4 L·h−1 and 30 cm, respectively. A gate valve with a pressure gauge and a water meter were installed on the branch pipe of each plot to adjust the water pressure and measure the water volume supplied. The eggplant seedlings were transplanted to both sides of the ridge, with spacing between rows and individual plants of 40 cm and 38 cm, respectively. An impervious film was buried vertically in the soil to 60 cm depth between each plot to prevent water infiltration. The soil moisture content was measured every 5–7 days for each treatment. When the soil moisture content was lower than the intended lower limit, it was irrigated to the intended upper limit.




Figure 3 | Schematic diagram of the eggplant planting layout in an experimental plot.



Before transplanting, all plots received equal amounts of phosphate fertilizer (calcium superphosphate with 14% P2O5) and potassium fertilizer (potassium sulfate with 50% K2O), equivalent to 130 kg ha−1 P2O5 and 150 kg ha−1 K2O. Forty percent of the total nitrogen fertilizer (urea with 46% N) was applied before transplanting, and the remaining 60% nitrogen fertilizer was applied with irrigation at the flowering and fruit set, fruit development, and fruit ripening stages, respectively. All plots in the 2-year trial were regularly subjected to uniform agronomic management, such as timely weed removal, and pest and disease prevention. The fruit were harvested in four batches. The specific harvesting dates were July 15, August 1, August 15, and August 28 in 2021, and July 15, July 31, August 14, and August 30 in 2022. The entire growth period in each growing season comprised 112 days.




2.3 Measurements and calculations



2.3.1 Soil moisture and crop evapotranspiration

Soil samples were collected at a location approximately 20 cm from the drip irrigation line in both growing seasons. The soil moisture content in the 0–100 cm soil layer was measured at 20 cm depth. Crop evapotranspiration (ET; mm) was calculated using the following equation (Yan et al., 2018; Li et al., 2022):

	

where P, I, U, D, R, and ΔW are the effective rainfall, irrigation volume, deep soil water supply to the tillage soil layer, deep seepage, surface runoff, and the variation in soil water storage within the 0–100 cm soil layer, respectively. The depth of the groundwater level at the experimental site was greater than 20 m, which could not be accessed by the crops, therefore U = 0. The experimental plots were relatively flat, watered by drip irrigation, and the intended soil moisture contents were lower than the FC; therefore, the surface runoff and deep seepage were essentially negligible, and thus were rated as D = 0 and R = 0. Hence, the formula for calculating crop evapotranspiration was adjusted to the following equation:

	




2.3.2 Yield

The ripe fruit in each plot were harvested separately and the mean yield of the three replications per treatment was calculated.




2.3.3 Water productivity and partial factor productivity of nitrogen

Water productivity (WP; kg m−3) is the yield of fruit harvested per unit volume of water consumed. Water productivity was calculated using the following equation (Pereira et al., 2012):

	

where Y is the yield of eggplant (t ha−1).

The partial factor productivity of nitrogen (PFPn; kg kg−1) was calculated using the following equation (Li et al., 2017):

	

where NFR is the amount of nitrogen fertilizer applied (kg ha−1).




2.3.4 Fruit quality

The soluble sugar content (SSC) was determined using the anthrone colorimetric method (Wang et al., 2011). Soluble protein (SP) content was quantified with the Komas Brilliant Blue method (Liu et al., 2019). Total soluble solids (TSS) content was measured using a digital pocket refractometer (PAL-1, ATAGO, Tokyo, Japan). Vitamin C (Vc) was detected using the 2,6-dichlorophenol indophenol sodium titration method (Liu et al., 2019).




2.3.5 Calculation of optimal irrigation and nitrogen application regime for eggplant using TOPSIS

The optimal irrigation and nitrogen application regime that provided the best trade-offs in crop ET, yield, fruit quality, WP, and PFPn was calculated using the TOPSIS method, which comprises the following five steps (Luo and Li, 2018):

(1) Construct the original matrix:

	

where xij (i = 1, 2…, m; j = 1, 2…, n) is the jth evaluation objective of the ith treatment.

(2) Normalize the original matrix:

	

where Zij is the standardization of xij, and wj is the weight of the jth evaluation index. In this study, wj = 1.

(3) Determine the optimal solution Z+ and the inferior solution Z−:

	

	

(4) Calculate the distance Di+ and Di− of each evaluation object from Z+ and Z−:

	

	

(5) Calculate the degree of proximity of each evaluation object to the optimal solution:

	

where 0< Ci< 1; when Ci approaches 1, the comprehensive evaluation effect will be approximately optimal.





2.4 Data analysis

Analysis of variance (ANOVA) was performed using IBM SPSS Statistics 23.0 software to analyze the data for water consumption, yield, WP, PFPn, and fruit quality. The significance of the differences between individuals means was assessed using Duncan’s multiple range test at the 95% significance level. Data processing and TOPSIS calculations were conducted using Microsoft Excel 2013 and Matlab 2017b. The figures were plotted using Origin 2021.





3 Results



3.1 Crop evapotranspiration

The crop ET of all treatments in the 2-year experiment ranged from 260.23 mm to 337.19 mm (Figure 4). Irrigation had an extremely significant influence on ET (P< 0.001), whereas nitrogen application had a highly significant influence (P< 0.01) on ET (Table 2). The water × nitrogen interaction significantly influenced the ET of eggplant (P< 0.05). In 2021, the W0N2 treatment had the highest ET (334.23 mm), which was not statistically different from that of W0N3, whereas in the remaining treatments ET was significantly reduced by 4.81%–22.09% compared with that of W0N2 (P< 0.05). In 2022, the ET was highest in W0N3 (337.19 mm), which was not statistically different from that of W0N2, whereas the ET in the remaining treatments was significantly reduced by 4.79%–20.90% compared with that of W0N3 (P< 0.05). The ET of W1N2 in 2021 (295.85 mm) was 2.27% higher (P > 0.05) than that of W1N3 (289.27 mm). The ET in 2022 was slightly lower (P > 0.05) by 1.17% in W1N2 (298.07 mm) compared with that of W1N3 (301.61 mm). Compared with the CK, the ET of the W1N2 treatment was significantly reduced by 3.68% (2021) and 5.21% (2022). The mean ET was strongly reduced with increment in the degree of water deficit. At the N1, N2, and N3 nitrogen rates, no statistical differences in mean ET were observed.




Figure 4 | Effect of irrigation and nitrogen application treatments on the crop evapotranspiration (ET) of eggplant. Different lowercase letters or uppercase letters above bars within a year indicates a significant difference (P< 0.05).




Table 2 | Effect of irrigation and nitrogen application treatments on crop evapotranspiration (ET), yield, crop water productivity (WP), and partial factor productivity of nitrogen (PFPn) of eggplant.






3.2 Plant yield

Irrigation, nitrogen application, and water × nitrogen interaction had a highly significant (P< 0.001) influence on yield (Table 2). W1N2 had the highest yield, followed by W0N2, and no statistical difference between the yields of W1N2 and W0N2 was observed (Figure 5). The yields of W1N2 and W0N2 were significantly increased by 32.62% and 31.34% in 2021, and by 35.06% and 31.57% in 2022 compared with those of the CK (P< 0.05), respectively. The yield of W2N3 was the lowest among all treatments in both growing seasons (57.03 t ha−1 in 2021 and 58.81 t ha−1 in 2022), and was significantly lower by 10.99% and 9.61%, respectively, compared with that of the CK. The mean yield tended to increase and then decrease with increment in degree of water deficit. The highest yields were recorded at the W1 level (76.46 t ha−1 in 2021 and 79.08 t ha−1 in 2022) and the lowest at the W2 level (61.21 t ha−1 in 2021 and 62.84 t ha−1 in 2022). The yield at the W1 level was significantly higher by 3.66% (2021) and 4.49% (2022) compared with that of W0. The mean yield tended to increase and then decrease with increment in nitrogen rate. The maximum mean yield was attained at the N2 level, and was significantly higher than the yields at the other N levels. No statistical difference between the mean yield at the N1 and N3 levels was observed.




Figure 5 | Effect of irrigation and nitrogen application treatments on yield of eggplant. Different lowercase letters or uppercase letters above bars within a year indicates a significant difference (P< 0.05).






3.3 Water productivity and partial factor productivity of nitrogen



3.3.1 Water productivity

Irrigation and nitrogen application showed a highly significant influence (P< 0.001) on WP in both 2021 and 2022 (Table 2). The interaction of irrigation and nitrogen application significantly influenced WP in 2021 (P< 0.05) and showed a highly significant influence on WP in 2022 (P< 0.001). The WP for each treatment ranged from 20.69 to 29.48 kg m−3 for both growing seasons (Figure 6). Among all treatments, WP was highest in W1N2 and lowest in the CK. The WP was dramatically higher in 2021 and 2022 by 37.84% and 42.48%, respectively, in W1N2 compared with that of the CK. At the same degree of water deficit, WP values tended to increase and then decrease with increment in nitrogen rate and the highest WP was observed at the N2 level. At the W0 level, the WP of N2 was significantly increased by 13.42% and 9.27% in 2022 compared with those of N1 and N3, respectively. At the W1 level, the WP of N2 was significantly higher by 18.49% and 15.11% in 2022 compared with N1 and N3, respectively. At the W2 level, the WP of N2 was significantly higher by 5.73% and 10.52% in 2022 compared with those of N1 and N3, respectively. The changes in WP in 2021 were similar to those observed in 2022. At the same rate of nitrogen application, WP followed a tendency to increase and then decrease with aggravation of water deficit. The mean WP did not differ dramatically between the W0 and W2 levels, whereas the WP at the W1 level was dramatically enhanced compared with those of the W0 and W2 levels. N2 had the highest mean WP. N1 and N3 showed no significant difference in mean WP, which was significantly lower by 10.67% and 9.83% in 2021, and by 11.27% and 10.52% in 2022, respectively, compared with that of N2.




Figure 6 | Effect of irrigation and nitrogen application treatments on water productivity (WP) of eggplant. Different lowercase letters or uppercase letters above bars within a year indicates a significant difference (P< 0.05).






3.3.2 Partial factor productivity of nitrogen

Irrigation, nitrogen application, and water × nitrogen interaction showed a highly significant influence (P< 0.001 or P< 0.01) on PFPn (Table 2). The treatment with the highest PFPn was W0N1, followed by W1N1, and no statistical difference was observed between the PFPn of W0N1 and W1N1 (Figure 7). The PFPn of W2N3 (175.49 kg kg−1 in 2021, 180.95 kg kg−1 in 2022) was significantly lower than those of the other treatments. At the same degree of water deficit, PFPn showed a gradual decreasing trend with increment in the nitrogen rate. The PFPn of the N1 and N3 levels declined dramatically with increase in degree of water deficit. In contrast, PFPn tended to increase and then decrease with increment in degree of water deficit at the N2 level. The mean PFPn decreased with the increase in degree of water deficit. No statistical difference in mean PFPn was detected between the W0 and W1 levels, whereas the mean PFPn at the W2 level was significantly lower by 19.47% (2021) and 19.77% (2022) compared with that of the W0 level, respectively. The mean PFPn declined dramatically with increment in the rate of nitrogen application. The mean PFPn at the N1 level was significantly higher by 47.36% and 46.31% in 2021 and 2022, respectively, compared with that of the N3 level.




Figure 7 | Effect of irrigation and nitrogen application treatments on partial factor productivity of nitrogen (PFPn) of eggplant. Different lowercase letters or uppercase letters above bars within a year indicates a significant difference (P< 0.05).







3.4 Nutritional quality



3.4.1 Soluble sugar content

The highest SSC was observed in the fruit of the W1N2 treatment (3.32 in 2021 and 3.41 in 2022), followed by W0N2 (3.20 in 2021 and 3.34 in 2022) and W2N2 (3.27 in 2021 and 3.25 in 2022); no statistical difference (P > 0.05) was observed among these three treatments, but all were significantly higher (P< 0.05) than the SSC of the other treatments (Figure 8A). The SSC of fruit treated with W1N2 was significantly increased by 21.61% (2021) and 24.91% (2022) compared with that of the CK. The W2N3 treatment had the lowest SSC (2.01 in 2021 and 1.98 in 2022) and was similar to that of W1N3. The SSC of W2N3 was significantly decreased by 26.37% (2021) and 27.47% (2022) compared with that of the CK. Irrigation, nitrogen application, and water × nitrogen interaction had a highly significant influence (P< 0.001) on fruit SSC (Table 3). The mean SSC decreased gradually with increase in degree of water deficit in 2021, but showed a tendency to rise and then decline with aggravation of water deficit degree in 2022. The mean SSC at the W0 level in 2021 was significantly higher by 3.27% compared with that of the W1 level (P< 0.05), whereas in 2022 the mean SSC did not differ significantly between the W0 and W1 levels. The mean SSC increased and then decreased with the increment in nitrogen rate.




Figure 8 | Effect of irrigation and nitrogen application treatments on fruit quality of eggplant. (A–D) Describes changes in soluble sugar, soluble protein, soluble solid, and Vc content for 2021 and 2022. Different lowercase letters or uppercase letters above bars within a year indicates a significant difference (P< 0.05).




Table 3 | Effect of irrigation and nitrogen application treatments on the contents of mean soluble sugar (SSC), soluble protein (SP), total soluble solids (TSS), and vitamin C (Vc) of eggplant fruit.






3.4.2 Soluble protein

Irrigation, nitrogen application, and water × nitrogen interaction had extremely significant influences on fruit SP content (P< 0.001), except that irrigation in 2021 had a significant effect (P< 0.05) on fruit SP content (Table 3). The SP content of W1N2-treated fruit was the highest (2.97 in 2021 and 3.04 in 2022) among the treatments, and was significantly increased (P< 0.05) by 40.76% (2021) and 44.76% (2022) compared with that of the CK (Figure 8B). The SP content was significantly reduced by 6.40%–38.05% (2021) and 5.26%–40.13% (2022) in all other treatments compared with that of W1N2. The W2N3 treatment had the lowest SP content, with a significant decrease of 12.80% (2021) and 13.33% (2022) compared with that of the CK. The mean SP content followed a tendency to increase and then decrease with aggravation of water deficit degree. The highest mean SP content was observed at the W1 level under mild water deficit in the two-year experiment, which was significantly higher by 3.56%–7.12% (P< 0.05) compared with that at the W0 and W2 levels. The mean SP content was significantly increased by 22.71% (2021) and 22.27% (2022) at the N2 level compared with N1 level, and by 33.18% (2021) and 35.35% (2022) at the N2 level compared with that of the N3 level. In addition, the mean SP content at the N1 level was significantly higher by 8.53% (2021) and 10.70% (2022) compared with that of the N3 level.




3.4.3 Total soluble solids

The variation in TSS content in each treatment was similar to that observed for the SP content (Figure 8C). In the two growing seasons, irrigation significantly influenced the fruit TSS content (P< 0.05), whereas both nitrogen application and water × nitrogen interaction had a highly significant influence (P< 0.001) on TSS content (Table 3). The W1N2 treatment had the highest TSS content, which was significantly increased by 18.57% (2021) and 15.49% (2022) compared with that of the CK. The W2N3 had the lowest TSS content, which significantly decreased by 6.19% (2021) and 8.45% (2022) compared with the CK. Compared with W1N1 and W1N3, the TSS content in the W1N2 treatment was significantly increased. Compared with W1N2, the TSS content under the W0N2 treatment was significantly decreased by 5.22% (2021) and 4.07% (2022). Compared with W1N2, the TSS content in W2N2-treated fruit was significantly decreased by 3.41% in 2021 (P< 0.05). At the same water deficit degree, the TSS content were dramatically increased at the N2 level compared with the N1 and N3 levels. At the same nitrogen application level, the TSS content at the W0 and W2 levels was dramatically lower than that of the W1 level.




3.4.4 Vitamin C

Both nitrogen application and water × nitrogen interaction had an extremely significant influence (P< 0.001) on fruit Vc content in the 2-year experiment (Table 3). Irrigation had a highly significant influence on fruit Vc content in 2021 (P< 0.01) and a significant influence on the Vc content in 2022 (P< 0.05). The highest Vc content was observed in the W1N2 treatment, which was significantly enhanced by 5.07%–43.12% (2021) and 5.21%–53.71% (2022) compared with the other treatments (Figure 8D). The Vc content of the W0N2 and W2N2 treatments was second only to that of W1N2, and no statistical difference was observed between W0N2 and W2N2. The Vc content in W2N3 was the lowest, which was significantly reduced by 16.03% (2021) and 9.22% (2022) compared with that of the CK. In 2021, the Vc content at the W0 and W1 levels was similar, whereas the mean Vc content at the W2 level was significantly decreased by 3.72% and 5.90% compared with those of the W0 and W1 levels (P< 0.05). However, in 2022, the Vc content at the W0 level was significantly reduced by 3.14% compared with that at the W1 level, and no statistical difference was observed between that at the W0 and W2 levels. The highest Vc content recorded was that of the N2 level, and at both the N1 and N3 levels the fruit had significantly lower Vc contents compared with that at the N2 level.





3.5 Trade-offs between ET, yield, WP, PFPn, and fruit quality

The optimum irrigation and nitrogen application treatments for eggplant were determined with consideration of the balance of ET, yield, water and nitrogen use efficiencies, and fruit quality. The ranking of TOPSIS scores for each treatment is shown in Table 4. The results for 2021 and 2022 were consistent, whereby the W1N2 treatment was ranked the optimum irrigation and nitrogen application treatments for eggplant, with Ci values of 0.84 and 0.85 for 2021 and 2022, respectively. On average for both years, the W1N2 treatment resulted in the highest Ci value (0.84) and provided the best overall benefits for balancing ET, yield, WP, PFPn, and quality in eggplant.


Table 4 | Ranking of irrigation and nitrogen application management strategies for all treatments of eggplant calculated using the TOPSIS method.







4 Discussion



4.1 Effect of irrigation and nitrogen application treatments on plant yield

Water and nitrogen are the main limiting factors that affect crop yield (Mueller et al., 2012). Thus, irrigation and nitrogen application are critical to achieve higher crop yields (Du et al., 2021). This study showed that irrigation, nitrogen application, and water × nitrogen interaction had a highly significant influence on yield (P< 0.001). Some studies have indicated that reducing irrigation and nitrogen application in general may lead to a decrease in crop yield (Wang et al., 2017; Zhong et al., 2021). Nevertheless, in the present experiment, mild water deficit and a moderate nitrogen application level (W1N2) resulted in the highest fruit yield, which was significantly higher by 11.15% (2021) and 10.78% (2022) (P< 0.05) compared with that observed under adequate water supply and a higher nitrogen application level (W0N3). These results indicated that appropriate water deficit and nitrogen application were conducive to enhancement of eggplant yield, whereas excessive irrigation and nitrogen application were not only ineffective in improving eggplant yield, but also caused wastage of water and nitrogen fertilizer resources. This is consistent with previous findings that appropriate irrigation and nitrogen application are more beneficial than excessive application in water-scarce areas (Yang et al., 2017; Si et al., 2020). Rational irrigation and appropriate fertilization not only ensure optimal access to resources, but also enhance photosynthesis and carboxylation efficiency, thus significantly improving yield (Teixeira et al., 2014). The mean yield of eggplant under moderate water deficit (W2) was significantly decreased by 16.97% (2021) and 16.97% (2022) compared with that under adequate water supply (W0), and significantly decreased by 19.91% (2021) and 20.54% (2022) compared with that under mild water deficit (W1). The reduction of eggplant yield under moderate water deficit may be because nitrogen transport from the soil to the rhizosphere is adversely impacted by water deficit, thus inhibiting the effective use of nitrogen by plants (Kunrath et al., 2018). Under the same nitrogen application rate, the mean yield of eggplant first increased with increment in the nitrogen application level, and peaked under the N2 level, which may be because nitrogen application promotes the physiological growth of crops and is conducive for water and nutrient absorption by crops (Drenovsky et al., 2012). Nevertheless, eggplant yield decreased markedly when nitrogen application was raised from the N2 to the N3 level, and the lowest yield was observed in the W2N3 treatment with a significant decline of 10.99% (2021) and 9.61% (2022) compared with that of the CK (P< 0.05). This is because severe water deficit and a high rate of nitrogen application lead to increased osmotic pressure in the rhizosphere of plants, which inhibits transpiration and the nutrient absorption ability of plants, and ultimately results in decreased yield (Jalil Sheshbahreh et al., 2019).




4.2 Effect of irrigation and nitrogen application treatments on WP and PFPn

Enhancing water and nitrogen use efficiencies is especially valuable for sustainable agricultural development under water scarcity and excessive fertilizer application (Lu et al., 2021). The present irrigation and nitrogen applications had an extremely significant influence on WP content. Mild water deficit and medium nitrogen application (W1N2) resulted in the highest WP content, which was significantly higher by 11.27%–37.84% (2021) and 14.71%–42.48% (2022) compared with those of the other treatments. Mild water deficit reduced the ET of eggplant, while mild water deficit and a moderate nitrogen application rate resulted in an optimal combination of water and nutrients, resulting in higher eggplant yields and thus higher WP (Zhang et al., 2006). Furthermore, irrigation and nitrogen application by mulched drip irrigation enables precise control of the amounts of water and nitrogen applied, avoids evaporation and deep leaching of soil water as much as possible, and reduces nitrogen leaching (Lu et al., 2021). Kamran et al. (2023) found that WP under mild water deficit and mild nitrogen reduction was higher than that under other water and fertilizer treatments. The highest WP in winter wheat has been reported to be under water deficit and medium nitrogen application treatment (Lu et al., 2021). Suitable irrigation and nitrogen can simultaneously increase the availability of water and nutrients, promote the uptake and utilization of water and nutrients by crops, and thus improve WP and resource utilization (Dai et al., 2019). This effect of promoting complementarity is termed synergistic function (Wang et al., 2016). In this study, WP under the moderate water deficit (W2) treatment was not statistically different from that under the adequate water supply (W0) treatment, but was significantly reduced by 12.31% (2021) and 13.10% (2022) compared with that of the mild water deficit (W1) treatment. Given that the W2 treatment significantly reduced eggplant yield together with ET, and the reduction in yield was more pronounced than ET. The WP followed a tendency of a single-peaked curve with increment in nitrogen application rate. Under a high nitrogen rate (N3), the highest WP was under the W1N3 treatment, rather than the W0N3 treatment, because high nitrogen and adequate irrigation resulted in vigorous plant growth and increased the rate of unproductive transpiration (Li et al., 2021).

The PFPn is an indicator of nitrogen utilization (Li et al., 2021). Irrigation and nitrogen application based on crop demand are beneficial for improvement of resource utilization efficiency (Li et al., 2022). In this study, the PFPn under the high nitrogen application level (N3) was significantly reduced by 25.77% (2021) and 25.34% (2022) compared with that under the medium nitrogen application level (N2). This is because excessive nitrogen application exceeds the optimum requirement of eggplant, resulting in a decrease in nitrogen use efficiency, i.e. PFPn, which in turn causes nitrogen leaching and volatilization (Lu et al., 2021). In contrast, appropriate nitrogen application increases the PFPn and eggplant yield, while reducing soil nitrate loss (Spiertz, 2009). Optimum irrigation can improve crop nitrogen absorption, maximize nitrogen utilization efficiency, and enhance crop yield (Garnett et al., 2009). In contrast, excessive irrigation is detrimental to the improvement of nitrogen use efficiency (Li et al., 2017). Similar findings were observed in this study. The PFPn gradually declined with increase in the severity of water deficit, and no statistical difference in PFPn was detected under the adequate water supply (W0) and mild water deficit (W1) treatments, whereas the PFPn under moderate water deficit (W2) was significantly reduced compared with that under the other treatments. Mild water deficit and medium nitrogen application (W1N2) significantly increased PFPn compared with that under adequate water supply and high nitrogen application (W0N3). Moderate water deficit and nitrogen application increased PFPn in wheat compared with that under conventional irrigation and nitrogen treatments (Kamran et al., 2023). The PFPn of eggplant in the W2N1 treatment was significantly lower by 7.20% (2021) and 9.14% (2022) compared with that of the W1N2 treatment. This response was due to the severe water deficit and minimal nitrogen application rate, which failed to match the water and nutrient demands of the crop, resulting in insufficient biomass accumulation and yield reduction, thereby adversely affecting photosynthesis and reducing the nitrogen use efficiency (Tan et al., 2017; Si et al., 2020).




4.3 Effect of irrigation and nitrogen application treatments on fruit quality

The soil water content, which impacts soil nutrient transformation and nutrient uptake by plant roots, has a direct impact on fruit quality (Liu et al., 2019). Some studies have reported that water deficit dramatically improves the contents of SSC and TSS in fruit (Acevedo-Opazo et al., 2010; Ju et al., 2019; Yang et al., 2020). The present results revealed that mild water deficit greatly enhanced the contents of SSC, SP, and TSS in eggplant fruit. This is similar to the results of Yang et al. (2019), who observed that mild drought enhances fruit quality parameters compared with those under adequate water supply. Under water stress, the phloem sap flow to the fruit is hindered, resulting in an increase in the solute concentration of the sap and decrease in water transport from the xylem to the fruit (Guichard et al., 2001). However, the decrease in fruit water content barely affects the accumulation of sugars, leading to an enhancement in sugar concentration while improving fruit quality (Chen et al., 2014). In addition, water deficit favors the storage of starch and the conversion of starch to sugar, which increase the TSS and SSC contents (Wang et al., 2011). Vitamin C, an additional indicator of the nutritional quality of fruit, participates in various metabolic reactions in the human body (Lee and Kader, 2000). The present study revealed that mild water deficit in 2022 strongly improved the Vc content in eggplant fruit. This result is consistent with previous findings that water stress substantially enhances the accumulation of Vc (Liu et al., 2019). This may be because water stress diminishes the leaf area of plants, but strengthens the light intensity and time in the canopy, which promotes the synthesis of Vc (Dumas et al., 2003).

The contents of SSC, organic acids, TSS, and Vc in tomato fruit are significantly enhanced when the nitrogen application rate does not exceed 300 kg ha−1 (Li et al., 2021). This research found that the contents of SSC, SP, TSS, and Vc were significantly increased in fruit under a medium nitrogen application rate (N2). This is explained by the observation that a rational nitrogen level is beneficial to nitrogen absorption by plants, and thus improves photosynthetic activity and protein synthesis (Wang et al., 2021; Nasar et al., 2022). Nevertheless, under a high nitrogen application level (N3), the contents of SSC, SP, TSS, and Vc in eggplant fruit were decreased significantly. Excessive nitrogen application constrains nutrient transport to the fruit, but enhances the synthesis of amino acids and proteins in organic acids, thus increasing sugar consumption and reducing sugar accumulation in the fruit (Sun et al., 2011). In addition, excessive nitrogen application facilitates the vegetative growth of crops, and the rapid increase in leaf area leads to expansion of the shaded area and reduction in temperature, which ultimately induces acid synthesis and is not beneficial to the accumulation of SSC (Benard et al., 2009). However, Vc synthesis requires the participation of sugars, and reduction in the SSC inhibits Vc synthesis (Wang et al., 2017).




4.4 Determination of optimum deficit irrigation and nitrogen management strategies

The optimum deficit irrigation and nitrogen management strategies should consider ET, yield, WP, PFPn, and fruit quality. In the current study, adequate water supply (W0) increased PFPn, but decreased yield, WP, and fruit quality of eggplant. At the medium nitrogen application level (N2), the ET during the growth period was reduced and PFPn was significantly decreased, whereas the yield, fruit quality, and WP were improved. Given that the impacts of irrigation and nitrogen application management on yield, WP, PFPn, and fruit quality of eggplant involve complex interaction effects, an optimal balance between these indicators cannot be determined by qualitative analysis alone. Therefore, the quantitative relationships among these indicators were assessed with the TOPSIS method. The TOPSIS results showed that the W1N2 treatment ranked first in the 2-year trial. Consequently, the combination of W1 (60%–70% FC) and N2 (270 kg ha−1) provided the optimal response (Table 4), and was the best irrigation and nitrogen application management option for cultivated eggplant at the study site.





5 Conclusion

Mild water deficit significantly increased the yield, WP, and SP and Vc contents of eggplant, but slightly decreased PFPn and significantly decreased the crop ET. A high nitrogen application rate significantly reduced the yield, WP, PFPn, and fruit quality, but had no significant effect on ET. A comprehensive evaluation using TOPSIS indicated that mild water deficit and a medium nitrogen application level (i.e., W1N2) had the best comprehensive effect and was the best irrigation and nitrogen application management strategy to balance ET, yield, WP, PFPn, and fruit quality of eggplant in a cold and arid environment. The present findings contribute novel insights and a theoretical basis for water and nitrogen management of eggplant in a cold and arid environment. However, climatic variables (such as rainfall) and soil conditions vary in different regions. Therefore, the mechanisms by which climate change and soil conditions in different regions influence the effects of deficit irrigation and nitrogen application on the yield, fruit quality, and resource utilization of eggplant require further investigation.
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Introduction

Water is one of the important factors affecting the yield of leafy vegetables. Lettuce, as a widely planted vegetable, requires frequent irrigation due to its shallow taproot and high leaf evaporation rate. Therefore, screening drought-resistant genotypes is of great significance for lettuce production.





Methods

In the present study, significant variations were observed among 13 morphological and physiological traits of 42 lettuce genotypes under normal irrigation and water-deficient conditions.





Results

Frequency analysis showed that soluble protein (SP) was evenly distributed across six intervals. Principal component analysis (PCA) was conducted to transform the 13 indexes into four independent comprehensive indicators with a cumulative contribution ratio of 94.83%. The stepwise regression analysis showed that root surface area (RSA), root volume (RV), belowground dry weight (BDW), soluble sugar (SS), SP, and leaf relative water content (RWC) could be used to evaluate and predict the drought resistance of lettuce genotypes. Furthermore, the drought resistance ranks of the genotypes were similar according to the drought resistance comprehensive evaluation value (D value), comprehensive drought resistance coefficient (CDC), and weight drought resistance coefficient (WDC). The cluster analysis enabled the division of the 42 genotypes into five drought resistance groups; among them, variety Yidali151 was divided into group I as a strongly drought-resistant variety, group II included 6 drought-resistant genotypes, group III included 16 moderately drought-resistant genotypes, group IV included 12 drought-sensitive genotypes, and group V included 7 highly drought-sensitive genotypes. Moreover, a representative lettuce variety was selected from each of the five groups to verify its water resistance ability under water deficit conditions. In the drought-resistant variety, it was observed that stomatal density, superoxide anion (O2.−wfi2) production rate, and malondialdehyde (MDA) content exhibited a low increase rate, while catalase (CAT), superoxide dismutase (SOD), and that peroxidase (POD) activity exhibited a higher increase than in the drought-sensitive variety.





Discussion

In summary, the identified genotypes are important because their drought-resistant traits can be used in future drought-resistant lettuce breeding programs and water-efficient cultivation.





Keywords: lettuce (Lactuca sativa L.), water deficit, trait screening, multivariate analysis, genotype evaluation, predictive model




1 Introduction

Lettuce (Lactuca sativa L.), a leafy vegetable species highly valued for its nutritional richness, holds substantial economic importance and enjoys widespread global cultivation and consumption, with China being a prominent contributor to its production (Kim et al., 2016; Shin et al., 2021). However, due to its shallow taproot system, lettuce requires frequent irrigation. Even a brief period of drought stress can adversely affect the plant, causing the production of undersized leaves and ultimately resulting in low crop yield (Li et al., 2017). To fulfill the needs of a large population, conserving water is a crucial strategy for increasing the yield of leafy vegetables, and of lettuce in particular (Saed-Moucheshi et al., 2013). Implementing such an approach can serve as an effective measure to optimize human labor in the agricultural sector while simultaneously enhancing water use efficiency (Scardigno, 2020; Hou et al., 2023).

In numerous regions worldwide, agricultural producers have prioritized the selection of crop types that can withstand drought conditions (Sun et al., 2023). Among these, drought-tolerant cultivars have demonstrated their significance in mitigating water consumption and facilitating the objective of conserving water, particularly in areas prone to high temperatures and water scarcity (Ferguson, 2019; Neha et al., 2021). Several studies have revealed that the rearing of cultivars with robust drought tolerance potential can lead to substantial reductions in water usage and notable improvements in harvest yields (Jamalluddin et al., 2021; Zhang et al., 2023). Currently, the emphasis on screening drought-tolerant varieties predominantly revolves around agronomic and field crops such as wheat (Nevo and Chen, 2010; Abdolshahi et al., 2015; Guellim et al., 2020), barley (Nevo and Chen, 2010), maize (Ali et al., 2015), cotton (Ahmad, 2020; Imtiaz et al., 2023; Iqbal et al., 2023; Wedegaertner et al., 2023), rice (Marcelo et al., 2017; Asma et al., 2021), and millet (Choudhary et al., 2021). However, there is a notable absence of comprehensive evaluations and verifications based on indicator screening for drought-tolerant genotypes specifically in lettuce. This includes assessing morphological, physiological, and biochemical changes as indicators of drought tolerance in lettuce varieties.

Over the past two decades, numerous indicators and features have been proposed to identify drought-tolerant varieties (Cai et al., 2020). Typically, drought stress indicators based on yield loss in drought conditions have been utilized for this purpose (Mohi-Ud-din et al., 2021; Sun et al., 2023). Drought susceptibility is commonly measured by comparing yield reduction under normal and water-deficient environments (Saed-Moucheshi et al., 2013). However, due to the multifaceted nature of crop genotype tolerance and susceptibility, drought tolerance in plants encompasses multiple factors, and a single indicator cannot be utilized to fully or accurately evaluate this phenotype (Munns et al., 2010; Lonbani and Arzani, 2011). Moreover, relying solely on one indicator can lead to a biased and incomplete assessment (Aslam et al., 2023). To effectively identify drought-tolerant varieties, a comprehensive evaluation of morphological, physiological, and biochemical indicators is necessary. Additionally, many evaluation indicators for assessing drought tolerance have primarily focused on filed crops, which may not be suitable for screening lettuce genotypes due to variations in growth morphology, harvested parts, and water necessities.

The identification of indicator markers for drought tolerance in genotype screening plays a critical role in various stages of plant development (Levi et al., 2009; De Brito et al., 2011; Bo et al., 2017). Previous research has identified several indicators of drought tolerance in crops. These indicators include leaf water potential, net photosynthesis, water use efficiency, maximum quantum efficiency of PSII, proline and betaine content, SS, chlorophyll, MDA, antioxidant enzyme activity, leaf area, and yield output, among others (Yan et al., 2020). However, it is acknowledged that these indicators are numerous and complex. To effectively select drought-tolerant cultivars, it is important to identify key indicators and streamline the evaluation process. In this regard, we propose the use of the CDC, D-value, and WDC to accurate assessment and screening of cultivars under both normal and drought conditions (Xu et al., 2020; Bao et al., 2023). By transforming the original set of indicators into a concise collection of representative indicators using PCA, complex and large datasets can be simplified (Donde et al., 2019). Through multiple linear regression analysis, predictive models can be developed to assess water-deficit tolerance based on morphological and physiological variables (Quevedo et al., 2022). Therefore, it is essential to establish a concise set of indicators for evaluating drought stress or develop an effective model that combines various evaluation methods to rapidly determine the resistance of superior lettuce genotypes or cultivars to drought.

Reduced yield due to water deficiency is the primary outcome of current varieties’ lack of adaptability and represents a serious danger to the ability of crops to withstand drought (Kaur and Asthir, 2017). However, plants have numerous mechanisms, such as osmotic adjustments or osmoregulation via the buildup of proline, carbohydrates, and other substances, that help them grow and produce a high yield. Plants are protected from oxidative stress by additional mechanisms, such as an increased antioxidant activity system (SOD, POD, CAT), which neutralizes ROS (OH-,   and MDA) (Yang et al., 2021). Increased chlorophyll levels also improve photosynthesis because they allow for more efficient use of water through regulation of stomatal activity, which in turn causes a rise in CO2 concentration (Parida et al., 2007; Niu et al., 2018). In addition, root development is essential for sustaining water and nutrient availability during periods of drought. There is deficit of studies that employ a multivariate approach to investigate the morphological, physiological, and biochemical characteristics of lettuce genotypes and identify marker variables associated with drought resistance. Therefore, it is crucial to discover easily measurable indicators of drought stress that can facilitate rapid evaluation and validation of elite germplasm or drought-tolerant cultivars. In this experiment, 42 distinct varieties of lettuce were cultivated under both well-watered conditions (with soil water content maintained at 75%-85% of field capacity) and water-limited conditions (35%-45% of field capacity). Through the use of PCA, D-value calculation, cluster analysis, correlation analysis, and membership functional value assessment, the drought tolerance of lettuce genotypes was systematically evaluated and categorized based on their morphological and physiological indicators. Furthermore, a stepwise regression-based prediction model was developed to verify the drought tolerance capacity and mechanisms of several genotypes. These findings provide valuable insights into the drought tolerance and susceptibility of lettuce genotypes and establish a foundation for screening indicators of drought tolerance for leafy vegetables.




2 Materials and methods



2.1 Plant materials

To investigate the drought resistance of lettuce cultivars, 42 lettuce genotypes of five different types (loose leaf, butterhead, leaf heading, romaine, and mix strains) were used in this study (Table 1).


Table 1 | Genotypes of 42 lettuce genotypes.






2.2 Description of a controlled environment

The experiment was carried out from October 2021 to April 2022 in Ding Xing County, Hebei Province, China. Seeds were grown in a seedling greenhouse starting on October 11, 2021, in a 105-hole tray using vermiculite:perlite:peat = 1:1:1 as substrate 25 days later and planted in a greenhouse. The physical properties of the soil are shown in Table S1. The average temperatures of day and night were 19.5°C and 14.0°C, respectively, and the relative humidity ranged between 45% and 55%. The temperature and relative humidity were monitored electronically by a Qingping hygrometer (Qingping Technology Co., Ltd., China). Before planting, the plots were divided into two parts: one for normal irrigation and another for water deficit irrigation. The field capacity was controlled through drip irrigation. Drip lateral lines of 16 mm diameter were laid between the two rows. The dripper discharge was 1.38 lph at a pressure of 0.1 MPa. During the whole growth period, the running time of the dripper discharge was accurately calculated according to the specified irrigation plan and the required irrigation water volume. The running time for drip irrigation was calculated as the volume of irrigation water applied divided by the number of drippers and the dripper discharge rate. The field capacity was monitored daily by the Zl6 data collector (METER Group, Inc., USA), which was inserted into the pot to a depth of 10 cm.




2.3 Experimental design



2.3.1 Evaluation of lettuce genotypes

A factorial experiment based on a completely random design with three replications was used to evaluate lettuce genotypes under two treatments: normal irrigation (Control), in which the soil water content was maintained at 75%–85% field capacity, and water deficit (Treatment), with 35%–45% field capacity 20 days before harvest. Under the water deficit treatment, irrigation was withheld to allow the field capacity to decline to 35%–45%. At the harvest stage, 50 days after planting, 13 indexes were determined in the Horticultural College laboratory of Hebei Agricultural University, including leaf number (LN), root length (RL), root surface area (RSA), root volume (RV), average root diameter (ARD), aboveground fresh weight (AFW), belowground fresh weight (BFW), aboveground dry weight (ADW), belowground dry weight (BDW), soluble sugar content (SS), soluble protein content (SP), relative electrolytic leakage (REL), and leaf relative water content (RWC).




2.3.2 Verification of lettuce with different drought resistance grades under water deficit conditions

According to the classification results of cluster analysis, one variety from each of the drought-resistant grades was selected as the material. The seedling raising method and test treatment were the same as above. At the harvest stage, the stomatal length, width, stomatal aperture, and stomatal density of the leaves; antioxidant enzyme activity including SOD, POD, and CAT activity;   production rate; and MDA content were determined, with three replicates for each treatment.





2.4 Data collection



2.4.1 Determination of morphological parameters

At the harvest stage, the morphological parameters were measured. The number of leaves was calculated manually. The plant was cut from the rhizome, and the AFW and BFW were measured. Then, the aboveground and belowground parts were dried in a ventilated oven at 105°C for 15 minutes and then dried at 75°C until a constant dry weight was achieved, and the ADW and BDW were measured.

An MRS-9600TFU2L scanner (Shanghai Zhongjing Technology Co., China) was used to scan the roots, and LA-S root analysis software (2.6.5.1) was used to analyze the root length, root surface area, root volume, and average root diameter of the plants.




2.4.2 Determination of REL

The leaves were cut into long strips and placed in a calibrated tube that contained 15 ml of deionized water for 12 hours at room temperature to measure the conductivity of the extract (R1). After the leaves were heated in a boiling water bath for 30 minutes, the conductivity of the extract (R2) was measured again, and the relative conductivity was as follows: R1/R2100%. The SS was determined by the anthrone colorimetric method by (Gurrieri et al., 2020), and the SP content was determined by the coomassie brilliant blue method (Zhang et al., 2021).




2.4.3 Determination of RWC

The leaves from the same part of each plant were removed at 11:00 a.m., and the fresh weight (Wf) was measured. Then, the leaves were immersed in distilled water for 5–6 hours to enable water absorption by the leaves to reach a saturation state. Afterward, the leaves were removed from the water, dried until there was no residual water on the surface, and then weighed. The saturated fresh weight (Wt) of the plant leaves was subsequently obtained. Finally, the leaves were placed in an oven, heated at 105°C for half an hour, and then dried at 85°C until a constant weight was achieved. The saturated dry weight (Wd) of the leaves and the RWC (%) = (Wf-Wd)/(Wt-Wd) 100% were subsequently obtained using the method proposed by Meher et al. (2018).




2.4.4 Measurement of stomatal characteristics of the leaves

With the help of CellSens image analysis software (version 3.17.0.16686) and an Olympus BX51 fluorescence microscope (Olympus Soft Imaging Solutions GmbH), slices marked with nail polish were observed. Three slices were prepared for each variety. ImageJ image processing software was used to measure the stomatal length, stomatal width, stomatal aperture, and stomatal density in each field. After observations were made and counting was performed, the average value of the six fields was calculated (Bian et al., 2019).




2.4.5 Determination of   production rate and MDA content

The method of Zhang et al. (2019) was used to determine the   production rate. The MDA content was determined according to the thiobarbituric acid method (Elstner and Heupel, 1976).




2.4.6 Determination of antioxidant enzyme activity

SOD activity, POD activity, and CAT activity were assessed using a method that had been previously documented and referenced by Rahnama and Ebrahimzadeh (2004).





2.5 Comprehensive evaluation method

Drought resistance of different lettuce genotypes were analysed by CDC, D, and WDC according the method of Xu et al. (2020). The calculation formula is as follows:

 

 

 

 

 

 

 

According to equations (1) and (2), CDC were calculated; according to equations (3), (4) and (5), D were calculated; according to equations (6) and (7), WDC were calculated. In the formulas, Ti and CKi represent the index measured values of the water deficit condition and normal irrigation treatment, respectively; ωi represent the factor weight coefficient; μ (xi) represent the membership function value; Pi is the contribution rate of the ith comprehensive index, representing the importance of the ith index of all parameters, and xi, xi,max, and xi,min represent the ith comprehensive index, and the maximum and minimum values of the ith comprehensive index respectively; The gray relational degree (γD) between the DC value and D value of each parameter was subsequently obtained.

For the DC values of each index, simple correlation analysis, statistical analysis of continuous variable number distribution, and PCA were performed. When D values and DC were used as references, a stepwise regression analysis of the DC value of each index was performed to determine the corresponding regression equation. Finally, according to the D values of the lettuce genotypes evaluated, the euclidean distance and weighted pair group method average were used for cluster analysis to score the drought resistance level.




2.6 Data analysis

Microsoft Excel 2010 was used for data processing. PCA, stepwise regression analysis, correlations, and significance were assessed using IBM SPSS Statistics version 25 software (Armonk, NY, USA). The figures were constructed using Origin v8.0 (Origin Lab Corp., Northampton, MA, USA).





3 Results



3.1 Comprehensive evaluation of drought resistance in lettuce



3.1.1 The representativeness of lettuce genotypes and analysis of measured index mean values

Drought stress had a significant impact on the measured values of various indicators of the test materials, with significant differences between treatments and materials. Under the different water treatments, 13 indicators, i.e., LN, RL, RSA, RV, ARD, AFW, BFW, ADW, BDW, SS, SP, REL, and RWC, were measured (Table S2). ANOVA indicated that there were significant differences among the genotypes under control and water deficit conditions (Table S3). The coefficient of variation (CV) between the genotypes ranged from 0.26 to 1.21 for the control and 0.07 to 1.14 for the treatment, which indicated that there is a wide range of diversity in terms of these parameters for the genotypes. The results indicated that these parameters could be suitable for use as sources for water deficit condition screening.




3.1.2 Analysis of the DC in 42 lettuce genotypes

The lettuce genotypes exhibited significant variation in drought tolerance under water deficit conditions (Table 2). The drought coefficient (DC) for RL ranged from 0.47 to 0.97, for ADW it ranged from 0.41 to 1.00, and for SP it ranged from 0.18 to 2.12. These findings suggest the presence of lettuce genotypes with different resistance to drought. Furthermore, the coefficient of variation (CV) ranged from 0.09 to 0.50, indicating a high level of variability among the genotypes in terms of their resistance to water deficit conditions. Additionally, there were significant differences between the drought resistance coefficient of each trait for a particular genotype, highlighting the varying sensitivity of individual traits to drought stress.


Table 2 | DC of 13 indexes in 42 lettuce genotypes.






3.1.3 Frequency analysis of DC of all indexes in lettuce under water deficit conditions

There is significant variation in the distribution times and frequencies of DC values for each index within the same interval (Figure 1). SP shows a uniform distribution across six intervals, while RSA, RV, and BDW among the morphological indexes exhibit distribution across four intervals ranging from 0.0 to 1.0, indicating their high sensitivity to water deficit conditions. The DC values of LN and REL are concentrated at 0.75<DC ≤ 1, with contribution rates of 90.5% and 95.2%, respectively.




Figure 1 | Different distributions of DC of all indexes in lettuce. LN, leaf number; RL, root length; RSA, root surface area; RV, root volume; ARD, average root diameter; AFW, aboveground fresh weight; BFW, belowground fresh weight; ADW, aboveground dry weight; BDW, belowground dry weight; SS, soluble sugar; SP, soluble protein; REL, relative electrolytic leakage; RWC, leaf relative water content.






3.1.4 Correlation analysis of DC of all indexes in lettuce

To examine the relationships between different indexes in lettuce genotypes, a correlation analysis was conducted (Figure 2). The results of the analysis revealed significant and high correlations among the traits. Specifically, REL exhibited significant positive correlations with LN, AFW, ADW, BFW, RC, SP, SS, ARD, and RWC. Furthermore, RWC displayed a significant correlation with SP, and highly significant correlation with RSA, while RWC had no significant correlation with other indexes.




Figure 2 | Correlation of drought resistance coefficient of each index of leaf lettuce genotypes. LN, leaf number; RL, root length; RSA, root surface area; RV, root volume; ARD, average root diameter; AFW, aboveground fresh weight; BFW, belowground fresh weight; ADW, aboveground dry weight; BDW, belowground dry weight; SS, soluble sugar; SP, soluble protein; REL, relative electrolytic leakage; RWC, leaf relative water content. *and ** indicate significant correlations at the P< 0.05 and P< 0.01 levels, respectively.






3.1.5 PCA of all indexes in lettuce genotypes

The parameters with similar effects were grouped together into distinct categories (Table 3). These original parameters were subsequently renamed as new independent comprehensive parameters, namely, F1, F2, F3, and F4. Among these parameters, F1 had the highest variation, primarily influenced by RV and ADW. F2 exhibited a stronger factor loading on RWC, while F3 showed a higher factor loading on AFW. In the case of F4, SP accounted for the most significant variability. The cumulative contribution of the top four factors, based on eigenvalues greater than >0.58, amounted to 94.83%.


Table 3 | Eigenvectors and contribution rates of all indexes in lettuce genotypes by PCA.






3.1.6 Evaluation of comprehensive drought resistance of 42 lettuce genotypes

The CDC and WDC drought resistance indexes for all lettuce genotypes, ranging from 0.45 to 1.24 and 0.59 to 1.63, respectively (Table 4). The mean values for CDC and WDC were 0.85 and 1.13, respectively, with corresponding CVs of 0.21 and 0.22. Based on the rankings derived from the CDC and WDC values, consistent results were obtained for the drought resistance of the 42 lettuce genotypes. Yidali 151 demonstrated strong drought tolerance, while Ziya, Malvana, and Gelin exhibited low drought resistance. The remaining genotypes showed moderate resistance to drought. Additionally, the D values for the genotypes ranged from 0.14 to 0.98, with a mean of 0.56 and a CV of 0.34. Yidali 151 displayed the highest drought resistance, while Ziya, Malvana, Wojulvsha, and Gelin were considered drought-susceptible. Other genotypes fell between these levels, aligning with the CDC and WDC values.


Table 4 | CDC, D value and WDC of drought resistance evaluation of lettuce genotypes.






3.1.7 Analysis of the gray relational degree for all studied traits under water deficit conditions

The correlation between the DC and D values for each studied trait was ranked in ascending order as follows: BDW, RSA, RV, BFW, ADW, RWC, SS, SP, AFW, LN, ARD, and REL, with BDW being the most strongly correlated trait. This ranking primarily reflects the similarity between the DC and D values for each index, which aligns with the susceptibility of each variety to water deficit conditions (Table 5). Furthermore, the correlation between the DC and WDC of each index was also ranked, with belowground dry weight exhibiting the most significant correlation among all the traits considered in relation to the correlation between DC and CDC.


Table 5 | Correlation degree between DC and CDC, DC and D value, DC and WDC of each index and the weight of each index in lettuce genotypes.






3.1.8 Screening of drought resistance indicators by stepwise regression analysis

The measured DC values were subjected to regression analysis together with the D value, and the coefficient of determination (R2) was 0.985. The F test value was highly significant, which indicated that the regression equation was optimal, that the predictions were accurate and that the model was a good fit for the given data (Table 6). According to the regression equation between the D value and DC value of each index, the drought resistance of lettuce genotypes can be identified by measuring the indexes closely related to the D value, such as RSA, RWC, RV, BDW, SS, and SP, thus simplifying the identification work.


Table 6 | Drought resistance model prediction in lettuce genotypes by stepwise regression analysis.






3.1.9 Cluster analysis and classification of drought resistance levels

Using cluster analysis with a threshold value (λ) set at 5, the 42 lettuce genotypes were classified into five distinct groups based on their D values (Figure 3). Group I consisted of drought-resistant genotypes, with Yidali 151 being the most prominent among themand exhibiting the highest D value (Table S4). Group II, Group III, Group IV, and Group V included 6 drought-resistant genotypes, 16 moderately drought-resistant genotypes, 12 drought-sensitive genotypes, and 7 highly drought-sensitive genotypes, respectively. The proportions of genotypes in groups I, II, III, IV, and V were 2.3%, 14.3%, 38.1%, 28.6%, and 16.7%, respectively, encompassing the entire set of evaluated genotypes.




Figure 3 | Cluster diagram of drought resistance in lettuce cultivars based on D value. Group I, Group II, Group III, Group IV, and Group V represent different drought resistance levels.







3.2 Verification of the comprehensive analysis and evaluation system for the water deficit adaptability of lettuce



3.2.1 Morphological changes in five lettuce genotypes under water deficit conditions

To validate the accuracy of the experimental model, five lettuce genotypes representing different levels of drought resistance were selected: Yidali151, Zidie, Jingyanyidali, Hongshanhu, and Ziya. When subjected to water-deficit conditions, these five genotypes displayed noticeable variations and significant differences among them (Figure 4).




Figure 4 | Morphological changes in five lettuce genotypes under water deficit for both experimental groups.






3.2.2 Stomatal traits of the upper epidermis of the leaves

The upper epidermal stomatal traits exhibited variations among different lettuce genotypes under water-deficit conditions (Figure 5A). In comparison to the control group, the stomatal length, width, and aperture decreased in the five lettuce genotypes subjected to water deficit conditions. Specifically, the stomatal length and width experienced reductions ranging from 7.3% to 29.1% and 6.8% to 21.2%, respectively. Moreover, the stomatal aperture significantly decreased, ranging from 18.0% to 48.8%, across the different genotypes. Interestingly, under water deficit conditions, the stomatal densities of Yidali151, Zidie, Jingyanyidali, Hongshanhu, and Ziya increased by 8.8%, 14.3%, 21.5%, 36.8%, and 55.2%, respectively (Figure 5B).




Figure 5 | Stomatal traits in the upper epidermis of lettuce under water deficit conditions. (A) Differences in stomatal traits in the upper epidermis of five genotypes under normal irrigation and water deficit conditions. (B) Stomatal length, width, stomatal aperture and stomatal density in the upper epidermis of five genotypes under normal irrigation and water deficit treatments. Different letters indicate significant differences among various genotypes and treatments according to LSD (p ≤ 0.05), and vertical bars represent standard errors.






3.2.3 Stomatal traits of lower epidermis of the leaves

Under water-deficit conditions, the lower epidermal stomatal traits displayed variations among the five lettuce genotypes (Figure 6A). The stomatal length of Yidali151, Zidie, and Jingyanyidali did not show significant differences between normal irrigation and water deficit conditions. However, Hongshanhu and Ziya exhibited a significant decrease in stomatal length. The stomatal width of all five lettuce genotypes significantly decreased by 11.8% to 38.4% under water-deficit conditions. Similarly, the stomatal aperture decreased in all genotypes, with Ziya showing a significant decrease. In terms of stomatal density, Yidali151 demonstrated the lowest difference (3.9%) between normal irrigation and water deficit conditions, while Ziya exhibited the highest difference (46.1%) (Figure 6B).




Figure 6 | Differences in stomatal traits in the lower epidermis of five genotypes under water deficit conditions. (A) Differences in stomatal traits in the lower epidermis of five genotypes under normal-irrigation and water deficit conditions. (B) Stomatal length, width, stomatal aperture and stomatal density in the lower epidermis of five genotypes under normal irrigation and water deficit treatments. Different letters indicate significant differences among various genotypes and treatments according to LSD (p ≤ 0.05), and vertical bars represent standard errors.






3.2.4   Production rate and MDA content of lettuce under water deficit conditions

Under water deficit conditions, the production rate of   and MDA content showed variations among different genotypes. The   production rates of Yidali151, Zidie, and Jingyanyidali did not exhibit significant differences between normal irrigation and water deficit conditions. However, Hongshanhu and Ziya experienced increases of 59.1% and 82.6%, respectively, in their   production rates (Figure 7A). Furthermore, compared to the control group, the MDA contents significantly increased under water deficit conditions. Yidali151, Zidie, Jingyanyidali, Hongshanhu, and Ziya demonstrated increases of 19.1%, 29.5%, 60.8%, 71.2%, and 97.8%, respectively, in their MDA contents (Figure 7B).




Figure 7 |   production rate (A) and MDA content (B) of lettuce under water deficit conditions. Different letters indicate significant differences among various genotypes and treatments according to LSD (P≤0.05), and vertical bars represent standard errors.






3.2.5 Antioxidant enzyme activity of lettuce under water deficit conditions

Under water deficit conditions, the activities of SOD, POD, and CAT in the five genotypes increased (Figure 8). Specifically, SOD activity significantly increased in all genotypes, with Yidali151 exhibiting the highest increase of 88.1% and Ziya showing the lowest increase of 21.5%. In comparison to the control group, the POD activity in Yidali151, Zidie, Jingyanyidali, and Hongshanhu increased by 58.4%, 42.9%, 32.6%, and 28.0%, respectively, under water deficit conditions. However, no significant difference was observed in POD activity for Ziya between normal irrigation and water deficit conditions. Regarding CAT activity, Yidali151, Zidie, and Jingyanyidali demonstrated significant increases of 84.2%, 64.5%, and 42.6%, respectively, under water deficit conditions. On the other hand, no significant difference in CAT activity was observed for Hongshanhu and Ziya between normal irrigation and water deficit conditions.




Figure 8 | SOD (A), POD (B), CAT (C) activity of lettuce under water deficit conditions. Different letters indicate significant differences among various genotypes and treatments according to LSD (p≤0.05), and vertical bars represent standard errors.








4 Discussion

Drought stress significantly affects plant morphology, physiology, and yield, leading to reduced overall performance (Claeys and Inzé, 2013). Previous studies have often focused on specific aspects such as morphology, photosynthesis, or physiology to assess drought tolerance. However, it is crucial to consider indicators related to both yield and morphological characteristics to comprehensively evaluate drought tolerance (Dolferus, 2014; Ndayiragije and Li, 2022). In evaluating drought tolerance in cotton, morphological and yield indicators have been commonly used (Sun et al., 2021). However, these indicators provide only a partial understanding of crop drought tolerance, neglecting the roles of photosynthesis, physiology, and biochemical attributes. Osmotic adjustment, including parameters such as MDA and proline content, is an important component of drought tolerance and should be incorporated into comprehensive assessments (Wei et al., 2009; Fang and Xiong, 2015). Therefore, when evaluating and verifying drought tolerance, it is necessary to integrate multiple indicators that encompass morphology, physiology, biochemical changes, and representative indexes. This comprehensive approach ensures a better understanding of drought tolerance screening and evaluation in plants.

In our study, we conducted field cultivation of 42 lettuce genotypes and evaluated 13 indicator variables associated with drought tolerance. These indicators encompassed morphological, physiological, and biochemical traits. Throughout the growth stages, ranging from seedling to harvest, we performed variance analysis on the drought tolerance coefficient for the different water treatments. Notably, significant differences were observed among the genotypes, particularly under drought stress conditions (Table 2). These findings demonstrate the presence of substantial genetic diversity among the genotypes, making them representative samples for the region. Notably, drought stress had a significant impact on all the indicators examined (P<0.05), leading to decreased drought tolerance coefficients (<1) or increased drought tolerance coefficients (>1) (Table 2). Furthermore, the CV values for most indicators were higher under water deficit conditions compared to the normal treatment. This observation suggests that the lettuce genotypes chosen for this study exhibit considerable diversity, effectively responding to drought stress and generating representative outcomes.

To account for inherent variations among cultivars, we utilized relative values in evaluating different pakchoi varieties under drought stress. However, drought tolerance is a complex trait influenced by multiple factors, and relying on individual or single-type indicators for assessment can lead to errors (Ndayiragije and Li, 2022; Xiong et al., 2022). Currently, there is no single indicator that can provide a complete and accurate evaluation of drought tolerance. Therefore, it is crucial to identify more comprehensive indicators and adopt suitable evaluation methods for plant assessments. Moreover, many indicators exhibit correlations with each other, resulting in overlapping responses as indicators of crop stress tolerance (Figure 2). Consequently, the utilization of multivariate analysis methods becomes essential in evaluating and screening comprehensive indicators associated with drought tolerance. PCA has proven to be effective in reducing multiple variables to underlying factors, addressing missing data issues, and facilitating efficient grouping of drought-tolerant varieties (Wu and Bao, 2012; Maheswari et al., 2016). Through PCA, we successfully transformed the 13 individual indicators of lettuce genotypes under drought stress into four distinct independent comprehensive indexes. Notably, the cumulative contribution rate of the first four independent comprehensive indexes exceeded 94.83% (Table 3), indicating that a significant portion of the data encompassed by the 13 indicators was effectively encompassed by these comprehensive indexes. Previous studies utilized the PCA method, and the Zhong R2016 and XinLuZao 45 cultivars, two highly drought-tolerant cotton genotypes, were identified among 104 cotton genotypes based on 19 drought-related indicators (Sun et al., 2021). The drought tolerance membership function value acts as a multivariate indicator that combines the drought tolerance coefficients of different indicators, providing a comprehensive representation of overall plant performance under drought stress. This indicator effectively captures and reflects the collective response of plants to drought conditions. By utilizing the principal component scores, we calculated the membership function values and subsequently determined the D-value by incorporating the respective weights. This approach enabled us to rank the lettuce genotypes based on their drought tolerance, with higher D-values indicating greater drought tolerance (Table 4). Similar findings were demonstrated by (Liu et al., 2015), and the results showed that twenty-six of the 82 wheat addition lines that expressed high drought resistance were selected by membership function value based on 10 agronomic traits. A higher MFVD (membership functional value of drought resistance) was observed in the Agropyron elongatum 3E addition line, which was considered the most drought-resistant material. Previous studies have utilized the classification of onion cultivars based on waterlogging tolerance and wheat and maize varieties based on salt tolerance. In these studies, the cultivars or varieties were categorized into two groups using their respective characteristics. The classification was determined by evaluating the euclidean distances between the cultivars or varieties, which provided valuable insights into their comparative levels of tolerance (Huqe et al., 2021; Uzair et al., 2022). Likewise, the drought tolerance of cotton cultivars was classified using the membership function and D-value. This classification approach allowed for the grouping of cotton cultivars into distinct categories based on their individual levels of drought tolerance. This study observed significant differences in morphological, physiological, and biochemical characteristics among the lettuce genotypes, indicating the presence of abundant genetic diversity. PCA was employed to transform the 13 indexes of drought tolerance in lettuce varieties into 4 independent composite indicators according to previous studies. The D-values of various lettuce genotypes were then determined using the membership function. Combining CDC, D-values, and WDC analysis enhances the reliability and practicality of stress tolerance assessment in lettuce. Through stepwise regression analysis, it was determined that among the 13 studied indexes, six drought tolerance indexes (RSA, RV, BDW, SS, SP, and RWC) had significant effects on the drought tolerance of lettuce. These indexes can be considered primary indexes for the evaluation and screening of drought-tolerant lettuce genotypes in future studies. Moreover, a stepwise regression predictive model was developed to assess the drought tolerance of lettuce, represented by the equation Y= -0.399 + 0.520RSA + 0.302RWC + 0.181RV + 0.151BDW + 0.058SP + 0.016SS (R2 = 0.985, P value< 0.01). By incorporating multiple indexes as predictors, this model offers a dependable approach for evaluating the drought tolerance of lettuce. Through hierarchical clustering analysis, the 42 lettuce genotypes were classified into 5 diverse categories based on their D-values: highly drought- resistant, moderately drought- resistant, drought- resistant, drought-sensitive, and highly drought-sensitive (Figure 3). The results of the gray relational analysis further validate the accuracy of the regression analysis and enhance the scientific reliability and credibility of the identified indexes in assessing drought tolerance.

Comprehensive evaluation methods have proven highly effective in identifying drought-tolerant plant varieties. The evaluation process encompasses various morphological and physiological aspects that contribute to a plant’s ability to withstand drought. It is crucial to validate the classification of plants using comprehensive evaluation methods that consider multiple indicators. One of the key indicators for drought tolerance is stomatal behavior, including their patterning and morphology, which significantly influence water use efficiency. Stomata, found on the surfaces of leaves, exhibit a wide range of shapes, sizes, and numbers across different plant species (Liu et al., 2021). The variations in stomatal size and density can be attributed to genetic factors as well as plant growth under diverse environmental conditions. When subjected to drought stress, stomata close to reduce water loss through evapotranspiration, resulting in decreased stomatal density on both the upper and lower epidermis. Our results demonstrated that with an increase in drought stress, the stomata close, and their density in the upper and lower epidermis also decreases to prevent evapotranspiration. Similar results were observed in wheat crop cultivars that showed lower stomatal density under well-watered and water-stressed conditions, and the drought-sensitive cultivar had a nonsignificantly larger decrease under water-stressed conditions (Nyachiro et al., 2001). In the current study, the significant changes in stomatal traits of drought-resistant genotypes helped to improve drought resistance, such as the reduction in stomatal aperture and density under water deficit conditions. The stomatal aperture of drought-sensitive lettuce decreased more than that of drought-resistant genotypes, and the stomatal density of drought-sensitive lettuce increased more than that of drought-resistant genotypes (Figure 6).

ROS play a crucial role in the metabolic pathways associated with plant drought tolerance. Under drought stress conditions, plants frequently exhibit heightened levels of ROS, including increased production of   and elevated H2O2 content. H2O2 production intensifies at the onset of drought stress against which CAT is synthesized. in response to which antioxidants are produced to scavenge the ROS. SOD catalyzes the dismutation of superoxide to molecular oxygen and H2O2, after which H2O2 is converted into water and oxygen inside the cytosol and chloroplasts, which protects the cell from the toxic effects of ROS (Sarker and Oba, 2018; Liu et al., 2022). The high activity of SOD, CAT, and POD inside the cell during drought stress reflects the ability of the genotypes to tolerate drought; therefore, the genotypes in which high concentrations of these antioxidants are generated were considered tolerant, and the genotypes that produced low concentrations were considered sensitive. For different drought genotypes of soybean, the antioxidant enzyme activities of SOD, CAT, and POD in drought-resistant genotypes exceeded those of sensitive genotypes under different treatment times and drought degrees (Zhou et al., 2022). Antioxidant enzymes are commonly utilized as physiological indicators to identify plant stress resistance (Sánchez-Rodríguez et al., 2010; Sallam et al., 2019). In this study, the   and MDA contents increased in five genotypes under water deficit conditions. The   production rates of Yidali151, Zidie, and Jingyanyidali showed no significant difference, and Ziya significantly increased by 82.6%, and the MDA contents of Yidali151 and Ziya increased by 19.1% and 97.8%, respectively. Under water deficit conditions, the SOD, POD and CAT activities increased 88.1%, 58.4%, and 84.2%, respectively, in Yidali151. In Ziya, SOD increased by 21.5%, and POD and CAT showed no significant difference between normal irrigation and water-deficit conditions.

Therefore, in the evaluation and analysis of water deficit tolerance, it is crucial to account for a comprehensive range of indicators encompassing morphological, physiological, and biochemical parameters. This comprehensive approach enhances the effectiveness of identifying and screening drought-tolerant pakchoi varieties while reducing the cost and time associated with phenotyping. However, further research is required to unravel the molecular mechanisms underlying drought tolerance in lettuce genotypes and to develop targeted breeding strategies for highly drought-tolerant genotypes.




5 Conclusion

In this study, the drought resistance of 42 lettuce genotypes was assessed under both drought-stressed and normal-irrigated conditions. Thirteen indexes related to morphology, physiology, biochemical characteristics, and osmoregulation were evaluated to determine the genotypes’ drought tolerance. Various analytical techniques, including PCA, membership function value analysis, multiple regression analysis, CDC, D value, and WDC analysis, and cluster analysis, were employed to effectively evaluate the drought tolerance of pakchoi varieties. The assessment of lettuce drought tolerance involved analyzing six indicators through stepwise regression based on the D value: RSA, RV, BDW, SS, SP, and RWC. A digital model was developed to evaluate the drought tolerance of lettuce, and representative varieties were selected from five groups to assess their water resistance ability. The tolerance levels of each variety were validated through measurements of stomatal conductance features, ROS, MDA levels, and antioxidant enzyme activity. This research contributes to the identification of drought-resistant lettuce genotypes and provides a theoretical basis for further investigations into the underlying mechanisms of lettuce drought resistance.
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Information on tolerance to isolated or combined abiotic stresses is still scarce for tree species, although such stresses are normal in nature. The interactive effect of light availability and water stress has been reported for some native tree species in Brazil but has not been widely investigated. To test the hypothesis that shading can mitigate the stressful effect of water deficit on the photosynthetic and antioxidant metabolism and on the growth of young Hymenaea courbaril L. plants, we evaluated the following two water regimes: a) continuous irrigation – control (I) - 75% field capacity. and b) water deficit (S), characterized by irrigation suspension associated the two following periods of evaluation: P0 - when the photosynthetic rate of plants subjected to irrigation suspension reached values ​​close to zero, with the seedlings being re-irrigated at that moment, and REC - when the photosynthetic rate of the re-irrigated plants of each shading levels reached values ​​similar to those of plants in the control treatment, totaling four treatments: IP0, SP0, IREC, and SREC. The plants of these four treatments were cultivated under the four following shading levels: 0, 30, 50, and 70%, constituting 16 treatments. Intermediate shading of 30 and 50% mitigates the water deficit and accelerates the recovery of H. courbaril. Water deficit associated with cultivation without shading (0%) should not be adopted in the cultivation or transplantation of H. courbaril. After the resumption of irrigation in the REC, the other characteristics presented a recovery under all cultivation conditions. Key message: Intermediate shading of 30 and 50% mitigates the water deficit and accelerates the recovery of H. courbaril.
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Introduction

Shading, as well as water availability, are directly related to plant growth in a species-dependent relationship. Information on tolerance to isolated or combined abiotic stresses is still scarce for native species, although such stresses are normal in nature. The interactive effect of light, shading, and water stress has been reported for some native tree species in Brazil but has not been widely investigated, requiring further studies (Araújo et al., 2020; Bartieres et al., 2020; Cremon et al., 2020; Barbosa et al., 2021; Rosa et al., 2021).

The low water availability in the soil affects several metabolic processes, leading to smaller leaf areas, stomatal closure, lower stomatal conductance, lower rates of photosynthesis and transpiration, reduced growth, and lower yields. These conditions affect the enzymatic activity of carboxylase, ATPase, and antioxidant enzymes (Bartieres et al., 2020; Rosa et al., 2021). Species behave differently after the suspension of water stress; some do not survive, and others take time to recover, and other recover normally. These responses are attributed to physiological and metabolic plasticity, which ensures adjustments and tolerance to stressful environments (Araújo et al., 2020; Bartieres et al., 2020; Cremon et al., 2020; Barbosa et al., 2021; Rosa et al., 2021).

The physiological mechanisms responsible for the adaptations of native plants to shade or sun have not yet been widely evaluated and clarified. Thus, one same species is frequently classified in different successional groups. Ortiz et al. (2021) observed in their review that the functional characteristics of leaves vary between pioneer and late-successional species and that, among other traits, photosynthetic capacity and tolerance to photoinhibition are of great scientific interest (Yang et al., 2020). They also observed that pioneer species present a high capacity to dissipate excess light energy and to protect themselves by increasing carotenoids, modulating photosystem II (PSII), and by presenting a high content of the photosynthetic enzyme Rubisco. However, late-successional species are prone to chlorophyll degradation, exhibiting photoinhibition and presenting an irreversible decline in the maximum photochemical efficiency of PSII (Fv/Fm) when absorbing more light than necessary for carbon assimilation. In addition, late-successional species present lower Rubisco contents, which can eventually compromise plant survival (Yang et al., 2020; Ortiz et al., 2021).

Seedling growth in nurseries is directly influenced by factors such as water, temperature, relative humidity, and luminosity. Knowledge on the behavior of plants in the face of environmental factors is important, as the need to increase and diversify seedling production both for conventional agriculture and for the recovery of areas of natural vegetation degraded by human activity is growing throughout the world (Sousa et al., 2020).

Among the potential species for planting, there is the Hymenaea courbaril L., which is a species widely distributed in the Neotropical region and tolerant to different environmental conditions (Nascimento et al., 2015). H. courbaril is widely exploited due to its commercial and medicinal value and the properties of its wood, sap, bark, fruit, and seeds, which are highly valued. Thus, for its characteristics, this species is a promising candidate for reforestation programs or regeneration of natural habitats (Nascimento et al., 2015; Sousa et al., 2020). Oliveira et al. (2011) observed in their review that H. courbaril is included among the 25 priority species for programs to recover areas of degraded forest.

To understand the ability of plants of H. courbaril to acclimatize to the water deficit and the effect of shading on the mitigation of stress becomes relevant to ensure the successful implementation of projects for the recovery of degraded areas, the enrichment of these areas or planting for sustainable exploitation. Thus, taking into account the hypothesis that shading can mitigate the stressful effect of water deficit on the photosynthetic and antioxidant metabolism and on the growth of plants of Hymenaea courbaril L., we evaluated the behavior of young plants under water deficit at different shading levels and their recovery potential after the resumption of irrigation.





Materials and methods




Study site and species

The experiment was carried out at the Faculty of Agricultural Sciences (22°11’43.7” S and 54°56’08.5” W, altitude of 452 m), Federal University of Grande Dourados (UFGD), municipality of Dourados, MS, Brazil.

Ripe fruits of H. courbaril were collected from matrices in the remaining areas of the Cerrado. Subsequently, we manually processed and sanitized the seeds in 2% sodium hypochlorite for 5 min. The seeds were scarified with emery to overcome tegumentary dormancy and immersed in water for 24 hours before soaking (Souza et al., 2015). Sowing was performed in polyethylene tubes with a volume of 290.0 cm3 filled with commercial substrate Tropstrato had the following attributes: pH CaCl2, 5.75; P, 65.70 mg dm−3; K, 1.60 cmolc dm−3; Ca, 23.80 cmolc dm−3; Mg, 12.40 cmolc dm−3; Al, 0 cmolc dm−3; H + Al, 4.20 cmolc dm−3; the sum of bases, 39.80 cmolc dm−3; cation exchange capacity, 42.10 cmolc dm−3; and base saturation (V%), 64.80, and irrigation was performed daily according to Souza et al. (2000).

At 15 days after emergence, the seedlings were transplanted into 7.0 L plastic pots, previously filled with an Oxisol soil (United States and Soil Survey Staff, 2014) that corresponds to a Distroferric Red Latosol in the Brazilian Soil Classification System (EMBRAPA, 2018) and coarse sand (3:1, v/v). The substrate was maintained 70% of the water retention capacity (WRC) (Souza et al., 2000) until plant reached an average height of 24.0 cm for 30 days (acclimatization).





Water regimes, shading levels, and design

The plants with 45 days old were separated into four groups based on the following water regimes: continuous irrigation (control) – I, in which 75% of the water-holding capacity was maintained in the substrate using the gravimetric method (Souza et al., 2000); and water deficit – S, characterized by irrigation suspension. The water regimes were associated with the following evaluation periods: P0 - when the photosynthetic rate of young plants subjected to irrigation suspension (S) reached values ​​close to zero, with the plants being re-irrigated at that moment; and REC - when the photosynthetic rate of the re-irrigated plants at each shading level reached values ​​similar to those of plants in the irrigated with the same level of shading. Thus, the following treatments were established: 1) irrigated at zero photosynthesis (IP0), 2) stressed at zero photosynthesis (SP0); 3) irrigated in recovery (IREC); and 4) stressed in recovery (SREC). Zero photosynthesis was determined when plants subjected to water deficit any shading level reached values close to zero.

The young plants of these four treatments were allocated in the following four shading levels: 0% (0 = full sun), 30% (30), 50% (50), and 70% (70), obtained with the use of black nylon screens (Sombrite®) in a greenhouse. All the plants were maintained under a plastic screen to avoid the precipitation that could occur during the period.

The treatments were arranged in a completely randomized design in a split-plot scheme, where water regimes associated with evaluation periods (IP0, SP0, IREC, and SREC) were allocated in the plots and the different shading levels (0, 30, 50, and 70%) were allocated in the subplots, with six replicates (n = 6), with two plants by pot, totaling 96 plants.





Measurements




Gas exchanges and chlorophyll a fluorescence

Gas exchanges and fluorescence were determined between 8:00 and 11:00h in leaves of the third pair (from apex to base), and the evaluations were carried out in the morning, between 8 a.m. and 11 a.m. The light response curve was measured and the saturation point of the photosynthetic system was determined, establishing the value of the photosynthetic photon flux density (PPFD) of 1,300; 700; 500 and 400 μmol m-2 s-1 PPFD under 0, 30, 50, and 70% shading, respectively, and CO2 atmospheric ≥ 400 ppm as the ideal to perform the analyses.

The gas exchange were measured using a portable photosynthesis meter, LCIPro-SD ADC Bio Scientific Ltd., through which the photosynthetic rate (A - µmol m-2 s-1), stomatal conductance (gs -mol m-2 s-1), internal CO2 concentration (Ci -µmol mol-1), Rubisco carboxylation rate (A/Ci), and water use efficiency (A/E) were evaluated. Measurements were performed on fully expanded leaves of the third pair (from apex to base). The evaluations were carried out in the morning, between 8 a.m. and 11 a.m.

The potential quantum efficiency of photosystem II (Fv/Fm) was evaluated using a portable fluorometer, model OS-30p (Opti-Sciences Chlorophyll Fluorometer, Hudson, USA) under flash 1,500 from 1 s to 1,500 μmol m−2 s −1, and from the measurements of initial fluorescence (F0) and maximum fluorescence (Fm), absorbed energy conversion efficiency (Fv/F0) and the basal quantum yield of non-photochemical processes in the PSII (F0/Fm) were evaluated.

For fluorescence, the leaves were subjected to a period of 30 minutes of adaptation to the dark with the help of dark adapter clips, so that all reaction centers in this leaf region acquired the “open” condition that is, presenting a complete oxidation of the photosynthetic electron transport system.





Photosynthetic pigments

The contents of chlorophyll “a”, “b”, total (µg cm²) and carotenoids (µg cm²) were quantified by collecting a fully expanded leaf blade per plant. Samples were collected and kept in a dark and refrigerated environment. The entire extraction and quantification process was performed in the laboratory without direct exposure to light. 1 g was weighed, macerating with a pestle in a mortar, in 8 mL of 80% acetone, adding MgCl2 during the extraction. Subsequently, the solutions were taken for centrifugation using a microcentrifuge (MCD–200, H.T.) at a speed of 1.500 rpm for 10 minutes. Then, the absorbance reading was performed at the wavelengths of 470, 645 and 663 nm, using a spectrophotometer (SP-220, Biospectro). The chlorophyll and carotenoid contents respectively were found according to the proposals Arnon (1949) and Lichtenthaler and Buschman (2001), respectively.





Total protein, and antioxidant enzyme activity in leaves and roots

The total protein in leaves and roots was measured through quantitative determination, using the method by Bradford (1976). The fresh samples were used in the extract preparation. Absorbance readings were performed in triplicate at a wavelength of 595 nm using a spectrophotometer (Metash Visible Spectrophotometer- model V5000).

After harvesting the fresh leaves and roots of the treatments, the material was frozen in liquid nitrogen. One gram of each sample was weighed to be macerated in 6 mL of a solution containing 0.3 g polyvinylpyrrolidone (PVP) diluted in 100 mL of potassium phosphate buffer (0.2 M). Then, the samples were centrifuged at 4000 rpm for 20 minutes and the supernatant was used as an enzyme extract (Broetto, 2014). The activity of the antioxidant enzymes superoxide dismutase, and peroxidase, was measured in leaf and root tissues, following the methodology compiled by Broetto (2014).





Relative water content in leaves

The relative water was determined in four leaves of each treatment according to the following mathematical expression:

	

The leaves were collected between 7:00 and 10:00h and cut with cylinders of known area. After weighing the fresh mass, the samples were placed in petri dishes with distilled water for 24 h for saturation. After weighing the saturated dishes, they were dried to determine the dry mass.





Proline content

The leaf samples were dried in an oven with forced air circulation at 60 ± 5°C by 72 hours, and ground with sulfosalicylic acid according to the methodology of Colton-Gagnon et al. (2014). Absorbance at 520 nm (Spectrophotometer Metash V5000) was measured using toluene as a reference. Free proline content was calculated according to Bates et al. (1973).





Growth and seedling quality

Root length was measured using a ruler graduated in centimeters and the results were expressed in centimeters. Leaf area was measured using a Li-3100 Area Meter and the results were expressed in cm2. as a function of shoot height (SH), collar diameter (D), and total dry matter (TDM) which is given by the sum of shoot dry matter (SDM) and root dry matter (RDM). The seedlings were dried in a forced air circulation oven at 70°C ± 2°C for 72 hours until reaching constant mass and measured using an analytical scale (0.0001g).

Seedling quality was determined using the Dickson Quality Index (DQI) Quality was evaluated using the following equation Dickson et al. (1960)  .






Data analysis

Data were submitted to analysis of variance (ANOVA), and when significant by the F test (p ≤ 0.05) the means for water regimes + periods of evaluation, shading levels, and the interaction of treatments, were compared by the Tukey test (p ≤ 0.05). The software SISVAR 5.6 was used for the analyses (Ferreira, 2011).






Results

We observed that in P0, regardless of the shading level, the A was lower than the control treatment, sendo que as plantas que primeiro apresentaram F0 foram aquelas submetidas ao déficit hídrico sob pleno sol (10 dias de suspensão da irrigação). Under 50% shading level, A was 86.27% higher compared with plants under the 0% shading level.

The recovery of times of A, occurred differently, leading to different times being 8, 6, 3 and 5 days, for the respective shading 0, 30, 50, and 70%. In the SREC, overy stage (REC), after the establishment of irrigation, the plants previously stressed under 30 and 50% shading levels showed a higher A than that observed in plants under 0 and 70% shading levels (Figure 1A).




Figure 1 | Mean values of the photosynthetic rate A (A), stomatal conductance Gs (B), internal CO2 concentration Ci (C, D), instantaneous water use efficiency A/E (E), and instantaneous efficiency of carboxylation of CO2 A/Ci (F) of Hymenaea courbaril L. seedlings under different water regimes + evaluation periods: irrigated at zero photosynthesis (IP0), stressed at zero photosynthesis (SP0); irrigated in recovery (IREC), stressed in recovery (SREC) under different shading levels: 0, 30, 50, and 70%. Capital letters compare the same water regime + evaluation period in the different shading levels. Lowercase letters compare the same shading level in the different water regimes + evaluation periods. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



The stomatal conductance (Gs) was also significantly reduced at P0 in plants under water deficit for all shading levels, although remaining higher in seedlings grown under 50% shading, not differing statistically from plants under 30% shading. However, in REC, plants subjected to stress and 70% shading presented a significant increase in the rates of Gs, which were 26.79% higher than seedlings under 50% shading in the same water regime and period of evaluation (Figure 1B). Under the highest shading levels (50 and 70%), Gs was higher when compared to the lowest levels, except for P0.

There was no interaction between treatments for the internal carbon concentration (Ci), which was higher in plants grown under 0% shading (Figure 1C) and under water deficit at P0 (SP0) (Figure 1D). The water use efficiency (A/E), similarly to A and Gs, reduced significantly in the plants under water deficit at P0. However, there was no significant difference between shading levels. In REC, plants previously cultivated under water deficit under the shading levels of 0 and 30% showed significantly higher recovery (Figure 1E).

The Rubisco carboxylation rate (A/Ci) at P0 was also significantly reduced for SP0 plants, although there was also no variation between shadings levels. The shaded seedlings presented a higher A/Ci, although the SREC was higher under 30 and 50% shading (Figure 1F).

The chlorophyll a content (Figure 2A) varied between shading levels, being higher in plants under 70% and lower under 0% shading. Chlorophyll b (Figure 2B) was lower in plants under 30% shading and did not vary in the other shading levels. Total chlorophyll (Figure 2C) followed the pattern of chlorophyll a, being higher in plants under 70% shading and lower under 0% shading. Carotenoids (Figure 2D) showed the opposite behavior, being higher in plants under 0% shading and lower under 70% shading.




Figure 2 | Mean values ​​of Chlorophyll a (A), Chlorophyll b (B), total Chlorophyll (C) and carotenoids (D) (µg cm²) of Hymenaea courbaril L. seedlings under different shading levels: 0, 30, 50, and 70%. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



The plants under 0% shading showed higher initial fluorescence (F0) and in relation to the periods of evaluation, the highest value was observed for the SP0. In REC, regardless of the water regime, the values were lower (Figures 3A, B). Unlik P0, the quantum efficiency of photosystem II (Fv/Fm) showed lower values in plants under 0% shading and in SP0 (Figures 3C, D). The absorbed energy conversion efficiency (Fv/F0) varied according to shading levels, being higher in plants under 30 and 50% shading and lower in plants under 0% shading. For the water regimes + evaluation periods, plants of the SP0 treatment showed lower values (Figures 3E, F).




Figure 3 | Mean values ​​of initial fluorescence - F0 (A, B), quantum efficiency of photosystem II - Fv/Fm (C, D), efficiency of conversion of absorbed energy – Fv/F0 (E, F), and ineffective photochemical processes of photosystem II - F0/Fm (G, H) in seedlings of Hymenaea courbaril L. under different water regimes + evaluation periods: irrigated at zero photosynthesis (IP0), stressed at zero photosynthesis (SP0); irrigated in recovery (IREC), stressed in recovery (SREC) under the following different shading levels: 0, 30, 50 and 70%. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



However, for the basal quantum yield of the non-photochemical processes in the PSII (F0/Fm) the opposite occurred, as plants under 0 and 70% shading presented higher values than the others, as well as the plants of the SP0 treatment (Figures 3G, H).

Plants under 0% shading presented lower values of protein in leaves compared with the other shading levels. For the water regimes + evaluation periods, plants of the SP0 treatment presented lower values of protein in the leaves (Figures 4A, B).




Figure 4 | Mean values ​​of protein in the leaf (A, B), activity of the enzymes in leaf superoxide dismutase (SOD) (C, D), peroxidase (POX) (E) and root (F) of Hymenaea courbaril L. seedlings under different water regimes+ evaluation periods: irrigated at zero photosynthesis (IP0), stressed at zero photosynthesis (SP0); irrigated in recovery (IREC), stressed in recovery (SREC) under the following different shading levels: 0, 30, 50, and 70%. Capital letters compare the same water regime + evaluation periods in the different shading levels. Lowercase letters compare the same shading level in the different water regimes evaluation periods. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



The enzyme activity of superoxide dismutase (SOD) in leaves was higher in plants under 0% shading, as well as in plants of the SP0 treatment (Figures 4C, D).

The enzyme activity of peroxidase (POX) in leaves was higher in plants under 0% shading in the SP0 treatment, being like that of plants under 30% shading. However, in both shading conditions after the resumption of irrigation in the SREC,

POX levels reduced significantly, reaching values equal to the plants of the control treatment (Figure 4E). In Root, POX activity was also higher in plants under 0% shading in the SP0 treatment, followed by plants under 30% shading. However, in REC, the activity of this enzyme reduced significantly, although remaining higher in plants under 0% shading (Figure 4F).

It is possible to observe an increase in proline in plants under 0% shading and also in the plants of the SP0 treatment (Figures 5A, B).




Figure 5 | Mean Values ​​of Proline content (A, B) and Relative water content - RWC (C) in seedlings of Hymenaea courbaril L. under different water regimes+ evaluation periods: irrigated at zero photosynthesis (IP0), stressed at zero photosynthesis (SP0); irrigated in recovery (IREC), stressed in recovery (SREC) under the following different shading levels: 0 30, 50, and 70%. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



The relative water content in seedlings was lower under 0% shading and in SP0, followed by seedlings under 30% shading (Figure 5C). However, with the resumption of irrigation in the SREC, seedlings under 30% shading showed an increase in RWC, with values that did not vary from the control seedlings. This result differed from the plants under 0% shading, which showed an increase in RWC in relation to the previously stressed plants but presented statistically lower values than those of the plants of the control treatment.

The smallest root length was observed in plants under 70% shading and in relation to the regimes and evaluation periods, it is possible to observe that in the SREC, regardless of the water regime, the plants presented a longer root length, with means that did not vary from each other (Figures 6A, B).




Figure 6 | Mean values ​​of root lengths (CR) (A, B), leaf area (AF) (C, D) and DQI (E, F) of Hymenaea courbaril L. seedlings under different water regimes+ periods of evaluation: irrigated at zero photosynthesis (IP0), stressed at zero photosynthesis (SP0); irrigated in recovery (IREC), stressed in recovery (SREC) under the following different shading levels: 0, 30, 50, and 70%. Means followed by different letters indicate significant differences by the Tukey`s test (p<0.05) (n= 3).



The leaf area was larger under 50 and 70% shading and smaller in plants under SF0, being to RWC, increasing in the SREC and not varying significantly between water regimes (Figures 6C, D).

The seedling quality (DQI) was higher in plants cultivated under 50% and lower in plants grown under 70% shading. For the water regimes and periods of evaluation, we observed lower a DQI in F0, regardless of the water regime. However, in the SREC, the highest quality was observed for plants of the IREC treatment (Figures 6E, F).





Discussion

The harmful effect of water restriction on the activities of the photosynthetic apparatus was expected. However, the use of shading did not prevent the stressful effect of water deficit of reducing the A, gs, A/E, A/Ci, Fv/Fm, and Fv/F0 and increasing the Ci, F0, and F0/Fm of plants of H. courbaril, nor was it essential for the recovery of these characteristics after re-irrigation in the REC, since there was recovery under all cultivation conditions. Thus, although shading did not prevent water deficit stress, it mitigated this stress and favored the recovery of the photosynthetic metabolism.

We emphasize that plants grown under shading would take more days to reach zero photosynthesis, taking into account that at the time of P0 observed only in plants under 0% shading, shaded plants showed higher values ​​of A (average values of 1.56, 2.27, and 1.61 µmol m-2 s-1) under 30, 50, and 70%, respectively. In addition, plants grown under 50% shading presented a recovery of the photosynthetic rate in three days, taking five days less than the plants under full sun, which only recovered after eight days of irrigation. Thus, 50% shading delayed the reduction of photosynthetic rate and anticipated the recovery of plants after re-irrigation.

Our results show that H. courbaril recovers photosynthetic metabolism quickly under favorable conditions. In a study carried out by different researchers with other tree and fruit species native to the Brazilian Cerrado, we observed that the recovery period of photosynthetic metabolism after water stress can vary from 12 to 13 days regardless of shading levels (0, 30, and 70%) for some species (Bartieres et al., 2020; Rosa et al., 2021) or 4 to 7 days under 30 to 40% shading in other (Bartieres et al., 2020; Rosa et al., 2021).

The lower stomatal conductance (Gs) and Rubisco carboxylation rate (A/Ci) and higher internal CO2 concentration of plants of H. courbaril under water deficit and 0% shading corroborate information in the literature in which these changes are related to variations in soil moisture due to irrigation, and in most species, reductions in gs associated with stomatal closure decrease water loss when exposed to low water availability and high insolation, while also reducing Rubisco activity (Reis et al., 2018; Bartieres et al., 2020; Freitas et al., 2020; Rosa et al., 2021; Wang et al., 2021). These authors suggested that the increase of Ci followed by reduction of A has been attributed to the lower rate of Rubisco carboxylation in plants under water and light stress.

We emphasize that there was no difference in the instantaneous water use efficiency (A/E) between shading during P0. However, in the REC, the A/E of plants under 0 and 30% shading increased. The maintenance of A associated with lower values of transpiration rate (E) are characteristics of plants that tolerate a lower availability of water in the soil, which reflects in a higher A/E (Ma et al., 2004).

The cultivation of plants of H. courbaril under 0% shading and water restriction represent a stressful condition for this species, which can be proven by the higher values of initial fluorescence (F0) and F0/Fm and lower values of Fv/Fm and Fv/F0, thus suggesting that both the biochemical and photochemical stages of photosynthesis were impaired by these environmental conditions.

The evaluations of parameters of chlorophyll a fluorescence have been used to investigate stressful conditions for seedlings. Although there are reference values for these parameters, it was observed in the literature that they can vary according to the species and its growth and metabolism potential. They observed that reference values for Fv/Fm of 0.75-0.85 and for Fv/F0 of 4-6 represent favorable conditions for cultivation, when the values of F0/Fm are below these values or above 0.14-0.20, it is suggested that the seedling is under a stressful condition (Bento et al., 2016; Reis et al., 2020; Rosa et al., 2021).

Thus, these parameters helped to identify the stressful condition caused by the irrigation suspension and full sun for the cultivation of plants of H. courbaril, which was reinforced by the behavior of the other results observed in these studies, such as the evaluations of carboxylation and stomatal conductance, reduction of protein content in leaves, increase in SOD activity in leaves and POX activity in leaves and roots, and increase in proline.

The increase in proline signals the stressful effect, although it did not mitigate the stress due to water deficit and direct exposure to the sun (0% shading), in the recovery after the resumption of irrigation, proline as an osmotic agent, favored cellular hydration and consequently the increase in stomatal conductance and photosynthetic rate of H. courbaril seedlings. Allied to this effect, we observed in the review by Szabados and Savouré (2009) that the synthesis of proline requires NADPH and generates NADP+ that can be used as an electron acceptor in photophosphorylation, maintaining the flow of electrons between the centers of photosynthetic excitation, stabilizing the equilibrium redox and damage to the photosynthetic apparatus and the production of energy necessary for the following stages of photosynthesis. Added to these effects, proline protects and activates antioxidant enzymes, such as SOD and POD, evaluated in this work, and other alternative detoxification pathways. In addition, the increase in energy provided by proline catabolism, in post-stress periods, allows the recovery of plant growth, as observed for the increase in root length, leaf area and DQI in H. courbaril plants after re-irrigation, in REC.

The growth characteristics evaluated in this study were not decisive to reinforce the water and light requirements of H. courbaril. Root length increased in REC, not varying depending on the water regimes between them, probably the time elapsed between the suspension of irrigation and P0 (10 days) was not enough to negatively affect the growth of the root system of this tree species, being a natural response of the plant. However, the reduction of leaf area in P0 may be a result of the harmful effect of water deficit. Both traits presented values statistically equal to the plants of the control treatment in the REC, indicating recovery potential.

We emphasize that the seedling quality indicates that H. courbaril presents a satisfactory growth under 50% shading, and that even after the stress caused by the water deficit, the plants resume growth. However, there was no total recovery in the evaluated period, since the DQI was significantly lower than that of the plants of the control treatment. Based on the other characteristics evaluated, we believe that the plants could also recover this quality if the evaluations were carried out in a slightly longer period.

It was evidenced that the shading better preserved hydration for leaves, which was confirmed by the greater RWC even in the time of greatest stress, as in P0. Shaded environments tend to be more humid, as the substrate surface presents less evaporation of water from the soil, which maintains the stomata open for longer, favoring greater CO2 assimilation and photosynthetic rate (Freitas et al., 2020). However, the more extreme shading certainly provided insufficient lighting for the growth needs of H. courbaril.

Bueno et al. (2021) observed that shading did not affect the height of plants of H. courbaril. However, the stem diameter was larger when grown under full sun (0% shading) and shading levels of 37 and 58%, the leaf area was larger and the biomass was higher under intermediate shading, and the highest quality (DQI) was observed under full sun and 37% shading, with significant reduction under 92% shading.

Our results corroborate the information from the literature, since the plants grown under very intense shading (70%) showed a reduced growth and quality, although maintaining high contents of chlorophylls a, b, and total chlorophyll, high growth of leaf area, and high water content in the leaves. The reduced growth was caused by the lower efficiency and carboxylation of Rubisco, which led to a lower photosynthetic rate and consequently to a lower production of photoassimilates to be invested in growth.

The increase in antioxidant enzymes, proline, and carotenoid contents and changes in chlorophyll a fluorescence caused by water deficit and by the sun proved that this species has protection mechanisms against these stressful conditions, which confers plasticity and survival potential in this stage of development.

H. courbaril is a climax species whose growth can be limited by low light levels (Oliveira et al., 2011). Thus, according to Pagliarini et al. (2017), the best plants are obtained under a shading screen of 30 and 50%. However, excess light is also harmful in this seedling stage. We emphasize that H. courbaril under full sun showed pioneer plant responses, such as an increase in carotenoids and alteration in photosystem II (PSII), although presenting low Rubisco activity and not presenting late-successional species responses, such as an irreversible decline in the maximum photochemical efficiency of PSII (Fv/Fm) or chlorophyll degradation.

Portela et al. (2019) observed that shade-tolerant tropical species can survive in the sun or under intermediate shade and that, regardless of successional class, climax or pioneer species grow better under intermediate shade, although tolerating direct light. Under direct light, climax plants present high survival but low growth, which is attributed to their high plasticity.

In view of the above and what was observed in our study, corroborating what was observed in the literature, we also found that this species has great potential to be used in projects for the recovery and enrichment of degraded areas subject to periods of water deficiency, since it has the ability to recover its photosynthetic metabolism and resume its growth, although shade cultivation minimizes the stressful effect of water deficit and favors the recovery of seedlings.





Conclusion

Intermediate shading of 30 and 50% with 700 and 500 μmol m-2 s-1 PPFD mitigates the water deficit and accelerates the recovery of H. courbaril.

Water deficit associated with cultivation without shading (0%) with 1,300 μmol m-2 s-1 PPFD should not be adopted in the cultivation or transplantation of plants of H. courbaril.

When shaded and re-irrigated, the previously stressed plants can recover their photosynthetic metabolism without changes and/or permanent damage to the efficiency of photosystem II, presenting the resumption of growth and seedling quality, which proves the hypothesis of this study.
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The escalating impact of global warming on crop yield and quality poses a significant threat to future food supplies. Breeding heat-resistant crop varieties holds promise, but necessitates a deeper understanding of the molecular mechanisms underlying plant heat tolerance. Recent studies have shed light on the initial events of heat perception in plants. In this review, we provide a comprehensive summary of the recent progress made in unraveling the mechanisms of heat perception and response in plants. Calcium ion (Ca2+), hydrogen peroxide (H2O2), and nitric oxide (NO) have emerged as key participants in heat perception. Furthermore, we discuss the potential roles of the NAC transcription factor NTL3, thermo-tolerance 3.1 (TT3.1), and Target of temperature 3 (TOT3) as thermosensors associated with the plasma membrane. Additionally, we explore the involvement of cytoplasmic HISTONE DEACETYLASE 9 (HDA9), mRNA encoding the phytochrome-interacting factor 7 (PIF7), and chloroplasts in mediating heat perception. This review also highlights the role of intranuclear transcriptional condensates formed by phytochrome B (phyB), EARLY FLOWERING 3 (ELF3), and guanylate-binding protein (GBP)-like GTPase 3 (GBPL3) in heat perception. Finally, we raise the unresolved questions in the field of heat perception that require further investigation in the future.
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1 Introduction

According to the recently released evaluation report from the Intergovernmental Panel on Climatic Change (IPCC) in 2023, global warming is accelerating and it is projected to rise by 1.5°C in the near term (2021–2040) due to the elevated levels of greenhouse gas emissions resulting from human activities (IPCC, 2023) (Figure 1A). The frequency of extreme heat-induced damage to crops has significantly risen, posing a critical threat to global food security. Furthermore, the global population is expected to reach 9.7-10 billion by 2050, up from the current population of 7.5 billion (Gupta et al., 2020). Enhancing plants’ ability to acclimate and endure high temperatures holds great promise as a solution to these challenges. Thermomorphogenesis and thermotolerance are the two primary responses employed by plants to cope with elevated temperatures (Figure 1B). As sessile organisms, plants rapidly response to heat by undergoing heat perception, signal transduction, and physiological changes to establish thermotolerance.




Figure 1 | Heat perception and response of plants in coping with global warming. (A) The global surface temperature anomaly from 1880 to 2021 and expected warming trend up to 2050 (the data source: NASA/GISS https://climate.nasa.gov/vital-signs/global-temperature/). (B) Schematic representation of plant growth in response to temperature ranges, spanning from freezing stress to heat stress. (C) Potential heat perception sites within plant cells.



Heat perception serves as the initial event in the heat response process, decoding the initial stimulus to initiate specific cellular responses, known as the themosensory mechanism. However, the precise primary thermosensor(s) in plants have not been definitively identified. Essentially, a thermosensor would perceive elevated temperature by directly modifying its biochemical properties, transmit this information to downstream thermal responses, and ultimately generate physiological and morphological changes as outputs (Dai Vu et al., 2019; Kerbler and Wigge, 2023). Generally, heat can be sensed throughout a plant cell, and multiple thermosensing and overlapping downstream signaling pathways operate cocurrently. Proposed mechanisms for plant thermosensation include plasma membrane fluidity, photoreceptors, DNA/chromatin structures, alternative splicing, protein translation, protein stability, and phase separation (Kerbler and Wigge, 2023).

The quest for a bona fide thermosensor presents challenges due to technical limitations, genetic functional redundancy, and the complexity of phenotypic responses (Lamers et al., 2020). Nevertheless, significant progress has been made in recent years in characterizing components involved in heat perception, including phytochrome B (phyB), EARLY FLOWERING 3 (ELF3), thermo-tolerance 3.1 (TT3.1), and guanylate-binding protein (GBP)-like GTPase 3 (GBPL3) (Jung et al., 2016; Jung et al., 2020; Kim et al., 2022; Zhang et al., 2022). In this review, we specifically focus on the recent advances in understanding the heat perception mechanisms in plants, categorizing the initial process into extracellular and intracellular levels. This division is warranted because extracellular perception not only triggers a fast transcription-independent physiological response but also initiates a slower transcription-dependent response through the activation of signaling pathways. We particularly emphasize the involvement of second messengers, such as calcium ions (Ca2+), hydrogen peroxide (H2O2), and nitric oxide (NO), as well as plasma membrane-associated proteins, cytoplasmic and chloroplast components, and intranuclear transcriptional condensates that mediate heat perception and trigger response mechanisms in plants (Figure 1C).




2 Heat perception is mediated by second messenger



2.1 Ca2+ signal

As the most prominent second messenger, Ca2+ serves as a crucial link between extracellular abiotic and biotic stimuli and specific intracellular biological responses. Stress sensors recognize these stimuli and activate Ca2+–permeable cation channels, resulting in transient Ca2+ currents from the apoplastic space or intracellular vacuoles to the cytosol (Tian et al., 2020; Dindas et al., 2021). Various Ca2+-binding sensor proteins, including calcium dependent kinases (CDPKs), Calmodulin (CaM), CaM-like proteins (CMLs), and calcineurin B-like proteins (CBLs), decode the cytosolic Ca2+ signal and modulate downstream physiological responses (Luan, and Wang, 2021; Dong et al., 2022). Recent advances have shed light on early Ca2+-mediated signaling events that regulate pollen tube reception, low potassium responses, and immune response initiation (Jacob et al., 2021; Gao et al., 2022; Li et al., 2023a; Zhao et al., 2023). Notably, the combination of genetically encoded Ca2+ indicators (GECI) and forward genetics has facilitated the successful discovery of key stress sensors by screening mutants with altered cytosolic [Ca2+] (Yuan et al., 2014; Jiang et al., 2019; Wu et al., 2020; Grenzi et al., 2021; Jacob et al., 2021; Sun et al., 2021).

In plants, the cytosolic calcium concentration ([Ca2+]cyt) rapidly increases to initiate the earliest signaling events when exposed to low temperature conditions (Knight et al., 1991; Liu et al., 2021; Ding et al., 2022). This temperature-dependent transient burst of Ca2+ response may be attributed to either decreased plasma membrane fluidity or mediated through membrane-localized Ca2+ channels (Zhu, 2016; Gong et al., 2020). The plasma membrane protein CHILLING-TOLERANCE DIVERGENCE 1 (COLD1) has been identified as a potential cold sensor in rice. It is thought to interact with cold-responsive Ca2+ channels to stimulate apoplastic Ca2+ flux into the cytosol (Ma et al., 2015). Additionally, the mechanosensitive (MS) ion channels MID1-COMPLEMENTING ACTIVITY (MCA) proteins, namely MCA1 and MCA2, have been identified as responsive to cold stimuli and capable of inducing cytosolic Ca2+ influx (Mori et al., 2018; Yoshimura et al., 2021). The glutamate receptor channel-like Ca2+ channels protein GLR1.2, GLR1.3 and GLR3.4 are also sensitive to cold (Meyerhoff et al., 2005; Zheng et al., 2018). Cyclic nucleotide-gated calcium channels 9 (CNGC9) respond to cold treatment by triggering Ca2+ influx into the cytosol (Wang et al., 2021a). Ca2+-dependent phospholipid-binding proteins known as annexins also possess Ca2+ channel characteristic. ANN1, ANN3 and ANN5 have been described as positive regulators that mediate cold-induced calcium signaling in plants (Shen et al., 2017; Liu et al., 2021). These cold sensitive Ca2+ gating proteins may serve as potential sensory mechanisms in response to external cold stimulation, activating downstream signaling cascades.

Similarly, a transient increase in [Ca2+]cyt following a heat stimulus serves as an early signaling event necessary for the positive regulation of thermotolerance. In mammals, the perception of high temperatures is mediated by the TRANSIENT RECEPTOR POTENTIAL (TRP) cationic channel family and the TWIK-RELATED POTASSIUM (TREK) channel family, which promote the influx of extracellular Ca2+ (Basbaum et al., 2009). In plants, exposure to heat activates the cyclic nucleotide-gated calcium channels CNGCb and CNGC2/4/6, resulting in their transient opening and subsequent entry of extracellular calcium, resulting in the induction of heat shock protein (HSP) gene expression and the acquisition of thermotolerance (Saidi et al., 2009; Finka et al., 2012; Gao et al., 2012). Notably, CNGC6 has been demonstrated to positively regulate the generation of H2O2 and NO by increasing [Ca2+]cyt upon heat exposure (Peng et al., 2019; Wang et al., 2021b). Additionally, CNGC14 and CNGC16 can enhance both chilling and heat tolerance in rice (Cui et al., 2020). While lacking genetic evidence, a study proposed that glutamate receptor-like (GLR) calcium channels, which mediate calcium signaling, may enhance heat tolerance and have the potential to function as thermosensors (Li et al., 2019). GLRs are known to facilitate systemic leaf–to–leaf wound signaling through the vasculature, and it is plausible that plants can also transmit systemic Ca2+ signals from a heated leaf to neighboring leaves (Mousavi et al., 2013; Nguyen et al., 2018; Simon et al., 2022; Yu et al., 2022). Furthermore, the Ca2+-dependent phospholipid-binding annexins ANN1 and ANN5 have been identified as Ca2+-permeable channels that respond to heat, with their transcriptional capacity being repressed by the R2R3-MYB transcription factor MYB30 (Qiao et al., 2015; Liao et al., 2017). These findings propose the hypothesis that calcium channels and/or their associated regulators present at the plasma membrane may function as thermosensors (Figure 2).




Figure 2 | Extranuclear heat perception and triggering mechanisms in plants. The perception of heat in plants occurs outside the nucleus and involves various mechanisms. Heat stimuli are transmitted to the nucleus through a burst of heat-induced second messengers, including Ca2+ and H2O2. These second messengers play a crucial role in inducing the expression of thermoresponse genes. Additionally, regulatory circuits or homeostats can be formed by H2O2 and Ca2+, which provide feedback functions. During heat stress, specific cell surface-localized proteins, namely NTL3, TOT3, and TT3.1, mediate heat perception. These proteins translocate into the nucleus, where they induce the expression of heat response genes, activate the BR signal pathway, and maintain the integrity of chloroplasts. In the cytoplasm, the dephosphorylation of HDA9 by the PP2AB’β subunit of PROTEIN PHOSPHATASE 2A results in the stabilization and translocation of HDA9 into the nucleus. Once in the nucleus, HDA9 represses the expression of target genes through pathways that are both dependent and independent of the transcription factor YY1. The hairpin structure of PIF7 mRNA is capable of perceiving heat and leads to an increased abundance of the PIF7 protein in the nucleus. This, in turn, activates the expression of thermoresponse genes. Heat stress also induces extensive metabolic remodeling, some of which can regulate gene expression in the nucleus through retrograde signaling. BR, brassinosteroids; CIRP, Ca2+-induced ROS-production; HDA9, HISTONE DEACETYLASE 9; NTL3, NAC transcription factor NTM1-like 3; P, phosphate; PP2AB′β, ′β regulatory subunit of PROTEIN PHOSPHATASE 2A; PIF7, Phytochrome interacting factor 7; RICR, ROS–induced Ca2+-release; RBOHD, respiratory burst oxidase homologue D; TT3.1, thermo-tolerance 3.1; TT3.2, thermo-tolerance 3.2; Ub, Ubiquitination; TOT3, TARGET OF TEMPERATURE 3; YY1, YIN YANG 1.






2.2 H2O2 and NO signal

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play pivotal roles as second messengers in the initial stages of the heat response. It remains critical to further explore how ROS signals are perceived and transduced into the nucleus during heat responses. In plants, H2O2 is generated by the plasma membrane-bound respiratory burst oxidase homologue D (RBOHD), which is sensitive to various abiotic stresses, including heat (Wang et al., 2014). Both H2O2 and Ca2+ can form regulatory circuits or homeostatic feedback mechanisms (Gilroy et al., 2014). The N terminus of RBOHD contains EF-hand motifs capable of binding to Ca2+, indicating that the production of H2O2 by RBOHD can be directly activated by changes of [Ca2+]cyt (Gilroy et al., 2014). Apoplastic H2O2 can induce the release of Ca2+ by directly modulating the activity of calcium channels or pumps. For instance, ANN Ca2+ channels and the vacuolar cation channel TWO PORE CHANNEL 1 (TPC1) are activated by ROS, leading to an increase in [Ca2+]cyt (Laohavisit et al., 2010; Evans et al., 2016). In Arabidopsis, H2O2-induced elevation of [Ca2+]cyt is mediated by HYDROGEN-PEROXIDE-INDUCED CALCIUM INCREASES 1 (HPCA1) (Wu et al., 2020). HPCA1 undergoes oxidation by H2O2, enhancing its kinase activity. This modified HPCA1 subsequently phosphorylates membrane-localized Ca2+ channels, facilitating calcium influx (Wu et al., 2020). ROS and Ca2+ have been demonstrated to propagate leaf-to-leaf long-distance signals rapidly in response to local stimuli, including heat, and are thus critical for systemic acquired acclimation (SAA) (Miller et al., 2009; Fichman et al., 2022) (Figure 2).

NO, a free radical of RNS, primarily functions as a signaling molecule that regulates plant adaptation to biotic and abiotic stresses (Fancy et al., 2017). Previous studies have demonstrated that heat exposure leads to an increase in NO levels, and both external application and genetic modification experiments support a positive role of NO in thermotolerance (Song et al., 2006; Peng et al., 2019; Rai et al., 2020; He et al., 2022). It is believed that NO acted downstream of Ca2+ and H2O2 signaling pathways to promote the accumulation of heat response proteins (Wang et al., 2014; Peng et al., 2019). A recent investigation uncovered that heat induces a burst of NO in the inflorescence apex, which then reacts with glutathione to form S-nitrosoglutathione (GSNO). GSNO rapidly travels through the vascular system to the root, where it acts as a signal to initiate whole-plant cellular heat responses through the S-nitrosylation of the GT-1 transcription factor. GT-1 subsequently binds to the promoter of the heat-inducible transcription factor HsfA2, thereby activating its expression and rapidly triggering downstream thermotolerance responses (He et al., 2022). These findings provide valuable insights into the precise mechanism by which NO functions in thermosensing. However, the regulatory relationships and mechanisms of interaction between NO, Ca2+, and H2O2 still require further elucidation.





3 Heat perception via cell surface–localized proteins

Changes in plasma membrane fluidity directly affected by heat can be sensed by membrane-localized proteins, although these potential heat transducers remain poorly understood. In addition to proteins involved in Ca2+ release and H2O2 production, recent studies have revealed that plasma membrane-embedded protein kinases, transcription factors, and E3 ligases can also sense heat and initiate downstream heat signaling responses (Liu et al., 2020; Vu et al., 2021; Zhang et al., 2022). NAM, ATAF, and CUC (NAC) transcription factors, known to be induced by abiotic stress and capable of enhancing stress tolerance, have emerged as key players in heat perception (Nakashima et al., 2012). For instance, the plasma membrane-localized NAC transcription factor NTL3 has been identified as a positive regulator of rice thermotolerance. A loss-of-function mutant of rice NTL3 displayed increased sensitivity to heat (Liu et al., 2020). In response to heat-induced changes in membrane fluidity, the plasma membrane-localized OsNTL3 is partially processed and translocate into the nucleus, where it activates the transcription of OsbZIP74, leading to the extensive expression of heat response genes (Liu et al., 2020). Such mechanisms promote the unfolded protein response of the endoplasmic reticulum (ER) and the detoxification of ROS (Liu et al., 2020) (Figure 2). These findings highlight the significance of NTL3 in facilitating communication among the plasma membrane, ER, and nucleus during heat perception. Additionally, the Arabidopsis NAC transcription factor NTL4, as well as rice NAC127 and NAC129, have also been shown to contribute positively to the heat response (Lee et al., 2014; Ren et al., 2021).

The accumulation of ROS due to photoinhibition can cause severe damage to chloroplast components under stress conditions, resulting in reduced crop yield and quality (Yang et al., 2019). Through quantitative trait locus (QTL) mapping, the first potential thermosensor in rice, TT3.1, was recently identified (Zhang et al., 2022). The TT3.1-TT3.2 genetic module is located at a single QTL locus and is crucial for linking plasma membrane heat perception to the maintenance of chloroplast quality, significantly reducing rice yield losses at high temperatures. TT3.1 is a RING-type E3 ligase localized to the plasma membrane, while TT3.2 binds to the chloroplast membrane and disrupts the core photoprotective apparatus under high temperatures. Overexpression of TT3.1 or mutation of TT3.2 significantly enhances thermotolerance capacity. Zhang et al. (2022) found that TT3.1 is released from the cell surface into the cytosol, where it recruits newly synthesized TT3.2 precursors into endosomes and polyubiquitinates TT3.2 for degradation in the vacuole. This study elucidates an important mechanism in which a plasma membrane-localized E3 ligase mediates heat perception and signal transduction, thereby preserving chloroplast integrity under high temperatures (Figure 2). Intriguingly, both NTL3 and TT3.1 are membrane-associated proteins that relocate from the plasma membrane to regulate downstream organelles in response to heat, indicating their pivotal roles as thermosensors in rice (Li & Liu, 2022).

Protein kinases play crucial roles in plant resistance and adaptation to unfavorable growing environments by sensing stress and transmitting signals. Various types of protein kinases, including CDPKs, mitogen-activated protein kinase (MAPK) cascades, receptor-like cytoplasmic kinases (RLCKs), and sucrose nonfermenting1 (SNF1)-related protein kinases (SnRKs), have been widely reported to regulate plant growth, development, and stress tolerance (Liang and Zhou, 2018; Chen et al., 2021; Li et al., 2022). These kinases influence the activity, localization, interaction, and stability of proteins through dynamic and reversible processes. For instance, the plasma membrane localized cold-responsive protein kinase (CRPK) can phosphorylate and transport 14-3-3 proteins to the nucleus, fine-tuning CBF signaling to regulate cold responses (Liu et al., 2017; Praat et al., 2021). However, our understanding of kinase-mediated phosphorylation events in the heat response remains limited. Therefore, the identification of plasma membrane-localized protein kinases that perceive heat and transmit perception signals to promote downstream physiological responses is an area of great interest. In rice, a plasma membrane-localized leucine-rich repeat receptor-like kinase (LRR-RLK) named Thermo-Sensitive Genic Male Sterile 10 (TMS10) was identified through a 60Co γ-ray radiation mutagenesis screen (Yu et al., 2017). Typically, an LRR-RLK protein consists of a transmembrane domain, a cytoplasmic kinase domain for signal transduction, and an extracellular domain for cell surface signal perception. Yu et al. (2017) demonstrated that both TMS10 and its redundant paralog, TMS10-Like (TMS10L), are important for controlling rice male fertility under lower temperatures, while only TMS10 is required for normal male fertility under heat conditions. A recent phosphoproteomics study identified the plasma membrane-localized mitogen-activated protein kinase kinase kinase kinase (MAP4K), known as TARGET OF TEMPERATURE 3 (TOT3), as an important and conserved thermoregulator in flowering plants (Vu et al., 2021) (Figure 2). TOT3 may perceive and transmit heat signals to control the activity of BRASSINAZOLE-RESISTANT 1 (BZR1), acting in parallel with the phyB-PIF4 pathway to regulate plant thermomorphogenesis (Vu et al., 2021). Nevertheless, further studies are required to fully understand how plasma membrane-localized protein kinases respond to heat.




4 Heat perception and signal transduction in cytoplasm

In addition to protein kinase-mediated phosphorylation, histone modifications play a crucial role in rapidly bridging heat signals to transcriptional programs (Han et al., 2022; Hou et al., 2022; Perrella et al., 2022; Bai et al., 2023). A recent study by Niu et al. (2022) demonstrated that HISTONE DEACETYLASE 9 (HDA9) acts as a novel and evolutionarily conserved cytoplasmic thermosensor responsible for transmitting heat signals to the nucleus. Previous research has shown that HDA9 participates in thermomorphogenesis by regulating H2A.Z-nucleosome dynamics, although the precise mechanism of the heat response remains unclear (Shen et al., 2019; Van Der Woude et al., 2019). Niu et al. (2022) identified that heat induces the interaction and dephosphorylation of HDA9 by the ′β regulatory subunit of PROTEIN PHOSPHATASE 2A (PP2AB’β) in the cytoplasm. This interaction leads to the stabilization of HDA9 and its rapid translocation into the nucleus. The accumulation of HDA9 in the nucleus is facilitated by the nuclear pore complex component HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE1 (HOS1) (Tasset et al., 2018; Niu et al., 2022). Within just 5 minutes of a temperature increase from 22°C to 37°C, the abundance of HDA9 in the nucleus significantly rises, underscoring its role as a typical signal transducer (Tasset et al., 2018; Niu et al., 2022). In the nucleus, HDA9 binds to and deacetylates the promoters of target genes, repressing their expression through pathways that are both dependent and independent of the transcription factor YIN YANG 1 (YY1). This intricate mechanism helps balance developmental and heat responses (Niu et al., 2022) (Figure 2). Given its fundamental properties, HDA9 has been emerged as a complex mediator in the heat response, serving as a potential cytoplasmic thermosensor in plants.

In the cytoplasm, mRNA translation efficiency is dynamically regulated by temperature fluctuations, primarily through the formation of thermolabile secondary structures in the 5′ untranslated region (UTR) (de Smit & Van Duin, 1990; Kortmann & Narberhaus, 2012). These secondary structures, resulting from intricate base pairing, expand the functional repertoire of mRNA beyond its DNA coding sequence (Vandivier et al., 2016). The formation of RNA secondary structures is highly responsive to abiotic stresses, and posttranscriptional covalent modifications may act as cytoplasmic thermosensors by modulating protein abundance (Assmann et al., 2023). Indeed, the concept of “RNA thermometers” has been previously proposed in bacteria and viruses and more recently observed in plants (Kortmann and Narberhaus, 2012; Chung et al., 2020; Meyer et al., 2020). For instance, the mRNA of phytochrome interacting factor 7 (PIF7) undergoes a temperature-dependent reversible change in secondary structure. Specifically, a hairpin structure consisting of 31 nucleotides in the 5′ UTR partially unfolds as the temperature increases, leading to enhanced translation efficiency of PIF7 mRNA and subsequent elevation of protein levels in the nucleus. Consequently, this activation triggers the transcription of key genes associated with thermomorphogenesis (Chung et al., 2020; Fiorucci et al., 2020) (Figure 2). PIF7 has been identified as the predominant transcriptional regulator of thermomorphogenesis and the shade avoidance syndrome in plants (Burko et al., 2022; Yang et al., 2023). These findings illustrate a thermosensory mechanism in which the hairpin structure of PIF7 mRNA functions as a heat sensor in the cytoplasm, initiating a conformational change that transduces the thermal signal to the nucleus, ultimately leading to the induction of downstream transcriptional responses. Similar phenomena observed in WRKY22 and HSFA2 mRNA suggest that a conserved cytoplasmic thermosensory mechanism may operate widely in plants (Chung et al., 2020).




5 Heat perception in chloroplast

In addition to its primary role in energy and matter production, the chloroplast may also function as a critical center for heat perception and signal transduction. Leaves, with their high surface area/volume ratio, act as cooling mechanisms for plants. However, the intricate processes of chloroplast photosynthetic electron transport and metabolic reactions are highly sensitive to environmental fluctuations. Heat stress typically leads to the excessive accumulation of ROS in chloroplasts, which not only directly damages nearby microregions, particularly the photosynthetic apparatus and thylakoid membrane, but also initiates retrograde signaling to regulate cellular responses (Li, and Kim, 2021; Zahra et al., 2023) (Figure 2). Under heat stress conditions, chloroplasts undergo swelling, disorganization of thylakoid ultrastructure, an increase in the size and number of plastoglobules, and extensive metabolic remodeling (Djanaguiraman et al., 2018; Wang et al., 2018). Lipidome research has shown that heat stress significantly reduces the content of galactolipids and unsaturated phospholipids in tomato leaves, while increasing the content of triacylglycerols and decreasing lipid fatty acyl saturation in wheat leaf thylakoid membranes (Spicher et al., 2016; Djanaguiraman et al., 2018). This lipid composition remodeling plays a crucial role in protecting the photosynthetic apparatus by maintaining membrane stability. The proteins required for an intact chloroplast (approximately 2000–3000 proteins) are encoded by two spatially separate genomes: the chloroplast genomes, which encodes only around 100 proteins, and the nuclear genome, which encodes the majority of these proteins. Stressed chloroplasts undergo rapid protein turnover to restore homeostasis, necessitating the effective degradation of damaged proteins and the import of newly synthesized proteins. These processes heavily rely on chloroplast retrograde signaling (Woodson, 2022). Herein, we emphasize the crucial role of chloroplasts as both energy and matter-producing organelles, capable of acting as a potential center for heat signal sensing and transduction.

Retrograde signals serve as a communication language between the chloroplast and the nucleus, enabling the adjustment of cellular activities according to the extent of chloroplast damage (Chan et al., 2016; Sun and Guo, 2016). In plants, the absorption of excess light energy in photosystem (PSII) and photosystem I (PSI) leads to the production of ROS such as the superoxide anion (O2−), H2O2, hydroxyl radical (OH−), and highly reactive singlet oxygen (1O2) (Li and Kim, 2021). Among these, 1O2 is the most prominent ROS–associated retrograde signal and can modulate nuclear gene expression and stress response. Two spatially distinct sensors, EXECUTER proteins and β-carotene, are involved in mediating 1O2-triggered signaling (Dogra and Kim, 2020). For example, the shuttle protein EX1 detects 1O2 in the chloroplast and translocates to the nucleus, where it facilitates the expression of 1O2–responsive genes by interacting with WRKY transcription factors (Li et al., 2023b). Additionally, various chloroplast metabolites function as retrograde signals to induce the expression of stress-responsive nuclear genes. These metabolites include methylerythritol cyclodiphosphate (MEcPP), tetrapyrroles, oxidative products of β-carotene, and phosphonucleotide 3′-phosphoadenosine 5′-phosphate (PAP) (Chan et al., 2016). While it is hypothesized that chloroplasts act as heat-sensing organelles, the specific identification of thermosensor proteins, lipids, or other metabolites in the chloroplast requires further confirmation.




6 Intranuclear transcriptional condensates mediate heat perception



6.1 PhyB

The photoreceptor phyB is the first identified and the best-known thermosensor in plants, initiating both photomorphogenesis and thermomorphogenesis through specific signaling pathways (Jung et al., 2016; Legris et al., 2016). It was originally identified as a red/far-red light receptor, and has been the subject of extensive research in plants for many years (Butler et al., 1959). PhyB, consisting of a C-terminal output module (OPM) and a N-terminal photosensory module (PSM), functions in two forms: an inactive Pr form that absorbs red light and an active Pfr form that absorbs far-red light. Pr form and Pfr form could convert mutually according to the light quality. Upon exposure to red light, Pr converts to the active Pfr form, while far-red light irradiation reverts Pfr back to Pr (Cheng et al., 2021) (Figure 3A). In the absence of light, active Pfr can revert to the inactive Pr form, and this reversible conformational switch, known as thermal reversion, can also be induced by changes in temperature (Jung et al., 2016; Legris et al., 2016). When seedlings are subjected to high temperatures in the dark, the fraction of active phyB decreases, leading to an increase in the Pr/Pfr ratio. This higher Pr/Pfr ratio subsequently promotes hypocotyl elongation in seedlings (Jung et al., 2016; Legris et al., 2016) (Figure 3B).




Figure 3 | Photosensor phyB functions as themosensor in plants through reversible condensate formation. (A) Structural domains of phyB. The phyB protein can be divided into two structural domains: the C-terminal output module (OPM) and the N-terminal photosensory module (PSM). (B) The reversible photoconversion and thermal reversion of Pr-to-Pfr are key processes that contribute to the dynamics of phyB photobodies. Phytochromes are dimers that exhibit a highly dynamic nature due to photoconversion and thermal reversion of Pr-to-Pfr. Red light promotes the formation of the active dimer (Pfr-Pfr), while far-red light favors the inactive dimer (Pr-Pr). The active dimer pool is also influenced by thermal reversion, a two-step process that converts Pfr-Pfr back to the inactive Pr-Pr state. The kinetics of thermal reversion from Pfr : Pr to Pr : Pr are approximately two orders of magnitude faster than those from Pfr : Pfr to Pfr : Pr. The model depicting temperature-dependent phyB photobody (PB) dynamics is presented in the schematic below. The colored circles represent PBs with different thermostabilities, while the circle with a dotted line represents the nucleolus. Less thermostable PBs are only formed at lower temperatures, whereas increasing temperatures progressively induce the disassembly of individual PBs, which is dependent on the thermostability of phyB photobodies. Overall, this model provides insights into the reversible photoconversion and thermal reversion mechanisms of phyB, as well as the temperature-dependent dynamics of phyB photobodies. (C) A potential mechanism role of phyB import into the nucleus and photobody biogenesis through LLPS. The inactive Pr converting to active Pfr, and the activated Pfr was phosphorylated by CPK6/12 that induced by Ca2+, followed by rapidly import from the cytoplasm into the nucleus to form thermal reversion phyB photobodies. Red light can activate the Ca2+–CPK6/12 pathway via phyB, leading to the phosphorylation of the Pfr conformer and subsequent nuclear import. This phyB–Ca2+–CPK6/12–phyB regulatory loop, which operates in light signaling. Ultimately formed thermal reversion condensate through LLPS. Potential mechanism for the role of phyB in nuclear import and photobody biogenesis through liquid-liquid phase separation (LLPS). The inactive Pr form of phyB converts to the active Pfr form, which is then phosphorylated by CPK6/12 in response to Ca2+ signaling. Subsequently, the phosphorylated Pfr is rapidly imported from the cytoplasm into the nucleus, where it forms thermal reversion phyB photobodies. This phyB–Ca2+–CPK6/12–phyB regulatory loop operates in light signaling and ultimately leads to the formation of thermal reversion condensates through LLPS. (D) The light and temperature sensing mechanism of phyB involves the assembly and deformation of photobodies through LLPS. In its Pr form, phyB exists as a dimer and is unable to form a condensate. However, upon activation by red light, the conformational changes in the Pfr form allow for high-order assembly and drive condensate formation. Conversely, far-red light facilitates the disassembly of these condensates. Additionally, the multivalent interactions of phyB can be reversibly altered by changes in temperature, resulting in the assembly or disassembly of condensates. For a more comprehensive understanding, please refer to the study conducted by Chen et al. (2022). CPK6/CPK12, calcium-dependent protein kinase 6/calcium-dependent protein kinase 12; GAF, cGMP phosphodiesterase/adenylyl cyclase/FhlA domain; HKRD, histidine kinase-related domain; IDR, intrinsically disordered region; PAS, period/arnt/single-minded domain; OPM, output module; PHY, phytochrome-specific domain; PSM, photosensory module; Pr, biologically inactive red-light absorbing form of phyB; Pfr, biologically active far-red light-absorbing form of phyB; NTE, N-terminal extension; Tm, temperature.



PhyB, a dimeric chromoprotein, exhibits a highly dynamic nature due to the photoconversion and thermal reversion of Pr-to-Pfr. The kinetics of thermal reversion from Pfr : Pr to Pr : Pr are nearly two orders of magnitude faster than those from Pfr : Pfr to Pfr : Pr. Moreover, it is only the Pfr : Pfr pool in the nucleus that can initiate light and thermal responses (Klose et al., 2015; Legris et al., 2016; Klose et al., 2020). Biophysical analysis has demonstrated that phyB undergoes thermal reversion at a rate approximately ten times faster than other phy isoforms found in Arabidopsis, potato (Solanum tuberosum), and maize (Zea mays), suggesting that phyB is the primary thermosensor among the five isoforms in plants (Burgie et al., 2021) (Figure 3B). The rapid import of activated Pfr from the cytoplasm to the nucleus serves as an early gating step in information delivery (Chen & Chory, 2011; Van Buskirk et al., 2012). While the exact mechanism underlying phyB imported into the nucleus has remained unclear, a recent discovery by Zhao et al. (2023) revealed that red light can activate the Ca2+–CPK6/12 pathway via phyB, leading to the phosphorylation of the Pfr conformer and subsequent nuclear import. This phyB–Ca2+–CPK6/12–phyB regulatory loop, which operates in light signaling, likely participates in heat perception, as Ca2+ plays a ubiquitous role in plant responses to various stimuli (Figure 3C).

Phytochromes have the ability to homodimerize or heterodimerize with each other. As a result, the imported active Pfr forms small aggregates initially, which then assemble into subnuclear speckles known as photobodies (PBs). Conversely, the inactivated Pr is disassembled from photobodies. These subnuclear compartments have been referred to as speckles, foci, and nuclear bodies, but their biogenesis, components, and function have yet to be clearly confirmed. The size, number, and potentially the function of phyB photobodies are dynamically regulated by light and temperature. Under typical ambient temperatures, photobodies disappear, and phyB localizes to the numerous smaller subnuclear foci in the dark (or under far-red light) conditions, but not under red light. However, even under red light, the number of photobodies decreases at higher temperatures (Legris et al., 2016; Hahm et al., 2020). The intrinsically disordered region (IDR) of phyB contributes to the liquid-liquid phase separation (LLPS) process, resulting in the assembly of photobodies (Burgie et al., 2021; Pardi & Nusinow, 2021). Recently, a possible light and heat sensing mechanism of phyB through LLPS was proposed, suggesting that it plays a role in the assembly and deformation of photobodies (Chen et al., 2022). The intrinsically disordered N-terminal extension (NTE) and C terminus of phyB facilitate the spontaneous LLPS and oligomerization of phyB, allowing for its compartmentalization with transcription factors for signal transduction. The NTE acts as a biophysical modulator, directly influencing the temperature-dependent formation and dissolution of phyB droplets. Its conformational properties enable phyB to function both as a photoreceptor and a thermosensor (Viczián et al., 2020; Chen et al., 2022). Recent findings also support the notion that phyB photobodies can be regarded as “thermobodies” (TBs), given their characteristics related to heat perception (Figure 3D).




6.2 ELF3

The plasticity of plant morphology must dynamically respond to circadian rhythm (Silva et al., 2020; Xu et al., 2022). Recently, an important protein component of the circadian evening complex (EC), ELF3, was identified as a thermosensor in plant. Upon exposure to heat, ELF3 undergoes reversible liquid droplet formation driven by LLPS. These ELF3 droplets temporarily inhibit EC function, leading to the induction of PIF4 transcription (Jung et al., 2020). The C-terminal prion-like domain (PrD) of ELF3 plays a specific role in enabling the protein to aggregate into multiple speckles through LLPS in response to heat. Importantly, this process is reversible when temperatures return to normal (Jung et al., 2020; Lindsay et al., 2023). PrD regions are intrinsically disordered regions (IDRs) with low sequence complexity that are known to promote LLPS (Hennig et al., 2015; Dorone et al., 2021). Analysis of hypocotyl elongation and condensate formation has revealed a correlation between thermal responsiveness and the length of the polyglutamine repeat (PolyQ) within the PrD (Jung et al., 2020; Lindsay et al., 2023). A recent study further elucidated the potential biophysical basis for the thermal sensing mechanism of ELF3 involving the PrD region. It identified three processes contributing to ELF3 aggregation: the formation of temperature-sensitive helices adjacent to PolyQ tracts, increased solvent accessibility of expanded PolyQ tracts, and conformational changes that enhance the exposure of several aromatic residues at higher temperatures (Lindsay et al., 2023) (Figure 4). This study also proposed a potential mechanism for destabilizing the EC and facilitating the dissociation of ELF3.




Figure 4 | ELF3 and GBPL3 condensates play a crucial role in plants’ heat perception. Elevated ambient temperature inhibits the accumulation of GDAC, consequently repressing the transcription of CBP60g. This repression ultimately leads to the downregulation of SA biosynthesis and compromised immunity. Notably, ELF3 undergoes reversible condensate formation mediated by LLPS upon exposure to heat. Under normal ambient temperature conditions, ELF3 can form an evening complex by interacting with ELF4 and LUX, which subsequently represses the expression of YUC8, PIF4, and other relevant factors. However, the formation of ELF3 condensate induced by heat temporarily disrupts the functioning of the evening complex, consequently triggering thermalmorphogenesis. ELF3, EARLY FLOWERING 3; ELF4, EARLY FLOWERING 4; GDAC, GBPL defense-activated condensate; GBPL3, GUANYLATE BINDING PROTEIN-LIKE 3; LUX, LUX ARRYTHMO; MED, Mediator complex; POL II, RNA polymerase II; PIF4, phytochrome interacting factor 4; PolyQ, polyglutamine repeat; PrD, prion-like domain; YUC8, auxin biosynthetic protein YUCCA8; SA, salicylic acid.



It is noteworthy that there are multiple molecular mechanisms involved in the function of ELF3 in heat perception. For instance, N6-methyladenosine (m6A) RNA modification has been proposed as a facilitator of heat-induced formation of ELF3 condensates, independent of ELF3 phase separation (Lee et al., 2022). Recent studies have reported inconsistent results regarding the increased ELF3 nuclear condensates that disassemble the EC at warm temperatures. A genetic study demonstrated that ELF3 can act as a Zeitnehmer to transmit temperature cues to the central oscillator controlling thermoresponsive behaviors, independent of the EC (Anwer et al., 2020; Zhu et al., 2022). Another study found that ELF3 multimerization in the nucleus was reduced at warm temperatures, consistent with reports of ELF3 degradation through the ubiquitination degradation system (UPS) at warm temperatures (Ronald et al., 2021; Zhang et al., 2021a; Zhang et al., 2021b). These inconsistent findings may be attributed to variations in experimental conditions, molecular methods, or the length of the polyQ in the PrD of ELF3 among different Arabidopsis populations (Ronald et al., 2021). Moreover, the recent elucidation of the regulation of ELF3 protein stability through UPS revealed that the nuclear-localized proteins B-box 18 (BBX18) and BBX23 interact with ELF3 and the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) to promote ELF3 degradation at high temperatures in Arabidopsis. Additionally, the functionally redundant XB3 ORTHOLOG 1 IN ARABIDOPSIS THALIANA (XBAT31) and XBAT35 proteins perform a similar role (Ding et al., 2018; Zhang et al., 2021a; Zhang et al., 2021b).




6.3 GBPL3

The temperature sensor GUANYLATE BINDING PROTEIN-LIKE 3 (GBPL3), known for its ability to form GBPL defense-activated condensates (GDACs) through LLPS, has been identified recently. This unique property allows GBPL3 to connect external elevated temperatures to internal immunity by inducing a massive reprogramming of host disease-resistance gene expression (Huang et al., 2021; Kim et al., 2022; Tang et al., 2022). Under non-induced conditions, the higher-affinity chromatin-binding protein GBPL1 may compete directly with GBPL3 for chromatin binding. However, this competition can be reversed upon immune activation after phytopathogen infection. For instance, phytopathogen-induced salicylic acid (SA) can trigger the formation of GBPL3 condensates in the nucleus (Huang et al., 2021). In Arabidopsis, the nucleocytoplasmic relocation of GBPL3, along with C-terminal IDR- and N-terminal GTPase-dependent LLPS, plays a critical role in the formation of transcriptional condensates that activate defense gene expression and immunity. GBPL3 recruits the RNA polymerase II (POL II) apparatus and Mediator complex (MED) to form GDACs directly at the promoters of several major defense genes (Huang et al., 2021) (Figure 4).

Heat stress can directly impact various aspects of cellular physiology, making the plant immune system more vulnerable to pathogen attacks compared to normal growth temperatures (Janda et al., 2019; Saijo & Loo, 2020; Hua & Dong, 2022). SA, a versatile signaling molecule and essential defense phytohormone, plays a crucial role in activating plant immune gene expression and inducing resistance against diverse phytopathogens (van Butselaar and Van den, 2020; Peng et al., 2021; Jia et al., 2023). Higher temperatures or heatwaves have been shown to inhibit both basal and pathogen-induced levels of SA (Huot et al., 2017; Castroverde & Dina, 2021). Recently, Kim et al. (2022) demonstrated that elevated temperatures specifically suppress the recruitment of GBPL3, transcriptional coactivators, and RNA polymerase II (POL II) to form GDACs at the promoters of CBP60g and SARD1, which are crucial targets of SA suppression under high temperatures. Notably, this suppression occurs independently of the phyB and ELF3 thermosensors mentioned earlier. The GBPL3-dependent thermosensory mechanism offers a new framework that can be optimized to maintain immune capacity and ensure crop yields in the face of global warming (Dhar & Lee, 2022; Hua & Dong, 2022; Prasad et al., 2022).





7 Conclusions and perspectives

The escalating threat of higher temperatures owing to global warming poses a serious challenge to the survival of plants. Despite significant research efforts over the past few decades focusing on heat signal transduction and thermophysiological responses, there remains a challenging task of accurately defining thermosensors and conducting rigorous screening. Nonetheless, substantial progress has been made in unraveling heat sensing mechanisms at various levels within plant cells. Notably, the discovery in 2016 that the photoreceptor phyB also functions as a thermosensor has opened new avenues for research. Moreover, several potential thermosensors have been successfully identified in model plants such as Arabidopsis thaliana and rice. In this review, we have summarized the current understanding of heat perception and triggering mechanisms in plants, specifically categorizing them as extra- and intranuclear mechanisms. The insights discussed herein contribute to a deeper comprehension of plant thermotolerance mechanisms at the molecular level and hold promise for accelerating the production of new, more thermotolerant crop varieties by breeders.

Despite these breakthroughs in the field of plant heat perception, numerous unresolved questions still need further investigation. Several areas require attention and investigation in the near future are listed below:

a) Heat-induced alterations in physical forces may trigger cell wall integrity signaling, suggesting that the cell wall could also be serve as a site for heat perception.

b) We propose that the chloroplast may function as a heat perception organelle. However, identifying the specific sensory components within the chloroplast remains challenging.

c) The formation of LLPS–driven transcriptional condensates may represent a common mechanism underlying heat responses in plants. It is conceivable that new phase separation-mediated thermosensors may be discovered in the future. Further characterization is also necessary for different sensing mechanisms.

d) Multiple thermosensors are involved in mediating different physiological responses to meet the requirements of specific plant developmental stages. The coordination of these thermosensors in regulating downstream responses and determining the primary actor is yet to be determined.

e) Plant heat sensing and response should be examined from both temporal and spatial perspectives. How systemic heat signals are sensed and transmitted, as well as how thermal memory is stored, need to be unveiled.

f) Multiple stresses occur simultaneously or sequentially during plant growth, and it remains unclear how plants perceive and integrate heat signals with responses to other stresses.
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A two-year field trial was conducted to investigate the effects of partial substitution of chemical fertilizer (CF) by Trichoderma biofertilizer (TF) on nitrogen (N) use efficiency and associated mechanisms in wolfberry (Lycium chinense) in coastal saline land. As with plant biomass and fruit yield, apparent N use efficiency and plant N accumulation were also higher with TF plus 75% CF than 100% CF, indicating that TF substitution promoted plant growth and N uptake. As a reason, TF substitution stabilized soil N supply by mitigating steep deceases in soil NH4+-N and NO3–N concentrations in the second half of growing seasons. TF substitution also increased carbon (C) fixation according to higher photosynthetic rate (Pn) and stable 13C abundance with TF plus 75% CF than 100% CF. Importantly, leaf N accumulation significantly and positively related with Pn, biomass, and fruit yield, and structural equation modeling also confirmed the importance of the causal relation of N accumulation coupled with C fixation for biomass and yield formation. Consequently, physiological and agronomical N use efficiencies were significantly higher with TF plus 75% CF than 100% CF. Overall, partial substitution of CF by TF improved N use efficiency in wolfberry in coastal saline land by stabilizing soil N supply and coupling N accumulation with C fixation.
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1 Introduction

Saline land is a worldwide resource that must be used rationally to satisfy increasing food demand (Rozema and Schat, 2013; Qin et al., 2015; Nikalje et al., 2017; Zhang et al., 2021). In China, the Yellow River Delta has a large area of coastal saline land with poor agricultural productivity. An important barrier to increase productivity is that nitrogen (N) fertilizer is not used efficiently in saline cropland, because salinity stress inhibits plant N uptake and assimilation (Ashraf et al., 2018). Nitrogen is also easily lost in saline soil, further restricting plant N uptake (Duan et al., 2018; Zhu et al., 2020; Li et al., 2020b). In the Yellow River Delta, hydrological and climatic characteristics such as shallow groundwater table, concentrated rainfall, and high evaporation to precipitation ratio aggravate soil N loss in nitrate leaching and NH3 volatilization (Zhu et al., 2021).

Nitrogen is an essential macronutrient for plants, and crop N deficiency under saline stress is typically expressed in poor growth and yield (Abouelsaad et al., 2016; Yu et al., 2016; Cui et al., 2019). Plant N use efficiency is a comprehensive proxy of N uptake and use and is closely associated with photosynthetic carbon (C) fixation (Wu et al., 2019). Photosynthesis provides the C skeleton and energy for N uptake and assimilation, whereas N uptake and assimilation contribute to the synthesis of photosynthetic pigments and C assimilation enzymes. Thus, coordination between C and N processes is responsible for efficient N use and healthy plant growth. In addition to the decrease in N use, saline stress also depresses photosynthesis by inducing leaf stomatal closure and photosystem photoinhibition (Yan et al., 2013; Yan et al., 2020; Zhao et al., 2020). However, whereas many studies focus on the response of either photosynthesis or N accumulation to salt stress, only a few simultaneously examine salt-induced variations in both processes by using pot experiments (Nazar et al., 2011; Liu et al., 2013). Thus, to determine plant N use in saline land, the synergism between photosynthesis and N accumulation needs to be explored further by field trials.

Chemical fertilizer is habitually overused to increase crop yields in China, but the yield-increasing effect has reached a bottleneck, and much chemical N is wasted to exacerbate the environmental burden (Liang et al., 2019; Li et al., 2021). Partial organic substitution of chemical fertilizer is a sustainable measure that has been used to solve the problem in various agricultural ecosystems, including tea plantations, vegetables, and field crops, because it can guarantee yields while simultaneously reduce chemical N input and loss (Tang et al., 2019; Zhou et al., 2019; Ji et al., 2020; Li et al., 2021; Hou et al., 2023). Soil organic matter is generally low in saline land, which can decrease microbial N immobilization and result in large N loss, and accordingly, organic amendment is a feasible approach to mitigate N loss and improve crop yield by increasing N retention in saline soil (Xiao et al., 2020; Zhu et al., 2020). Plant growth-promoting microorganisms have recently gained increasing attention, because they can be used in a green approach to abate saline barriers, in contrast to other remediation protocols with high investment costs (Arora et al., 2020; Kaushal, 2020). Biofertilizer is a type of organic fertilizer rich in plant growth-promoting microorganisms, and compared with organic fertilizer, biofertilizer application combined with chemical N more effectively reduces N loss in saline soil and increases crop yield (Wang et al., 2018; Xue et al., 2021). Trichoderma is a growth-promoting fungus and also can strengthen plant resistance to salt stress by regulating hormone synthesis, increasing osmotic and antioxidant defenses, and maintaining ion balance and photosynthetic performance (Chen et al., 2016; Zhang et al., 2016; Zhang et al., 2019a; Zhang et al., 2019b; Oljira et al., 2020). Trichoderma inoculation was evidenced to aid in elevating yield and quality of onion and leafy vegetables iceberg lettuce and rocket and reducing fertilizer investment (Ortega-Garcia et al., 2015; Fiorentino et al., 2018). In addition, it has been well documented that partial substitution of chemical fertilizer by Trichoderma biofertilizer (TF) was superior to substitution by organic fertilizer, and could increase soil fertility and nutrient availability, regulate soil microflora composition and enhance crop yield (Cai et al., 2015; Pang et al., 2017; Zhang et al., 2018; Qiao et al., 2019; Liu et al., 2020; Ye et al., 2020; Liu et al., 2021). However, the knowledge about TF application for crop cultivation in saline soil remains very limited and mainly originates from pot experiments. Wang et al. (2018) reported that combined application of TF with urea reduced NH3 loss from saline soil and promoted potted sweet sorghum growth, and likewise, TF effectively altered saline soil properties and microbial composition, leading to the increase in potted Medicago sativa biomass (Zhang et al., 2020). However, the application of Trichoderma spore powder did not improve potted tomato yield under saline irrigation (Daliakopoulosa et al., 2019). Whether TF application can promote crop growth by improving N utilization in coastal saline land still needs to be examined by field trials. In particular, it is largely unknown whether TF substitution can increase N retention in saline soil and stabilize soil N supply.

Wolfberry (Lycium chinense) is a deciduous shrub in the Solanaceae, and its fruit has long been used as traditional medicine and health food in China. Wolfberry may be an ideal economic crop to plant in coastal saline land, because it is a halophyte naturally distributed in coastal zones. However, despite high adaptability to salt, saline stress also inhibits wolfberry photosynthesis and growth, and cultivation methods need to be developed to achieve high fruit yields in saline land (Feng et al., 2017; Dimitrova et al., 2019). Chemical fertilizer was commonly used to improve growth and yield of wolfberry, and the importance of application with organic fertilizer has gradually been recognized, however, it remains unknown whether partial substitution of chemical fertilizer by Trichoderma biofertilizer is more superior for wolfberry growth in coastal saline land. Recently, a Trichoderma asperellum strain was isolated and then successfully prepared as a TF biofertilizer. In this study, the effect of partial substitution of chemical fertilizer (CF) with the TF on N use efficiency in wolfberry was investigated by a two-year field trial in coastal saline land. In particular, mechanisms were examined that affected soil N supply, C and N coupling, and root N absorption. This study may deeply disclose the mechanisms by which TF substitution improve crop growth under salt stress, and also can provide technical guidance for the cultivation of crops in saline land.




2 Materials and methods



2.1 Trichoderma biofertilizer preparation

Trichoderma asperellum strain used in the study was deposited in the China general microbiological culture collection center (No. 13187) in Beijing. Apple residue is a typical organic waste in Yantai city, China and has been utilized as the material to prepare TF by us. A Trichoderma potato glucose agar plate was punched to obtain three 1 cm diameter blocks, which were shaken in potato glucose liquid medium at 150 rpm and 28°C for 5 d to prepare fermentation broth. Similar with the method in previous studies (Chen et al., 2016; Daneshvara et al., 2023), the fermentation broth was added to apple residue compost and mixed thoroughly for fermentation. After 10 days of fermentation, the product was dried to 30% water content to prepare TF. Trichoderma viable colony count was assessed by a dilution method with a selective potato glucose agar plate, which reached 2 × 108 cfu g-1 dry weight in the TF. The selective plate contained nystatin, sodium propionate, and streptomycin and was optimized based on Papavizas and Lumsden (1982). In TF, the content of organic matter, total nitrogen, phosphorus pentoxide and potassium oxide was 641.08 mg g-1, 26.45 mg g-1, 3.37 mg g-1 and 27.77 mg g-1, respectively.




2.2 Field trial

The field trial was conducted in moderate saline land in the Yellow River Delta, Dongying, China (37°17′N, 118°38′E). The site has a warm temperate continental monsoon climate, and annual average temperature and precipitation are approximately 13.5°C and 700 mm, respectively. Soil texture was silty loam, and soil chemical properties were the following: electrical conductivity, 433.7 µs cm-1; pH, 8.3; organic matter, 15.3 g kg-1; total N, 1.0 g kg-1; NH4+-N, 2.2 mg kg-1; NO3–N, 15.3 mg kg-1; Olsen-P, 7.3 mg kg-1; and available K, 267.2 mg kg-1. The field trial had the following four treatments: (1) NF (no N application); (2) 50% CF plus TF (combined application of 50% chemical N fertilizer and TF); (3) 75% CF plus TF (combined application of 75% CF and TF); (4) 100% CF. In each treatment, four replicate plots (5.5 m × 4 m) were randomly distributed in the field. Plots were separated by 0.3 m wide and 0.3 m high ridges to avoid border effects, and 2 m remained around the plots as an isolation belt. The NF plots were designed as the control without N application. The N application rate was 400 kg ha-1 in 100% CF plots, whereas the TF application rate was 5,000 kg ha-1 with reduced chemical nitrogen application in 75% CF or 50% CF plus TF treatments. The amount of TF applied was based on a conventional organic fertilizer dose, and the total N application rate in plots with 75% CF plus TF was the same as that in 100% CF plots. Phosphorus application rate was 50 kg ha-1 in all plots. Urea and calcium superphosphate were applied as chemical N and P fertilizers, respectively. In April, 2020, twelve two-year bare-rooted wolfberry plants were planted in each plot, and plant and row spacing were 1.5 m. In April, 2020 and 2021, fertilizer was applied to circular furrows, which were 20 cm around plants and 20 cm deep. During the growing seasons in 2020 and 2021, three plants were randomly selected in each plot for measuring gas exchange and modulated and prompt chlorophyll fluorescence parameters. The topsoil (0–20 cm) was also collected in each plot by a five-point sampling method with a soil auger (diameter, 38 mm) in the growing seasons. At the end of October in 2020 and 2021, one plant was selected in each plot and excavated to measure biomass, N and C contents and leaf stable N and C compositions.




2.3 Assay of soil nitrogen concentration

Soil samples were sieved through a 2 mm screen and homogenized. One subsample was used to measure soil NH4+-N and NO3–N concentrations and moisture. Soil NH4+-N and NO3–N were extracted with 2 M KCl for 1 h, and filtrates were analyzed for NH4+-N and NO3–N concentrations by a continuous flow analyzer (AutoAnalyzer III, Seal, Germany). Another soil subsample was air-dried, ground, and sieved through a 150 μm screen, and soil total N was determined by an elemental analyzer (VarioMACRO cube, Elementar Analysensysteme, Germany). Soil available K was extracted by using ammonium acetate to measure its content through flame photometry (Lu et al., 2017).




2.4 Assay of plant nitrogen content

Plants from plots were separated to leaves, roots, stems, and fruit, which were oven-dried at 60°C to constant weight, ground, and sieved through a 250 μm screen. Powders were digested by H2SO4–H2O2, and total N in digests was determined by indophenol blue colorimetry (Ivancic and Degobbis, 1984). In treatments, FDWt, BDWt, and Nt indicate fruit dry weight, plant total biomass, and N accumulation, respectively, whereas in the control, FDWc, BDWc, and Nc respectively indicate those variables. The variable Nf is the amount of N applied. Agronomic, apparent, and physiological N use efficiencies were calculated as (FDWt-FDWc)/Nf, (Nt-Nc)/Nf, and (BDWt-BDWc)/(Nt-Nc), respectively (Chen et al., 2020).




2.5 Measurements of leaf stable carbon and nitrogen isotopic compositions and nitrogen and carbon concentrations

Fully expanded leaves in plots were selected, oven-dried at 60°C to constant weight, ground, and sieved through a 250 μm screen. Leaf powder (0.06 mg) was packed in tin capsules, which were sealed and measured using an Elemental Analyzer (FlashEATM 1112, ThermoScientific, Germany) coupled with an isotope ratio mass spectrometer (Finnigan Delta Plus XPTM, ThermoScientific). Stable C and N isotope compositions were expressed using standard delta notation: (δ, ‰) = Rsample/Rstandard - 1, where Rsample and Rstandard were isotopic ratios in samples and standards, respectively. Total N and C in leaf powders were also measured using an elemental analyzer (VarioMACRO cube).




2.6 Gas exchange and modulated and prompt chlorophyll fluorescence measurements

In fully expanded leaves in plots, gas exchange and modulated chlorophyll fluorescence parameters were simultaneously detected by using an open photosynthetic system (LI-6400XTR, Li-Cor, USA) equipped with a fluorescence leaf chamber (6400-40 LCF, Li-Cor). Temperature and CO2 concentration in the leaf cuvette were set at 25°C and 400 μmol mol-1, respectively. Actinic light intensity was set at 1200 µmol m-2 s-1 in the field trial. Photosynthetic rate (Pn) and stomatal conductance (Gs) were simultaneously recorded, and modulated chlorophyll fluorescence was also recorded to calculate photosynthetic electron transport rate (ETR) according to a previous study (Yan et al., 2020).

A multifunctional plant efficiency analyzer (MPEA, Hansatech, UK) was used to record prompt chlorophyll fluorescence in the first 1 s of illumination with red light, and the PSII performance index (PIabs) was calculated according to Strasser et al. (2010).




2.7 Statistical analyses

Data are presented as the mean of samples from four replicate plots in the field trial. Means were tested for significant differences using an LSD test following one-way ANOVA. Statistical analyses were conducted in SPSS 22.0 (SPSS Inc., Chicago, IL, USA), and differences were considered significant at P < 0.05. Regression analysis was also performed using SPSS 22.0.

Structural equation modeling (SEM) was used to evaluate direct and indirect relations among N accumulation, C fixation, and yield in different fertilization treatments and was performed using AMOS Graphics 23.0 (IBM Corp., Armonk, NY, USA). The fit of the resulting model was evaluated using P-values, χ2 values, a goodness-of-fit index (GFI), and the root mean square error of approximation (RMSEA).





3 Results



3.1 Fruit yield, biomass, and nitrogen content and use efficiency

Fruit yield, plant biomass, and N content increased significantly with application of N fertilizer, and the increase was significantly higher in plots with TF plus 75% CF than in plots with 100% CF and TF plus 50% CF (Figures 1A, C, E). Compared with 100% CF plots, agronomic, apparent, and physiological N efficiencies increased significantly in plots with TF plus 75% CF by 78.23%, 80.76%, and 35.32% in 2020 and by 82.70%, 31.67%, and 46.60% in 2021, respectively. However, compared with 100% CF, only physiological N efficiency increased significantly in plots with TF plus 50% CF (Figures 1B, D, F).




Figure 1 | Wolfberry (A) fruit yield, (C) total nitrogen, and (E) biomass and (B) apparent, (D) physiological, and (F) agronomical nitrogen use efficiency in different fertilizer treatments in coastal saline land. Values are the mean of four replicate plots ( ± SD), and different letters indicate significant differences among treatments at P < 0.05. NF, no nitrogen fertilizer; 100% CF, 100% chemical nitrogen fertilizer; 50% CF+TF, 50% CF plus Trichoderma biofertilizer; 75% CF+TF, 75% CF plus Trichoderma biofertilizer.






3.2 Leaf δ13C, δ15N, carbon, and nitrogen contents

Applying N fertilizer did not significantly affect leaf δ13C, except for a significant increase in TF plus 75% CF plots in 2020 and 2021 (Figure 2A). Leaf δ15N increased significantly with N fertilizer application, but there was no significant difference in leaf δ15N between plots with TF plus 75% CF and those with 100% CF (Figure 2B). Carbon and N contents per leaf increased significantly with application of N fertilizer, but the increases in TF plus 75% CF plots were significantly greater than those in 100% CF and TF plus 50% CF plots (Figures 2C, D).




Figure 2 | Leaf (A) carbon (δ13C) and (B) nitrogen (δ15N) isotope composition and (C) carbon, and (D) nitrogen accumulation in wolfberry in different fertilizer treatments in coastal saline land. Values are the mean of four replicate plots ( ± SD), and different letters indicate significant differences among treatments at P < 0.05. NF, no nitrogen fertilizer; 100% CF, 100% chemical nitrogen fertilizer; 50% CF+TF, 50% CF plus Trichoderma biofertilizer; 75% CF+TF, 75% CF plus Trichoderma biofertilizer.






3.3 Photosynthetic parameters in the field trial

In 2020 and 2021 growing seasons, Pn, Gs, ETR, and PIabs generally increased with N fertilizer application. Changes in those parameters were relatively greater in TF plus 75% CF plots than in 100% CF and TF plus 50% CF plots, although differences were not always significant in the monthly samplings (Figure 3).




Figure 3 | Wolfberry (A) photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) photosynthetic electron transport rate (ETR), and (D) performance index (PIabs) in different fertilizer treatments in coastal saline land. Values are the mean of four replicate plots ( ± SD), and different letters indicate significant differences among treatments at P < 0.05. NF, no nitrogen fertilizer; 100% CF, 100% chemical nitrogen fertilizer; 50% CF+TF, 50% CF plus Trichoderma biofertilizer; 75% CF+TF, 75% CF plus Trichoderma biofertilizer.






3.4 Structural equation model analysis and relations between leaf nitrogen accumulation and photosynthetic rate, plant biomass, and fruit yield

In regression analysis, leaf N accumulation was significantly positively related to Pn, plant biomass, and fruit yield (Figures 4A-C). An SEM analysis was conducted to identify direct and indirect relations among N accumulation, C fixation, plant biomass, and fruit yield (Figure 4D). In the SEM, leaf N accumulation directly positively regulated leaf C accumulation and Pn and also significantly indirectly affected fruit yield and plant biomass by affecting C fixation (Figure 4D). Thus, the coupling of accumulated N with C fixation was responsible for increases in plant growth and yield with TF substitution fertilization.




Figure 4 | Regression analysis of leaf nitrogen accumulation with (A) photosynthetic rate (Pn), (B) biomass, and (C) fruit yield in wolfberry in coastal saline land. Significant relation at P < 0.01 is indicated by #. NF, no nitrogen fertilizer; 100% CF, 100% chemical nitrogen fertilizer; 50% CF+TF, 50% CF plus Trichoderma biofertilizer; 75% CF+TF, 75% CF plus Trichoderma biofertilizer. (D) Structural equation model of hypothesized causal relations among leaf nitrogen and carbon accumulation, Pn, biomass, and yield formation in wolfberry in a two-year field trail. Model fit: χ2 = 0.415, P = 0.937, GFI = 0.995, RMSEA < 0.001. Blue solid lines indicate significant positive effects (P < 0.05). Standardized path coefficients are listed beside each path (line width indicates the proportion of factorial contribution). The R2 values indicate the strength of explanation by independent variables. Significant effects: *P < 0.05; **P < 0.01; ***P < 0.001.






3.5 Soil total and mineral nitrogen contents

Compared with NF and 100% CF plots, soil total N content increased significantly in TF plus 75% CF plots at the end of the growth seasons in October 2020 and 2021 (Figures 5A, C). Soil NH4+-N and NO3–N contents increased significantly in June in plots with N fertilizer application and then gradually declined during the growing seasons (Figures 5B, D). The decreases in soil NH4+-N and NO3–N contents after June were not as great in TF plus 75% CF plots as in 100% CF plots, and soil NH4+-N and NO3–N contents remained generally higher in TF plus 75% CF plots in the second half of the seasons (Figures 5B, D).




Figure 5 | Topsoil total nitrogen content in (A) 2020 and (C) 2021 and (B) nitrate and (D) ammonium content in different fertilizer treatments in coastal saline land. Values are the mean of four replicate plots ( ± SD), and different letters indicate significant differences among treatments at P < 0.05. NF, no nitrogen fertilizer; 100% CF, 100% chemical nitrogen fertilizer; 50% CF+TF, 50% CF plus Trichoderma biofertilizer; 75% CF+TF, 75% CF plus Trichoderma biofertilizer.







4 Discussion

High N application is commonly used for planting wolfberry by farmers because N in saline soil is liable to loss, and maybe, a lower chemical N application rate is appropriate considering that excessive N availability can lead to a systemic repression of root growth with yield reduction (Giehl and von Wiren, 2014; Liu et al., 2022). For example, Liu et al. (2018) reported that high N application rate at 300 kg ha-1 reduced wheat yield and root weight density in contrast to an optimal application rate at 240 kg ha-1. However, this study focused on the approach of TF substitution to reduce chemical N application. TF substitution could reduce 50% CF investment without influencing wolfberry growth and yield in contrast to 100% CF application, and notably, TF substitution with 25% reduction of chemical fertilizer improved wolfberry growth and yield (Figures 1A, E). Thus, TF proved to be functional and beneficial for wolfberry cultivation in coastal saline land. The growth-promoting effect of TF probably related to N uptake and use, considering greater plant nitrogen accumulation in plots with TF plus 75% CF than 100% CF (Figure 1C). Consistently, higher apparent, physiological, and agronomic N use efficiencies in plants with TF plus 75% CF further verified that growth-promoting function of TF involved plant N uptake and use (Figures 1B, D, F). As a proxy of N uptake and use in plants, δ15N has a positive relation with crop growth and yield (Yousfi et al., 2009; Yousfi et al., 2012). In this study, δ15N increased in plants with N fertilization. However, the relatively minor difference in leaf δ15N did not match the greater yield and biomass in 75% CF plus TF plots than in 100% CF plots (Figures 1A, C; 2B). Nitrogen isotope fractionation mainly occurs during enzymatic assimilation of nitrate or ammonium into organic forms. High N assimilation capacity can directly increase δ15N by decreasing discrimination against 15N, whereas high N uptake indirectly increases discrimination against 15N by increasing available N (Evans, 2001; Tcherkez, 2011). Thus, greater N uptake in plants with TF plus 75% CF than with 100% CF might attenuate leaf 15N discrimination. Yousfi et al. (2012) also found increases in biomass and N accumulation with insignificant variation in shoot δ15N in salt-tolerant cultivar RIL47 of durum wheat in contrast to salt-sensitive cultivar RIL 24 under salt stress. Overall, TF substitution increased wolfberry N uptake and use in coastal saline land.

Similar to the accumulation of plant N, the stock of soil total N also increased in 75% CF plus TF plots compared with 100% CF plots at the end of growth seasons (Figures 5A, C), suggesting that TF increased retention of fertilizer N in saline soil and as a result, could benefit plant N uptake. This finding was supported by previous reports that organic supplements could inhibit N loss through NH3 volatilization from saline soil (Al-Busaidi et al., 2014; Xiao et al., 2020; Yao et al., 2021). Notably, in a pot experiment, N storage in saline soil increased with application of Trichoderma spore powder (Daliakopoulosa et al., 2019). In addition, in contrast to 100% CF plots, TF substitution mitigated the steep decrease in soil mineral N concentrations that occurred in the second half of growing seasons. Therefore, by slowing the decline in soil mineral N concentrations, TF increased stability of soil mineral N supply (Figures 5B, D). In agreement with our finding, Wang et al. (2018) found that in a pot experiment, TF reduced NH3 volatilization loss from saline soil by increasing soil nitrification which also increased N supply. Recent studies also show that addition of organic materials such as crop straw can optimize soil N supply by regulating N transformations (Lu et al., 2018; Li et al., 2020a; Chen et al., 2021; Yuan et al., 2021). Therefore, soil N transformations in coastal saline land under combined application of CF with TF should be investigated further. However, in the field trial in this study, TF substitution helped to improve soil N supply to plants in coastal saline land.

Plant N use for growth and yield formation is dependent on photosynthetic C fixation. The greater increase in Pn with 75% CF plus TF than with 100% CF suggested that TF substitution helped increase photosynthetic capacity in wolfberry (Figure 3A). PSII is the initiation site for driving photosynthetic electron transport, and it is also susceptible to photoinhibition under environmental stresses (Takahashi and Murata, 2008). In accordance with Pn, the increase in PI(abs) was greater with 75% CF plus TF than with 100% CF, which maintained ETR at a higher level to promote C assimilation (Figures 3C, D). In addition, the greater increase in Gs with 75% CF plus TF than with 100% CF also benefited photosynthesis by increasing CO2 diffusion into leaves (Figure 3B). Increases in CO2 supply with high Gs tend to decrease δ13C by increasing 13C fractionation, whereas strong CO2 fixation can depress discrimination against 13C and increase δ13C (Farquhar et al., 1989; Li et al., 2017). Thus, the increase in δ13C without reduction in Gs indicated greater CO2 fixation in plants with 75% CF plus TF than with 100% CF (Figures 2A; 3B). Overall, TF substitution improved photosynthetic capacity of wolfberry in coastal saline land and then increased leaf C accumulation (Figure 2C). Importantly, leaf N accumulation was significantly and positively related with Pn, biomass, and fruit yield, and the SEM also confirmed the importance of the causal relation of N accumulation coupled with C fixation for biomass and yield formation (Figure 4). Therefore, elevated N accumulation could well couple with photosynthetic C fixation to increase wolfberry biomass and yield with 75% CF plus TF, and led to higher physiological and agronomic nitrogen use efficiency (Figures 1B, F).




5 Conclusion

In summary, partial substitution of CF by TF improved N use efficiency in wolfberry in coastal saline land by stabilizing soil N supply and increasing the synergism between N accumulation and C fixation.
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Floods and droughts on farmland seriously damage agricultural production. Porous fiber materials (PFM) made from mineral rocks have high porosity, permeability, and water retention and are utilized widely in green roofs and agricultural production. Therefore, studying the impact of PFM on the improvement of farmland is of great importance for soil and water conservation. We set 64 extreme rainfalls to analyze the impact of PFM on soil water content (SWC), runoff, nutrient loss, microorganism, and plant growth. The results showed that PFM can effectively reduce runoff and improve soil water distribution, and enhance the soil water holding capacity. Furthermore, PFM reduced the loss of nitrogen and phosphorus by 18.3% to 97% in the runoff, and the soil erosion of summer corn was more strongly influenced by lower vegetation cover, compared with winter wheat. Finally, when PFM was buried in the soil, the wheat yield increased by −6.7%–20.4%, but the corn yield in some PFM groups decreased by 5.1% to 42.5% under short-duration irrigation conditions. Our study emphasizes that the effectiveness of PFM depends mainly on the following: First, PFM with high porosity can increase soil water holding capacity and timely replenish the water lost from the surrounding soil. Second, PFM with high permeability can increase infiltration during rainfall and decrease runoff and nutrient loss, reducing the risk of farmland flooding and pollution. Finally, PFM consists of gold ions and alkali metal oxides, which can stabilize agglomerates and improve soil enzyme activity, thereby increasing the relative abundance of some microbial strains and promoting crop growth. However, when the rainfall amount was low or PFM volume was large, PFM could not store water sufficiently during rainfall, which seriously reduced the maximum saturated moisture content and water absorption performance. Meanwhile, the PFM could not release water in time and replenish the soil water deficit, which increased drought risk. In conclusion, the appropriate volume of PFM and irrigation system may enhance soil water storage capacity, minimize agricultural pollution, and promote crop production.
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1 Introduction

To meet the food demand of the increasing population, people change land use and over-exploit arable land, which has reduced the soil water storage capacity of farmland, and the massive use of fertilizers and pesticides has increased farmland pollution, both of which have seriously damaged farmland ecosystems (Romero et al., 2020; Winkler et al., 2021). In addition, food production faces enormous competitive risks from land, water, and energy (Gathala et al., 2020). It is crucial to study how to effectively use the soil, water, and plant resources in farmland under different cropping conditions, maintain the stability of farmland ecosystems, and promote food production (Liu et al., 2020b).

Many water-absorbing materials are currently used as soil conditioners in slopes, farmland, and green roof, and they have been proven to be one of the most effective strategies for promoting the stability of farmland ecosystems (Sadeghi et al., 2020; Wang et al., 2022a). For example, biochar and straw can reduce soil bulk and increase soil pore, allowing the soil to maintain a high hydraulic conductivity and water storage capacity, thereby alleviating drought and flooding on farmland (Zhang et al., 2021b; Adhikari et al., 2022). In addition, biochar, with abundant oxygen-containing functional groups, can absorb some elements and heavy metal ions through chemical bonds and other forces, thus reducing the risk of environmental pollution in agricultural soils (Shaaban et al., 2018). Nevertheless, the above traditional water-absorbing materials only act on the tillage layer, lessening the effect on the deep soil and not meeting the regulation needs (Lv et al., 2020). For example, scholars have found that the application of biochar in coarse soil may block soil pores or be easily washed away by surface runoff, which seriously increases the risk of soil erosion and ecological damage to farmland (Li et al., 2019; Li et al., 2020; Murtaza et al., 2021).

Porous fiber materials (PFMs, www.hydrorock.com) are composed of natural mineral rocks with properties similar to biochar, including high porosity, water retention capacity, and stability. PFM is made in the following way: the raw material is melted at 1600°C, centrifuged at high speed, sprayed with a special reagent, and finally fixed and cut (Lv et al., 2020). The average price of PFM is 1000 CNY/m3–2000 CNY/m3. Since rock wool was developed by the Grodan Company in Denmark in 1969, it helped precisely control the water, air, and fertilizer ratio for plant roots in drip irrigation systems. The buffering effect on external environmental humidity changes can create a stable growth environment for plant root growth. As a result, it has been widely used as a substrate for seedling and nutrient cultivation in soilless cultures (Xiong et al., 2017; Choi and Shin, 2019). In detail, Bussell thought that PFM could accommodate more water than other media, owing to its porosity of over 90% (Bussell and McKennie, 2004).

As PFM gradually transitions from a saturated to an unsaturated state, substrate water tends to move more horizontally, which helps PFM regulate the farmland’s soil environment (Silva et al., 1995). Lv had studied that PFM acts as a water storage module in farmland, could improve soil structure, increase infiltration, and reduce runoff, ultimately scavenging polluting elements and promoting soil and water conservation (Lv et al., 2020; Lv et al., 2021; Li et al., 2023). At the same time, as an inorganic mineral material with rich pores and a large specific surface area, PFM contains various particles, ions, humus, and silicates, which facilitate the formation of soil agglomerates and nutrient supply (Kováčik et al., 2010). In addition, Gu showed that PFM could effectively intercept natural rainfall and release water slowly to prompt the growth of forestland plant, which could mitigate the inhibition of plant morphological growth by water stress (Gu, 2021), and increases tomato plant height, ground stems, leaf area, root length, and biomass in the pot trials too (Gu, 2021). Therefore, the development and application of PFM in water retention technology are essential to improve soil water retention capacity in the field, optimize plant water management, and prompt crop growth, which is important to further expand the application fields of PFM such as agricultural production, flower cultivation, and urban greening (Li et al., 2022).

Nevertheless, different crops have different characteristics in the root physiological and biochemical aspects, which make the application of soil conditioners show significant differences in effectiveness (Hou et al., 2021; Laub et al., 2022). Meanwhile, due to the limitations of research conditions and technology, most field studies only have focused on a single aspect of the effects of PFM, including infiltration, soil water variability, crop growth, and material properties (Lv et al., 2020; Gu, 2021; Lv et al., 2021). However, there are few studies on the comprehensive effects of PFM on farmland ecology under different crop cultivation conditions. So, there is an urgent need for deep exploration. Therefore, we hypothesize that rock wool materials can regulate and meet crops’ water needs under external water stress. Their excellent pore structure and water retention can reduce nitrogen and phosphorus loss and promote soil nutrient retention, finally improving the farmland soil environment and increasing crop production (Figure 1).




Figure 1 | Scientific hypothesis. PFM embedding in the farmland increases soil porosity, which benefits soil water content (SWC) and nutrient distribution, ultimately promoting crop production. (A–D) represent the variation of SWC, crop growth, microorganisms, and nutrient loss, respectively.



As an important grain-producing area in Anhui Province, the principal crops cultivated in the Huaibei Plain are wheat, corn, soybeans, sorghum, and so forth. The crop production of Huaibei Plain in 2021 is 2.25 × 107 tons, accounting for about 55% of the total crop production in Anhui Province. However, due to the uneven spatial and temporal distribution of rainfall and other factors, more than 1.73 million hectares, or 83.1% of Huaibei Plain’s arable land, are located in the flood-prone area. In addition, flooding frequently occurs with soil nitrogen, phosphorus, and heavy metal elements migrating with surface runoff and leaching, leading to serious eutrophication of rivers and lakes and groundwater pollution. The shallow groundwater level exceeded the recommended value of NO3-N by the Chinese drinking water standard in 2005 (Qian et al., 2015; Liu et al., 2017; Wei et al., 2023). Overall, it is crucial to research ways to improve soil water storage capacity to lower the risk of droughts and floods, reduce agricultural surface pollution, and promote crop growth. The objectives of the present study were to (1) discover the effects of PFM on farmland runoff, soil water content (SWC), nitrogen, and phosphorus losses, microorganisms, and crop growth and (2) explore the ability of PFM to cope with water stress under different cropping conditions. The above studies can provide practical support to mitigate drought and flood risks and improve crop yields.




2 Study area and method



2.1 Study area

The experiments were conducted at Wudaogou Hydrological Station (117°21′E and 33°09′N) in Bengbu City, Anhui Province, China. The region is located in the Huai River basin (Figure 2), which has a north subtropical and warm temperate semi-humid monsoon climate, with an average annual temperature of 14.7°C, an average annual precipitation of 890 mm, and an annual average rainfall–runoff of 240.2 mm. The maximum rainfall intensity in history was approximately 92.4 mm/h (Bi et al., 2019; Gou et al., 2020).




Figure 2 | Location of the experiment station.



The soil in the experimental station is a lime concretion black soil with a sticky texture and insufficient organic matter content from 5 g/kg to 15 g/kg. The soil’s effective depth in this region is around 100 cm, and its porosity is about 49.7%. The average soil bulk density is 1.5 g/cm3, and the average contents of sand, silt, and clay are 29.6%, 37%, and 33.4%, respectively. The average field capacity and wilting point are approximately 34%Vol and 15%Vol, respectively (Lv et al., 2020). Due to the uneven spatial and temporal distribution of water supplies and poor soil structure, the Huaibei Plain, a significant grain-producing region, is vulnerable to droughts and floods, which can easily reduce crop yields (Liu et al., 2017).




2.2 Porous fiber material

PFM is made of natural mineral rocks. PFM is made in the following way: the raw material is melted at 1600°C, centrifuged at high speed, sprayed with a special reagent, and finally fixed and cut. The main components of PFM include metal and non-metal oxides such as Fe2O3, Al2O3, MgO, CaO, and SiO2. In detail, PFM has a cross-fiber arrangement, a porosity range of 94%–96%, a compressive strength between 5000 g/cm2 and 7400 g/cm2, and a permeability coefficient of 5 to 8.5 mm/s.

When the rain stops, SWC progressively drops to a non-saturated state via infiltrating, evaporating, or being absorbed by the plant roots. Because the soil has a significantly larger capillary force than PFM, it will continue to absorb water from the PFM until it is empty. It is conducive to the in situ dissipation of rainwater and surface water. Due to the extremely low capillary, PFM will not absorb water from the soil when the SWC is low or dry, eliminating the possibility of aggravating soil drought or water shortage.




2.3 Experiment design



2.3.1 Variables

To enhance soil water holding capacity, we explored the applicability of the PFM on farmland by artificial rainfall experiment. We set four experimental variables based on local environmental conditions: PFM volume, rain intensity, crop growth period, and crop type. Eight plots and 64 rainfall experiments were set based on the above factors listed in Table 1.


Table 1 | Experiment design.





2.3.1.1 PFM volume

In agricultural production, soil pore is closely related to infiltration and water movement, and soil water holding capacity is generally related to porosity in a power function. Therefore, this study was set to increase the soil water-holding capacity of the experimental plot by 0%, 5%, 10%, and 15%, referring to the “Sponge City Construction Technical Guide” of China. According to the formula, the volume of PFM embedding was set to 0 m3/ha, 536.27 m3/ha, 1072.49 m3/ha, and 1608.74 m3/ha. Correspondingly, the area of a single experimental plot was 20.14 m2, so the volume of PFM embedding was 0 m3, 1.08 m3, 2.16 m3, and 3.24 m3 in the A1–A4 and B1–B4 groups, respectively. The PFM has three specifications: 0.75 m3 × 0.45 m3 × 0.4 m3 (length, width, and height, A2 and B2 groups), 1.0 m3 × 0.45 m3 × 0.4 m3 (A3 and B3 groups), and 1.2 m3 × 0.45 m3 × 0.4 m3 (A4 and B4 groups, Figure 3). The calculation formula is shown below (Lv et al., 2020):




Figure 3 | Location of the porous fiber material (PFM) in experimental plots. Pictures (A, B) represent the plane and sectional figures of PFM embedding, respectively. A1, A2, A3, and A4 groups represent the experimental groups under 100 mm/h rainfall events. B1, B2, B3, and B4 groups represent the experimental groups under 50 mm/h rainfall event; the arrow represents the direction of the slope.



 



Where δ represents the theoretical increase in the soil water-holding capacity of the experiment plot, %; V0 and V1 represent the volume of the experimental plot and PFM, respectively, m3; β0 and β1 represent the porosities of the soil and the PFM, respectively, %; L, D, and H represent the length, width, and effective depth of experimental plot, m.




2.3.1.2 Rainfall intensity

The rainfall intensity was set at 100 mm/h and 50 mm/h (Table 1), according to the rainfall event records of the typical dry, normal, and wet years of the experimental station. Their return periods were 100 and 30 years in the Huaibei plain, and all represented a grade of heavy rain (the historical maximum rainfall intensity was 92 mm/h). Referring to the pre-experimental results, to ensure that rainfall experiments have similar runoff durations in different crop conditions, the rainfall amount of the summer maize experiment was set to 100 mm, and the total rainfall durations with the 100 mm/h and 50 mm/h rainfall intensities were 1h (high rainfall intensity and short duration events) and 2h (low rainfall intensity and long duration events), respectively. The rainfall amount of the winter wheat experiment was set to 150 mm, and the total rainfall durations with the 100 mm/h and 50 mm/h rainfall intensities were 1.5h (high rainfall intensity and short duration events) and 3h (low rainfall intensity and long duration events), respectively.




2.3.1.3 Growth period

Referring to the water demand intensity of crops and the natural rainfall period, we set some artificial rainfall events during the growth period, and the rainfall events included the irrigation recharge and rainfall runoff experiments. In contrast, the irrigation recharges were aimed at ensuring crop growth normally, but the rainfall–runoff experiments were for exploring the application of the PFM to farmland flooding. According to the water requirement of winter wheat in the Huaibei Plain recorded by the experimental station, irrigation recharge was carried out according to the average rainfall for many years before the greening period. The aim was to ensure the normal growth of winter wheat, so we irrigated at seedling, tillering, overwintering, and re-greening stages with 57 mm, 37 mm, 33.2 mm, and 100 mm of irrigation water, respectively. The rainfall–runoff experiment was conducted at the heading stage (Day 144), flowering stage (Day 165), grouting stage (Day 189), and fallowing stage (Day 220) with 150 mm of rainfall. Similarly, the rainfall–runoff experiment for the summer maize was conducted at the emergence (Day 15), nodulation (Day 40), tasseling (Day 54), and maturity stages (Day 89), with 100 mm of rainfall, respectively. Additionally, irrigation recharges were carried out on days 1, 33, 62, and 77 with 40 mm, 16.6 mm, 30 mm, and 30 mm of irrigation water, respectively (Figure 4).




Figure 4 | Rainfall data (black dots represent the multi-year average daily rainfall. The rainfall events with a triangle are rainfall runoff experiments, and the rest are rainfall recharge events).







2.3.2 Experimental plot

The experimental plots are designed considering the local topography, and each experimental plot is set with a 3° gradient and a size of 5.3 m2 × 3.8 m2 in the north–south direction (Figure 3). Every experimental plot is composed of an artificial rainfall device (Figure 5A), wind dodger (Figure 5B), rain-stop cover (Figure 5C), water-stop sheet (Figure 5D), runoff channel (Figure 5E), water tank (Figure 5F), and water moisture sensor (Figure 5G). Rainfall devices are installed at the height of 4 m from the land surface, and they include four conical nozzles and produce a controlled rainfall intensity ranging from 30 mm/h to 150 mm/h. The wind dodger hung around the experimental plots is a transparent, waterproof, and polyethylene cloth; the water-stop sheet is set to 100 cm according to the local soil effective depth, and the depth of PFM embedding is set to 30 cm–70 cm; the runoff channel is located at the bottom of the slope of every experimental plot with dimensions of 5.3 m3 × 0.15 m3 × 0.1 m3, and bottom of the channel is buried with 20 cm deep sand. The water tank was made of organic glass, with a size of 0.6 m × 0.45 m × 0.3 m (width, length, and height), and the runoff amount was recorded by an isosceles-triangular weir. Meanwhile, soil water sensors are buried at 0.2 m, 0.4 m, and 0.6 m depths at the center of the experimental plot, respectively, which aim to measure the SWC change during the experiment (Lv et al., 2020; Li et al., 2022). For more details, please refer to previous papers by (Lv et al., 2020; Li et al., 2022).




Figure 5 | The experimental plot and its composition. Figures (A–G) represent the composition of the whole experimental group. It includes artificial rainfall devices (A), wind dodge (B), rain-stop cover (C), water-stop sheet (D), runoff channel (E), water tank (F), and moisture sensor (G).






2.3.3 Field management

Referring to the local planting system, during the summer maize (name: Deng-Hai 618) experiment (2019.6–2019.9), we applied the diammonium (18% N and 46% P), urea (46% N), and red potash (50%–60% K) at 300 kg/ha, 400 kg/ha, and 250 kg/ha before planting, respectively. Then, we planted summer corn in June 2019, and the planting density of summer corn was set at 6.7 plants/m2, while fertilizer was chased at 150 kg/ha of urea between the jointing period and the tasseling period. Furthermore, during the winter wheat (name: Huai-Mai 45) experiment (2020.11–2021.6), we applied the compound fertilizer (24% N, 15% P, and 6% K) and urea (46% N) at 750 kg/ha and 150 kg/ha before planting, respectively. Then, we planted winter wheat on 1 November 2021, and fertilizer was chased at 75 kg/ha of urea during re-greening. The remaining field management, such as insecticide, weed control, and micro fertilizer spraying, was the same as the field.





2.4 Data measuring



2.4.1 Soil water content

During the experiment, we monitored the SWC at 8:00 a.m. and 8:00 p.m. every day by soil sensors, and the SWC was determined with a portable FDR probe at 20 cm, 40 cm, and 60 cm soil depth, respectively.




2.4.2 Runoff process

We pre-rained before planting, which fully saturated the SWC and prompted seed germination. Subsequently, we opened the artificial rainfall device and rained when the SWC decreased to 25.0%Vol ± 2.0%Vol at a depth of 20 cm, which is the multi-year average value of the plow layer in the study area. We scheduled certain rainfall events during the growth periods, including the irrigation recharge and rainfall–runoff experiments. In irrigation recharge, we referred to the daily average rainfall and local irrigation system, and then we irrigated the farmland multiple times to ensure no surface runoff (Figure 4). In the rainfall–runoff experiments, we recorded the start time of runoff and monitored the runoff flow rate at intervals of 5 min by the water tank (Lv et al., 2020). The runoff amount is calculated using the following formula:

 

Where R represents the runoff amount in a rainfall experiment, mm; n represents the total number of periods; ri represents the runoff flow rate at the time i, cm3/s; T represents the time interval, 300 s; F represents the area of the experimental plots, 20.14 m2.




2.4.3 Nitrogen and phosphorus detection

We collected the runoff water throughout the rainfall process to quantify the nitrogen and phosphorus concentration at a set time interval (10 or 30 min for short- and long-duration rainfall events, respectively). An alkaline potassium persulfate digestion UV spectrophotometer was used to assess total nitrogen, and the molybdate spectrophotometric method was used to determine total phosphorus (Wu et al., 2021; Wang et al., 2022b). The formula for calculating the total nitrogen and phosphorus loss is as follows:



Where Q represents the total nitrogen and phosphorus loss in a rainfall event, mg/m2; qi represents the nitrogen and phosphorus concentration at time i, mg/L.




2.4.4 Crop growth

We observed the morphological changes of plants by specifications of agrometeorological observation-winter wheat and summer corn (QT/X299-2015 and QT/X361-2016). The observation indicators include plant height, biomass, grain number, grain weight, and yield. The observation method is shown below:



2.4.4.1 Plant height

We randomly chose six summer maize plants from each experimental plot and measured each plant’s height while it was being grouted. Similarly, we randomly selected the four points from each experimental wheat plot and continuously measured the height of 10 wheat plants at each point. As a result, the plant height was the mean value of the observation value.




2.4.4.2 Grain number peer spikes

To determine the average number of grains per spike, when we measured the plant height of winter wheat, we took 100 spikes continuously at each point and a total of 400 spikes. Then, we randomly selected 50 spikes to calculate the average number of grains per spike. In addition, we directly measured the fruit weight on six summer maize plants, so the grain number per spike was calculated from the fruit weight and thousand-grain weight.




2.4.4.3 Thousand-grain weight

We selected 2,000 grains randomly and divided them into two groups. When the weight difference between the two groups was less than 3% of the average, the average value was a thousand-grain weight. If the difference was more than 3%, we took another thousand grains and weighed them, and we used the nearest mean value of the two groups as the thousand-grain weight. The same observation method is used for summer corn.




2.4.4.5 Biomass

The wheat plots were averagely divided into four areas, and each area randomly selected a point. We continuously collected 100 winter wheat plants at every point, for a total of 400 plants, 10% of which were randomly selected for measurement. Subsequently, the samples were divided into stems, leaves, and spikes, placed in the oven, killed green at 105°C for 0.5h, and then baked at 75°C for 6h–12h (Tian et al., 2022). We measured the mass every hour during baking until the weight variation was less than 0.5%. Similarly, we randomly selected six summer maize plants and repeated the above operation.




2.4.4.6 Yield

Referring to the specification, we measured the plant density, grain weight, and thousand-grain weight to calculate the yield (Li et al., 2023). The formula is as follows:

 

Where TY represents the theoretical yield, kg/m2; SGN represents the average number of grains per spike, grain/spike; TGW represents the thousand-grain weight, g/1000 grains; and EP represents the number of effective plants, plant/m2.





2.4.5 Soil microbial sampling

For soil microbial analysis, three soil cores at 10 cm–30 cm depths were randomly collected after the crop was harvested. The soil samples from each experimental plot were mixed completely to form one fresh composite sample that was stored in an icebox. This study focused on bacterial communities because they represented the major microbial communities. The soil samples were sequenced by Majorbio Company through the Illumine sequencing platform (https://www.majorbio.com/). Universal bacterial primers, 338F (primer sequence: ACTCCTACGGGAGGCAGCAG) and 806R (primer sequence: GGACTACHVGGGTWTCTAAT), were used for polymerase chain reaction (PCR) amplification of bacterial communities.





2.5 Data analysis

In this study, data were processed by Excel 2019 and plotted by Origin 2020, and ANOVA significance tests were performed by SPSS 25, with statistical significance set at p< 0.05 (Zhang et al., 2021a). Finally, we assessed the impact of PFM on the ecological environment of farmland by comparing variations in SWC, runoff, nitrogen and phosphorus loss, the relative abundance of microorganisms, and plant growth. At the same time, we compared the differences in the above aspects between maize and wheat farmland, which aimed to assess the application of PFM in agricultural production and analyze the mechanism.





3 Results



3.1 Soil water content and runoff



3.1.1 Soil water content

PFM effectively increased SWC in long-duration rainfall events or on winter wheat plots (Figure 6). In detail, PFM embedding increased the SWC of winter wheat at 10 cm–70 cm by 0.7%Vol –2.3%Vol, and the SWC was positively correlated with the PFM volumes (R2 = 0.99 and 0.9). In turn, there were significant differences in SWC between summer maize and winter wheat farmland. In the long-duration rainfall, PFM increased the SWC of summer maize plots at 10 cm–70 cm by 1.3%Vol –3.5%Vol, but A2–A4 groups varied by 1.72.1%Vol, −0.62.1%Vol, and −2.1%Vol compared to the A1 group in short duration rainfall, respectively. The SWC first increased and then decreased with the increase of PFM volume in the summer maize plot.




Figure 6 | Variations of SWC in different depths (A–D represent the SWC in 10 cm–30 cm, 30 cm–50 cm, 50 cm–70 cm, and 10 cm–70 cm depth, respectively).



PFM changed the SWC distribution at different soil depths but had the opposite changing trends between wheat and maize plots. On the summer maize and winter wheat plots, the SWC of the control groups were (25.7%, 28, and 29.7%Vol) and (27.4, 28.6, and 35.3%Vol) within 10 cm–30 cm, 30 cm–50 cm, and 50 cm–70 cm depth, respectively, and the SWC showed a significant difference in the depth of 50 cm–70 cm. Nevertheless, SWC had different changing trends in different soil layers for the long rainfall duration. In contrast, under 100 mm/h rainfall, PFM increased the SWC of summer maize plots by 0.6%Vol–5.6%Vol in 50 cm–70 cm but decreased the SWC by 0.3%–3.5%Vol in 10 cm–50 cm. The variations of SWC in wheat and maize farmland showed the opposite trend when PFM was embedded in the soil, and PFM increased the topsoil SWC but decreased the subsoil SWC. Therefore, some external conditions, such as rainfall duration and crop type, will jointly affect the effectiveness of PFM.

PFM embedding improved soil water-holding capacity (Figure 7). In the summer maize and winter wheat farmland, the change rate of soil water content (SWCR) in the control groups was (0.23, 0.13, 0.1%Vol/d) and (0.15, 0.07, 0.07%Vol/d) within 10 cm–30 cm, 30 cm–50 cm, and 50 cm–70 cm depth, respectively. The SWCR was stratified in different soil depths, and the SWCR of winter wheat farmland was significantly higher than summer maize.




Figure 7 | Variations of SWCR in different depths(SWCR indicates the change rate of soil water content per unit time, %Vol/d. (A–D) represent the SWCR in 10 cm–30 cm, 30 cm–50 cm, 50 cm–70 cm, and 10 cm–70 cm depth, respectively).



Within the 10 cm–70 cm soil depth, PFM decreased the SWCR in winter wheat farmland by −0.02%Vol/d–0.15%Vol/d, compared with the control groups. In contrast, within the summer maize and winter wheat farmlands, the SWCR of both ranged from 0.07%Vol/d to 0.14%Vol/d and 0.07%Vol to 0.25%Vol, respectively, which means that SWC varied more rapidly within the winter wheat farmland. In detail, within the winter wheat and summer maize farmland, the SWCR within the soil depths of 10 cm–30 cm, 30 cm–50 cm, and 50 cm–70 cm was (0.15%Vol/d, 0.07%Vol/d, and 0.07%Vol/d) and (0.23%Vol/d, 0.13%Vol/d, and 0.13%Vol/d), and the SWCR was stratified significantly by 30 cm and showed significant variability between the 10 cm–30cm and 30 cm–70cm soil.




3.1.2 Runoff

PFM effectively reduced the runoff. Within the summer maize farmland, PFM embedding decreased the runoff by 27.3%–44.4% and 56.1%–60.4% under 100 mm/h and 50 mm/h rainfall events, respectively, while the reductions in the winter wheat experiment ranged from 49.6%–67.1% and 59.7%–93.3% (Figure 8). In other words, the reduction ratio of PFM for runoff in summer maize farmland was lower than that of the winter wheat experiments, and it had a higher reduction ratio for runoff in long-duration rainfall. PFM was more suitable for low-intensity and long-duration rainfall events.




Figure 8 | Observed runoffs in the winter wheat and summer maize (P1, P2) in the corner represent 100 mm/h and 50 mm/h rainfall events in the winter wheat experiment, respectively. (P3, P4) represent 100 mm/h and 50 mm/h rainfall events in the summer maize experiment, respectively. (a, b) and (A, B) in the picture indicate the significant difference between the different groups at 0.05 in 100 mm/h and 50 mm/h, respectively).







3.2 Farmland ecological environment



3.2.1 Nitrogen and phosphorus loss

PFM embedding reduced total nitrogen and phosphorus (TN and TP) losses in runoff water. In the summer corn experiment, PFM embedding decreased the TN loss by 18.3%–37.9% and 75.5%–83.8% in 100 mm/h and 50 mm/h, and the TP loss decreased by 28.8%–57.1% and 64.1%–71.1%, respectively. PFM had a better ability to retain soil nitrogen and phosphorus elements and had a weaker effect on soil erosion in long-duration extreme rainfall events (Figure 9). Compared with the wheat and maize experiments, PFM had a higher impact on TN and TP losses in the winter wheat experiment. In the same volume of PFM embedding, the reduction ratio of TN loss in winter wheat farmland was 13.2%–52.4% higher than that in summer maize farmland (except for the B3 group), but the TP was 1.2%–44.7% higher than in the maize experiments. Therefore, PFM could effectively reduce soil nitrogen and phosphorus losses and have a stronger application effect in winter wheat farmland.




Figure 9 | The total loss of TN and TP in the runoff (A, B) represents the total loss of TN and TP in the winter wheat experiment, respectively. (C, D) represent the summer maize experiment in the same conditions. a and b represent the significant difference between the different groups at 0.05).






3.2.2 Microorganism



3.2.2.1 Relative abundance

Plant species, rainfall duration, and PFM volume jointly affected the relative abundance of bacterial communities. In the wheat and maize farmland, the dominant species at the phylum level were Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi, which accounted for 9.36%–43.16%, 11.53%–32.57%, 9.43%–30.63%, and 9%–16.14% of the bacterial community, respectively, and the above dominant species cumulatively accounted for 67%–82.18% (Figure 10). During the winter wheat experiment, the level of soil bacterial phylum changed to some extent between different treatments. PFM decreased the relative abundance of Proteobacteria and Acidobacteria but increased the relative abundance of Actinobacteria. Meanwhile, the long-duration rainfall events increased the relative abundance of Proteobacteria and Acidobacteria but decreased the relative abundance of Actinobacteria and Chloroflexi. In the summer maize experiment, PFM embedding significantly increased the relative abundance of Proteobacteria but decreased that of Acidobacteria and Chloroflexi, and there was no significant difference in the relative abundance of dominant populations between different rainfall events.




Figure 10 | The relative abundance of soil bacterial communities at the phylum level. Pictures (A, B) represent the topsoil (10 cm–30 cm) in the wheat and maize experiment.



The species composition of microbial bacteria at the genus level significantly differed in winter wheat and summer maize plots. In the winter wheat field, the dominant species at the soil microbial genus level were Bacillus, Gaiella, Sphingomonas, RB41, and Nitrospira (Figure 11). PFM embedding increased the abundance of Bacillus and RB41 but decreased the Gaiella, Sphingomonas, and Nitrospira. Conversely, the relative abundance of Bacillus, Arthrobacter, Bradyrhizobium, and Pseudolabrys microbial communities in summer maize farmland was higher. At the same time, PFM embedding resulted in a significant decrease in Arthrobacter strains and different degrees of growth of other dominant strains. Therefore, crop species have significant differences in microbial abundance and species at the genus level.




Figure 11 | The relative abundance of soil bacterial communities at the genus level. Pictures (A, B) represent the topsoil (10 cm–30 cm) in the wheat and maize experiment.






3.2.2.2 Microbial diversity index

Short-duration rainfall events reduced microbial diversity. The richness of the microbial structures was generally evaluated by several microbial diversity indicators, specifically ACE and Chao. Higher values of these two estimators represent a higher richness of microorganisms. In the summer maize experiments, the microbial diversity index of the PFM groups was lower than the control group (except for the Simpson index, Table 2). Conversely, the effect of PFM on microbial diversity showed similar laws in the wheat experiment. The microbial diversity index of the A3 and A4 groups was lower than the A1 groups, but the PFM groups were higher than the control group under long-duration rainfall conditions. In summary, PFM reduced microbial diversity in short-duration rainfall events. The larger the volume of PFM embedding, the greater the adverse effect, but it was the opposite under long-duration rainfall conditions.


Table 2 | Microbial diversity index.








3.3 Crop growth



3.3.1 Plant height

PFM embedding decreased the plant height. During the winter wheat experiment, the plant height in the PFM experiment groups decreased by 0.5%–5.6% compared with the control groups, and the volume of PFM was negatively correlated with the plant height of winter wheat (Figures 12A, B, R2 = −0.88 and −0.98). Nevertheless, there was some significant difference in the summer maize experiment, the plant height showed a trend of increasing first and then decreasing with the growth of PFM volume, and the variation range of the PFM groups was −3.3%–5.5% compared with the control groups (R2 = −0.74 and −0.56, p > 0.05). Overall, excessive PFM embedding decreased crop plant height under extreme rainfall conditions.




Figure 12 | The variation of plant height and biomass. (A, B) represent the plant height of wheat and maize, respectively. (C, D) represent the plant height of wheat and maize, respectively. (a, b) represent the significant difference between the different groups at 0.05.






3.3.2 Biomass

Crop biomass was affected jointly by the amount of PFM embedding and the irrigation method. In the mature periods, PFM increased wheat biomass by 0.3%–12.1% compared with the control groups, and wheat biomass increased first and then decreased with the increase of PFM volumes (Figures 12C, D). Overall, the increase in wheat biomass was mainly due to the spike weight, which increased by 1.9%–20.7%.

In the summer maize farmland, the stem and leaf biomass in the B2–B4 groups decreased by 4.6%–22.2% compared with the control group. However, the grain biomass increased by 2.4%–20.4%, and total biomass showed a decreasing trend when excessive PFM was embedded in the farmland. In addition, in the short-duration rainfall events, PFM embedding increased the plant biomass in the A2–A4 groups by −0.6%–22.7%, and the main growth comes from stems and leaves. In conclusion, different irrigation methods would affect the distribution of crop biomass, and there was an opposite trend for biomass when PFM was buried in wheat and maize farmland.




3.3.3 Yield

Long-duration rainfall events increased the grain number but played a negative role under short-duration rainfall events. In the long-duration rainfall events, PFM embedding increased the grain number of wheat and maize by 5.4%–9.2% and 10.4%–15.3%, respectively. The grains number increased with PFM volume (R2 = 0.95 and 0.81, Figures 13A, B). Alternatively, the effect of PFM on grain number was significantly different in short-duration rainfall events. In the winter wheat experiment, the grain number in the A2 and A4 experimental groups increased by 7.1% and 3.5%, respectively. While the A2–A4 groups decreased by 5.6%–38.8% in the summer maize experiment, the grain number of maize was negatively correlated with PFM volume (R2 = −0.98). Therefore, PFM effectively improved the grain number under long-duration rainfall conditions.




Figure 13 | The variation of grain number, grain weight, and yield. Pictures (A, B) represent the Grain number of wheat and maize, respectively. Pictures (C, D) represent the Grain weight of wheat and maize, respectively. Pictures (E, F) represent the yield of wheat and maize, respectively. (a, b) represent the significant difference between the different groups at 0.05.



Short-duration rainfall events decreased the grain weight when excessive PFM was embedded in the farmland. The result showed that PFM increased the grain weight of winter wheat by 2.2%–9.6% in long-duration irrigation, and the grain weight was positively correlated with the PFM volume (R2 = 0.93, Figures 13C, D). But the above pattern was exactly the opposite in other experimental scenarios. PFM decreased the grain weight by 4.7%–11.2% in the summer maize experiment, and the grain weight decreased with PFM volume increasing (R2 = −0.91 and −0.98). Meanwhile, in different rainfall events, the grain weight of the B1–B4 groups was higher than the A1–A4 groups by 7.38%, 6.12%, 4.52%, and 1.64%, respectively. Therefore, PFM had a more obvious benefit on grain weight in long-duration rainfall events, but it decreased the crop grouting rate in shorter rainfall events.

There was an interaction between PFM embedding and irrigation methods, which jointly affected crop yield. The result showed that PFM reduced the yield of summer maize by 5.1%–42.5% in short-duration irrigation (Figures 13E, F), and there was a negative correlation between the yield and PFM volume (R2 = 0.97). But in the winter wheat experiments, the yield variation in the A2–A4 groups was 9.4%, −1.9%, and −6.7% compared with the A1 group. So, it was easy to make the crop reduction when PFM was heavily embedded in the soil. On the contrary, in long-duration rainfall events, PFM increased the yield of wheat and corn by 12.6%–20.4% and 2.4%–7.1%, respectively. To sum up, we compared the experiment in two crops, and the benefits of PFM embedding in winter wheat farmland were significantly better than those in summer maize farmland.






4 Discussion

In this study, the effectiveness of PFM mainly comes from its three characteristics: high porosity, high permeability, and material composition. First, PFM, with high porosity, has excellent hydrophobic drainage capacity. According to the soil moisture characteristics curve, the priority of PFM for water absorption is lower than that of soil, so under the effect of the water potential difference, the water inside the PFM can timely replenish the evaporation of water lost from the PFM surface and the surrounding soil (Lv et al., 2021). Second, high permeability is demonstrated during rainfall, and the excess free water infiltrates the PFM cube. Due to the larger pore structure of PFM, the infiltration rate is higher than that of the soil, which accelerates the vertical infiltration of the soil unit and forms a preferential flow (Lv et al., 2020). Finally, PFM is composed of gold ions, alkali metal oxides, and carbonates, which can adsorb organic carbon from the soil, stabilize agglomerates, and improve soil geotechnical indexes such as enzyme activity, organic matter, humus, and fulvic acid content in agricultural soils (Gu, 2021).



4.1 Effect of PFM on the SWC and runoff

PFM could effectively improve the soil holding capacity. In the winter wheat experiment, SWC had a positive correlation with the volume of PFM embedding, but excessive PFM embedding exacerbated the risk of farmland drought in short-duration rainfall events (Ma et al., 2016; Li et al., 2022), which was different from the research results of others. For example, rock wool increased the SWC by 29.2% after a long drought when it was buried in forest land (Gu, 2021). Lv thought the potential energy difference mainly influenced the water exchange between PFM and the surrounding soil. When the SWC is near saturation and the suction pressure is < 75 cm, the free water in the soil will infiltrate into PFM. Afterward, the free water in the soil is absorbed by PFM, and when the water content of PFM reaches 50%, its suction pressure decreases to equal the surrounding soil. Only when the suction pressure of the surrounding soil is < 5 cm can the PFM be fully saturated so that its enhancement of the soil water storage capacity reaches its theoretical value (Lv et al., 2021). However, the above process requires a sufficiently long rainfall duration or large rainfall volume. In other words, under the influence of soil water potential difference, the priority of soil water storage is higher than that of PFM. So, when the embedded volume of PFM is larger, or the rainfall duration is relatively shorter, it is difficult for PFM to fully absorb water, which quickly leads to insufficient water release after rain, or even reduces the maximum saturated water content of PFM, thus increase the risk of drought in farmland (Choi and Shin, 2019; Li et al., 2022; Liu et al., 2022).

The experimental result showed that SWC had a significant difference in deep soil between the different crops because plant root distribution and plant water consumption characteristics made SWC different obviously in the different crops (Hou et al., 2021). In detail, Yang found that wheat derived 41.0% ± 14.9%, 37.2% ± 10.0%, and 21.9% ± 8.9% of its water from the 0 cm–20 cm, 20 cm–50 cm, and 50 cm–160 cm soil depths, respectively (Yang et al., 2018). But the main water uptake for corn root primarily derived water from the 40 cm–60 cm soil layer in whole growth periods (Wu et al., 2016). So, the water uptake characteristics of the root resulted in the SWC having significant differences in 50 cm–70 cm depth. In addition, lime concretion in black soil is also the main factor affecting the SWC. The upper soil has high soil evaporation intensity and poor water retention capacity.

In contrast, deep soil has low soil capillary force and rising height of capillary water, which make it difficult to satisfy the water demand by the plant root in time (Zhang et al., 2001). The above soil characteristics increased the SWC and SWCR with soil depth, and there was a significant difference in SWC and SWCR with 30 cm–50 cm soil depth as the boundary. Alternatively, the SWC and SWCR were low in the summer maize farmland, but the opposite in the winter wheat farmland correlated with the evaporation and groundwater level (Zhao et al., 2020). Specifically, the higher temperature made the evaporation stronger in summer farmland, and the higher groundwater level had a certain supplementary effect on the upper SWC. So SWC and SWCR in summer maize plots were lower than those in winter wheat plots under the joint action of the above factors (Liu et al., 2020a; Zhang et al., 2021c).

PFM embedding effectively reduced the runoff. PFM with enormous pores could enhance the soil porosity, which increased some hydraulic parameters such as field water holding capacity and saturation water content (Lv et al., 2020; Lv et al., 2021). At the same time, PFM with higher permeability lead surface water to infiltrate the soil rapidly during rainfall. As the volume of PFM embedding increases, vertical infiltration of soil units is accelerated and preferential flow is formed, and the reduction of surface runoff will become inevitable with the increase of PFM volume (Li et al., 2022). In addition, vegetation cover is also an important factor affecting the runoff process (Wang et al., 2021). Compared with bare soil experiments, PFM embedding in wheat and maize farmland had a better effect on runoff reduction (Lv et al., 2020). Specifically, higher vegetation cover can improve the soil roughness and weaken the energy of raindrops, which is conducive to reducing erosion formed by raindrop splashing and intercepting runoff, so the vegetation cover has a great influence on rainfall–runoff (Zhou, 2020; Shi et al., 2022; Zore et al., 2022). During rainfall, the differences in vegetation cover and plant height cause the crop canopy to redistribute stem flow and penetrating rain, directly affecting slope runoff formation (Nazari et al., 2019; Yan et al., 2021). But with the obstruction of leaves, the high-density and short-height crops accelerate the dissipation of rainfall energy, which makes it more effective for rainfall interception (Ma et al., 2016). Overall, the vegetation cover contributed to the runoff reduction, which made PFM have a higher runoff reduction percentage on the winter wheat farmland.




4.2 Effect of PFM on the farmland ecological environment

PFM effectively reduced the TN and TP loss in the runoff process. Due to the limitation of PFM embedding depth, PFM could not directly decrease the TN and TP concentration in the surface runoff water. In a way, PFM indirectly infiltrated nitrogen and phosphorus from the surface soil layer to the deeper soil layers through leaching (Palla et al., 2010). In addition, PFM delayed the start time of runoff and reduced rainfall runoff, which implied a reduction in the potential for N and P loss with surface production. At the same time, the greater the vegetation coverage, the greater the effect of plants on the interception of rainfall and the reduction of soil erosion (Wu et al., 2020). In this study, the average leaf area index in the summer maize was lower than the winter wheat, and PFM embedding in the farmland of higher vegetation coverage could effectively reduce nitrogen and phosphorus loss, so PFM had a better application effect on the winter wheat (Yan et al., 2021).

In the wheat and maize farmland, the Proteobacteria, Actinobacteria, and Actinobacteria had high relative abundance in topsoil, and they contained many microbial bacteria with potentially fast growth responses to the high SWC. So, the higher moisture fluctuation rate may partially explain the differences found in the original bacterial community compositions (Jurburg et al., 2018; Bi et al., 2019). However, PFM led to variability in the distribution of strains under different crop conditions. For example, it increased the relative abundance of Bacillus, RB41, Sphingomonas, and Bryobacter in the wheat and maize farmland, respectively. The above bacteria have been shown that they can promote plant growth and enhance plant stress tolerance due to the effect of bacteria on nitrogen fixation, cellulose degradation, phosphate solubilization, plant growth hormone, and other aspects (Sonkurt and Cig, 2019; Asaf et al., 2020; Jiao et al., 2022; Sun et al., 2022). Gu also demonstrated that the rock wool was buried in the soil, which increased the enzymatic activity, microbial carbon and nitrogen, and bacterial and fungal abundance of the soil (Gu, 2021). The mechanism of PFM influencing the microorganism’s abundance comes from the following aspects: (1) PFM with high porosity provides a suitable place for microbial reproduction; (2) the improvement of SWC and nutrients is conducive to microbial proliferation; (3) PFM contains mucilage, metal cations, and silicates, were part of the soil complex. And metal oxides can adsorb active organic carbon in the soil, effectively preventing its contact with enzymes and microorganisms, thus stabilizing organic carbon, promoting the formation of soil aggregates, and stimulating soil microbial diversity (Gu, 2021). However, due to the difference in the root, physiological, and biochemical aspects of crops, which made the impacts of PFM on the above bacteria had significant differences. Alternatively, it was also explained earlier that the drought risk was exacerbated when rainfall duration was too short or rainfall volume was low, which greatly affected the growth of microbial communities. Therefore, PFM provides microbial breeding sites, improves soil water and nutrient retention capacity, and promotes the formation of soil aggregates. The above advantages effectively promote the proliferation and reproduction of some microbial strains, which benefit soil nitrogen fixation, phosphate solubilization, and crop growth.




4.3 Effect of PFM on the crop growth

In the growth period of crops, PFM effectively improved the water holding capacity and water storage capacity, which was beneficial for the uptake of crop roots and photosynthesis (Gu, 2021; Zhang et al., 2021a). Furthermore, PFM with high porosity could provide the growth channel to the plant root system, which improved the soil environment and reduced plant damage from adversity, ultimately increasing crop biomass (Gu, 2021; Liu et al., 2021). At the same time, PFM embedding positively affected the improvement of soil geotechnical indicators such as enzyme activity, organic matter, humus, and fulvic acid content in agricultural soils. Therefore, improving the plant root environment under PFM embedding benefits crop growth.

In this study, the effect of PFM on biomass showed the opposite trends in summer maize and winter wheat farmland. In long-duration irrigation, enough water and nutrient supply could contribute to the accumulation of dry material in the winter wheat farmland. In summer maize experiments, the irrigation seriously affected the distribution of biomass, which seemed to be related to the soil environment, including SWC deficiency and soil microbial diversity reduction (Qi and Liu, 2020). The structural characteristics of PFM also affected crop yield and biomass under short-duration rainfall conditions. In short-duration irrigation events, a higher amount of PFM embedding is related to lower crop yield. Because the substrate moisture content affects the crop absorption, microorganisms, water stress, and evaporation amount in soilless cultivation, the use of a different irrigation system (watering amounts and frequency) can affect differences in crop growth, fruit quality, and yield (Choi and Shin, 2019). The water absorption capacity of hydrophilic rock wool increases with irrigation time, which makes PFM fully take advantage of water absorption capacity in long-duration rainfall, reducing soil erosion and nutrient loss and finally prompting crop growth (Lv et al., 2021).

Conversely, due to the rainfall duration and the applicability of PFM, it is difficult to absorb the water adequately when massive PFM is buried in the soil, which puts the substrate moisture in an unsaturated state for a long time and decreases the maximum saturated moisture content of PFM. It further aggravates the risk of farmland drought (Choi and Shin, 2019; Li et al., 2023). Specifically, the SWC in 10 cm–30 cm soil decreased with the increase of PFM volume in the summer maize experiments, which influenced the grain filling rate and resulted in grain number, weight, and yield decreases. The SWC deficit might be the main reason for the corn production reduction caused by PFM and short-duration irrigation events. Compared with the summer maize experiments, the single rainfall duration and amount of winter wheat experiments were higher than those of the summer maize experiment, and the PFM is more likely to be effective.

PFM improves the soil environment by increasing SWC and soil pore, facilitating crop root uptake and photosynthesis. Although PFM can promote field drainage and water and nutrient retention, the performance of PFM may not be fully utilized after excessive embedding, exacerbating the risk of drought in agricultural fields and leading to crop yield reduction. Overall, Suitable PFM embedding can effectively improve the soil environment due to water stress, improving microbial diversity and promoting crop root uptake and growth. However, we must recognize that PFM only increases the soil water holding capacity and release the water slowly. In addition, the expense of PFM restricts its application on farmland, and the average price of a PFM ranges from 1,000 to 2,000 CNY/m3. Therefore, we can use it in intensive agriculture, economic crop planting, or high-value infrastructure (Lv et al., 2020; Li et al., 2023). To sum up, although PFM has shown excellent performance in some fields, such as soil and water conservation and crop growth, its shortcomings in terms of application and economics also deserve further exploration. So, we should further expand the application fields of PFM, like agricultural production, flower cultivation, and urban greening, which aim to decrease costs and explore the effectiveness and feasibility of PFM in complex environments.





5 Conclusion

PFM directly changes soil structure, establishing a hydraulic connection with the surrounding soil, enhancing SWC and nutrient distribution, and ultimately promoting crop production. We conducted artificial rainfall experiments in the field of winter wheat and summer corn. Results indicated that PFM could improve soil water holding capacity while lessening runoff and nutrient loss. Alternatively, the greater the vegetation cover, the greater the impact of plants on soil erosion mitigation. PFM embedding affected soil and water conservation better when vegetation cover was high. The retention of water and nutrients could effectively promote the proliferation and reproduction of some microbes, which had a beneficial effect on nitrogen fixation, phosphate dissolution and plant growth. However, due to its structural properties, PFM could not absorb the water adequately during the short-duration rains, which increased the risk of drought on farmland and reduced the corn yield. And PFM embedding resulted in a maximum increase of 20.4% in winter wheat production under long-term rainfall events. Overall, PFM embedding is beneficial in relieving drought and flooding on agricultural land under a proper irrigation system. This study facilitates the implementation of its extensive application in agricultural production, pollution control, urban landscape, and so forth.
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This study aimed to investigate the impact of individual drought, heat, and combined drought and heat stress on twelve cotton genotypes, including eight tolerant and four susceptible genotypes. A field experiment was carried out by employing a randomized complete block split-plot design, with treatments (control, drought, heat, drought + heat), and cotton genotypes assigned to the main plots and sub-plots respectively. The results showed that the combined stress had a more severe impact on the yield and fiber quality of cotton genotypes compared to individual stresses. Among the studied genotypes, FB-Shaheen, FH-207, MNH-886, and White Gold exhibited superior performance in regard to agronomic and fiber quality characters under combined stress environments. Physiological parameters, including transpiration rate, stomatal conductance, relative water contents, and photosynthetic rate, were significantly reduced under combined stress. However, specific genotypes, MNH-886, FH-207, White Gold, and FB-Shaheen, demonstrated better maintenance of these parameters, indicating their enhanced tolerance to the combined stress. Furthermore, the accumulation of reactive oxygen species was more pronounced under combined stress compared to individual stressors. Tolerant genotypes showed lower levels of H2O2 and MDA accumulation, while susceptible genotypes exhibited higher levels of oxidative damage. Antioxidant enzyme activities, such as superoxide dismutase, peroxidase, and catalase, increased under combined stress, with tolerant genotypes displaying higher enzyme activities. Conversely, susceptible genotypes (AA-703, KZ 191, IR-6, and S-15) demonstrated lower increases in enzymatic activities under combined stress conditions. Biochemical traits, including proline, total phenolic content, flavonoids, and ascorbic acid, exhibited higher levels in resistant genotypes under combined stress, while sensitive genotypes displayed decreased levels of these traits. Additionally, chlorophyll a & b, and carotenoid levels were notably decreased under combined stress, with tolerant genotypes experiencing a lesser decrease compared to susceptible genotypes.




Keywords: climate change, heat stress, drought stress, abiotic stress, physiology




1 Introduction

The continuous and persistent shift in environmental conditions poses an ongoing threat to the productivity and sustainability of major field crops, thereby impacting their developmental behavior and ability to withstand adverse environmental conditions (Noman and Azhar, 2023; Yuan et al., 2023). Climate change is exacerbated by the degradation of croplands caused by desertification, salinization, urbanization, and unregulated population growth (Zhu et al., 2023). The productivity of crop plants is influenced by various climatic factors, including drought, heat, precipitation, humidity, and sunshine hours (Zafar et al., 2022c). Cotton (Gossypium spp.) is a valuable commodity that is grown in various regions of the world for its fiber, fuel, and feed production. Nevertheless, crop cultivation is susceptible to diverse biotic and abiotic stresses throughout every stage of its development (Kashif et al., 2023; Nawaz et al., 2023). Despite being recognized as a crop well-suited to hot, semi-arid regions, it is observed that high temperatures (HT) have a considerable influence on cotton lint quality and the yield of its fiber (Bhardwaj et al., 2021). The influence of HT stress on cotton yield and fiber quality is determined by the severity, time period, as well as the growing stage of cotton at which the HT stress occurs (Zafar et al., 2022a). According to a previous report, it has been documented that with an increase of 1°C in the daily maximum temperature (beyond the optimal temperature range), there is a loss of 110 kg ha-1 in cotton yield (Singh et al., 2007). The reduction in yield is attributed to multiple factors, including a shortened boll development period (Loka et al., 2020), elevated rates of bud and boll abscission, and consequently, a decrease in the overall boll load (Schaefer et al., 2018). When cotton plants experience combined drought and HT stresses, the resulting yield loss is typically more pronounced compared to the impact of either stress alone, where the duration and intensity of the relevant stresses with regards to the growth stage determine the degree of damage (Loka et al., 2020). When the cotton crop is exposed to heat and drought stresses during its flowering and boll-forming stages, there is a potential for a significant decrease in both the quantity and quality of the fiber. This reduction renders the cotton unsuitable for subsequent processing (Hu et al., 2023). Drought and heat stress have led to substantial losses in fiber yield within the cotton industry, reaching up to 34%. Certain studies have suggested that, in accordance with the combination and conditions of applied stress, a singular of this set of stresses could potentially play a relatively predominant role (Loka et al., 2020). However, the simultaneous incident of drought and heat stress in cotton production makes it difficult to differentiate their respective impacts (Zafar et al., 2022c). Stomata, which govern the exchange of CO2 and water, along with the photosynthetic activity in the mesophyll, serve as the main factor influencing plant production through the regulation of photosynthesis (Nadeem et al., 2023; Nie et al., 2023). Stomatal conductance is directly affected by drought and HT stresses, leading to alterations in photosynthetic metabolism (Li et al., 2022; Gong et al., 2023). It is widely accepted fact that stomatal closure by these stresses reduces the CO2 uptake, which ultimately decreases the photosynthetic rate, growth and yield (Bhardwaj et al., 2021; Yin et al., 2023a). Various cotton studies have indicated that the occurrence of drought stress triggers a decrease in photosynthetic rates due to limitations imposed by both stomatal and non-stomatal factors (Cheng et al., 2022; Sultana et al., 2023; Yin et al., 2023b).

Heat and drought, like other abiotic stresses, trigger an upsurge in reactive oxygen species (ROS) production like hydrogen peroxide (H2O2), singlet oxygen, hydroxyl radicals and superoxide radical (Sekmen et al., 2014; Qin et al., 2023). Plants have developed mechanisms to counteract the production and accumulation of ROS by employing antioxidative processes (Farooq et al., 2021). These mechanisms encompass both enzymatic components, including peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD), as well as non-enzymatic antioxidants such as reduced ascorbic acid, total soluble proteins, flavonoids, carotenoids, and proline (Zafar et al., 2021b). The oxidative damage incurred by cotton plants under drought and heat stress conditions is influenced by the equilibrium between ROS production and the activities of antioxidative enzymes (Manan et al., 2022). Manan et al. (2022) found that cotton produced ROS under heat stress, but the increased activities of CAT, SOD, and POD, enabling the plants to maintain the ROS scavenging process until they recovered from the stressful conditions.

As a consequence of climate change, it is anticipated that plants will encounter a higher frequency of concurrent heat and drought stress in the future (Pörtner et al., 2022; Xiong et al., 2023). The response of plant to multiple stresses is more intricate compared to a single stressor, like heat or drought. Therefore, comprehending the biochemical mechanisms that contribute to the tolerance of cotton plant to the combined stresses of heat and drought is crucial for selecting appropriate genotypes that can yield better (Rivero et al., 2022). Studies have investigated the antioxidant responses of cotton in the context of drought, heat, and salinity stresses. Nevertheless, there has been few investigations carried out on the production and detoxification of ROS by cotton plants exposed to the combined stresses of heat and drought.

This study intends to examine how the antioxidant defense systems of 12 different cotton cultivars with varying levels of drought and heat tolerance respond to the individual and combined stresses of drought and heat, specifically focusing on the formation and detoxification of ROS. The selection of these genotypes was based on field screening experiments conducted over two years at various research stations, specifically under individual heat and drought stress conditions (Chattha et al., 2017; Zafar et al., 2022a). We developed the hypothesis that the combined stress of drought and heat may elicit a distinct response in tolerant and sensitive genotypes compared to individual stresses. In contrast, when one of the stresses has a dominant effect, the response to combined stress may resemble that of a single stress. This research will provide insights into the unique responses and connections among different biochemical, physiological, agronomic and fiber quality traits of cotton to drought, heat, and combined stress. These findings can contribute to the development of strategies for enhancing cotton plants’ resilience in unstable climatic conditions.




2 Materials and methods



2.1 Plant materials

In this experiment, 12 genotypes of upland cotton (Gossypium hirsutum L.) were used. These genotypes were selected from previously screening experiments of 105 cotton genotypes developed by various research stations of Pakistan. The screening experiments were individually conducted for two years consecutively for drought and heat tolerance under field conditions (Chattha et al., 2017; Zafar et al., 2022a). Based on the individual screening experiments, FB-Shaheen, Eagle-2, Ghauri-1, and White Gold were identified as heat-tolerant genotypes. In contrast, FH-207, FH-329, MNH-886, and VH-291 exhibited drought tolerance. The genotypes AA-703, IR-6, KZ-191, and S-15 were found to be sensitive to the tested conditions. The seeds of these genotypes were sourced from their respective breeding stations located in Pakistan.




2.2 Experimental location and design

The experimental work was carried out on the research premises of FB Genetics, Four Brothers Group, Pakistan during cropping year 2021. Experimental site is located at 74˚ east longitude, and 31˚ north latitude. These genotypes were planted in 15 April 2021, under normal and stressed conditions and harvested in October 2021. A randomized complete block split-plot design with three replicates was used to conduct the experiment. Treatments were considered as main plots, and 12 cotton genotypes were assigned to the split plots. These genotypes were studied under four treatments. Plants were subjected to four treatments: a control group, drought stress (D), heat stress (H), and a combination of drought and heat stress (DH). In control conditions the total irrigation water applied to the control plot was 19.61-acre inches and additional moisture of 13.9-acre inches was in the form of precipitation. The applied irrigation water to well water condition was a total of 33.6-acre inches. Under drought stress conditions, the total irrigation water applied was 7.61-acre inches and additional moisture of 13.99-acre inches was received in the form of precipitation. The irrigation water applied in total to water-deficit condition was 21.6-acre inches. Under heat stress conditions, at flowering stage in end of July, high temperature stress was inflicted for 12 days by raising the 4-5°C temperature inside a tunnel constructed using bamboo sticks and plastic sheets. The plants within the tunnel were covered during the daytime and left uncovered during the night. To monitor the temperature inside the tunnel, a mercury thermometer was used. In the same way, under combined heat and drought stress; the total water received by well water and water deficit conditions were 33.6-acre inches and 21.6-acre inches respectively including raining water and irrigation water and an increase of 4-5°C by tunnel as described under heat stress conditions. Figure S1 provides the recorded maximum and minimum temperature ranges observed throughout the crop growing season and Figure S2 provides the maximum and minimum temperature inside the tunnel during heat stress conditions.




2.3 Data collection



2.3.1 Estimation of agronomic traits

The measurement of plant height was conducted by using a measuring tape, from the first cotyledon node to the apical bud, at which point the growth ceased. The count of effective mature bolls was recorded from all the harvests, with separate records maintained for each plant. Seed cotton was collected from five guarded plants and the weight for each genotype was measured using an electronic weighing scale. The weight of each individual boll was determined by dividing the total weight of seed cotton harvested by the number of bolls collected.




2.3.2 Fiber quality traits

A Testex TB510C single roller ginning machine from the USA was utilized to gin the seed cotton sample. Before ginning, the weight of the sample was recorded. The lint was then separated from the seeds, and the ginning out turn (GOT) was determined by dividing the weight of the lint by the weight of the seed cotton, expressed as a percentage. The fiber fineness, strength, and length parameters were analyzed using a high-volume instrument (HVI-900, USTER, USA).




2.3.3 Quantification of biochemical and physiological traits

To collect samples for analysis, the top four fully expanded leaves were selected, and the method described by Song et al. (2014) was employed. For enzyme extraction, about 0.5 g of cotton samples were collected, and the leaves were cut using a leaf pincher. The cut leaves were then crushed and ground to obtain 1-2 ml of cold potassium phosphate buffer (pH 7.8). The resulting mixture was prepared for 5 minutes at 1,400 rpm. Afterward, the residues were removed, and the supernatant was collected for measurement of biochemical attributes using UV spectrophotometers (Evolution One Plus, Thermo Fisher Scientific) at various wavelengths, as described by (Zafar et al., 2022a). The determination of H2O2 was carried out using the Velikova protocol, as described by Velkova et al. (2000). To measure CAT, SOD, and POD activities, the protocol of (Liu et al., 2009) was adopted. To measure the protein content, the Bradford reagent method was utilized (Bradford, 1976). The Arnon method (Arnon, 1949) was used to determine carotenoids and chlorophyll a and b. To determine the ascorbic acid content, the DCIP method was employed, following the procedure described by (Davies and Masten, 1991). The quantification of total phenolic content was followed the (Ainsworth and Gillespie, 2007) method, while the measurement of flavonoid content was carried out using the (Zhishen, Mengcheng and Jianming, 1999) method. For leaf relative water contents, the method described by Silveira et al. (2009) was used to collect leaf samples for determining relative water content (RWC), with a minor modification of (Weatherley, 1950) method. The method of (Cakmak and Horst, 1991) was used to determine the MDA content in cotton leaves. Stomatal conductance (m mol m-2sec-1) was assessed at three different reproductive stages of the cotton crop using a portable infrared gas analyzer (LCi Analyzer with Broad Head, Part Number LCi-002/B and Serial Number 32455). It was measured on the fully expanded youngest leaves from 10:00 to 12:00 h.





2.4 Statistical analysis

Data were subject to ANOVA following split-plot arrangements. Then bar plot were drawn through “ggplot2” package in R software. Furthermore, heatmap analyses were also done through R using the package “heatmap”.





3 Results

Significant variations in mean square values for all the studied traits were observed among genotypes and genotype × treatment interactions, as indicated by the analysis of variance (ANOVA) results (p-values at p ≤ 0.01 and p ≤ 0.05) (Table 1). The biochemical, physiological, agronomic, and fiber quality traits of all cotton genotypes were significantly affected by both drought stress, heat stress, and the combined drought and heat stress. The pairwise comparisons among genotypes for all 25 traits were conducted for all four treatments (control, drought, heat and combined stress. The whole analyses are provided as Supplementary Material (S-1).


Table 1 | ANOVA split plot design for different agronomic, physiological, biochemical and fiber quality traits under control, individual (heat and drought) and combined stress conditions.





3.1 Agronomic traits

The growth and agronomic characteristics of studied genotypes were adversely influenced by heat stress (H) and drought (D) conditions, whether experienced separately or in combination (H × D). When evaluating each stressor independently, it was observed that the combined heat and drought stress had a more pronounced effect on plant height, boll number, boll weight, ginning out turn percentage (GOT %), and seed cotton yield across all genotypes (Figure 1). During each individual drought and heat stress, FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291, and White Gold exhibited superior growth and yield performance in comparison to AA-703, IR-6, KZ-191, and S-15. Whereas under combined stress conditions only FB-Shaheen, FH-207, MNH-886, and White Gold were superior for PH, TNB, BW, SCY, and GOT% compared to all other genotypes (Figure 1). Interestingly, other tolerant genotypes could not perform well under combined stress environment for yield related traits. Under combined and single stress conditions, genotypes AA-703, IR-6, KZ-191, and S-15 exhibited significant reductions in yield parameters. These findings indicate their vulnerability and susceptibility to stress (Figure 1).




Figure 1 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on agronomic traits; (A) Plant height, (B) Number of bolls per plants, (C) Boll weight, (D) Seed cotton yield, (E) ginning out turn% of studied cotton genotypes.






3.2 Fiber quality traits

The study demonstrated that both normal conditions and stressors such as drought, heat, and combined stress had significant impacts on fiber quality traits, including fiber fineness (FF), fiber strength (FS), and fiber length (FL) (Figure 2). However, the specific effects varied among different cotton genotypes. The study findings showed that MNH-886, FB-Shaheen, FH-207 and White Gold exhibited the best performance under both combined, and individual heat and drought stress, with the highest fiber length, strength, and fineness. In contrast, AA-703, IR-6, KZ191, and S-15 demonstrated poor performance for these fiber quality traits under all stress conditions. Additionally, Eagle-2, FH-329, Ghauri-1, and VH-291 exhibited relatively lower susceptibility to individual heat and drought stress compared to combined stress (Figure 2). These genotypes displayed moderate performance in terms of fiber length, strength, and fineness under combined stress conditions.




Figure 2 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on fiber quality traits; (A) Fiber fineness, (B) Fiber strength, and (C) Fiber length of studied cotton genotypes.






3.3 Physiological traits

Under combined stress conditions, all genotypes experienced a notable decrease in their transpiration rate (TR), photosynthetic rate (Pn), relative water content (RWC) and stomatal conductance (Figure 3). However, the response of different genotypes varied for transpiration rate and stomatal conductance under different individual stress treatments, with drought and heat stress were being less severe compared to combined stress. Most of the genotypes revealed higher transpiration and stomatal conductance under individual heat stress conditions. During heat stress conditions, genotypes AA-703, Eagle-2, FB-Shaheen, FH-329, Ghauri-1, FH-207, KZ191, IR-6, S-15, VH-291, and White Gold demonstrated elevated transpiration rate and stomatal conductance compared to the control conditions (Figure 3). MNH-886, FH-207, White Gold, and FB-Shaheen maintained their stomatal conductance and transpiration rate under individual stress treatments and showed the least decrease under combine stress environment. Conversely, genotypes such as AA-703, KZ191, IR-6, and S-15 experienced the highest reduction in stomatal conductance and transpiration rate under combined stress. Stress-sensitive genotypes, such as IR-6, AA-703, KZ 191, and S-15, showed lower Pn and RWC under drought and heat stress conditions, while stress-tolerant genotypes, such as FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291 and White Gold showed the least decrease under both individual stresses (Figure 3). It is noteworthy that MNH-886, FH-207, FB-Shaheen, and White Gold displayed superior performance regarding stomatal conductance, Pn, RWC and transpiration rate, under combined stress conditions. In contrast, the remaining genotypes exhibited significant effects of combined stress on photosynthetic rate (Pn), relative water content (RWC), transpiration rate, and stomatal conductance when compared to individual stress conditions.




Figure 3 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on physiological traits; (A) Transpiration rate, (B) Relative water contents, (C) Photosynthetic rate, and (D) Stomatal conductance of studied cotton genotypes.






3.4 Biochemical traits



3.4.1 Peroxidase (POD), Catalase (CAT), and Superoxidase (SOD)

The studied genotypes were subjected to individual and combined heat and drought stress treatments, and the activities of peroxidase (POD), catalase (CAT), and superoxidase (SOD) were assessed. All genotypes exhibited a significant increase in the activities of these antioxidant enzymes in response to both individual stresses (Figure 4). Notably, the tolerant genotypes (FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291 and White Gold) exhibited the highest increase in antioxidant enzyme activities. Conversely, susceptible genotypes (AA-703, KZ 191, IR-6, and S-15) showed the least increase in these activities under both individual stress treatments (Figure 4). It is worth emphasizing that these susceptible genotypes experienced more pronounced negative impacts on enzymatic activities when both drought and heat stress applied simultaneously as compared to single stress. Conversely, tolerant genotypes (MNH-886, FH-207, White Gold, and FB-Shaheen) displayed greater increases in enzymatic activities under the combined treatment compared to individual stress applications (Figure 4). Compared to above mentioned tolerant genotypes; FH-329, VH-291, Ghuari-1, and Eagle-2 exhibited less increase in POD, CAT and SOD activities under combined stress conditions (Figure 4).




Figure 4 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on physiological traits; (A) Superoxidase dismutase, (B) Peroxidase, (C) Catalase, (D) Hydrogen peroxide, and (E) Malondialdehyde of studied cotton genotypes.






3.4.2 Reactive oxygen species

Under all stress conditions, cotton genotypes exhibited a marked increase in the levels of reactive oxygen species (ROS). Nevertheless, the detrimental effect of combined stress was more severe in comparison to the individual stress factors. In contrast to the control, all genotypes experienced notable elevations in the levels of H2O2 and malondialdehyde (MDA) under the influence of drought stress, heat stress, and the combined stress of drought and heat. Nonetheless, the greater oxidative damage was observed in (AA-703, KZ 191, IR-6, and S-15) suggests that this cultivar exhibits lower tolerance to heat and drought stresses compared to (FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291 and White Gold) (Figure 4). Under combined stress conditions the genotypes MNH-886, FH-207, FB-Shaheen, and White Gold revealed less accumulation of ROS. On the other hand, the remaining genotypes exhibited greater accumulation of H2O2 and MDA under combined stress conditions. Specifically, genotypes AA-703, KZ 191, IR-6, and S-15 demonstrated a more significant increase in H2O2 and MDA levels across all stress conditions (Figure 4).




3.4.3 Ascorbic acid, proline, total phenolic contents, and flavonoid

This study revealed an augmentation in the biochemical traits of proline, total phenolic contents (TPC), flavonoid (FLV), and ascorbic acid (ASA) in cotton leaves when exposed to both individual and combined stress treatments. Under combined stress conditions, the levels of these traits were almost twice in (FB-Shaheen, FH-207, MNH-886, and White Gold) that of the control plants (Figure 5). Moreover, individual stress treatments resulted in a significant increase in these biochemical traits in these genotypes (FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291 and White Gold). Remarkably, the tolerant genotypes (FB-Shaheen, FH-207, MNH-886, and White Gold) exhibited the highest concentrations of proline, total phenolic contents (TPC), flavonoid, and ascorbic acid under the combined stress conditions (Figure 5). Conversely, sensitive genotypes such as AA-703, S-15, KZ 191, and IR-6 performed poor for proline, TPC, flavonoid, and ascorbic acid under both individual and stress combination treatments (Figure 5).




Figure 5 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on (A) Ascorbic acid, (B) Proline, (C) Total phenolic contents and (D) Flavonoid contents of studied cotton genotypes.






3.4.4 Chlorophyll a, b, total soluble protein and carotenoid contents

In contrast to the previously mentioned biochemical traits, chlorophyll a (Chla), chlorophyll b (Chlb), total soluble proteins (TSP), and carotenoid (CAR) exhibited a statistically significant decrease in all genotypes when subjected to both individual and combined applications of drought and heat stress, as compared to the control treatment (Figure 6). The combined treatment resulted in a more pronounced decrease, compared to individual applications of drought and heat stress in susceptible genotypes. However, tolerant genotypes (FB-Shaheen, FH-207, MNH-886, and White Gold) displayed a lesser decrease in these traits. The susceptible genotypes, namely AA-703, S-15, KZ 191, and IR-6, showed the highest reduction in pigments carotenoid, chlorophyll a and chlorophyll b levels (Figure 6). This was followed by FH-329, VH-291, Ghauri-1, and Eagle-2, while the tolerant genotypes (FB-Shaheen, FH-207, MNH-886, and White Gold) showed the least reduction in these pigment levels. Notably, the total soluble protein was not significantly affected in the aforementioned tolerant genotypes compared to the susceptible genotypes mentioned earlier (Figure 6).




Figure 6 | Effects of normal conditions (C), heat stress (H), drought stress (D) and combined stress (DH) conditions on (A) Chlorophyll a, (B) Chlorophyll b, (C) carotenoid contents, (D) Total soluble protein and of studied cotton genotypes.






3.4.5 Correlation analysis

Correlation analysis was conducted on studied genotypes, examining their physiological, biochemical, agronomic and fiber quality characteristics under normal and stressed conditions (Figure 7). Positive and significant correlations were noted between SCY and several other traits including agronomic, fiber quality traits, physiological, and biochemical traits under drought stress conditions. Conversely, the SCY exhibited a negative correlation with MDA and H2O2. The H2O2 and MDA also revealed negative association with PH, NBP, BW, GOT%, SCY, FL, FS, FF, BW, Car, chlorophyll contents, CAT, proline contents, TSP, TPC, SC, Pn, ASA, SOD, POD, FLV and RWC under drought stress conditions (Figure 7). Under heat stress environments, stomatal conductance and transpiration rate revealed significant positive correlation with ROS (H2O2 and MDA). Whereas TR and SC showed negative association with antioxidant activities, yield and fiber quality traits. Both H2O2 and MDA were also negatively associated with all other biochemical, physiological, fiber quality and yield contributing characters under heat stress conditions. Under combined heat and drought stress conditions, FLV exhibited lower positive relationship with other antioxidants, yield and fiber quality traits. Whereas PH, NBP, BW, GOT%, SCY, FL, FS, FF, BW, Car, chlorophyll contents, CAT, proline contents, TSP, TPC, SC, Pn, ASA, SOD, POD, FLV and RWC showed significant positive correlation among themselves under combined stress conditions (Figure 7). Both H2O2 and MDA revealed significant and negative association with biochemical, physiological, fiber quality and agronomic traits under combined drought and heat stress conditions (Figure 7).




Figure 7 | Correlation between different agronomic, physio-chemical, and fibre-related traits in upland cotton genotypes under control (A), drought (B), heat (C) and combined (D) stress conditions.






3.4.6 Heat mapping agro-physiological, biochemical, and fiber quality traits of cotton genotypes under individual and combined stress conditions

The heat map illustrates the relative performance of different genotypes under normal, individual and combined stress conditions. The heat maps clustered the cotton genotypes on the basis of mean into different groups. Under control conditions the genotypes were divided into three clusters based on performance for the studied traits (Figure 8). Under drought stress conditions, the 12 cotton genotypes were grouped into four clusters based on agronomical, biochemical, and fiber quality characteristics. Genotypes belonging to cluster-I, (FH-207, MNH-886, FH-329, and VH-291) demonstrated higher values for agronomic and antioxidant traits and lower values for MDA and H2O2, indicating their resistance to drought stress. Whereas the genotypes of cluster-II (FB-Shaheen, and White Gold) revealed moderate performance agronomic and antioxidant traits under drought stress conditions. The genotypes of cluster-III (AA-703, S-15, IR-6, and KZ-191) were highly sensitive to drought stress followed by genotypes of cluster-IV (Eagle-2, and Ghauri-1) (Figure 9).




Figure 8 | Heat map analysis of various traits under normal conditions.






Figure 9 | Heat map analysis of various traits under drought stress.



Under heat stress conditions, 12 cotton genotypes were categorized into three clusters based on agronomical, biochemical, and fiber quality traits. Genotypes in cluster-I (Eagle-2, FH-207, FH-329, Ghauri-1, FB-Shaheen, and White Gold) displayed higher values for agronomic and antioxidant traits, while showing lower values for MDA and H2O2, indicating their resilience to heat stress. On the other hand, genotypes in cluster-II (FH-207, MNH-886, FH-329, and VH-291) demonstrated moderate performance in agronomic and antioxidant traits under heat stress conditions. The genotypes in cluster-III (AA-703, S-15, IR-6, and KZ-191) were highly sensitive to heat stress conditions and perform poor for agronomic, biochemical, and fiber quality traits (Figure 10).




Figure 10 | Heat map analysis of various traits under heat stress.



Under combined drought and heat stress conditions, the 12 cotton genotypes were classified into three clusters based on studied characteristics. Cluster-I consisted of FB-Shaheen, FH-207, MNH-886, and White Gold, which exhibited higher values for PH, TNB, BW, SCY, GOT%, POD, CAT, SOD, TPC, proline, ASA, FLV, RWC, Tr, Pn, CAR, Chla, Chlb, TSP, FS and FL and lower values for MDA and H2O2, indicating their resistance to combined stress conditions. In contrast, the genotypes of cluster-II (AA-703, IR-6, KZ-191, and S-15) demonstrated poor performance for above mentioned agronomic and antioxidant traits under combined stress conditions. The genotypes in cluster-III (Eagle-2, Ghauri-1, FH-329, and VH-291) were moderately tolerant to combined stress conditions and exhibited moderate performance for agronomic, biochemical and fiber quality traits (Figure 11).




Figure 11 | Heat map analysis of various traits under combined stress condition.








4 Discussion

Drought and high temperatures are recognized as critical challenges that hinder cotton’s ability to achieve high yield potential (Loka et al., 2020). Climate models project a rise in surface temperature by 3–5°C in the next century, resulting in an increased occurrence of droughts and floods (Soong et al., 2020). The escalating threat of climate-related events to agriculture as well as global food security, coupled with the rapid growth of the world population, necessitates the urgent development of stress-tolerant crops (Zafar et al., 2021a). Considering the ongoing fluctuations in the climate, it has become essential to systematically expose cotton plants to different stresses (Haroon et al., 2023). This approach is crucial for identifying genotypes that are resilient to climate changes and can be effectively exploited in future breeding programs (Nawaz et al., 2023). The main objective of this study was to investigate the impacts and combined influence of heat and drought stresses on the morphological, physiological, biochemical, and agronomic traits of 12 cotton genotypes (comprising 8 tolerant and 4 susceptible genotypes). The findings demonstrated that all genotypes exhibited favorable performance under normal conditions, but both drought and heat stresses individual and combined had detrimental effects on various agronomic traits (Dabbert et al., 2017). Interestingly, the impact of these two stresses on all traits was relatively similar across the tolerant genotypes (FB-Shaheen, Eagle-2, FH-207, FH-329, Ghauri-1, MNH-886, VH-291 and White Gold) whereas sensitive genotypes (AA-703, KZ 191, IR-6, and S-15) revealed more destructive effects on agronomic traits PH, NBP, BW, SCY, and GOT%. These effects can be attributed to the accelerated maturity of cotton plants due to a shortened flowering-to-boll opening period under stressful conditions (Pettigrew, 2004), as well as a reduction in the time available for cotton boll accumulation (Xu et al., 2019). Nevertheless, the results of our research suggest that the decline in cotton yield resulting from a decrease in the number of bolls has a greater effect compared to the impact of reduced boll weight. These findings are consistent with the observations made by Hu et al. (2018) (Hu et al., 2018). Cotton yield is further constrained by water scarcity and heat stress, leading to a decrease in boll numbers (Snider et al., 2019; Zafar et al., 2022a). However, when subjected to DH, drastic effects of combined stress was observed on all cotton genotypes for agronomic characters compared to individual stress (Gao et al., 2021). Only four genotypes (FB-Shaheen, FH-207, MNH-886, and White Gold) showed higher performance for agronomic traits whereas rest of four tolerant genotypes revealed moderate performance in combined stress conditions. The sensitive genotypes showed poor performance under combined stress environmental conditions. These observations suggest that the evolving climatic conditions are expected to have a significantly negative impact on cotton genotypes (Manan et al., 2022).

The current study revealed elevated levels of H2O2 and MDA in cotton genotypes when exposed to individual drought, heat, and combined stress conditions.

The observed correlation between the extent of oxidative damage and the vulnerability of cotton genotypes to combined drought and heat stress suggests a direct relationship (Zandalinas et al., 2018). The sensitive genotypes revealed higher accumulation of H2O2 and MDA followed by moderately tolerant and tolerant genotypes (Qaseem et al., 2019). The oxidative damage caused by the accumulation of H2O2 and MDA adversely affects essential cellular components such as DNA, lipids and proteins. Consequently, this damage leads to cell death and hampers the overall growth of plants (Zafar et al., 2021b). Proline serves as an osmo-protectant in plants, and is actively involved in multiple stress signaling pathways enabling them to endure stressful conditions. When plants experience stress, they tend to accumulate higher levels of proline (Alagoz et al., 2023). The accumulation of proline is essential for combating stress as it effectively scavenges ROS from the cell, safeguarding it against ROS-induced cellular damage, while preserving the normal biological activities within the cell. This mechanism protects the cell and helps maintain the structural integrity of proteins (Alagoz et al., 2023). Our research focused on evaluating proline accumulation and revealed that sensitive genotypes exhibited reduced proline levels under stress conditions whereas the tolerant genotypes, however, (FB-Shaheen, FH-207, MNH-886, and White Gold) exhibited increased level of proline under both individual as well as combined stress conditions. Under separate and combined stress conditions, tolerant plants exhibited a significant rise in proline accumulation, consistent with the study (Raja et al., 2020). This study revealed that increased proline levels serve as an osmoprotectant in plants, safeguarding them against the combined stresses of drought and heat, as reported by (Moreno-Galván et al., 2020). RWC acts as a reliable indicator of stress resistance in plants across diverse stress conditions. Plants exhibiting decreased RWC content are typically regarded as more vulnerable to both individual and combined stress conditions, primarily due to enhanced protoplasmic permeability (Aslam et al., 2023), similarly, we also observed reduced RWC value in sensitive genotypes, indicating their susceptibility to stress. The species which are able to maintain RWC are considered as tolerant/resistant to combined stress (Zandalinas et al., 2018). Chlorophyll pigments are engaged directly in metabolic processes plants. The reduction in chlorophyll contents is directly associated with reduced growth, productivity as well as tolerance (Nawaz et al., 2023). Likewise, we also found a substantial reduction in chlorophyll content among all genotypes during individual as well as combined stress, which might be attributed to harm to the chloroplasts (Zafar et al., 2022c). In comparison to tolerant cultivars, drastic reductions in chlorophyll contents were observed in sensitive genotype under combined stress conditions. Carotenoids, known for their antioxidant properties, play a defensive role by preventing chlorophyll photo-oxidation (Mekki et al., 2015). All stress treatments have a notable impact on carotenoids contents while most substantial reduction was found under combined stress environment (Ashraf et al., 2019). Previous studies have also reported the reduction in the contents of carotenoid under several stress environments (Manan et al., 2022; Zafar et al., 2022c). Carotenoid have ability in quenching the singlet oxygen, therefore, relative levels of carotenoid can act as an indicator of tolerance (Ashraf et al., 2019; Manan et al., 2022). Our study found the decline in transpiration rate, stomatal conductance and overall photosynthetic rate while examining photosynthetic performance during combined stress (heat and drought). Notably, the combination of heat and drought stress exhibited a severe effect on photosynthesis (El Sabagh et al., 2020). Moreover, we ascertained that heat and drought stress act synergistically, simultaneously limiting photosynthesis in field conditions. Total soluble protein was reduced in all genotypes when exposed to single stress (heat and drought) as well as combined stresses. This reduction in protein content might be ascribed to a significant decline in photosynthesis (Shallan et al., 2012) or a limited availability of protein assimilates, which are crucial for protein synthesis. The convergence of drought and heat leads to an intensified negative effect on photosynthesis (Ru et al., 2022), encompassing both stomatal and non-stomatal limitation (Zhou et al., 2020). Plants have evolved protective mechanism to mitigate the harmful impact of reactive oxygen species (ROS). These mechanisms involve the synthesis of both enzymatic and non-enzymatic antioxidants. Enzymatic antioxidants like catalase peroxidase (POD), superoxide dismutase (SOD) and CAT are crucial in breaking down ROS into less harmful substances (Zafar et al., 2022b). In our experiment, we observed that the tolerant genotypes exhibited higher expression levels of ROS-scavenging enzymes, including SOD, POD, and CAT, when subjected to stress conditions. This likely contributed to their superior performance, and similar results were documented by (Zhanassova et al., 2021). Other researchers (Niu et al., 2018; Hanif et al., 2021) have also reported increased activities of catalase (CAT) and superoxide dismutase (SOD) under both individual and combined stress conditions, as observed in our current study. However, under combined stress conditions, the moderately tolerant genotypes displayed only moderate levels of SOD, POD, and CAT. In contrast, the susceptible genotypes showed minimal accumulation of these enzymes. In addition to enzymatic components, non-enzymatic components including phenols, flavonoids, and ascorbic acid also contribute to preventing the effects of oxidative stress by improving the scavenging of ROS (Yildiz-Aktas et al., 2009). Flavonoids have been found to provide photoprotection to plants against high temperatures and drought stress (De Souza Junior et al., 2023). In the present study, flavonoid contents were enhanced among tolerant genotypes when exposed to combined heat and drought stress as compared to individual heat or drought stresses. However, moderately tolerant genotypes showed a lesser extent of increase in flavonoid content. Susceptible genotypes did not exhibit any increase in flavonoid content.

Plants usually enhance the production of secondary metabolites, such as polyphenols, as a typical response to abiotic stresses. Phenolics, in particular, confer higher tolerance to plants against drought and heat stress (Ashraf et al., 2019). Similarly, phenolic contents were significantly enhanced in tolerant genotypes under combined stress as compared to the control group. Conversely, moderately tolerant genotypes exhibited a slight elevation in phenolic content compared to individual stress conditions. There is a scarcity of specific reports that discuss the synergistic impacts of drought and heat stress on the accumulation of phenols and antioxidant potential.

Under individual stress treatments, we found that non-enzymatic antioxidant ascorbic acid (ASA) was enhanced significantly in plant’s leaves. Ascorbic acid actively participates in the ascorbate-glutathione cycle, which involves APX enzymes. Moreover, under stress conditions, ensuring sufficient levels of these enzymes is critical as they serve as guardians of cells, protecting them from oxidative damage (Wu et al., 2015). The increased ASC levels found in our study align with previous findings in drought-stressed chickpea (El-Beltagi et al., 2020), sweet pepper (Khazaei and Estaji, 2020), and wheat (Gupta and Thind, 2015).

Both fiber yield and quality are affected by the simultaneous occurrence of water deficit and high temperatures. These stresses interacted and influenced the formation of fiber length. When temperatures surpassed the optimal range, fiber length reduction was observed due to a shortened period of fiber elongation. Additionally, drought disrupts the equilibrium of turgor pressure within cotton fiber cells, resulting in a reduction in fiber length (El Sabagh et al., 2020; Zafar et al., 2022a). Similarly, high temperature exacerbates the negative effects of water deficit on length of the fiber under combined conditions, with more severe drought stress leading to stronger co-effects (Lokhande and Reddy, 2014; Hu et al., 2022). However, under combined stress, the performance of these genotypes was moderate in comparison to the tolerant genotypes. In contrast, susceptible genotypes exhibited a notable decrease in fiber quality and yield-related traits.




5 Conclusion

The findings of this study provide valuable insights into the intricate interplay of combined heat and drought stress and their effects on cotton plants, thereby making a noteworthy contribution to our comprehension of these complex interactions. Through a comprehensive investigation of physiological, biochemical, and yield traits, we have gained valuable insights into how cotton genotypes respond to this multifaceted challenge. The results highlight pronounced differences in stress tolerance among the categorized cotton genotypes under combined stress conditions. The tolerant varieties demonstrated remarkable resilience compared to the susceptible and moderately tolerant ones, as evidenced by their ability to maintain higher yields and favorable fiber traits when subjected to the combined stress treatment. However, the accumulation of various osmolytes, enzymatic as well as non-enzymatic antioxidants, can enhance the tolerance of cotton crop under these challenging conditions. It is important to note that studies focusing solely on individual abiotic stresses do not fully capture the specific responses of cotton plants to combinations of different stresses, which can significantly impact crop performance in field conditions. By investigating the alterations and interconnections among the physiological and biochemical responses of cotton genotypes to drought, heat, and combined stress, this study aims to make a substantial contribution to the identification and breeding of resilient cotton cultivars capable of withstanding both single and combined stress conditions. This research sets the stage for future studies that explore additional traits, such as genetic markers associated with stress tolerance, and investigate the long-term impacts of combined stress on cotton yield and its quality.
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In arid regions, deficit irrigation stands as an efficacious strategy for augmenting agricultural water conservation and fostering sustainable crop production. The Hexi Oasis, an irrigation zone situated in Northwest China, serves as a pivotal area to produce grain and cash crops. Nonetheless, due to the predominant conditions of low rainfall and high evaporation, the scarcity of irrigation water has emerged as a critical constraint affecting crop growth and yield in the area. In order to evaluate the effects of deficit irrigation on photosynthetic characteristics, yield, quality, and water use efficiency of sunflower, a two-year field experiment with under-mulched drip irrigation was conducted in the cold and arid environment of the Hexi Oasis region. Water deficits were implemented at sunflower seedling and maturity and consisted of three deficit levels: mild deficit (65–75% field capacity, FC), moderate deficit (55–65% FC), and severe deficit (45–55% FC). A total of six combined water deficit treatments were applied, using full irrigation (75–85% FC) throughout the entire crop-growing season as the control (CK). The results illustrated that water deficit engendered a decrease in leaf net photosynthetic rate, transpiration rate, and stomatal conductance of sunflower compared to CK, with the decrease becoming significant with the water deficit increasing. A mild water deficit, both at the seedling and maturity phases, precipitated a significant enhancement (p< 0.05) in leaf water use efficiency. Under mild water deficit, stomatal limitation emerged as the predominant factor inducing a reduction in the photosynthetic capacity of sunflower leaves, while as the water deficit escalated, non-stomatal limitation progressively assumed dominance. Moreover, a mild/moderate water deficit at seedling and a mild water deficit at maturity (WD1 and WD3) significantly improved sunflower seed quality under consistent yield conditions and significantly increased irrigation water use efficiency, with an average increase of 15.3% and 18.5% over the two years, respectively. Evaluations utilizing principal component analysis and membership function methods revealed that WD1 attained the highest comprehensive score. Consequently, a mild water deficit at both seedling and maturity (WD1) is advocated as the optimal deficit irrigation strategy for sunflower production within the cold and arid environment of Northwest China.
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1 Introduction

Sunflower (Helianthus annuus L.), a pivotal global oil crop, ranks fourth in production scale, trailing only to palm oil, soya bean oil and rapeseed oil (Rauf et al., 2017; Mahmood et al., 2019). Due to its notable tolerance to low temperature, salinity and drought, sunflower is well adapted to various environments (Garcia-Lopez et al., 2016; Ramu et al., 2016). In China, as a significant cash crop, sunflower has not only been expansively cultivated but also has critically fostered regional agricultural economic development (Wang et al., 2021). The Hexi Oasis irrigation area, situated within the inland arid zone of Northwest China, is one of the major producing areas of sunflower (Wang et al., 2020). This area exhibits a cold climate, ample sunlight, and pronounced diurnal temperature variations, which are highly conducive to the formation of photosynthetic products and the accumulation of nutrients for the crop. Nonetheless, frequent crop yield reductions occur due to the region’s scarce, unevenly distributed annual precipitation and pronounced evaporation (Wang et al., 2023). Over the past two decades, the Hexi Oasis has averaged a total of 6,628 million m³ in water resources, with per capita water resources approximating 1,270 m³. This figure starkly contrasts with China’s average of 2,100 m³ and the international warning line of 1,700 m³ per capita (Zhao et al., 2023). Moreover, flood irrigation still predominates in most Hexi Oasis sunflower production, leading to an inefficient utilization of constrained water resources. Consequently, developing efficient water-saving irrigation strategies remains imperative for ensuring sustainable sunflower production and mitigating agricultural water stress in the region. (Zhang et al., 2021b; Bai et al., 2022; Zhou et al., 2022).

Deficit irrigation is an efficient water-saving irrigation technique whose core concept is to influence the redistribution of crop photosynthetic products to different tissues and organs by artificially imposing a certain water deficit at a given crop growth stage (El-Bially et al., 2018). This technique aims to minimize the growth redundancy in nutrient organs while maintaining or enhancing economic yield, thereby achieving agricultural water conservation, yield stability, quality improvement and sustainable development (Liu et al., 2016; Chand et al., 2021; Dingre and Gorantiwar, 2021). The key to implementing water deficit irrigation is to quantify the response of crop growth to water stress (Salem et al., 2022; Ramadan et al., 2023). Sunflower is very well adapted to arid and semi-arid environments compared to other crops due to its ability to uptake water from deep soil layers under water stress through a well-developed root system (Connor et al., 1985; El-Bially et al., 2022a). However, pronounced water deficit can markedly inhibit sunflower’s vegetative growth, particularly in the aboveground parts. In turn, a reduction in aboveground biomass can lead to insufficient photosynthetic products, thereby limiting the reproductive growth and ultimately resulting in yield loss (Saudy et al., 2023). Additionally, crops exhibit varying sensitivities to water stress across different growth stages (Jensen et al., 2010). Several studies have indicated that sunflower is particularly sensitive to water stress from early flowering to maturity, and that deficit irrigation during this period can lead to a significant reduction in sunflower yield (Shafi et al., 2013; Garcia-Lopez et al., 2014). Karam et al. (2007) revealed that while water deficit during flowering reduces sunflower yield, it can increase yield during initial seed formation. Sadras et al. (1993) found that water deficit during the early reproductive stages increased sunflower head assimilation and compensated for the decrease in seed number per head by increasing seed size, thereby stabilizing yield. Xu et al. (2017) observed that appropriate reduction in irrigation preceding sunflower sowing favored the biomass accumulation in the later stages, whereas water deficit treatment between budding and flowering stages significantly reduced economic yield. Moreover, several studies reported that deficit irrigation with a 20–40% reduction from adequate irrigation had no significant effect on sunflower yield (Demir et al., 2006; Garcia-Lopez et al., 2016). Therefore, understanding the impact of the degree, period, and duration of water deficit on sunflower growth and yield via multi-year field experiments is pivotal to devise deficit irrigation strategies tailored for efficient sunflower production in a specific region. Photosynthesis is the most fundamental life activity for plant growth, and it is essential for organic matter accumulation and yield formation (Oikawa and Ainsworth, 2016). The exploration of photosynthesis and its influencing mechanisms under abiotic stress conditions persists as a focal point within plant physiology and ecology (Gao et al., 2018). Previous studies have found that water stress induces stomatal closure, diminishing photosynthetic rates in crop leaves, and consequently inhibiting the biomass accumulation (Makhlouf et al., 2022; Shaaban et al., 2023). The reasons for reduced photosynthetic capacity of plant leaves caused by water deficit are usually attributed to both stomatal and non-stomatal limitations (Wang et al., 2018; Zhang et al., 2018). Farquhar and Sharkey (1982) stated that under water stress conditions, the initial response of plant leaves involves stomatal closure. The subsequent decline in stomatal conductance fails to sustain the intercellular CO2 concentration (Ci) required for photosynthesis, termed as stomatal limitation of photosynthesis. Conversely, water deficit impairs the photosynthetic activity of plant mesophyll cells (such as reducing the activity of Rubisco and RuBP enzymes) and compromises the structural and functional integrity of photosynthetic organs, inducing a decline in the rate of photosynthesis, referred to as non-stomatal limitation of photosynthesis. The determination of which factor is primarily responsible for the decline in photosynthetic capacity of plant leaves is made by the direction of change in Ci and stomatal limiting values (Ls). When Ci decreases and Ls increases, it is stomatal limitation, whereas when Ci increases and Ls decreases, it is non-stomatal limitation (Cao et al., 2009). Accurately identifying the limiting factors of water deficit on photosynthesis can facilitate comprehension the adaptability of plants to adverse conditions and thus make appropriate irrigation decisions. Generally, under mild and moderate water stress, stomatal limitation has a major influence on photosynthesis, whereas under severe water stress, non-stomatal limitation has a dominant impact on photosynthesis (Flexas et al., 2004; Grassi and Magnani, 2005). Recent studies increasingly spotlight stomatal and non-stomatal limitations of photosynthesis in plant leaves under stress conditions (Campos et al., 2014; Anev et al., 2016). While Zeng et al. (2014) and Ma et al. (2022) explored the photosynthetic limiting factors of sunflower leaves under salinity stress in China’s Hetao Irrigation District, the impact of water stress on the photosynthetic limiting factors of sunflower leaves has garnered minimal attention.

Numerous studies have addressed the response of sunflower yield and water use efficiency (WUE) to deficit irrigation (Karam et al., 2007; Mahmood et al., 2019; Zhang et al., 2021a); however, a limited focus has been cast on the comprehensive effects of deficit irrigation on sunflower photosynthetic characteristics, yield, seed quality and WUE. Notably, the results of previous studies can hardly provide sufficient support for the development of optimal deficit irrigation strategies for sunflower in the Hexi Oasis region due to the different climatic conditions, soil textures and experimental varieties. Moreover, under-mulched drip irrigation, recognized for its thermal insulation, moisture conservation, and WUE enhancement, finds prevalent usage in arid regions; and its combination with deficit irrigation could assure regular crop production whilst maximizing water conservation (Bai et al., 2022; Wang et al., 2023). However, little research has investigated the application of under-mulched drip irrigation combined with deficit irrigation for sunflower production. Consequently, a two-year field experiment of deficit drip irrigation beneath plastic film mulching was conducted in the cold and arid environment of the Hexi Oasis region, Northwest China. This study hypothesized that appropriate deficit irrigation at the seedling and maturity stages of sunflower could improve water productivity and grain quality while avoiding excessive accumulation of vegetative organ biomass. The specific objectives of this study were to determine: (1) the response of leaf photosynthetic characteristics of sunflower to water deficit and its limiting factors; (2) the effect of water deficit on sunflower yield components, quality and WUE; and (3) the optimal water deficit irrigation strategy based on principal component analysis (PCA) and membership function (MF) methods. The results of this study will provide theoretical guidance for the efficient production and scientific irrigation of sunflower in the cold and arid environment of Northwest China.




2 Materials and methods



2.1 Experimental site description

A field experiment for two sunflower growing seasons (2019 and 2020) was conducted at Yimin Irrigation Experimental Station (100°47′ E, 38°35′ N) in Minle County, Gansu Province of Northwestern China (Figure 1). The station is situated in the northwestern inland river basin with a cold and arid climate, which is a typical oasis agricultural irrigation area. The region experiences high evaporation and frequent droughts, with an average annual evapotranspiration of more than 2000 mm, an average annual rainfall of about 200 mm, an average annual sunshine duration of 3000 hours, and an average annual temperature of 6.0°C. The experimental station boasts a soil texture classified as light loam, displaying an average bulk density of 1.41 g·cm−3 within the 0 to 60 cm soil layer, a field capacity (FC) of 24% (mass water content), and a pH of 8.5. The contents of soil organic matter, available phosphorus, available potassium, and alkali hydrolyzed nitrogen in the 0 to 20 cm soil layer were 12.8 mg·kg−1,13.1 mg·kg−1,192.7 mg·kg−1, and 63.5 mg·kg−1, respectively.




Figure 1 | Location of the experimental site.






2.2 Experimental design

The experimental crop variety was edible sunflower “JK601” (a primary local variety), sown on 15 April 2019 and 29 April 2020, and harvested on 7 September and 16 September of the corresponding year, with a growing season of 146 and 139 days, respectively. In this experiment, full film coverage was adopted, and the film thickness was 0.01 mm. Sunflowers were manually sown at a depth of 5 cm, with a row spacing of 55 cm and a plant spacing of 40 cm. Drip irrigation under plastic film (Figure 2) was utilized as the irrigation method, wherein the drippers were placed 30 cm apart, and a designed flow rate and rated working pressure were maintained at 2.5 L/h and 0.1 MPa, respectively. The irrigation timing and volume for each plot were regulated by the gate valve of the branch pipe and the water meter (accuracy: 0.0001 m3). Each experimental plot spanned an area of 24 m2 (3×8 m), and a 0.8 m wide separation zone was established between adjacent plots. Additionally, a plastic partition (60 cm deep) was embedded to inhibit lateral moisture movement. Moreover, urea (225 kg·hm−2), potassium (300 kg·hm−2) and diamine phosphate (300 kg·hm−2) were applied as base fertilizer prior to sowing, adhering to the local farmers’ sunflower cultivation standards.




Figure 2 | Layout of drip irrigation under plastic film for sunflower.



According to crop growth characteristics, the entire growing period of sunflower was divided into four distinct phases: seedling (approximately 45 d), budding (approximately 25 d), flowering (approximately 22 d) and maturity (approximately 35 d). Four irrigation levels were established in this experiment, namely full irrigation (75%–85% FC), mild (65%–75% FC), moderate (55%–65% FC), and severe (45%–55% FC) water deficit. Deficit irrigation was designed at seedling and maturity, with mild, moderate and severe deficit irrigation applied at seedling, and mild and moderate deficit irrigation applied at maturity, thereby constituting a total of six water deficit irrigation treatments. Additionally, a full irrigation treatment during the entire growth period was established as a control (CK). The experiment adhered to a randomized complete block design, encompassing three replications and thereby constituting a total of 21 plots. During the water sensitive periods, the sunflower was fully irrigated at both budding and flowering. The specific experimental scheme and the actual cumulative irrigation volumes are shown in Table 1; Figure 3, respectively.


Table 1 | Experimental scheme.






Figure 3 | Irrigation time and cumulative irrigation volume of sunflower under different water deficit treatments in 2019 (A) and 2020 (B). SS, seedling; BS, budding; FS, flowering; MS, maturity.






2.3 Measurements and calculations



2.3.1 Meteorological data

Meteorological data for the sunflower growing season were automatically collected by a weather station, located 30 m from the experimental field, encompassing parameters such as precipitation, air pressure, wind speed, air temperature and relative humidity. Daily reference crop evapotranspiration (ET0) was calculated using the FAO Penman-Monteith formula (Allen, 1998). Figure 4 illustrates the variation patterns of daily temperature, precipitation and daily ET0 during the sunflower growing season. In 2019 and 2020, the precipitation of the sunflower growing season was 221.9 mm and 147.4 mm, while the effective precipitation (≥5mm) was 166.1 mm and 106.9 mm, respectively. The average daily temperature was 16.6°C and 17.1°C, whereas the average daily ET0 was 2.6 mm and 2.4 mm for the years 2019 and 2020, respectively.




Figure 4 | Temperature, precipitation and reference crop evapotranspiration (ET0) during the whole growth period of sunflower at the experimental site in 2019 (A) and 2020 (B).






2.3.2 Photosynthetic indicators

Photosynthetic indicators were measured in vivo using a portable photosynthetic meter (LI-6400XT, LI-COR, Lincoln, NE, USA) 3–7 days subsequent to the deficit irrigation, under clear and cloudless meteorological conditions. Measurements were conducted between 8:00 and 18:00, with a 2-hour interval. Healthy leaves from the same parts of representative sunflower plants were selected for measurement and three leaves were randomly measured in each plot. The indicators measured included leaf net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), intercellular CO2 concentration (Ci) and Ci/Ca (where Ca represents atmospheric CO2 concentration). Stomatal limitation value (Ls) is commonly used to determine the limiting factor of photosynthesis and is calculated using the following formula (Berry and Downton, 1982):

 




2.3.3 Yield and quality

After the sunflower seeds had matured, five plants were randomly selected from each plot. A steel tape measure (accuracy: 0.1cm) was used to determine the head diameter (HD), followed by threshing and air-drying of the seeds, weighing the 100-seed weight (HW) and the grain weight per head, and converting to yield per hectare. The crude protein (CP) content of sunflower seeds was determined by the standard Kjeldahl method (Liu et al., 2021b). The crude fat (CF) content was determined by the Soxhlet extraction method (Lei et al., 2020).




2.3.4 Irrigation water use efficiency and leaf water use efficiency

WUE, an important indicator of plant resistance to water stress, has been defined differently at different scales (Cao et al., 2009). In this study, irrigation water use efficiency (IWUE) and leaf water use efficiency (LWUE) were selected to measure the adaptability of sunflower to different water deficits. IWUE and LWUE are defined as follows (Zhang et al., 2018):

 

 

where Y is the sunflower yield (kg·hm-2), I is the irrigation volume (mm), Pn is the net photosynthetic rate (μmol·m-2·s-1), and Tr is the transpiration rate (mmol·m-2·s-1).




2.3.5 Comprehensive evaluation

In order to determine the optimal deficit irrigation strategy for sunflower cultivation, this study established a comprehensive evaluation system using PCA and MF methods. PCA served to diminish the dimensionality of the evaluation indicators and to derive a new set of independent comprehensive indicators. The MF method, constituting the core of the evaluation system, hinges on the principles of fuzzy mathematics and employs the membership function for comprehensive evaluation. The specific steps to establish the evaluation system are detailed as follows as follows (Chen et al., 2021).

Extract the principal component and calculate the score:

 

where Fi is the ith principal component score, which is also serves as a new independent comprehensive indicator. p is the number of evaluation indicators, Xp is the standardized evaluation indicator, and Upi is the score coefficient.

(2) Calculate membership function values.

 

where u(xi) is the membership function value of the ith indicator, xi is the measured value of the ith indicator, and xmax and xmin are the maximum and minimum values of the ith indicator, respectively.

(3) Determine the weights.

 

where wi denotes the weight and Pi denotes the contribution rate of the ith comprehensive indicator.

(4) Calculate the comprehensive evaluation values (D).

 




2.3.6 Statistical analyses

Experimental data were processed and calculated using Microsoft Excel 2019 (Microsoft Corp., USA). One-way analysis of variance (ANOVA) and principal component analysis (PCA) were performed using SPSS 20.0 (IBM Corp., USA). Differences in means were compared using the Least Significant Difference (LSD) method at a significance level of p< 0.05. Figures were generated using Origin 2021b (Origin Lab Corp, USA).






3 Results



3.1 Photosynthetic characteristics



3.1.1 Leaf net photosynthetic rate

Figures 5A, B shows the effects of each deficit irrigation treatment on sunflower leaf Pn in 2019 and 2020. As can be seen, deficit irrigation during seedling and maturity in 2019 and 2020 resulted in the decrease in Pn, with a more pronounced decrease concomitant with escalating water deficit. At seedling, Pn under deficit irrigation treatments was significantly reduced (p< 0.05) by 4.90%–27.06% and 9.92%–45.98% compared to CK in 2019 and 2020, respectively, with WD5 and WD6 exhibiting the most substantial decline. At maturity, Pn of WD1 and WD3 decreased compared to CK in 2019, but the difference was not significant (p > 0.05). Pn of WD2, WD4, WD5 and WD6 were significantly reduced in 2019 and 2020 compared to WD1, WD3 and CK, especially WD6 was reduced by 32.07% (2019) and 37.92% (2020) compared to CK.




Figure 5 | Effect of water deficit on net photosynthetic rate (A, B), transpiration rate (C, D), stomatal conductance (E, F) and leaf water use efficiency (G, H) in sunflower in 2019 and 2020. Different lowercase letters indicate significant differences at p < 0.05. Bars indicate the standard deviations.






3.1.2 Leaf transpiration rate

In the seedling, Tr decreased significantly (p< 0.05) in water deficit treatments compared to CK, with the decrease increasing concomitant with the exacerbation of water deficit (Figures 5C, D). Specifically, in 2019, WD5 had the lowest Tr, demonstrating a significant decrease of 38.20% compared to CK. Conversely, in 2020, WD6 registered the lowest Tr, with a significant decrease of 31.13% relative to CK. No significant difference (p > 0.05) was identified in Tr between the identical water deficit treatments at seedling. At maturity, excluding WD1 and WD3, Tr in the other water deficit treatments decreased significantly by 7.64%–28.45% compared to CK in 2019, while in 2020, Tr across all water deficit treatments decreased significantly within a range of 2.8% to 31.03% compared to CK. Furthermore, Tr in WD2, WD4 and WD6 at maturity was significantly lower than that of WD1, WD3 and WD5 in 2019 and 2020, respectively, suggesting that a moderate water deficit at maturity could significantly reduce leaf transpiration in sunflower.




3.1.3 Leaf stomatal conductance

As shown in Figures 5E, F, there was no significant difference (p > 0.05) in leaf Gs of sunflower among identical water deficit treatments at seedling. In 2019, Gs in water deficit treatments at seedling were significantly reduced (p< 0.05) by 11.40%–47.37% compared to CK. Whereas in 2020, although the Gs of WD1 and WD2 exhibited a reduction relative CK, this difference did not attain statistical significance. Conversely, Gs in the remaining water deficit treatments were significantly lower by 9.38%–23.44% compared to that of CK. Additionally, there was no significant difference in Gs between WD1 and WD3 at maturity compared to CK, while Gs in other water deficit treatments decreased significantly compared to CK. Notably, among them, WD6 had the lowest Gs, which was 51.23% and 36.53% lower than that of CK in 2019 and 2020, respectively.




3.1.4 Leaf water use efficiency

Figures 5G, H illustrates the effects of each deficit irrigation treatment on LWUE of sunflower. In 2019, LWUE in WD1 and WD3 at seedling was significantly increased (p< 0.05) by 6.83% and 4.39% respectively compared to CK, while LWUE in WD2 had no significant difference (p > 0.05) compared to CK. In 2020, LWUE in WD1, WD2 and WD3 at seedling increased compared to CK, but the difference was not significant. For both 2019 and 2020, LWUE in severe water deficit treatments (WD5 and WD6) at seedling was significantly lower than CK. In addition, LWUE in all water deficit treatments at maturity was reduced compared to CK in 2019, but the reductions in WD2 and WD3 did not reach a significant level. In 2020, LWUE in mild water deficit treatments (WD1, WD3 and WD5) at maturity was not significantly different from CK, while that in the moderate water deficit treatments (WD2, WD4 and WD6) decreased significantly compared to mild water deficit treatments and CK.





3.2 Photosynthetic limiting factor

Figure 6 shows the daily variation of Ls and Ci in sunflower during both seedling and maturity in 2019 and 2020. The daily variation in Ls demonstrated a general trend of initial increase followed by a decrease (Figures 6A–D), while Ci exhibited mainly a “V”-shaped trend, characterized by increased values in the morning and afternoon, and a reduction at midday. (Figures 6E–H). Analyzing the change direction of Ls and Ci, it is evident that Ci experienced a decline from 8:00 to 13:00 during seedling in 2019 and 2020, concomitantly with an upsurge in Ls, indicating that photosynthesis was mainly influenced by stomatal limitation during this period. Subsequent to 14:00, Ci gradually increased while Ls gradually decreased, indicating that the photosynthetic limiting factors gradually switched from stomatal to non-stomatal limitation post this period. At maturity, the duration wherein photosynthesis was influenced by stomatal limitation was shortened compared to that of the seedling, and it gradually switched from stomatal to non-stomatal limitation after about 12:00.




Figure 6 | Daily variation of stomatal limitation value (A–D) and intercellular CO2 concentration (E–H) for different water deficit treatments in sunflower at seedling and maturity in 2019 and 2020. Bars indicate the standard deviations.



Observations from different deficit irrigation treatments reveal a decline in Ls at both seedling and maturity concomitant with increasing water deficit degrees in 2019 and 2020. Notably, Ls in WD5 and WD6 decreased significantly, especially during the seedling, with mean reductions of 11.26% and 15.00%, respectively, compared to CK in two years. Conversely, the Ci demonstrated an inverse variation to that of Ls, increasing with an intensified degree of water deficit. Ci values in WD1, WD2 and CK were basically the same and maintained at a lower level, while Ci in WD5 and WD6 were significantly increased compared to CK. These results suggested that stomatal limitation was the main factor affecting photosynthesis in sunflower leaves under mild water deficit conditions. However, as the degree of water deficit increased, particularly under severe water deficit conditions, non-stomatal limitation became the main factor affecting photosynthesis.




3.3 Yield components and irrigation water use efficiency

The effects of different deficit irrigation treatments on sunflower yield, HW, HD and IWUE are shown in Figure 7. In 2019, yield, HW and HD of WD1 and WD3 were not significantly different (p > 0.05) compared to CK, while IWUE increased significantly (p< 0.05) by 8.46% and 17.33%, respectively. In 2020, while yield and HW of WD1 and WD3 were not significantly different compared to CK, IWUE increased by 22.15% and 34.90%, respectively. Furthermore, IWUE of WD2 was significantly higher by 11.49% and 25.50% compared to CK in 2019 and 2020, respectively, while the yield was lower by 4.07% and 2.43%, respectively. In addition, the two-year average increase of IWUE in WD4, WD5 and WD6 was 25.93%, 23.85% and 25.69%, respectively, compared to CK, but yield, HW and HD were significantly lower in these three treatments. These results indicated that water deficit irrigation was beneficial in increasing the IWUE of sunflower, but excessive water deficit could pose a risk of yield reduction. Notably, among all deficit irrigation treatments, WD1 and WD3 significantly increased IWUE and maintained yield.




Figure 7 | Effect of different water deficit treatments on sunflower yield (A, B), HD (C, D), HW (E, F) and IWUE (G, H) in 2019 and 2020. Different lowercase letters indicate significant differences at p< 0.05. Bars indicate the standard deviations.






3.4 Seed quality

Figure 8 illustrates the effect of each deficit irrigation treatment on sunflower seed quality. In 2019, there was a significant increase (p< 0.05) in CF and CP contents in WD1 by 8.22% and 12.13%, respectively, and in WD3 by 10.84% and 14.90%, respectively, compared to CK. In 2020, CF and CP contents of WD1 and WD3 were not significantly different (p > 0.05) from those of CK. Additionally, CF and CP contents in WD2 and WD4 did not show a significant difference to the CK in 2019, but were significantly reduced compared to CK in 2020. For both WD5 and WD6, CF and CP contents were significantly lower than those of CK over the two years, with WD6 showing the greatest reduction, averaging declines of 10.33% and 9.16%, respectively. These results suggest that a mild/moderate water deficit at seedling and a mild water deficit at maturity can achieve water saving and quality improvement to a certain degree, while a moderate water deficit at the maturity could reduce sunflower seed quality.




Figure 8 | Effect of different deficit irrigation treatments on crude fat (A, B) and crude protein (C, D) content of sunflower in 2019 and 2020. Different lowercase letters indicate significant differences at p< 0.05. Bars indicate the standard deviations.






3.5 Comprehensive evaluation of sunflower deficit irrigation strategy



3.5.1 Correlation analysis between evaluation indicators

In the present study, eight variables including sunflower yield, HD and HW, CF, CP, Pn, LWUE and IWUE, were selected as evaluation indicators for the comprehensive evaluation of different water deficit treatments. Before establishing the evaluation system, a correlation analysis was conducted among all evaluative indicators (Figure 9). The two-year results showed that the yield was highly significantly positively correlated (p< 0.01) with HD, HW and Pn, with correlation coefficients greater than 0.9; yield also displayed a significant positive correlation with CP, CF and LWUE, and a weak negative correlation (p > 0.05) with IWUE; CF was significantly positively correlated with CP, HD and HW, whereas Pn was significantly negatively correlated with IWUE and positively correlated with other indicators. Additionally, various degrees of correlation were observed among other indicators. It can be seen that the information reflected by each indicator has some overlap and crossover due to the complex correlation between the indicators. Therefore, PCA can be used to transform highly correlated indicators into a new set of independent composite indicators, thereby providing a reliable and comprehensive assessment of the irrigation effectiveness of different water deficit treatments.




Figure 9 | Correlation analysis between evaluation indicators in 2019 (A) and 2020 (B). * and ** represent the significant differences at p< 0.05 and p< 0.01, respectively.






3.5.2 Comprehensive evaluation

PCA was performed on the eight selected evaluation indicators. In both 2019 and 2020, two principal components were extracted according to the principle of eigenvalue greater than 1. The cumulative variance contribution rates of the two years were 91.64% (2019) and 94.61% (2020), respectively, indicating that the extracted principal components had high information representativeness. Figure 10 shows the eigenvalues, variance contribution rates and factor loads of the principal components extracted in 2019 and 2020. As shown, the eigenvalues (λ) of the 1st principal component (PC1) were 6.14 and 6.28, and the variance contribution rates were 77.0% and 78.5% in 2019 and 2020, respectively. Conversely, the eigenvalues of the 2nd principal component (PC2) were 1.43 and 1.05, and the variance contribution rates were 17.8% and 13.1%, respectively.




Figure 10 | Principal component factor loadings, eigenvalues and variance contributions for 2019 (A) and 2020 (B).



Based on the score coefficients calculated from the eigenvalues and factor loads, the score values of the principal components extracted in 2019 and 2020 were calculated using Eq. (4) (Table 2). Considering the score values as mutually independent composite indicators, the membership function values [u(x)] for each treatment were calculated via Eq. (5). The weights of each composite indicator were subsequently determined using Eq. (6), whereby PC1 and PC2 were weighted at 0.86 and 0.14 in 2019 and 0.81 and 0.19 in 2020, respectively. Comprehensive score values (D) for each deficit irrigation treatment were subsequently determined utilizing Eq. (7). Treatments were ranked according to their respective D values, with a higher D value indicating a superior irrigation effect. As can be seen from Table 2, CK was ranked second and third, achieving D values of 0.693 and 0.888 in 2019 and 2020, respectively. Among all deficit irrigation treatments, WD1 secured the highest rank, with D values of 0.927 and 0.991 in 2019 and 2020, respectively, followed by WD3 with D values of 0.892 and 0.750, respectively, while WD6 had the lowest rank, with D values of 0.087 and 0.089, respectively. Therefore, WD1 is the best deficit irrigation strategy for sunflower, while WD3 can be used as a standby strategy in case of insufficient irrigation water.


Table 2 | Principal component scores, membership function values and comprehensive scores of different water deficit treatments in 2019 and 2020.








4 Discussion



4.1 Effects of water deficit on photosynthetic characteristics and its limiting factors

Investigating the response mechanisms of the photosynthetic attributes of plant leaves to water deficit can elucidate plant adaptations to water stress at the physiological level, thereby facilitating the development of more effective water management strategies. In this study, water deficit at both seedling and mature stages significantly reduced (p< 0.05) leaf Pn, Tr and Gs in sunflower, and the reductions increasing concomitant with escalating water deficit levels. Severe water deficit at seedling markedly suppressed leaf photosynthesis, precipitating a decrease in aboveground biomass and consequently maintaining leaf Pn, Tr and Gs at diminished levels even under mild water deficit at maturity. Many previous studies have reported that water deficit can inhibit photosynthesis in plant leaves, with the inhibitory effect becoming more pronounced as the degree of deficit increases. (Monneveux et al., 2006; Lawlor and Tezara, 2009; Chang et al., 2015). Yun et al. (2014) found that the photosynthetic capacity of sunflower leaves gradually weakened with decreasing soil water content, aligning with the findings of the current study. Additionally, the present study found that LWUE increased under the mild water deficit at both seedling and maturity compared with CK, while LWUE was significantly decreased under the severe water deficit at seedling and moderate water deficit at maturity. This indicated that under the mild water deficit treatment, the decrease of Tr was greater than that of Pn, which improved the LWUE by effectively suppressing Tr. However, with increasing water deficit, the decrease of Pn gradually became greater than that of Tr, resulting in a significant decrease in LWUE.

Stomatal limitation and non-stomatal limitation are the main factors through which water stress impacts photosynthesis in plant leaves. In the current study, it was observed that Ls at seedling and maturity showed an increasing trend around 8:00 to 13:00, and then gradually decreased, while Ci showed an opposite trend within the identical timeframe. This indicates that photosynthesis of sunflower leaves was mainly affected by stomatal limitation from morning to noon, transitioning gradually to non-stomatal limitation post-noon. The result was similar to the that of Liu et al. (2021a), who found that the decrease in leaf photosynthetic rate of alfalfa under water stress between 7:30 and 11:30 was attributed to stomatal limitation, which gradually changed to non-stomatal limitation post-11:30.

In this study, it was found that Ci in sunflower leaves increased with increasing degree of water deficit, while Ls changed in the opposite direction, indicating that with increasing degree of water deficit, the factors leading to the reduction of photosynthesis in sunflower leaves progressively transitioned from stomatal to non-stomatal limitation. Specifically, stomatal limitation is the main factor leading to a reduction in photosynthesis in sunflower leaves under mild water deficit conditions. Here, the stomatal closure of the leaves prevents external CO2 from entering the leaves, resulting in a CO2 concentration that does not meet the requirements of photosynthesis (Chaves et al., 2002). Conversely, under severe water deficit conditions, the decrease in photosynthesis of sunflower leaves was mainly due to non-stomatal limitation. In this scenario, excessive water stress can instigate the expansion and disarray of chloroplasts in leaves and damage the ultrastructure of photosynthetic organs (Liu et al., 2005). Moreover, a pronounced water deficit may also cause a reduction in photosynthetic pigment content and photosynthetic enzyme activities, coupled with a disruption of reactive oxygen metabolism functions, culminating in a reduction in photosynthesis. The results of this study are consistent with the findings of previous related studies. For instance, Zhang et al. (2018) showed that water deficit treatment could reduce Pn in citrus, and the main factors influencing Pn reduction gradually switched from stomatal to non-stomatal limitation as the increasing degree of water deficit. Campos et al. (2014) investigated stomatal and non-stomatal limitation of photosynthesis in sweet pepper leaves under water stress conditions, revealing that both stomatal closure and non-stomatal limitation together caused the decrease in photosynthesis under severe water stress.




4.2 Effects of water deficit on grain productivity and quality

In recent years, an increasing number of studies have focused on obtaining optimal economic productivity and resource use efficiency at lower cost to ensure sustainable agricultural development in arid areas (Kang et al., 2021; Li et al., 2022; Zhang et al., 2006). Many previous studies have shown that deficit irrigation can achieve the objectives of increasing crop yield and quality with less water input (Garcia-Tejero et al., 2010; Blanco et al., 2019; Gucci et al., 2019). The present study found no significant difference (p > 0.05) between the yields of WD1 and WD3 compared to those of CK; however, the IWUE of both was significantly higher (p< 0.05) than that of CK. Similar results were obtained by Karam et al. (2007), who found that water deficit at the early stage of seed formation could slightly increase sunflower yield and significantly improve WUE. Furthermore, both Connor et al. (1985) and Sadras et al. (1993) suggested that the increase in sunflower grain yield under water stress was due to an increase in the proportion of assimilates allocated to the head grain, alongside a decrease in translocation to the majority of vegetative organs. However, Kiani et al. (2016) revealed that both sunflower biomass and yield were consistently and significantly decreased with reduced irrigation water. This result differs from that of the present study, which may be due to the fact that the mulching used in this study has the potential to maintain soil moisture content and nutrient balance (Mubarak et al., 2021; Salem et al., 2021), thereby not significantly reducing yield (El-Metwally et al., 2022).

Previous studies have shown variations in nutrient uptake and distribution in plant parts under deficit irrigation conditions compared to normal irrigation (Saudy and El-Metwally, 2019; El-Metwally and Saudy, 2021). Consequently, significant changes occurred in the quality of economic products (Saudy and El-Metwally, 2023). In the present study, CF and CP contents increased in WD1 and WD3 treatments compared to CK, especially reaching significant levels (p< 0.05) in 2019, while CF and CP contents significantly decreased in the remaining water deficit treatments. Similarly, Ebrahimian et al. (2019) found that mild water stress treatment had no significant impact on the oil content of sunflower seeds, while severe water stress could significantly reduce the oil content. Petcu et al. (2001) showed that only the content of oleic acid in sunflower seeds was reduced under water stress conditions, while the content of other quality indicators did not change significantly. Therefore, applying an appropriate water deficit to sunflower will not reduce seed quality and may potentially enhance it.




4.3 Comprehensive evaluation of different water deficit treatments

The results of the two-year comprehensive evaluation based on PCA and MF methods showed that among all the deficit irrigation treatments, WD1 had the highest comprehensive score, followed by WD3, with WD6 achieving the lowest score. Thus, WD1 (mild water deficit at both seedling and maturity) can better achieve the triple objectives of stable yield, quality improvement and water conservation, and is the appropriate deficit irrigation strategy for sub-membrane drip irrigation of sunflower in the Hexi Oasis irrigation area of Northwest China. In scenarios where irrigation water is scarce, WD3 (moderate water deficit at seedling and mild water deficit at maturity) may serve as a backup strategy. Additionally, it should be acknowledgment that the comprehensive evaluation herein contains limitations, in that it does not account for the experiment’s costs and benefits, soil environment and certain other physiological and growth indicators of sunflower within the evaluation system, which may have some influence on the evaluation results. Therefore, the effects of deficit irrigation on costs and benefits, soil physicochemical properties and other indicators of stress resistance should be further investigated in the future to enhance the comprehensiveness and reliability of the evaluation system. Concurrently, given the substantial year-to-year and region-to-region variation in climatic conditions, future research should be conducted in multiple regions and years, so that deficit irrigation strategies suitable for efficient sunflower production can be developed according to local conditions.





5 Conclusion

Water deficit can exert inhibitory effects on leaf photosynthesis of sunflower, and these effects increased with the aggravation of water deficit. Mild water deficit at seedling and maturity improved LWUE and showed a more efficient water use strategy. Stomatal limitation was the main factor leading to the decrease in photosynthetic capacity of sunflower leaves under mild water deficit, whereas non-stomatal limitation became the dominant factor under severe water deficit. In addition, in comparison to full irrigation, mild/moderate water deficit at seedling and mild water deficit at maturity (WD1 and WD3) increased CF and CP contents and maintained yield, while IWUE increased significantly (p< 0.05). Comprehensive evaluations employing PCA and MF methods indicated that a mild water deficit at both seedling and maturity (WD1) could well achieve the efficient combination of stable yield, superior quality and water saving, thereby emerging as the optimal deficit irrigation strategy for sunflower at the study area. Consideration could be given to a moderate deficit at seedling and mild deficit at maturity (WD3) as an alternative strategy when irrigation water is insufficient. Nonetheless, it should be noted that there are differences in climate and soil conditions in different arid regions, and the appropriate deficit irrigation treatment in this study may not be the optimal water management strategy for other arid regions. Therefore, future multi-regional studies should be conducted to investigate the response of sunflower water productivity, seed quality and economic efficiency to water deficit under varying climatic and soil conditions. According to local conditions, a deficit irrigation strategy is proposed to help farmers reduce irrigation inputs and ensure sustainable and efficient agricultural production in arid areas.
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Fx 191,07+ 103,517 9883+ 107.67+ 168.29° 128,88 67.00% 116.47
Fyn 51,620 29,05+ 22,350 3006 25,93+ 28917 20857 27.81%

W and N are water deficit degree and nitrogen application rate, respectively. Fy: the value of the split-plot ANOVA for water deficit degree; Fy: the value of the split-plot ANOVA for nitrogen
application rate; Fyy,oy: the value of the split-plot ANOVA for interaction between water deficit degree and nitrogen application rate. * P< 0.05, ** P< 0.01, *** P< 0.001 (Duncan’s multiple range
test). Different lowercase letters within a column indicates a significant difference (P< 0.05).
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Mean value

Treatment
Rank
WON1 0.72 0.41 036 8 0.70 0.42 0.38 8 0.37 8
WON2 045 0.75 0.63 3 043 0.75 0.63 2 0.63 3
WON3 0.58 0.53 048 5 0.61 0.51 0.46 5 0.47 5
WINI 045 0.60 057 4 045 0.61 0.57 4 0.57 4
WIN2 0.18 0.94 0.84 1 0.17 0.94 0.85 1 » 0.84 1
WIN3 0.69 0.42 038 g 0.65 0.40 0.38 7 0.38 7
W2N1 0.59 0.51 047 6 0.64 0.50 0.44 6 0.45 6
W2N2 0.41 0.75 0.65 2 0.44 071 0.62 3 0.63 )
W2N3 0.93 0.36 028 9 0.93 1 0.38 0.29 9 1 0.28 9

D" and D™ are positive and negative Euclidean distances, respectively; G is the comprehensive evaluation index; Rank is the ranking of the comprehensive evaluation scores.
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Water deficit control Nitrogen control

Soil = . . Nitrogen Nitrogen
moisture  Seedlin A e Al A a lica?tion al licatign rate
9 fruit set development  ripening 2D EP _1

level level (kg ha™)

W, N, 70%-80% 70%-80% 70%-80% 70%-80% N, 215

Wo N, Wo 70%-80% 70%-80% 70%-80% 70%-80% N, 270

Wo Ny 70%-80% 70%-80% 70%-80% 70%-80% N, 325

Wi N, 70%-80% 60%-70% 70%-80% 70%-80% N, 215

W, N, W, 70%-80% 60%-70% 70%-80% 70%-80% N, 270

W, N; 70%-80% 60%-70% 70%-80% 70%-80% N, 325

W2 N, 70%-80% 50%-60% 70%-80% 70%-80% N, 215

W, N, W, 70%-80% 50%-60% 70%-80% 70%-80% N, 270

W, N; 70%-80% 50%-60% 70%-80% 70%-80% N, 325

CK Wo 70%-80% 70%-80% 70%-80% 70%-80% No 0

For the water deficit levels, the percentages indicate the amount of water supplied relative to the field water capacity.
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Optimum Environment Heat Stress Environment Extended Heat Stress Environment

Range Mean SD Range Mean Range Mean SD cv

Phenological Traits

FLW 63-91 81+ 198 793 9.79 54-72 66.06 + 1.28 5.12 7.75 | 48-62 58.13 = 1.01 4.06 6.99
DM 119-144 135.5 + 1.69 6.77 5.00 101-114 110.94 + 0.96 3.82 344 80-91 86 + 0.80 320 373
106.81 +
PH 80-126 3.40 13.61 12.74 | 70-123 106.06 + 3.95 15.80 1489  66-98 79.94 + 2.15 8.58 10.74
NT 9-19 13.06 + 0.76 3.02 2313 | 7-12 9.5 +0.40 159 16.75 | 6-10 7.5 +0.32 1.26 16.87
SL 9-13.67 11.15 + 0.34 1.36 1221 8.67-13 10.60 + 0.32 129 1215 | 7-12 9.40 £ 0.35 141 15.06
SS 16-25 21.56 £0.67 | 2.68 1244 16-23 20.13 £ 0.47 1.89 941 | 16-22 18+ 0.5 2.00 11.11
GS 51-73.50 59.31 + 143 5.74 9.67 41-60.5 5231 + 1.54 6.16 V 1177 | 25-62 4128 +2.32 9.29 2250
TKW 3.88-4.97 4.19 £ 0.09 0.34 8.18 3.01-4.17 3.62 +0.08 0.33 9.09 | 2.22-3.93 3.18 £0.13 0.50 1578
BY 1.18-2.75 1.85+£0.13 0.51 27.59 1.06-1.81 1.34 +0.06 0.24 18.07 = 0.60-1.00 0.77 £ 0.03 0.14 18.45
SY 0.64-1.25 0.91 +0.05 0.20 21.63 | 0.42-0.63 0.51 +0.02 0.08 1540 | 0.12-0.32 0.22 £0.01 0.06 2534

Physiological traits

CTus 19.13-24.27 21.82 £ 0.46 1.82 836 17.67-22.97 20.14 + 0.41 1.65 8.18 | 29.40-36.73 3224 + 0.56 226 7.00

CTars 40.85 =

19372560 | 2333051 206 | 882 | 2867-3487 | 31.86 +0.52 209 | 656  33.83-46.63 1169 468 1145
NDVIys 0.53-0.69 062+0011 004 | 710 | 0.61-0.69 0573 +0.01 002 | 324 042053 0.46 + 0.01 003 7.04
NDVIgrs  0.42-0.59 0.60+001 005 | 946  051-058 049 +0.01 002 380 031059 037 +0.02 009 2035
CClgss 19.60-37 3154+109 | 437 1645 | 2630-37 2937 £0.92 369 | 1176 24.30-39 282 %099 399 1279
Chlgrs 415.10- 556.81 + 416.60- 377.60- 41116 +

611.8 1419 56.77 1044 | 60150 4832241347 5392 1061  679.30 19.59 7836 1507

Biological Traits

SOD 75.5-111.9 88.27 £248 | 9.93 1126 | 59.27-146.88 9271 +7.10 2841 | 30.65 = 40.58-80 62.01 + 3.40 13.58 2191

POX 18.88-2828 2231 +£0.62 | 2.50 1121 | 14.82-37.3 2425 + 1.96 7.83 | 3231 | 10.15-20.62 15.25 £ 0.92 3.70 2424
732.35- 805.78 £ 589.62- 1273.03 + 323.36- 58227

APX 922.36 13.76 55.04  6.83 234240 127.22 508.88  39.97 1100.5 56.48 225.94 38.80
307.56- 330.13 + 143.44- 110.60- 163.77 +

CAT 368.94 4.79 19.15 | 5.80 344.34 244.89 + 18.08 7232 | 29.53 | 24491 8.91 35.64 21.76

Proline 0.08-0.11 0.09 £0.002 001 1130 | 0.09-0.15 0.11 £0.01 002 | 2133 0.06-0.13 0.09 +0.01 002 24411

FLW, Days to 50% flowering; DM, Days to maturity; PH, Plant height (cm); N'T, Number of tillers per plant; SL, Spike length (cm); SS, Number of spikelets/spike; GS, Grain number/spike; TKW,
Test kernel weight (gm); BY, Biological yield (kg/plot); SY, Seed yield (kg/plot); CTys, Canopy temperature at heading stage; CTps, Canopy temperature at mid gain-filling stage; ND Vs,
Normalized difference vegetation index at the heading stage; NDVIgrs, Normalized difference vegetation index at the mid gain-filling stage; CClggs, Chlorophyll concentration index (CCI) at the
mid gain-filling stage; Chlgrs, Chlorophyll concentration (umol m2) at the mid gain-filling stage; SOD, Superoxide dismutase; POX, Peroxidase; APX, Ascorbate peroxidase; CAT, Catalase
activity; Proline, Proline content.
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Coefficient of Correlation coefficient R

determination R | F-value

Multiple regressive equations

D value

y=-0.399 + 0.520x; + 0.302x13 + 0.181x4 +

0.151x9 + 0.058x11 + 0.016x,9 9383 A2l <h01 0.986 1 0.991

X: root surface area; Xy: root volume; Xo: belowground dry weight; Xyo: soluble sugar; X, : soluble protein; X, : leaf relative water content. ** indicates a significant difference at P< 0.01.






OPS/images/fpls.2023.1228084/table5.jpg
DC and CDC DC and D value DC and WDC

Indexes

Correlation Weight Correlation Weight Correlation Weight

Sorting Sorting Sorting

degree coefficient degree coefficient degree coefficient

RL 0.69 12 0.07 0.55 13 0.05 0.55 13 0.05
RSA 0.90 2 0.08 0.96 2 0.08 0.97 2 0.08
RV 0.82 9 0.08 0.96 3 0.08 0.96 3 0.08
ARD 0.84 5 0.08 0.90 11 0.08 0.90 11 0.08
AFW 0.82 ) 8 0.08 [ 0.92 | 9 | 0.08 0.93 | 9 0.08
BFW 0.89 4 ‘ 0.08 0.95 4 0.08 0.96 4 0.08
ADW 0.90 3 0.09 0.95 5 0.08 0.95 5 0.08
BDW 091 1 0.09 0.96 1 0.08 097 1 0.08
SS 0.76 10 0.07 0.95 7 0.08 0.95 6 0.08
SP 0.67 13 0.06 0.94 8 0.08 0.95 8 0.08
REL 0.75 11 0.07 0.79 12 0.07 0.79 12 0.07
RWC 0.84 6 0.008 0.95 6 0.08 0.95 7 0.08

LN, leaf number; RL, root length; RSA, root surface area; RV, root volume; ARD, average root diameter; AFW, aboveground fresh weight; BEW, belowground fresh weight; ADW, aboveground
dry weight; BDW, belowground dry weight; SS, soluble sugar; SP, soluble protein; REL, relative electrolytic leakage; RWC, leaf relative water content. DC, drought resistance coefficient; CDC,
comprehensive drought resistance coefficient; D value, drought resistance comprehensive evaluation value; WDC, weight drought resistance coefficient.
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Membership function

Comprehensive indexes

Genotypes vl Sorting vaDue Sorting WDC  Sorting
F1 F2 F3 ul u2 u3 ué4

1902 -143  -0.13  -0.18 -0.19 047 036 063 063 0.76 ‘ 30 0.47 30 1.00 30
Malvna -4.89  -0.18 0.38 0.39 0.19 | 034 078 078 0.57 40 0.27 40 0.74 40
Gelin -581 | -023 0.71 0.74 0.2 | 033 087 087 0.52 41 0.22 41 0.68 41
Lvdie -075  -1.09 037  -039 052 013 058 058 0.88 19 0.47 29 114 21
Zixia 215 -L11 -254  -267 075 0.2 000 0.00 0.91 15 0.59 21 1.21 15
Zidie 3.58 0.5 0.53 0.56 0.86 | 050 082 | 0.82 1.09 5 0.81 5 1.45 5
Sheshou101 -127  -026 -0.15 -0.16 048 032 064 0.64 0.76 31 0.47 28 1.00 31
Hongshanhu -1.19  -0.17  -021  -023 049 | 035 | 062 062 0.77 29 0.48 27 1.01 29
Ziya -7.29 0 0.71 0.74 0.00 039 087 | 087 0.45 42 0.14 4?2 0.59 4?2
Lvshen -0.75 -164 -024 -026 052 000 062 @ 0.61 0.81 25 0.46 31 1.07 25
Lvya 348 0.39 0.52 0.55 0.86 | 048 082 | 082 1.07 6 0.80 6 1.43 6
Yushanhong 23 0.68 0.11 0.12 076 | 055 071 071 1.00 8 0.73 8 1.33 8
Tehongzhou -225  -006  -0.09 -009 040 037 066 @ 0.66 0.72 34 0.42 34 0.94 34
Yeluo 223 0.32 0.03 0.03 0.76 | 046 = 069 @ 0.69 0.97 10 0.71 9 1.30 10
Yidali 151 5.28 2.61 0.48 0.51 1.00 100 081 0.81 1.24 1 0.98 1 1.63 1
Jingyanyidali 1.85 0.21 -0.02  -0.02 073 044 068 0.67 0.94 12 0.68 12 1.26 12
Puxijin 175 -0.85  -0.93 -097 072 | 019 043 043 0.82 24 0.62 19 112 22
Musi -349 | -1.03 0.1 0.1 030 | 014 071 070 0.69 » 36 0.32 38 0.88 36
Lvluoma 1.85 0.7 0.04 0.04 073 | 055 069 069 0.97 9 0.70 10 1.30 9
Ziqueshe -0.8 -0.15 -0.07  -008 052 035 066 @ 0.66 0.79 27 0.51 25 1.04 27
Kana -192 | -0.21 -0.07  -008 043 034 066 @ 0.66 0.73 33 0.44 32 0.96 33
Jinsen 147 0.21 -0.03  -0.03 070 044 067 067 0.92 13 0.66 13 1.23 13
Yanzhi -3.51 0.01 0 0 030 | 039 068 068 0.65 37 0.35 36 0.84 37
Cuiju 2.05 I 0.25 ) -0.02  -002 074 044 1 0.68 | 0.67 0.95 | 11 0.69 11 1.28 11
Baoshihong 324 0.37 0.57 0.6 084 | 047 083 | 083 1.06 » 7 0.79 7 1.41 7
Baoshilv 4.07 0.77 0.46 0.49 090 | 057 080 | 0.80 114 3 0.85 3 1.51 3
Xiangyehong 0.06 -0.01 -0.03 -0.03 058 | 038 067 @ 0.67 0.84 22 0.57 22 L12 23
Xiangyelv 1.08 0.18 -0.07  -0.07 067 043 066 0.6 0.90 16 0.63 15 1.20 16
Daluoma 0.7 0.46 0.02 0.03 064 | 049 069 069 0.89 17 0.62 17 119 17
Luoshahong -068  -0.13  -0.08 -009 053 036 066 066 0.80 26 0.52 24 1.05 26
Luoshalv 0.52 0.18 0.02 0.03 0.62 | 043 069 | 0.69 0.87 21 0.60 20 115 20
Yidalishengcai -3.88  -006 007 0.07 027 | 037 070 070 0.63 38 0.33 37 0.80 38
Ruiluo -0.88 | -0.34 V -0.16  -0.17 051 031 064 064 0.77 ' 28 0.49 26 1.02 28
Naiyoushengcai 123 0.19 -0.04 -004 068 043 067 067 091 | 14 0.64 [ 14 1.21 14
‘Wojulvsha -445  -0.11 0.17 0.18 023 | 036 073 073 0.60 [ 39 0.30 39 0.77 39
Wojuyadan 0.94 -1.09 119 1.26 0.65 | 013 1.00 1.00 0.87 20 0.62 18 118 19
Lvbei 4.74 0.91 0.3 0.32 096 | 060 076 076 118 2 0.89 2 1.57 2
Meiguodasusheng -0.12 | -0.07 0 0 0.57 | 037 068 068 0.83 23 0.55 23 110 24
‘Wojunisi -2.82  -009  -0.03 -004 036 036 067 067 0.69 35 0.39 35 0.90 35
Lvhudie 0.92 0.18 0.02 0.02 065 | 043 069 068 0.89 18 0.62 16 119 18
Lvmeigui 3.82 0.76 0.32 0.34 088 | 056 077 | 0.77 L11 4 0.83 4 1.48 4
Lvshanhu -L15  -0.92 -1.43 <15 049 | 017 030 | 030 0.73 32 0.42 33 0.97 32
Average value B - i - - - - - - 0.85 - 0.56 [ - 1.13 -
c‘f:f]:ﬁ;‘; . - - - - - - - - oz - 0.34 - 0.22 -

F1, F2, F3 and F4 represent the comprehensive indexes, and 11, u2, u3 and 4 represent the subordinate function values of the five factors. CDC, comprehensive drought resistance coefficient; D
value, drought resistance comprehensive evaluation value; WDC, weight drought resistance coefficient.
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Component matrix

Indexes

F2
LN 0.977 -0.113 0.026 -0.105
RL 0.975 -0.131 -0.002 -0.106
RSA 0.584 0.778 0.144 -0.113
RV 0.980 -0.107 0.003 -0.124
ARD 0.912 -0.086 0.009 -0.224
AFW 0.609 -0.252 0.614 0.429
BFW 0.963 -0.112 -0.009 -0.087
ADW 0.980 -0.109 0.049 -0.086
BDW 0.970 -0.134 -0.012 -0.077
SS 0.792 0.079 -0.348 0.297
SP 0.755 0.236 -0.308 0.430
REL -0.939 0.023 0.056 -0.026
RWC 0.261 0.946 0.157 -0.017
Characteristics root 9.39 172 0.65 0.58
Contribution rate (%) 72.20 13.21 4.96 4.46
Cumulative contribution rate (%) 72.20 85.40 90.36 94.83
Factor weights 0.76 0.14 0.05 0.05

LN, leaf number; RL, root length; RSA, root surface area; RV, root volume; ARD, average root diameter; AFW, aboveground fresh weight; BEW, belowground fresh weight; ADW, aboveground
dry weight; BDW, belowground dry weight; SS, soluble sugar; SP, soluble protein; REL, relative electrolytic leakage; RWC, leaf relative water content.
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Genotypes RL RV AFW BFW SS SP’ 1/REL | RWC
1902 0.85 0.68 0.65 0.57 0.86 0.66 061 0.68 0.63 098 073 0.94 0.88
Malvna 0.70 0.53 0.36 0.30 0.72 0.66 052 045 0.37 052 044 0.99 0.81
Gelin 0.69 047 032 0.24 0.70 055 0.50 042 0.24 039 041 0.99 0.78
Lvdie 0.86 0.73 0.13 0.61 0.92 0.75 0.64 0.71 0.67 2.19 1.62 0.92 0.53
ZiXia 0.97 0.97 0.11 0.92 0.99 0.97 0.97 0.96 0.98 1.99 0.32 0.85 0.46
Zidie 0.95 0.93 0.92 0.88 0.98 0.94 091 0.92 0.91 1.69 1.86 0.78 0.98
Sheshou101 0.84 0.64 0.62 0.52 0.83 0.96 0.60 0.66 0.61 092 0.69 0.95 0.88
Hongshanhu 0.86 0.68 0.67 0.58 0.89 0.69 0.61 0.69 0.64 0.99 073 0.94 0.89
Ziya 0.67 047 0.19 0.02 043 0.67 039 041 0.20 031 0.36 1.00 0.74
Lvshen 0.87 0.81 0.15 0.69 0.93 0.80 0.69 0.74 0.70 1.35 1.26 0.89 042
Lvya 0.95 0.92 0.91 0.88 0.98 0.96 0.91 091 0.91 157 178 0.79 0.97
Yushanhong 0.93 0.90 0.91 0.87 0.97 0.65 0.88 0.90 0.85 1.52 137 0.80 0.97
‘Tehongzhou 0.82 0.62 058 0.52 0.82 0.66 0.56 0.63 0.59 091 0.69 0.95 0.88
Yeluo 0.92 0.86 0.88 0.80 0.96 092 0.84 0.87 0.81 1.35 1.20 0.83 0.96
Yidali 151 1.00 0.98 1.00 0.98 0.99 093 0.99 1.00 1.00 2.54 212 0.62 1.00
Jingyanyidali 0.92 0.84 0.87 0.77 0.96 0.90 0.84 0.84 0.78 1.30 1.08 0.85 095
Puxijin 0.99 0.97 0.12 0.94 0.99 0.99 0.98 0.99 0.99 0.50 043 0.73 0.37
Musi 0.79 0.58 0.19 0.47 0.76 0.65 0.55 0.51 0.57 112 L11 0.97 0.59
Lvluoma 0.93 0.89 0.90 0.85 0.96 0.51 0.87 0.89 0.85 1.48 1.30 0.81 0.96
Ziqueshe 0.86 0.72 0.69 0.59 0.9 073 0.62 0.7 0.66 1.00 0.82 0.93 0.89
Kana 0.80 0.62 058 0.49 0.79 094 0.56 0.61 0.58 0.90 0.67 0.96 0.88
Jinsen 0.90 0.84 0.84 0.77 0.95 0.87 081 0.82 0.76 1.26 1.02 0.85 095
Yanzhi 0.79 0.58 0.47 0.38 0.75 0.61 0.55 0.51 0.56 0.77 0.61 0.97 0.87
Cuiju 0.92 0.85 0.88 0.79 0.96 0.92 0.84 0.85 0.78 135 L11 0.84 0.96
Baoshihong 0.95 0.92 0.91 0.88 0.97 0.93 0.90 091 0.87 1.54 175 0.79 0.97
Baoshily 0.97 0.94 0.94 091 0.99 0.90 0.94 095 0.96 1.97 2.03 0.76 0.98
Xiangyehong 0.87 0.79 0.78 0.65 093 077 0.68 0.74 0.69 112 092 0.90 092
Xiangyelv 0.89 0.82 0.81 0.73 0.94 0.85 077 0.81 0.75 1.21 0.99 0.86 093
Daluoma 0.91 0.84 0.84 0.77 0.95 045 0.83 0.82 0.76 127 1.07 0.85 0.95
Luoshahong 0.86 0.73 0.69 0.60 091 0.73 0.63 0.70 0.67 1.00 0.82 0.92 0.89
Luoshaly 0.88 0.81 0.80 0.73 0.93 0.81 0.70 0.76 0.70 114 0.94 0.87 0.93
Yidalishengcai 0.78 0.57 0.44 0.33 075 0.60 0.54 047 0.54 0.70 0.57 0.98 0.85
Ruiluo 0.84 0.66 0.65 0.57 0.86 1.00 0.61 0.67 0.62 093 0.70 0.95 0.88
Naiyoushengcai 0.89 0.82 0.83 0.74 0.94 0.86 078 081 0.75 1.23 1.02 0.85 0.94
‘Wojulvsha 0.72 0.53 0.44 0.32 0.74 0.57 0.53 047 0.50 0.58 0.56 0.98 0.82
‘Wojuyadan 0.92 0.87 0.11 0.84 0.96 0.92 0.86 0.88 0.82 0.57 175 0.83 0.62
Lvbei 0.98 0.97 0.97 0.92 0.99 0.97 0.98 0.98 0.99 222 2.09 0.75 1.00
Meiguodasusheng 0.87 0.79 0.75 0.63 0.92 0.76 0.68 0.72 0.68 1.06 0.90 0.91 091
‘Wojunisi 0.79 0.61 053 0.49 0.79 0.65 0.56 0.54 0.57 0.89 0.67 0.97 0.87
Lvhudie 0.89 0.81 0.80 0.73 0.94 0.83 077 0.80 0.71 1.21 0.99 0.86 093
Lvmeigui 0.95 0.93 0.93 0.90 0.99 0.9 0.93 0.94 0.95 190 1.87 0.76 0.98
Lvshanhu 0.86 0.77 0.47 0.62 0.92 0.75 0.68 0.71 0.68 1.20 0.18 0.91 0.56
AV 0.87 0.77 0.63 0.66 0.89 0.79 0.73 0.75 0.71 1.20 1.04 0.88 0.85
cv 0.09 0.19 0.44 0.33 0.13 0.19 0.22 023 0.26 0.42 0.50 0.10 0.20

LN, leaf number; RL, root length; RSA, root surface area; RV, root volume; ARD, average root diameter; AFW, aboveground fresh weight; BEW, belowground fresh weight; ADW, aboveground dry
weight; BDW, belowground dry weight; SS, soluble sugar; SP, soluble protein; REL, relative electrolytic leakage; RWC, leaf relative water content; AV, average value; CV, coefficient of variation.
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Biostimulant  Irrigation | IAA Cytokinin Jasmonic acid

ng mg tissue™ ng g DW ng g DW'
B0 Do 247d 975.13d 630d 831d ‘ 576 ¢ 261 ¢ 2011 ¢
D1 042¢ 907450 2 odte 145 € ‘ 0.62 1aid s62d
B1 Do 6.61b 569.16 ¢ 964 ¢ 1278 b ‘ 1096 b 458a 2533 b
DI 342¢ 368458 b 1088 b 620 e ‘ 672d 4424 1835 ¢
B2 Do 8.92a 51450 e 1260 a 1401 a ‘ 12882 338b 3126
DI 670b 115173 ¢ 1063 b 1046 ¢ ‘ 895 ¢ 321b 21.94 be

The difference between the means indicated by different letters in the same column s statistically significant (Duncan multiple comparison test, P<0,05). B0: Control (no biostimulant), B1: 4 L ha"
! biostimulant, B2: 6 L ha™* biostimulant, D0: 100% irrigation (field capacity), D1: 50% irrigation of field capacity.
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EC Na

(micromhos cm™) (cmol
kg")

BO Do 7.08 ns 5816 b L17d 003 ¢ 2319d 153 ¢ 781 ¢ 718 ¢ 533d 1.67b 001b 0.07cd 0.36 ab 0.08 ab 0.05ns

D1 7.05 55.02b 108 e 0.03 ¢ 2224d 149¢ 672d 724c 450 e 135¢ 0.01b 0.06d 032 be 005d 0.04
Bl Do 712 7199a 175a 0.06 a 4802a 242a 10.18 b 1226 a 807a 1.95a 0.01b 0.10a 0.33 ab 0.07bc 005

D1 7.01 4963 b 139¢ 0.05a 3891 ¢ 151 ¢ 823c 866 b 4.94d 1.49 be 0.02b 006 d 027 ¢ 0.06 ¢ 0.05
B2 Do 7.13 5533b 155b 0.06 a 4485b 181 b 1098 a 835b 7.20b 1.68b 0.03a 0.09 ab 038a 009 a 0.06

D1 722 62.20 ab 136 ¢ 0.04b 4485b 158 ¢ 1005 b 822b 6.54 ¢ 1.51 be 0.02b 0.08 be 028 ¢ 0.07bc 0.04

e diference between the means indicated by different ltters in the same column is statsticall significant (Duncan maltiple comparison test, P<0,05). BO: Control (no biostimulant), B1: 4 L ha ! biostimulant, B2: 6 L ha™ biostimulant, D0: 100% irigation (field capacity),
D1 50% irrigation of field capacity.
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Winter wheat experiment Summer maize experiment

Experimental

Group Chao Shannon Simpson Chao Shannon Simpson
Al 3229.85 324578 643 3.82E-03 4651.44 4555.89 676 434E-03
A2 3537.58 3535 6.55 3.60E-03 3891.76 3892.28 6.56 3.67E-03
A3 1696.32 1721.89 553 8.61E-03 4200.99 4190.24 649 5.55E-03
A4 3055 3016.2 6.3 4.47E-03 3731.74 3738.83 6.23 9.07E-03
Bl 3481 3446.26 643 425E-03 4303.56 4340.45 673 3.55E-03
B2 3466.42 343458 659 333E-03 353252 3538.67 605 1.09E-02
B3 3708.81 366391 6.43 5.90E-03 4399.17 4353.81 6.51 7.76E-03
B4 3905.78 3830.05 658 338E-03 3534.29 3521.82 602 9.84E-03
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Experiment group

M volume (m

Rainfall intensity (mm/h)

Rainfall (mm

Al 0 100 100 (150)

A2 1.08 100 100 (150)

A3 216 100 100 (150) 1(15)
A4 324 100 100 (150) 1(15)
Bl 0 50 100 (150) 2(3)
B2 1.08 50 100 (150) 2(3)
B3 216 50 100 (150) 2(3)
B4 324 50 100 (150) 2(3)

Numbers in the bracket represent the rainfall amount and duration in the winter wheat experiment, others represent the summer maize experiment. The detail refers the section 2.3.1.2, please.





OPS/images/fpls.2023.1201879/M5.jpg





OPS/images/fpls.2023.1201879/M4.jpg
o Vit ) X @it qin) 7o 1o @
Q=5 Ll ) 7310





OPS/images/fpls.2023.1201879/M3.jpg
LT Aol XL

X107
L 10 o






OPS/images/fpls.2023.1201879/M2.jpg





OPS/images/fpls.2023.1201879/M1.jpg
‘;;f" X 100%

[0





OPS/images/fpls.2023.1201879/fpls-14-1201879-g013.jpg
[ 125%-75% T Range within 1.5IQR [125%-75% T Range within 1.SIQR
a Median line = Average + Outliers — Median line = Average ¢ Outliers
[ a ) a
500 4 a
.01 a o [« ab ab - 2
z L O S R
= | = q T *:
£ 40- ! g = T P
2 ke | " B & o |
s P | o 300_ N h
2 ! 2 . |
5 30 ! ] B 1
g : | 2 200 '
. == A1 g
: : |8 :
7 | *| 1004 R 098 ' R=0.81
R= 011 : R’=0.95 - : e
1 ] |
10 ! 0 !
Al A2 A3 A4 BI B2 B3 B4 Al A2 A3 A4 Bl B2 B3 B4
Experimental plot Experimental plot
48 ; 40
C , D
R=-0.57 : R’=0.93 R2=-0.91 R'=-0.98
A |
5945 : @35 a a b b
= | — - |11 a
f.‘) : = I I T a
2 a2 [ ] .
g ' e I
4 I
- | :
I
77 ' E 25
: 1 | :
= 34 | =
I
I
:
04— T T T 0 - T T T
Al A2 A3 A4 BI Al A2 A3 A4 Bl B2 B3 B4
Experimental plot Experimental plot
1.2 1.0
e :
R=-06 | R=0.95
1.0 . 0.8
1
1
~ ! ~
] 1 ] ()6
goo.s_ ! gb
~ 1 ~
= ! =
(3 1 (3
e = 0.4
> 0.6 i >
1
1
1
0.2 : 02
|
1
1
0.0 J 0.0
Al A2 A3 A4 Bl B2 B3 B4 Al A2 A3 A4 Bl B2 B3 B4
Experimental group Experimental group





OPS/images/fpls.2023.1201879/fpls-14-1201879-g012.jpg
Plant height (cm)

Biomass (kg/m?)

100 A [_125%~75% T Range within 1.51QR 320 B [_125%~75% T Range within 1.5IQR
— Median line = Average ¢ Outliers — Medianline = Average ¢ Outliers
95 i i
b | 300 s |
1+ 2 , a'la a b !
904 T | T ) 575 a1 |
] 1 = 1 1
. e | B8 -
854 | & - .- a |
I . : 1 £260 ] =,
1 o 1
80 - | = 1
i 5 240 .
75{ L 1 | = L | .
- 1 . 1
2 I R~ -0.98 I
ol (FE08E 204 R_g.74 L. R -056
1 1
1 1
— 00
Al A2 A3 A4 BI B2 B3 B4 Al A2 A3 A4 Bl B2 B3 B4
Experimental plot Experimental plot
3.0 - 2.5 -
(o] N Spike Stem Leaf| D [ ] Spike Stem Lea
_ R=-017 2
25 : R?=0.43 5.5
I
2.0 1 ! n"é
1 ]
i ED 1.5
1.5+ ! ~
: 2
I
! £1.0-
1.0+ \ ,‘%
1
1 ]
05 | 03
1
1

Al A2 A3 A4 Bl B2 B3 B4 Al A2 A3 A4 Bl B2 B3 B4

Experimental plot Experimental plot





OPS/images/fpls.2023.1201879/fpls-14-1201879-g011.jpg
o
Lo @
R Iy
2
% M §
% & $
% = Iz >
% s § ¢
= & S
@ & >
& &
<
— &,@
~ Ne
[ S o
4
\ o
ones
, mmaawca
Candidatus_Sofibacter
“eeqosyy
Soog
Esq@m.
g,
¢ Pn;
% 95
ac@x 4
G ¥
S B
s T omw =3
g >
5
2
3
S
3

Bacillus
Rup
o
acte,

Ly

“eeqong

Bradyrhizobium

e ’

candie S

Rhizobiym
Devosia





OPS/images/back-cover.jpg
Frontiers in
Plant Science

Cultivates the science of plant biology andits
applications.

journal, which

ed plant scien
ing of plant biology for

y, functional ecosystems

and human health.

Discover the latest
Research Topics






OPS/images/fpls.2023.1189005/fpls-14-1189005-g007.jpg
&

Seed Yield (kglpiot

g

o
<]
kel

o
2

°
»
X

Seed Yield (kg¥plot

Seed Yield (kgJplot

]

g

°
S
o

°
2

°
3

5

g

°
b
5

°
g

°
5

env -+ Extended Heat Stress Emironment-# Heat Stress Environment ~# Optimum Ermaronment

.
y=01§<00013x R*=00029

env -+ Extended Hoat Stress Emaronment-# Haat Stress Emironment #~ Optimum Emvironment

y=011+024x R*=0026
y=06-016x R*=00018
y=-075.27x R*=03%

05 06
Normalized Difference Vegetation Index at Heading Stage

env -+ Extended Heat Stress Emironment-# Haat Stress Emironment -+~ Optimum Emvironment

07

.
=-0085.-0011x R*=024 =
. B
0017-0018x R*=073 .
y=061+001x R7=0085 g &
*e
. . . » 2
M
-t
-
¢ ee, Lt a—w,
. .
. .
20 25 35

30
Chlorophyll Concentration Index (CCI) at Mid Gain-iling Stage

e+ Extended Heat Stress Emaronment#~ Heat Stress Emvironment ~#~ Optimum Emvronment

125 .
S0069-00037x R*=0096
. .
100 025 x oR* =043
3 3o
=054
s &
2
S075
3
s T
050
i ¥y
025 ———
.
20 30 40
Canopy Temperature at Mid Gain-filing Stage
env -+ Extended Heat Stress Emronment#- Haat Stress Environment ~#~ Optimum Eméronment
125 . .
y=016-016x R*=0033 .y
100| Y=0M-081x Ri=077 5 .
§o75 b
.
3 i
>
8050 - g
H : £
.
025] 4t s
0
-
03 04 05 06 07
Normalized Difference Vegetation Index at Mid Gain-filing Stage
env # Extended Heat Stress Environment-#~ Heat Stress Emironment ~#~ Optimum Emaronment
125 2 .
y=-0074-000071x R° =08 .
. . .
100 028-000005x R™ = 0w
K] 2
= y=06+000055x R’
]
2075 .
: : :
3 .
050
3 e .
.
025 v .
B .
300 700

400 500 600
Chiorophyll Concentration (umol m2) at Mid Gain-filling Stage





OPS/images/fpls.2023.1189005/fpls-14-1189005-g008.jpg
@nv -+~ Extendad Hoat Stross Envronment-#~ Hoat Stress Emironment ~# Otimum Emaronment env - Exended Heat Stess Envronmert#- Heat Stress Emvronment -+~ Ogtimum Emvironment
125 = 125 -4
. y=0054-0011x R* - o
100] Y=028+0005x RPz078 yo0] ¥=028-0001x RP=082 .
g y=073+0002x R*=0011 _ """ "o § y=078-0006x R*=0005] o — %,
.
Zo1s » Zors .
2 = .
] 3 o . .
> > . .
050 o050 . .
& &
..
025 025] o, g
[d
10 20 30
POX
env ~# Extended Hoat Stiess Enironment-#~ Hoat Stress Emironment &~ Optimum Emaronment env - Extenced Heat Stress Envronment-#~ Haat Stress Emironment -+ Optimum Emironment
125 L. 125 . .
y=017.91.|0"{ .R’:ON y=024-000015x R*=0.0091
1,00 y=039+90x10"x n’:ou - y=047+000018x R*=0027
k] ¥=0.334000073 x g y=0066+00026x R*=0062
£
3 o> o
Gps @ ® v > e o ° e o
. 050 ——
025 ’—N&‘-ﬁl_.."
e
.o
1500 2000 100 200 300
APX CAT

env - Extendec Heat Stress Emaronment#~ Heat Strass Emvironment ~#~ Optimum Emaronment

125 . .
y=007-17x R*=043 5
-
100 .
i ¥=074+19x_§ 200006
ors ki
.
&% . %
> . .
$0s0 . .
- g
.o
025 | .. et
o .
0075 0.100 0125 0150





OPS/images/fpls.2023.1189005/table1.jpg
Environment Replication within Env Cultivar Environment: Cultivar
Source of variation\ Df
2 3 7 14
Phenological
1 FLW 2158.39** 0.18 194,75 1441%
2 DM 9801.18** 0.10 11525 1647+
3 PH 9801.18** 0.10 115.25%% 1647%
4 NT 127,020 4,607+ 10.02%% 637+
5 SL 12.84%% 036 8847 0.92*
6 ss 51.39** 0.68 16.90%** (2 b
7 GS 1322.17+% 458 147,54 83247
8 TKW 4.11% 0.15%+ 034+ 0.28%*
9 BY 4,647 0.023 029" 0.16%**
10 sY 1.94%%% 0.03 004 0.028*
Physiological
11 CTys 687.55%% 0.010 14.53%% 448"
12 CTars 1227.44%% 025 519" 29.574%
13 NDVlys 0.13%% 0.001 0.04%% 0.02%%
14 NDVlges 0.04%% 002 0.04** 0.02%%
15 CClgss 120,13 0.89 60.92°%% 20.04**
16 Chlgrs 5252.74*% 258.90 10596.15** 6803.027*
Biochemical
17 SOD 4404.99** 365 1692.40** 3167
18 POX 358.26%* a5 122.38** 2502
19 APX 198784325 13097.34%%% 360732.96°% 152110.20%**
20 CAT 110715.66** 308.26%* 2366.50** 610605
21 Proline 0.04%% 0.0080%* 002 0,02

* Significant at a probability of .05.

** Significant at a probability of .01.

*** Significant at a probability of 001.

FLW, Days to 50% flowering; DM, Days to maturity; PH, Plant height (cm); N'T, Number of tillers per plant; SL, Spike length (cm); SS, Number of spikelets/spike; GS, Grain number/spike; TKW,
Test kernel weight (gm); BY, Biological yield (kg/plot); SY, Seed yield (kg/plot); CTys, Canopy temperature at heading stage; CTggs, Canopy temperature at mid gain-filling stage; NDVIys,
Normalized difference vegetation index at the heading stage; NDVIggs, Normalized difference vegetation index at the mid gain-filling stage; CClggs, Chlorophyll concentration index (CCI) at the
mid gain-filling stage; Chlggs, Chlorophyll concentration (umol m2) at the mid gain-filling stage; SOD, Superoxide dismutase; POX, Peroxidase; APX, Ascorbate peroxidase; CAT, Catalase
activity; Proline, Proline content.
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Agronomic practices 202 202

Ternary compound fertilizer (N+P,045+K,0, 15-15-15) 760 kghm™ (Shandong Xianglong Chemical Fertilizer Co., Ltd.) applied in open

Basal fertilizer
furrows according to local standards

Inner patch type drip irrigation pipe (tube diameter, wall thickness, and drip hole spacing are del6(inner), 0.2, 300, mm) (produced by

Drip irrigati
rip irrigation Gansu Haina Plastic Industry Co.)

Film Polyethylene blow molded agricultural colorless mulch, width 750 mm, thickness 0.01 mm (Lanzhou Fluor Plastics Co., Ltd.)
Planting mode Flat mulching, north-south orientation

Sowing dates 30 April 1 May

Sowing method Manually spotted and covered with a little sand

Sowing depth 2-3 cm 2-3 cm

Plant spacing 30-35 cm 30-35 cm

Row spacing 210 cm 210 cm

Harvesting dates 19 August 15 August

Field management ‘Weeding, grooming, and topping were all conducted promptly, with consistency in the manner and timing of each treatment.
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Water deficit treatments at different growth stages (percentage of field capacity)

Treatments Processing name
SS VS ES ES MS

CK Control treatment 70-80 70-80 70-80 70-80 70-80
WD1 Mild at the seedling stage 60-70 70-80 70-80 70-80 70-80
‘WD2 Moderate at the seedling stage | 50-60 70-80 70-80 70-80 » 70-80
‘WD3 | Mild at the vine stage 70-80 60-70 70-80 70-80 | 70-80
WD4 Moderate at the vine stage 70-80 50-60 70-80 70-80 70-80
WD5 Mild at the expansion stage 70-80 70-80 70-80 60-70 70-80
‘WDé Moderate at the expansion stage 70-80 70-80 70-80 50-60 ‘ 70-80
‘WD7 Mild at the maturity stage 70-80 70-80 70-80 70-80 60-70
WD8 | Moderate at the maturity stage 70-80 70-80 70-80 70-80 [ 50-60

Numerical values are the percentage of field capacity. SS, seedling stage; VS, vine stage; FS, flowering and fruiting stage; ES, expansion stage; MS, maturity stage.
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Design range of soil moisture in different growth stages (% FC)

Treatments
Seedling Budding Flowering Maturity
WD1 65-75 75-85 75-85 65-75
WD2 } 65-75 75-85 75-85 | 55-65
I

WD3 55-65 75-85 75-85 65-75
WD4 55-65 75-85 75-85 55-65
WD5 45-55 75-85 75-85 65-75
WD6 45-55 75-85 75-85 55-65

CK 75-85 75-85 75-85 75-85

WD1, mild water deficit at seedling and maturity; WD2, mild water deficit at seedling and moderate water deficit at maturity; WD3, moderate water deficit at seedling and mild water deficit at
maturity; WD4, moderate water deficit at seedling and maturity; WD5, severe water deficit at seedling and mild water deficit at maturity; WD6, severe water deficit at seedling and moderate water
deficit at maturity; CK, full irrigation during the whole growth period.
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Year Treatments ET/mm ET intensity/mm-d”’ petey consum;/)tion Water stress coefficient
modulus/%
CK 125.61 + 0.69a 523 +0.03a 38.86 - 1.246 £ 0.007a
WD1 124.16 + 3.16ab 5.17 + 0.13ab 39.14 0.989 1.232 % 0.031ab
WD2 119.04 £ 5.27bc 4.96 + 0.22bc 39.52 0.948 1.181 + 0.052bc
WD3 118.7 + 0.74¢ 4.95 £ 0.03c 39.25 0.945 1.178 + 0.007¢
2020 WD4 107.21 £ 2.13d 447 +0.09d 37.89 0.854 1.064 + 0.021d
WD5 101.87 + 4.74e 424+ 02e 34.80 0.811 1.011 £ 0.047¢
WD6 91.75 = 1.54f 3.82 + 0.06f 3271 0.730 0.910 = 0.015f
WD7 124.79 +2.22a 520 +0.09% 38.94 - 1.238 £ 0.022a
WD8 125.68 £ 2.97a 524 +0.12a 39.51 - 1.247 £ 0.029a
CK 133.76 + 6342 5.82 +0.28a 39.99 - 1.237 + 0.05%
WD1 132.66 + 1.74a 5.77 +0.08a 40.39 0.992 1.227 £ 0.016a
WD2 12537 + 1.72b 545 0.07b 40.52 0.938 1.160 + 0.016b
WD3 123.78 + 0.80b 538 = 0.03b 40.00 0.926 1.145 £ 0.007b
2021 WD4 11324  1.18c 4.92 + 0.05¢ 39.00 0.847 1.048 £ 0.011c
WD5 108.14 = 1.12d 470 + 0.05d 35.86 0.808 1.000 = 0.01d
WD6 99.65 + 0.42e 4.33 £ 0.02¢ 34.27 0.745 0.922 + 0.004e
WD7 131.89 £ 0.49a 573 +0.02a 40.03 - 1.220 + 0.005a
WD8 132.68 + 0.28a 577 +0.01a 40.36 - 1.227 £ 0.003a

The values shown are the mean + SD, n = 3. Different lowercase letters on a line indicate significant differences at p< 0.05.
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Year Treatments ET/mm umption modulus/%  Water stress coefficiel K.
CK 3229 + 0.99a 294+ 0.09% 9.99 - 0724 £ 0.022a
WDI1 3205+ 032a 291+ 0.03a 10.11 0.992 0718 + 0.007a
WD2 3173 + 062a 2.88 + 0.06a 1054 0.982 0711 0.014a
wD3 31.63 + 036a 2.88 + 0.03a 1046 0979 0709 + 0.008a
- WD4 30.13 + 0.44b 274 + 0.04b 10.65 0.932 0.675 £ 0.01b
26,64 + 242 + 0.06d 9.10 0.825 0597 +
wpe 0.66d 0015d
WD6 24.63 + 0.66¢ 224 + 0.06 8.78 0.762 0552 + 0.015¢
WD7 3046 = 0.37b 277 £ 0.03b 9.50 0.943 0683 + 0.008b
WD8 28.01 + 039¢ 255 + 0.04c 8.80 0.867 0628 + 0.009¢
CK 3344 + 055 279 + 0.05a 10.00 - 0688 + 0.011a
WDI1 3329 + 0.58a 277 + 0.05a 1013 0.996 0685 + 0.012a
WD2 32.98 + 0.06a 275+ 0.0la 10.66 0.985 0678 +0.001a
WD3 3264+ 073a 272 + 0.06a 1055 0975 0671  0.015a
51 WD4 30.96 = 0.44b 258 + 0.04b 10.66 0.926 0637 % 0.009¢
WDs 2724 % 227 +0.05d 9.03 0814 056 + 0.011d
055d
WD6 2632 £ 0.19% 2.19 + 0.02¢ 9.05 0786 0541 + 0.004e
WD7 3159 + 0.53b 263 + 0.04b 9.59 0945 0650 + 0.011b
WDS8 29.05 + 0.72¢ 242 + 0.06¢ 8.84 0.869 0598 + 0.015¢

‘The values shown are the mean + SD, n = 3. Different lowercase letters on a line indicate significant differences at p< 0.05.
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The growth stages The regressio

The entire growing season ET, 201521 + 0.77215 - 0.900¢, - 0.366 + 0.095T i + 0.076T g + 29.701 0.940
ss ETy - 0.143T,0 + 0.1481 - 0.558P + 0.927u, , 44.533 ‘ 0943
Vs ETy - 0.145n + 00737, + 0.819u; - 0.014RH + 1.202 ‘ 0943
FS ETy - 0.593T,pqn - 0.203 T, + 0.39u;5 - 0.0057 - 5472 ‘ 0.999
ES ETy = -0.024RH + 0.799u5 , 0.158n + 0.267 Typear - 0.133 T, + 1.938 ‘ 0.969

MS ET, - 0.084T,,q, + 0.1151 - 0.025RH + 2.419 ‘ 0.941
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Year  Treatments

ET/mm

ET intensity
/mm-d’’

Water consumption modulus/%

Water stress coefficient

CK 55.76 + 0.73ab 1.99 + 0.03ab 17.25 - 0.459 + 0.006ab
‘WD1 52.05 + 0.72¢ 1.86 + 0.03¢ 16.41 0.935 0.429 + 0.006¢
WwD2 48.60 + 0.60d 1.74 + 0.02d 16.14 0.871 0.400 + 0.005d
WD3 55.75 + 0.49ab 1.99 + 0.02ab 18.43 = 0459 + 0.004ab
2020 WD4 56.67 + 1.17a 2.02 +0.04a 20.03 - 0.467 + 0.01a
‘WD5 55.21 + 1.38ab 1.97 + 0.05ab 18.87 - 0455 + 0.011ab
‘WD6 55.52 + 1.06ab 1.98 + 0.04ab 19.79 - 0.458 + 0.009ab 1
WD7 56.30 + 0.47ab 2.01 + 0.02ab 17.57 = 0.464 + 0.004ab
WD8 54.98 + 0.69b 1.96 + 0.02b 17.29 - 0.453 + 0.006b
CK 53.50 + 0.61ab 2.06 + 0.02ab 16.01 - 0473 + 0.005ab
‘WD1 50.05 + 0.65¢ 1.93 £ 0.03¢ 15.24 0.934 0.442 + 0.006¢
WD2 46.66 + 0.65d 1.79 +0.03d 15.08 0.871 0412 + 0.006d
‘WD3 54.02 + 0.5%a 2.08 £ 0.02a 17.45 - 0.477 + 0.005a
2021 WD4 53.7 £ 0.52ab 2.07 + 0.02ab 18.49 = 0.474 + 0.005ab
WD5 54.02 + 0.67a 2.08 +0.03a 17.92 = 0.477 + 0.006a
WD6 52.75 + 0.4b 2.03 + 0.02b 18.14 - 0.466 + 0.004b
‘WD7 54.04 + 0.81a 2.08 +0.03a 16.40 - 0477 + 0.007a
‘WD8 53.95 + 0.45a 2.07 +0.02a 16.41 - 0477 + 0.004a

‘The values shown are the mean + SD, n = 3. Different lowercase letters on a line indicate significant differences at p< 0.05.
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Treatments ET/mm ET intensity/mm umption modulus/% = Water stress coefficie

CK 87.3 + 053 2.91 £0.02a 27.01 - 0.68 + 0.004a
WDI1 86.85 + 1.14a 2.9 +0.04a 27.39 0.996 0.677 £ 0.009
WD2 81.02 + 1.67b 2.7 £ 0.06b 2691 0.928 0.631 £ 0.013b
WD3 76.60 £ 0.90¢ 2555+ 0.03c 2533 0.878 0.597 + 0.007¢

70.58 + 235 £ 0.03d 2495 0.809 0550 =

200 Wit 090d 0007d
WD5 86.36 £ 0.73a 2.88 +0.02a 29.52 - 0.673 £ 0.006a
WD6 8625 + 1.12a 2.88 £ 0.04a 30.75 - 0.672 £ 0.009
WD7 86.82 £ 0.18a 2.89 +0.01a 27.09 - 0.677 £ 0.001a
WD8 87.21 £ 0.90a 2.91 +0.03a 2742 - 0.68 + 0.007a
CK 90.29 £ 1.2a 3.01 +0.04a 27.00 - 0771 £ 0.01a
WD1 89.16 £ 091a 2.97 £0.03a 27.15 0.987 0.761 + 0.008a
WD2 82.73 £ 1.17b 276 +0.04b 2674 0916 0.706 = 0.010b
WD3 78.49 £ 0.86¢ 262 +0.03c 2536 0.869 0.670 + 0.007c

.26 £ 5 X .. . X -

_— WD 73-:;1 2.44 £ 0.02d 2523 0811 12)'13)2054d
WD5 88.97 £ 131a 2.97 +0.04a 29.51 - 0.759 £ 0.011a
WD6 88.68 £ 1.35a 2.96 + 0.05a 30.50 - 0.757 £ 0.012a
WD7 88.9 + 0.67a 2.96 +0.02a 2698 - 0.759 £ 0.006a
WD8 89.79 £ 039 2.99 +0.01a 27.32 - 0.766 = 0.003a

‘The values shown are the mean + SD, n = 3. Different lowercase letters on a line indicate significant differences at p< 0.05.
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Treatments ET/mm ET intensity/mm umption modulus/% = Water stress coefficie

CK 2227 % 039% 4.45 £ 0.08a 6.89 - 1.154 £ 0.02a
WDI1 22,06 £ 031a 441 £ 0.06a 6.96 0.990 1.143 £ 0.016a
WD2 20.74 + 0.34b 4.15 + 0.07b 6.89 0.932 1.075 + 0.018b
WD3 19.74 % 0.13¢ 395 +0.03c 653 0.886 1.023 + 0.007c

1833 + 3.67 £ 0.11d 648 0.823 0.950 =

20 WD 057d 0.029d
WD5 2254 £ 0.41a 4.51 +0.08a 7.71 - 1.168 £ 0.021a
WD6 2234 %0282 4.47 £ 0.06a 797 - 1.158 £ 0.015a
7 WD7 22,08 £ 0.2a 442 £ 0042 6.89 - 1.144 £ 0011a
WD8 2221 %032a 4.44 £ 0.06a 6.98 - 1.151 £ 0.017a
CK 2341 £ 0.28a 4.68 + 0.06a 7.00 - 1.006 = 0.012a
WD1 2327 £037a 4.65 £ 0.07a 7.09 0.994 1.000 + 0.016a
wD2 21.66 + 0.1b 4.33 £0.02b 7.00 0.925 0.931 £ 0.004b
WD3 20.56 £ 0.12¢ 411 £0.02¢ 6.64 0.878 0.883 + 0.005¢

.18 £ . X X . . -

_— WD 1;31:13d 3.84 = 0.06d 6.61 0.819 ?}12143‘1
WD5 23.16 £ 0.03a 4.63 £ 0.01a 7.68 - 0.995 = 0.001a
WD6 2335 £ 0.52a 4.67 +0.1a 8.03 - 1.003 £ 0.022a
WD7 23.08 + 0.48a 4.62 £ 0.1a 7.00 - 0.991 £ 0.021a
WD8 2325 £ 029 4.65 + 0.06a 7.07 - 0.999 £ 0.012a

‘The values shown are the mean + SD, n = 3. Different lowercase letters on a line indicate significant differences at p< 0.05.
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2020

2021

Growth stage

SS 86.75 34.61 121.36 4.33
Vs 98.39 29.94 128.32 4.28
FS 15.46 3.84 19.30 3.86
ES 78.77 22,03 100.80 4.20
MS 33.90 10.71 44.62 4.06
The entire growing season 313.26 101.13 414.39 4.15
$S 79.85 33.34 113.19 435
Vs 94.96 2221 117.17 391
FS 18.80 4.48 2327 4.65
ES 86.50 21.60 108.10 4.70
MS 38.59 10.03 48.62 4.05
The entire growing season 31870 91.65 410.36 4.33





