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Editorial on the Research Topic 


Adaptation of plants to waterlogging and hypoxia


Climate change and erratic shifts in weather patterns have become a major issue for global agricultural productivity (Ahmad et al., 2022). For instance, frequent events of extreme weather such as floods and subsequent waterlogging can significantly inhibit the growth and productivity of crops by disrupting oxygen (O2) availability to roots. Plant species respond variably to soil waterlogging and hypoxia. While some species may adapt to O2-deficient conditions through physiological, biochemical, and molecular modifications, most crops experience substantial growth and yield reductions. In recent years, there has been a significant interest in exploring diverse aspects of plant adaptation to waterlogging and hypoxia. This Research Topic is a collection of coherent research studies that used novel and multidisciplinary approaches to characterize the plant response to waterlogging and hypoxia. A total of 25 papers were submitted of which 14 (2 reviews, and 12 original research studies) were accepted for publication following. These articles cover three main areas: (i) morpho-physiological responses of plants across different developmental phases, (ii) molecular pathways associated with regulation of low oxygen response, and (iii) management technologies for improving crop performance under waterlogged conditions (Figure 1).




Figure 1 | An overview of the main findings of the 14 published papers of the Special Research Topic “Adaptation of plants to waterlogging and hypoxia” addressing: (i) morpho-physiological responses of plants across different developmental phases, (ii) molecular pathways associated with regulation of low oxygen response, and (iii) management technologies and adaptive strategies for improving crop performance under waterlogged conditions.



This editorial aims to highlight key advances in the understanding of plant responses to waterlogging and hypoxia, as well as potential strategies for improving crop resilience. Physiological mechanisms governing plant responses to waterlogging have been investigated across varying developmental phases of crops, unraveling the complex regulatory processes associated with growth and yield stability under stressed environments. For example, Olorunwa et al. observed significant inhibition in carbon assimilation in cucumber cultivars exposed to 10-d waterlogging during the early vegetative phase. Similarly, Sharma et al. linked growth inhibition in peanut (Arachis hypogea L.) variety DH-86 with impaired photosynthetic pigments, antioxidative enzymes, and chlorophyll fluorescence under waterlogging. Earlier studies also linked poor photosynthesis performance with waterlogging sensitivity in crops such as cotton (Najeeb et al., 2015), and common and durum wheat (Cotrozzi et al., 2021; Ma et al., 2021). Ma et al. quantified the impact of varying waterlogging durations (3, 6 and 9 days) on wheat crops and linked grain yield loss with poor carbon assimilation. Genotypic variations in sustaining photosynthesis and growth under waterlogging (Olorunwa et al.) suggested that developing cultivars with superior PSII photochemistry could improve waterlogging tolerance in crops. Current atmospheric carbon dioxide (CO2) levels (in 2024) are off track with the trajectory needed to meet the 1.5°C goal. Elevated CO2 levels drive an increase in plant photosynthesis, which may contribute to sustaining photosynthesis under waterlogged conditions as suggested by Najeeb et al. (2017). However, the crops may experience yield losses due to the negative effects of CO2 on other physiological processes. The findings emphasize the need for management strategies, including planting time, fertilization, and genotype selection, to mitigate the impact of waterlogging during critical growth phases.

Submergence during germination or just after seeding impacts aerobic metabolisms and limits the growth of most crops. El-Hendawy et al. (2011) suggested that rice genotypes could achieve waterlogging tolerance through rapid water absorption and germination because the coleoptile acted as a snorkel to acquire atmospheric O2 to initiate the first leaf elongation and seminal root emergence. Shiono et al. obtained direct evidence for this hypothesis by visualizing the spatiotemporal O2 dynamics during submerged germination in rice using a planar O2 optode system. Furthermore, using a diverse pool of 200 genotypes primarily landraces and breeding lines, Mwakyusa et al. identified genotypes, which can be used for breeding flooding tolerance rice cultivars. High soil moisture not only herbaceous crops but also trees. Ran et al. analyzed leaf pigment content, root architecture, and respiratory characteristics of three coniferous species and found that species with a higher root proportion in a 40–60 cm soil layer experienced more severe anoxia.

The Research Topic explored the role of endogenous hormones and molecular pathways in understanding the genetic basis of stress tolerance. Chen et al. investigated the molecular responses of Styrax tonkinensis under waterlogging stress, focusing on endogenous hormones and phyto-hormone-related pathways. Similarly, the role of exogenous calcium in modulating cucumber response to hypoxia was explored through transcriptome and small RNA analysis (He et al.). The identification of differentially expressed genes related to hormone signaling pathways and antioxidant properties opens avenues for understanding the regulatory mechanisms behind calcium-induced hypoxic stress alleviation.

The impact of climate change on agricultural productivity, especially in food-insecure regions, has prompted research into adaptive strategies. A case study projected 17.2% and 14.1% grain yield losses in rice and wheat crops, respectively, under a changing climate scenario in Pakistan for mid-century (2040–2069) (Habib-ur-Rahman et al.). Moreover, Xu et al. explored the effects of soil temperature and the timing of the waterlogging events on wheat, using two models (i.e., SWAGMAN Destiny and CERES) simulating soil aeration index, a variable used to compute three waterlogging indices. Thus, adoption strategies such as altering sowing times, crop rotation, agroforestry, climate-resilient cultivars, and smart technologies are needed to mitigate the negative effects of climate change.

Hassan et al. reviewed the potential of melatonin for improving plant performance under various abiotic stresses, including those induced by climate change. They suggested melatonin application offers a great potential to protect plants from waterlogging injury through modulating plant physiological mechanisms. Similarly, Ambros et al. studied the transcriptional response of rapeseed cultivars to root zone hypoxia. They found that induction of genes associated with carbohydrate metabolism under short-term (4 and 24 h) hypoxia assisted plants in sustaining carbohydrate status in roots. In addition to management strategies, breeding advancements in genomics have facilitated comprehensive screening for waterlogging tolerance. Genome-wide association studies to identify candidate genes associated with adaptive traits in mung beans revealed five significant associations with five phenotypic traits indicating improved tolerance (Kyu et al.). Similarly, genome-wide analyses on the aldehyde dehydrogenases (ALDH) gene superfamily in the model plant Arabidopsis thaliana L. by Guan et al. revealed that 16 AtALDH genes are organized into ten families and distributed irregularly across 5 chromosomes in Arabidopsis. These results suggest the integration of molecular approaches, such as marker assisted selection, as promises to accelerate the breeding of climate-resilient crop varieties.

Beyond theoretical insights, the above-described studies bridge the gap between research and practical applications. From evaluating adaptive traits to proposing management strategies, these works contribute valuable knowledge that can be translated into on-the-ground solutions for farmers facing waterlogging challenges. This special topic presents diverse and innovative approaches to mechanistic understanding of adaptation of plants to soil waterlogging and hypoxia (Figure 1). These include but are not limited to breeding waterlogging tolerant genotypes and targeting traits such as improved root architecture and modified photosynthetic capability. Similarly, with the introduction of high-throughput phenotyping protocols in crop breeding programs, the identification of genotypes carrying traits linked to waterlogging tolerance can be accelerated. In addition, genetic engineering initiatives aimed at enhancing waterlogging tolerance through molecular analysis, such as transcriptome and proteomic analysis, can identify important genes and pathways involved in low oxygen response.
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Waterlogging is one major stress for crops and causes multiple problems for plants, for example low gas diffusion, changes in redox potential and accumulation of toxic metabolites. Brassica napus is an important oil crop with high waterlogging sensitivity, which may cause severe yield losses. Its reactions to the stress are not fully understood. In this work the transcriptional response of rapeseed to one aspect of waterlogging, hypoxia in the root zone, was analyzed by RNAseq, including two rapeseed cultivars from different origin, Avatar from Europe and Zhongshuang 9 from Asia. Both cultivars showed a high number of differentially expressed genes in roots after 4 and 24 h of hypoxia. The response included many well-known hypoxia-induced genes such as genes coding for glycolytic and fermentative enzymes, and strongly resembled the hypoxia response of the model organism Arabidopsis thaliana. The carbohydrate status of roots, however, was minimally affected by root hypoxia, with a tendency of carbohydrate accumulation rather than a carbon starvation. Leaves did not respond to the root stress after a 24-h treatment. In agreement with the gene expression data, subsequent experiments with soil waterlogging for up to 14 days revealed no differences in response or tolerance to waterlogging between the two genotypes used in this study. Interestingly, using a 0.1% starch solution for waterlogging, which caused a lowered soil redox potential, resulted in much stronger effects of the stress treatment than using pure water suggesting a new screening method for rapeseed cultivars in future experiments.

Keywords: Brassica napus, waterlogging, root-zone hypoxia, fermentation, RNA sequencing


INTRODUCTION

Many crop plants are very sensitive to flooding periods which may occur after heavy rainfall, rising sea water, or during fast snow melting in spring. Besides other effects, flooding severely restricts gas diffusion into and out of the plant tissues that are under water, leading to deficiency in oxygen and carbon dioxide. The increased frequency of extreme weather events due to climate change affects certain regions around the world, and these regions at risk might expand in the future even more (e.g., Kundzewicz et al., 2014; Trenberth et al., 2014; Pekel et al., 2016; Blöschl et al., 2019). Flooding events can be differentiated into two types that require different adaptations of plants, namely full submergence and root waterlogging (Sasidharan et al., 2017).

Waterlogging is considered as the lesser problematic stress type. Many plants have developed adaptational mechanisms to cope with this type of stress, resulting in an avoidance or a tolerance strategy. One very important response to waterlogging is the formation of aerenchyma tissue within leaves, stems and roots, thus avoiding oxygen deficiency within plant organs that are under water (summarized in Voesenek and Bailey-Serres, 2015; Mustroph et al., 2018; Yamauchi et al., 2018). Other mechanisms such as a barrier against radial oxygen loss in underwater organs and the formation of adventitious roots with high porosity also help to maintain a sufficient oxygen content within plant tissues.

Besides these avoidance mechanisms, there are also acclimation responses that enable tolerance to low oxygen concentrations within plant tissues at least for some time (summarized in Bailey-Serres et al., 2012; Voesenek and Bailey-Serres, 2015; Mustroph et al., 2018). These mainly include biochemical modifications such as induction of glycolysis and fermentation in order to maintain energy production through periods with limited mitochondrial respiration. These responses also include specific enzymes or isoforms of starch and sucrose cleavage and glycolytic by-passes (summarized in Huang et al., 2008; Mustroph et al., 2014, 2018; Atwell et al., 2015). Furthermore, growth and biosynthetic processes are strongly down-regulated under low-oxygen stress, including ribosomal activity on non-essential transcripts, since translation is an energy-consuming process (Branco-Price et al., 2008; Mustroph et al., 2009).

However, most crop species cannot tolerate longer periods of waterlogging since they only possess a limited acclimation potential. Brassica napus is an important oil crop plant and it is also used for animal feed. However, this plant species is very sensitive to soil flooding and waterlogging, since it is not able to form aerenchyma in the roots and exhibits a high radial oxygen loss under water (Voesenek et al., 1999). Still, rapeseed is often used as a rotation crop on rice fields in Asia (Zou et al., 2013a; Lee et al., 2014), and therefore is often subjected to flooding conditions. Despite the importance and sensitivity of this crop, little is known about its molecular response to flooding conditions such as waterlogging and submergence. Such information could be vital to develop cultivars with enhanced flooding tolerance.

Indeed, several approaches have been used to identify rapeseed cultivars with higher waterlogging tolerance within the last years, mainly focusing on Asian cultivars (e.g., Zou et al., 2013b,2014; summarized in Mustroph, 2018). However, the molecular bases for these tolerance traits are still not known, despite efforts to study the response of different cultivars at the level of transcriptome (Zou et al., 2013a,2015) and proteome (Xu et al., 2018). Mapping processes of these cultivars with contrasting responses are ongoing, with no clear results so far (Ding et al., 2020). There could be several reasons for it. For example, the molecular analyses were performed at specific developmental stages or with a stress duration that did not reveal differences between the cultivars. The other possibility would be that little genetic differences in waterlogging tolerance exist between genotypes studied so far, despite interesting observations in the field. We therefore raised the following hypothesis: if differences in waterlogging tolerance between contrasting rapeseed cultivars exist, those should emerge through a comparison of an Asian cultivar with observed waterlogging tolerance, Zhongshuang 9 (Zou et al., 2013b,2014), and a European cultivar not bred for flooding tolerance.

There is evidence that Brassica napus roots can respond to waterlogging and the associated hypoxia at the transcriptional level, for example by induction of genes coding for fermentative enzymes (Zou et al., 2013a,2015), while leaves above air responded in a different way (Lee et al., 2014). On the other hand, avoidance mechanisms such as the formation of aerenchyma are not present in this species (Voesenek et al., 1999; Ploschuk et al., 2018). However, the existing transcriptome analyses were performed without the full genome information on Brassica napus, which was only published later (Chalhoub et al., 2014). It is therefore not known whether all or only a few gene copies for one gene function of the tetraploid species are hypoxia responsive. We hypothesize that most or all gene copies of a hypoxia-induced gene in the rapeseed genome are responsive to the stress treatment, which would require modification of not only one but multiple target genes by breeders.

The aim of our work was to (1) compare the transcriptional responses of two different Brassica napus cultivars to one aspect of waterlogging, hypoxic conditions in the root zone, including the analysis of roots and leaves at two different time points and (2) to evaluate with different growth conditions whether a difference in waterlogging tolerance exists between the two cultivars. In our previous analysis utilizing the same two cultivars (Wittig et al., 2021), we could not identify significant differences in submergence tolerance, but a strong transcriptional response to submergence in leaves of both genotypes. Here, we also identified a large number of transcripts induced by hypoxia in roots, which were mainly similar between the cultivars and also similar to the transcriptional response of Arabidopsis thaliana to hypoxia (Mustroph et al., 2009, 2010; Lee and Bailey-Serres, 2019). However, the response of hypoxic roots was very different from submerged rapeseed leaves. In addition, and in accordance with our analysis under submergence, we could not identify differences in waterlogging tolerance between the two cultivars, despite the application of several growth conditions and stress treatment methods.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Seeds of two rapeseed cultivars were used, the hybrid winter cultivar Avatar (Wollmer et al., 2018; Wittig et al., 2021) as well as the semi-winter cultivar Zhongshuang 9 (Zou et al., 2013a; Wittig et al., 2021).

For the experiments with plants in hydroponics, dry seeds were sterilized in a chlorine gas atmosphere for 45 min. After removal of the gas, the sterilized seeds were germinated in small tubes containing 1:10 Hoagland solution (0.28 mM Ca(NO3)2, 0.1 mM (NH4)H2PO4, 0.2 mM MgSO4, 0.6 mM KNO3, 5 μM of a complex of Fe(III) and N,N′-di-(2-hydroxybenzoyl)-ethylenediamine-N,N′-diacetate (ABCR, Karlsruhe, Germany), pH 5.7). Plants were grown in a short-day chamber (8 h illumination with ca. 100 μmol photons * m–2 * s–1) at 23°C. After 4 days, the tubes were transferred into large buckets (4.5 l of volume) by use of a perforated plate. The buckets were filled with KNOP nutrient solution (Mustroph et al., 2006), which was continuously bubbled with air. The nutrient solution was replaced twice a week. When plants were 15 days old, the stress treatment was applied to half of the plants by bubbling the nutrient solution with nitrogen gas for the time indicated. The shoot tissues remained in air.

For the experiments with plants on soil, seeds were pre-germinated in the dark at 30°C for 24 h on moist filter paper. Subsequently, germinating seeds were transferred into pots (5.3 × 5.3 cm) filled with a soil-sand mixture. The soil used was standard potting soil type GS90 coarse: potting soil (Ökohum GmbH): vermiculite in a ratio of 3:3:1. The potting soil was mixed with sand in a ratio of 3:1. Plants were grown in a short-day chamber (8 h illumination with ca. 100 μmol photons * m–2 * s–1) at 23°C. 15-day-old plants were used for the experiments. For stress treatment of soil-grown plants, two waterlogging variants were used. In a first set, pots were placed in a box, which was subsequently filled with tap water up to the soil surface. In a second set, one portion of the pots were placed into boxes and filled with a 0.1% starch solution in deionized water (Mano and Takeda, 2012; Miricescu et al., 2021), while another portion of the pots were waterlogged with deionized water only. Control pots were watered regularly as needed. Both treatments lasted for two weeks. The number of plants per replicate is specified in the respective figure part.



RNA Extraction, RNA Sequencing and Bioinformatics

For transcriptome analyses, root and leaf tissue from plants grown in hydroponics were used. Plants were stressed with 4 and 24 h of nitrogen flushing of the medium in the root zone. Subsequently, the entire root system and the first true leaf was harvested together with air-gassed controls and immediately frozen in liquid nitrogen. The frozen tissue was ground in liquid nitrogen. RNA extraction, quality control, processing of the RNA for sequencing, and the subsequent bioinformatics analyses were carried out exactly as previously described (Wittig et al., 2021). Briefly, RNA was extracted by use of the ISOLATE II RNA plant kit (Bioline, Luckenwalde, Germany). After quality controls through gel electrophoresis and fluorimeter measurements, RNA was further processed by Eurofins Genomics Europe Shared Services GmbH (Ebersberg, Germany). Sequencing was done with the 150 bp paired-end mode on the Illumina HiSeq 4000 platform.

Three replicates per time point and genotype were done, resulting in a total of 36 libraries, with 30 Mio to 50 Mio reads per library (Supplementary Table 1). Transcript quantification was done by use of the Kallisto software (Bray et al., 2016). About 76 to 80% of the reads from the cultivar Avatar aligned to the reference genome of Darmor (Chalhoub et al., 2014). Reads from the cultivar Zhongshuang 9 had a mapping rate of 67 to 75% (Supplementary Table 1). Mapping rates for leaves were generally higher than for roots and were similar to the mapping rates in our previous study (Wittig et al., 2021). DEG analysis was carried out with the edgeR and limma Bioconductor packages in R (McCarthy et al., 2012) as previously described (Müller et al., 2021). RNA sequencing raw and processed data have been deposited at the Gene Expression Omnibus database under the accession GSE180262.



Enzyme Extraction and ADH Activity

Frozen root material from plants grown in hydroponics was ground to a fine powder. Enzymes were extracted in 50 mM Hepes-KOH, pH 6.8 containing 5 mM Mg acetate, 5 mM β-mercaptoethanol, 15% (v/v) glycerin, 1 mM EDTA, 1 mM EGTA, and 0.1 mM Pefabloc proteinase inhibitor (Sigma-Aldrich, Germany). The samples were then centrifuged at 13,000 g at 4°C for 15 min. The resulting supernatant was used for spectrophotometric determination of ADH activity at 340 nm (SPECORD 200 PLUS, Analytic Jena, Germany). The ADH activity was measured in 50 mM TES buffer, pH 7.5 including 0.17 mM NADH (Waters et al., 1991). The reaction was started by adding 10 mM acetaldehyde. The protein content as determined by the Bradford reagent and by use of a BSA standard curve (Bradford, 1976). The number of biological replicates is specified in the respective figure part.



Carbohydrate Extraction and Measurement of Sugar Content

One leaf of each plant (from hydroponics or soil-grown plants) was frozen in liquid nitrogen and the fresh weight of the samples was determined. The frozen plant samples were ground to a fine powder. To extract soluble sugars, 1 ml of 0.83 N perchloric acid was added, mixed well, and then stored on ice until all samples were processed. The samples were then centrifuged for 15 min at 13,000 g and 4°C, and the supernatant was transferred to a new 1.5 ml Eppendorf reaction tube. The pellet was overlaid with 600 μl of 80% ethanol for subsequent starch extraction and temporarily stored at 4°C. The supernatant was mixed with 200 μl of 1 M Bicine and quickly neutralized with 100 μl of 4 M KOH. The samples were then centrifuged for 10 min at 13,200 rpm and 4°C and the supernatant was transferred to a new reaction tube. The supernatant was either frozen at −20°C or used directly for the measurement of the sugar content.

For starch extraction, the pellet from sugar extraction was mixed with 600 μl of 80% ethanol and centrifuged at 13,000 g and 4°C for 5 min. The supernatant was then removed, and the procedure was repeated once. After removal of the ethanol, 400 μl of 0.2 M KOH was added to the pellet and the samples were homogenized. This was placed on a heating block at 95°C for 1 h. After incubation, the samples were centrifuged for 5 min at 10,000 rpm and 4°C, and the supernatant was transferred to a new 1.5 ml reaction tube. The supernatant was neutralized with 80 μl of 1 N acetic acid. From the extract, 50 μl was then mixed with 100 μl amyloglucosidase (2 mg/ml enzyme in 50 mM sodium acetate pH 5.0) and incubated overnight at 55°C on the heating block.

Both sugar and starch content were measured spectrophotometrically (SPECORD 200 PLUS, Analytic Jena, Germany). For this, 780 μl of 0.1 M imidazole buffer containing 1 mM ATP and 2 mM NAD in a semi-micro cuvette was mixed with 20 μl of each sample and 1 u glucose-6-phosphate dehydrogenase was added. Then, the measurement was started at a wavelength of 340 nm. For both the sugar and the starch measurement 0.5 u of hexokinase in 5 μl of imidazole buffer was added after 10 min to measure glucose. Starch measurement was stopped 20 min after addition of the enzyme. For soluble sugars, 0.2 u phosphoglucose isomerase in 5 μl buffer was pipetted to the samples after a plateau was reached, to measure fructose. After constant values had again been established, 60 u invertase in 5 μl buffer was added and mixed well to determine the sucrose content. The number of biological replicates is specified in the respective figure part.



Chlorophyll Fluorescence and Chlorophyll Content

To determine the chlorophyll fluorescence, the quantum yield of photosystem II of the plants grown on soil was measured under constant conditions using a Junior-PAM (Walz, Effeltrich, Germany). This PAM measurement (pulse-amplitude-modulated fluorescence measurement) was performed using a saturating pulse method (SAT pulses). A large adult light-adapted leaf of each plant was clamped between two magnets and irradiated for 10 seconds with ambient light of about 100 μmol photons * m–2 * s–1, and subsequently a saturation pulse was applied. The ΦPSII value was calculated and used for further evaluation.

Determination of chlorophyll content in an invasive way was done as follows. Extraction of chlorophyll was performed according to the protocol of Park et al. (2018). In this process, 1.4 ml of 80% aqueous acetone was added to frozen and ground leaf samples and mixed well. Then, the samples were stored overnight at 4°C. The next day, the leaf samples were centrifuged at 13,000 g for 5 min at 4°C and the supernatant was pipetted into a new tube. For measurement of chlorophyll content, the supernatant was diluted 1:10 with acetone in a semi-micro cuvette and absorbance was measured at 645 nm and 663 nm. Chlorophyll content was calculated by use of the formula developed by Arnon (1949).

Determination of chlorophyll content in a non-invasive way was done by use of the chlorophyll concentration meter MC-100 (Apogee Instruments, Logan, United States) using the settings for kohlrabi.



Chemical Parameters of the Waterlogging Solution

Oxygen content, oxidation-reduction potential (ORP), pH and conductivity of the waterlogging solution of soil-grown plants was determined by use of the multimeter PCE-PHD 1 (PCE instruments, Meschede, Germany) and the following electrodes: OXPB-11, ORP-14, PE-03, CDPB-03. Measurements were done about 2 to 3 h after start of illumination. The temperature of the waterlogging solution ranged between 19 and 23°C at the time of the measurements.




RESULTS


Transcriptome Analysis Under Root Hypoxia

Waterlogging is a complex stress in nature, including limited gas diffusion, microbial activities, changes in redox chemistry and accumulation of toxic metabolites. In a simplified approach we initially focused on the low-oxygen component of waterlogging and therefore performed an RNAseq analysis of plants in hydroponics with their roots exposed to nitrogen gassing causing hypoxia (Supplementary Table 1). This experimental set-up also allowed for controlled aeration of the root system and allowed a direct comparison to the hypoxia response of the model species Arabidopsis thaliana (Mustroph et al., 2009).

Treating plant roots with hypoxia caused a strong transcriptional response in roots of both genotypes. After 4 h, 5,736 and 3,948 transcripts were significantly up-regulated compared to air-treated controls (log2FC > 1, FDR < 0.01) in Avatar and Zhongshuang 9, respectively, with an overlap of 3,145 transcripts (Figure 1 and Supplementary Table 2, columns R to AD). After 24 h, 2,550 and 3,061 transcripts were induced, with an overlap of 1,729 transcripts. The overlap between 4 h and 24 h was 1,897 and 1,844 transcripts for Avatar and Zhongshuang 9, respectively (Supplementary Figure 1). The number of down-regulated genes in roots was even higher. 8,983 and 7,010 transcripts were down-regulated after 4 h, and 4,415 and 5,619 transcripts were down-regulated after 24 h in Avatar and Zhongshuang 9, respectively. Again, there was a high similarity between the time points with 2,952 and 3,237 transcripts commonly downregulated in Avatar and Zhongshuang 9, respectively (Supplementary Figure 1). The response of the leaves to hypoxia in the root zone was only analyzed after 24 h and was much lower, with 341 and 112 transcripts significantly induced in Avatar and Zhongshuang 9, with an overlap of only 12 transcripts. 564 and 418 transcripts were significantly down-regulated in leaves, with an overlap of 88 transcripts (Figure 1 and Supplementary Table 2, columns R to AD).
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FIGURE 1. Venn diagrams showing overlaps of induced (A,C,E) or repressed (B,D,F) genes between two Brassica napus cultivars (Avatar, Zhongshuang 9) in hydroponics after 4 and 24 h of root hypoxia, compared with aerated controls. (A,B) Roots were treated with 4 h of hypoxia; (C,D) Roots were treated with 24 h of hypoxia; (E,F) Leaves of plants treated with root hypoxia for 24 h.




Roots Induce a Typical and Strong Hypoxia Response

A functional gene ontology (GO) analysis of the transcripts of roots responding to nitrogen-gassing revealed many GO categories to be significantly enriched (Supplementary Table 3). After 4 h, many categories involved in stress response were enriched, for example “response to chitin,” “heat acclimation,” “respiratory burst involved in defense response,” and “intracellular signal transduction”. Furthermore, hormonal responses were induced, such as “response to ethylene,” “response to jasmonic acid,” and “salicylic acid mediated signaling pathway.” The hypoxia-related terms “response to hypoxia” and “anaerobic respiration” were enriched, and this enrichment was even higher after 24 h. Comparison of genotypes revealed a very similar response, but surprisingly, a few chloroplast-related GOs were enriched only in Avatar roots after 4 h (Supplementary Table 3).

In general, the response in roots after 24 h was very similar to the response after 4 h, but fewer genes remained induced (Supplementary Figure 1). The functional categories “jasmonic acid biosynthetic process,” “response to water deprivation,” and “endoplasmic reticulum unfolded protein response” were less enriched after 24 than after 4 h (Supplementary Table 3).

Among down-regulated genes after 4 h, we observed the functional categories “extracellular region,” “anchored component of membrane,” “cell proliferation,” “histone H3-K9 methylation,” “plant-type cell wall,” and categories associated with DNA replication. DNA replication was still enriched in Zhongshuang 9 after 24 h, but much less affected in Avatar after 24 h. In contrast, some categories, for example “trichoblast differentiation”, were more enriched in Avatar after 4 and 24 h than in the other genotype. Furthermore, “Casparian strip” was more enriched after 24 than 4 h in both genotypes. Among enriched GO terms of down-regulated genes, many were associated with biosynthetic processes (Supplementary Table 3).

The enrichment of hypoxia-related categories in this dataset let us to compare the rapeseed hypoxia response to the previously defined hypoxia core response genes (HRGs) of Arabidopsis (Mustroph et al., 2009). Indeed, of the 49 HRGs from Arabidopsis (Figure 2), which correspond to 161 expressed transcripts in rapeseed (Supplementary Figure 2), 118 to 127 transcripts responded to hypoxia in roots after 4 and 24 h, and therefore showed a highly significant enrichment (Supplementary Table 2, column Q; Supplementary Table 4). In many cases, most or all isogenes of one HRG in Arabidopsis responded in a similar manner to the stress in rapeseed, but with some exceptions, for example ACT DOMAIN REPEAT 7 (ACR7), ALANINE AMINTRANSFERASE 1 (AlaAT1), FCS-LIKE ZINC FINGER PROTEINS with DUF581 (FLZ1, FLZ2 and FLZ13), AT4G39675 (hypothetical protein), PHLOEM PROTEIN 2-A FAMILY (PP2-A11 and PP2-A13), and RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD) (Supplementary Figure 2). Both genotypes responded in a very similar way, and only one HRG, AT5G10040, was induced by hypoxia in Avatar, but not in Zhongshuang 9 (Figure 2 and Supplementary Figure 2).
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FIGURE 2. Heatmap of hypoxia core-response genes (Mustroph et al., 2009) from the Brassica napus expression data. A summary of up to six rapeseed gene IDs for one Arabidopsis gene ID is shown. For expression of all rapeseed genes, please see Supplementary Figure 2. Values are signal-log ratios (SLR) of summed counts of root-zone hypoxia vs. aerated control. AV, Avatar; ZS, Zhongshuang 9. The color intensity reflects the SLR values (blue, –3; yellow, + 3). Crossed cells represent values that are not significant (FDR > 0.01).


Of the genes highly expressed in hypoxic rapeseed roots, several have a known function under hypoxia, for example primary metabolism and glycolysis (PYRUVATE DECARBOXYLASE, PDC1 and PDC3; ALCOHOL DEHYDROGENASE 1, ADH1; AlaAT1; SUCROSE SYNTHASE 1, SUS1; FRUCTOKINASE 2, FRK2; PHOSPHOFRUCTOKINASE, PFK3 and PFK6; FRUCTOSE-BISPHOSPHATE ALDOLASE 6, FBA6), or signal transduction (HYPOXIA-RESPONSIVE ERF, HRE1 and HRE2; HYPOXIA RESPONSE ATTENUATOR 1, HRA1; LOB DOMAIN CONTAINING PROTEIN 41, LBD41). A few HRGs were not induced by hypoxia in rapeseed, but in Arabidopsis (ATYPICAL CYS HIS RICH THIOREDOXIN, ACHT5; ABSCISIC ACID 8’-HYDROXYLASE, CYP707A3; FAR-RED-ELONGATED HYPOCOTYL1-LIKE PROTEIN, FHL, and a RING/U-box superfamily protein, AT5G42200).

Interestingly, there was also an overlap of hypoxia-down-regulated genes between Arabidopsis and rapeseed (Supplementary Table 2, column P; Supplementary Table 4), for example several genes coding for invertase/pectin methylesterase inhibitor superfamily proteins, nodulin MtN21/EamA-like transporter family proteins (UMAMIT12, UMAMIT17), as well as several genes coding for biosynthesis enzymes (e.g., 3-ketoacyl-CoA synthase 20, KCS20; cytochrome P450 family proteins CYP83B1, CYP82F1, CYP79B2; Galactose mutarotase-like superfamily protein).



Transcriptional Changes of Roots in Primary Metabolism, Plant Hormones and Starvation-Responses

The functional categorization by use of GO terms (Supplementary Table 3) suggested a transcriptional response of several pathways to root-zone hypoxia, including primary metabolism and hormone-associated pathways. This let us to have a deeper look into specific pathways. In primary metabolism, the expression of many genes coding for enzymes in glycolysis and fermentation were up-regulated, including hexokinase, phosphofructokinase and aldolase (Supplementary Table 5). For sucrolysis, sucrose-synthase-coding genes were induced, while invertase-like genes were reduced in their expression. Pyruvate dehydrogenase, TCA-cycle enzymes and enzymes for the pentose-phosphate cycle were not modified in expression or even down-regulated. Interestingly, some alternative enzymes were significantly induced in Avatar at the transcript level after 4 h of hypoxia, namely ISOCITRATE LYASE from the glyoxylate cycle, and PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK) from gluconeogenesis. Among genes coding for nitrogen metabolism, several aminotransferases were induced in both cultivars, for example isoforms for AlaAT1 and ASPARTATE AMINOTRANSFERASE 2 (AspAT2) (Supplementary Table 5).

Plant hormone biosynthesis and signaling were also among the enriched GO categories within the differentially expressed genes in roots under hypoxia (Supplementary Table 3). While auxin biosynthesis was not clearly modified, several polar auxin transporters were negatively affected after 4 h of hypoxia. Despite this, several members of the SAUR-like auxin-responsive protein family were differentially expressed, but with no clear trend (Supplementary Table 6). Cytokinin biosynthesis and signaling were in tendency negatively affected by root hypoxia (Supplementary Tables 3, 6), with the exception of the HPt factor gene HPT PHOSPHOTRANSMITTER 4 (AHP4), whose expression was strongly induced after 4 and 24 h of hypoxia. In gibberellin metabolism, some genes coding for enzymes involved in biosynthesis and degradation were differentially expressed, but the respective GO terms were not enriched. Signaling related to this group of plant hormones was not affected by hypoxia (Supplementary Tables 3, 6). Brassinosteroid biosynthesis, on the other hand, was negatively regulated by hypoxia.

Among the stress-related hormones, there was a strong enrichment of genes responding to either ethylene or abscisic acid (Supplementary Table 3). However, while neither abscisic acid biosynthesis nor degradation was strongly affected by the stress, genes coding for biosynthetic enzymes in ethylene production were induced upon hypoxia (1-AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2 and 1-AMINO-CYCLOPROPANE-1-CARBOXYLATE OXIDASE 1, Supplementary Table 6). Several genes coding for different steps of jasmonic acid biosynthesis and signal transduction were induced especially after 4 h of root hypoxia, and parts of the salicylic acid signal transduction were induced after 4 and 24 h of hypoxia (Supplementary Table 3).

Previously we have shown that submerged leaves of Brassica napus showed a strong starvation response (Wittig et al., 2021). We therefore compared the present dataset to the starvation-responsive genes of Arabidopsis (Usadel et al., 2008; Cookson et al., 2016). Indeed, there was an enrichment of starvation-induced genes (Supplementary Table 4), although less pronounced than under submergence, and affecting different genes. Among starvation-responsive genes in roots under hypoxia, the following transcripts were found: CHY-type/CTCHY-type/RING-type ZINC FINGER PROTEIN (AT5G22920), Eukaryotic aspartyl protease family protein (AT5G19120), GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 (ASN1), and MATERNAL EFFECT EMBRYO ARREST 14 (MEE14) (Supplementary Table 2, columns R to AD).



Biochemical Modifications in Response to Root-Zone Hypoxia

The transcriptional data suggest an induction of transcripts coding for fermentative enzymes (Supplementary Table 2, columns R to AD, Supplementary Table 3). In order to analyze whether these transcriptional changes translate into an enhanced activity of fermentative enzymes, we measured the activity of ADH after hypoxic treatment in the root zone. After 4 and 24 h we did not observe any significant increase in ADH activity (Supplementary Figure 3). However, after 3 days of stress, a strong and significant induction of ADH activity was observed in roots of both cultivars, Avatar and Zhongshuang 9, although no differences were detected between the genotypes (Figure 3). This indicates a strong hypoxia response also at the protein level, albeit with a delay in comparison to the transcriptional changes.
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FIGURE 3. ADH activity [nmol * mg prot–1 * min–1] in roots of two Brassica napus cultivars (Avatar, Zhongshuang 9) in hydroponics after 3 days of root hypoxia, compared with aerated controls. At time of harvest, plants were 18 days old. Data are means ± SD of 4 to 5 replicates. Different letters indicate significant differences (ANOVA and Tukey post hoc test, p < 0.05).


Several starvation-responsive genes were among the hypoxia-induced genes in roots after 4 and 24 h (Supplementary Table 2, columns M and N), but the enrichment was much lower (Supplementary Table 4) than in our previous study on complete submergence. Therefore, the carbohydrate content in roots and leaves was measured after both time points. Interestingly, leaf sugar content did not significantly differ between aeration and root hypoxia, and between genotypes (Figure 4A). There was a slightly lower level of carbohydrates at the 24-h-time point for stress and control samples, since these plants had only 2 h of light after the 16-h-night, while the plants from the 4-h-time point had 6 h of light.
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FIGURE 4. Content of carbohydrates [μmol * g FW–1] in leaves (A) and roots (B) of two Brassica napus cultivars (Avatar, Zhongshuang 9) in hydroponics after 4 and 24 h of root hypoxia, compared with aerated controls. At time of start of stress, plants were 15 days old. Data are means ± SD of 5 replicates. Different letters indicate significant differences for the sum of sugars (ANOVA and Tukey post hoc test, p < 0.05). n.s., ANOVA was not significant; *, significant compared with respective control (T-Test, p < 0.05).


In roots, carbohydrate levels, especially starch, were lower than in leaves under both control and stressed conditions (Figure 4B). In this case, a tendency of higher sugar contents after stress treatment was observed, which was only significant for sucrose. Again, there was no difference between the genotypes. Sugar starvation due to lower sugar content can therefore be excluded. However, the transcriptomic data still suggest a starvation response (Supplementary Table 2, columns M and N). This could be a hint that carbohydrates were not fully available for the plant cells and their metabolism. This assumed lower consumption rate could be an explanation for the observed slight rise in sugar levels in roots.



Comparison to Previous Rapeseed Transcriptome Analyses Under Flooding-Related Stress Treatments

Two datasets from roots of Brassica napus plants stressed with waterlogging for 12 h have been published already (Zou et al., 2013a,2015). In contrast to our study, the plants were grown in pots with sand and treated with waterlogging. Although this dataset is somewhat incomplete due to the missing reference genome at the time of publication, there is a good agreement with our dataset (Supplementary Figure 4 and Supplementary Table 2, columns AZ to BL). About 636 and 234 transcripts were hypoxia-responsive after 4 and 24 h in the present study and were also responsive to 6 and 12 h of waterlogging. The overlap with down-regulated genes was 222 and 89 transcripts for 4 and 24 h of hypoxia. The high number of genes only found in our dataset might be due to the different mapping basis, and probably not due to strong differences in expression (Supplementary Figure 4 compared with Supplementary Figure 5). Indeed, 45 and 42 HRG homologs were also induced by waterlogging of Zhongshuang 9 and GH01, respectively (Supplementary Table 2, column Q).

Another two rapeseed datasets have been obtained from about 2- to 3-day-old seedlings that were fully submerged for 12 or 6 h (Guo et al., 2020; Li et al., 2021), whose gene expression was based on the reference genome sequence Darmor (Chalhoub et al., 2014). Again, there was a good agreement of gene expression data in comparison with the expression data from roots from our dataset, despite of the different developmental stages and treatment conditions (Supplementary Table 2, columns BM to BT, Supplementary Table 7A). This similarity in gene expression was observed for up- and down-regulated genes and allowed for the definition of a Brassica napus hypoxic core response gene set (BnHRGs) containing 131 commonly up-regulated genes (Supplementary Table 7B) and 163 commonly down-regulated genes (Supplementary Table 7C).



The Leaf Response Is Less Pronounced If Only Roots Are Affected by Hypoxia

In leaves, only a small number of genes was induced by root hypoxia, with little overlap between the two cultivars (Figure 1). The most enriched GO terms for Avatar were “2-(2′-methylthio)ethylmalate synthase activity” and “response to insect”, while for Zhongshuang 9 the categories “cation transmembrane transporter activity” (including zinc and iron) and “cellular response to heat” were enriched. Among the down-regulated genes, there was more functional overlap, including the categories “RNA methylation” and further ribosome-related categories as well as “cell wall” (Supplementary Table 3).

In leaves, there was no induction of HRGs (Supplementary Figure 2 and Supplementary Table 4) and no enrichment of GO categories associated with hypoxia (Supplementary Table 3). This does not come as a surprise, since the leaves were still in an aerobic atmosphere and with ongoing photosynthesis. The overlap with the starvation response of Arabidopsis (Usadel et al., 2008; Cookson et al., 2016), as previously observed in submerged rapeseed leaves (Wittig et al., 2021), was much lower in this dataset (Supplementary Table 4). There was also no indication for a modification of primary metabolism or photosynthesis due to root hypoxia (Supplementary Table 5), with the exception of one gene, PAD4, coding for an ALANINE:GLYOXYLATE AMINOTRANSFERASE (Parthasarathy et al., 2019), which was induced in leaves of the cultivar Avatar. At the 24-h-time point, there was no clear evidence for a drought response in leaves as a consequence of root damages under the stress (Supplementary Table 3). Besides the enhanced expression of the cytokinin signaling component AHP4, no hormone-related transcripts were differentially expressed in leaves of plants with hypoxic roots (Supplementary Table 6).

When we compared the new data to our previous analysis under submergence (Wittig et al., 2021), there was hardly any overlap between submerged leaves and leaves from plants with hypoxic roots (Supplementary Figure 6). Interestingly, the stressed roots after 24 h shared more induced or reduced transcripts with submerged leaves than the leaves from the two experiments (Supplementary Figure 6).



Are There Differences in Gene Expression Between the Two Genotypes?

This analysis was done with two genotypes of Brassica napus, one European winter type (Avatar) and one Asian semi-winter type with a previously described high flooding tolerance (Zhongshuang 9, e.g., Zou et al., 2013b,2014). As mentioned above, the general response of roots to hypoxia was very similar between the two genotypes (Supplementary Table 2, columns R to AD, Supplementary Table 4 and Figure 1). There were only small differences at certain time points, and a statistical analysis using a complex comparison revealed no clear signatures (Supplementary Table 2, columns AR to AX). Also, the GO analysis of these complex comparisons did only show small differences, for example a stronger reduction of “xylosyltransferase activity” in Avatar (Supplementary Table 3). The observed differences might rather be due to differential expression of certain isoforms, while the overall transcript levels of a gene function were rather similar. Indeed, due to genome triplication and its tetraploid status (Nikolov and Tsiantis, 2017), rapeseed may contain up to 6 genes for a gene from Arabidopsis.

However, there were general differences in expression between both genotypes, independent of the stress treatment (Supplementary Table 2, columns AE to AQ, Supplementary Figure 7). These genotype-specific differences were similar to those observed before for submerged leaves (Wittig et al., 2021). In all root samples, about 2,900 transcripts were higher expressed in Avatar, while about 1,000 transcripts were higher in Zhongshuang 9. The difference in numbers might be partially caused by the difference in mapping rates between the two genotypes (Supplementary Table 1). A functional analysis classified the differentially expressed genes into certain categories, but there were only a few GOs enriched in our dataset (Supplementary Table 3). This suggests that gene copies, but not gene functions are differentially expressed between genotypes. Functional categories with higher expression levels in Avatar were enriched in ribosome function and translation, while in Zhongshuang 9 a few transport categories were enriched. Similar observations were made for leaves.



Is There a Difference in Waterlogging Tolerance Between Both Cultivars?

The transcriptional and biochemical analysis did not reveal obvious differences between the two rapeseed cultivars upon treatment with hypoxia in the root zone. We therefore asked whether differences exist in long-term response to hypoxia and waterlogging. First, we used the hydroponics system for a long-term gassing of plants with nitrogen in the root zone. After 7 days of treatment, plants were harvested, and fresh weight was determined (Figure 5). The treatment caused growth retardation of the plants, resulting in significantly lowered root and shoot fresh weights. Interestingly, there was also a slight decrease in the ratio of fresh weight to dry weight (Supplementary Figure 8A) indicating a slight drought due to root damages under prolonged root hypoxia. However, there were no differences between the two cultivars. Potentially, the treatment duration was too short, but the hydroponic system was not suitable for longer stress treatments. Furthermore, it might not perfectly mimic the situation in soil, or in agriculture.
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FIGURE 5. Fresh weight of shoots (A) and roots (B) of two Brassica napus cultivars (Avatar, Zhongshuang 9) in hydroponics after 7 days of root hypoxia, compared with aerated controls. At time of harvest, plants were 22 days old. Data are means ± SD of 4 experiments with 7-10 plants per experiment (n = 34 – 40). Different letters indicate significant differences (ANOVA and Tukey post hoc test, p < 0.05).


Therefore, a more natural system was used, rapeseed plants grown on soil. After 15 days of growth on normoxic soil, plants were treated with waterlogging in the root zone. This treatment was done for 14 days. To evaluate fitness at an early timepoint in a non-invasive manner, a chlorophyll fluorescence parameter, the effective quantum yield of PSII (ΦPSII), was determined. This value slightly increased after 6 days of waterlogging in both genotypes (Figure 6B). Overall, the ΦPSII values for Zhongshuang 9 were slightly smaller than the values for Avatar, but the trend between control and stress treatment was the same. After 14 days of stress, the differences in ΦPSII between control and stress were no longer significant. The fresh weight in this experimental set-up significantly decreased under waterlogging, as shown in the hydroponic system (Figure 6A), but the changes were not as severe as expected. Again, no differences between the genotypes were found.
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FIGURE 6. Performance of two Brassica napus cultivars (Avatar, Zhongshuang 9) on soil under waterlogging with tap water (“WL”) for up to 14 days. At time of harvest, plants were 29 days old. (A) Fresh weight of shoots after 14 days of stress treatment compared with controls. Data are means ± SD of 3 experiments with 10 plants per experiment (n = 30). (B) chlorophyll fluorescence (ΦPSII) after 6 and 14 days of stress treatment compared with controls. Data are means ± SD of 3 experiments with 10 plants per experiment (n = 30). (C) Content of carbohydrates [μmol * g FW–1] in leaves of after 14 days of stress. Data are means ± SD of 2 experiments with 6 plants per experiment (n = 12). (D) Chlorophyll content [mg * g FW–1] in leaves of after 14 days of stress. Data are means ± SD of 2 experiments with 8 plants per experiment (n = 16). Different letters indicate significant differences (ANOVA and Tukey post hoc test, p < 0.05). n.s., not significant.


Two additional parameters were analyzed in this system, in order to reveal any effect of the modified stress system on the plant carbohydrate and pigment system. As shown for the short-term hydroponics system (Figure 4), the carbohydrate content of leaves from plants under waterlogging in soil did not respond to the stress treatment, even after 14 days of stress (Figure 6C). The chlorophyll content showed a tendency to decrease after stress treatment, but no significant differences between the two genotypes were observed (Figure 6D). These results suggest that waterlogging on soil in a controlled growth chamber might not be as severe as natural waterlogging in agriculture.

In order to establish a more natural system, we came across a waterlogging system with a starch solution that may cause a lower soil redox potential for plants grown in pots in climate chambers, which was successfully used for barley (Mano and Takeda, 2012; Miricescu et al., 2021). Strikingly, the waterlogging with a 0.1% starch solution strongly enhanced the severity of the stress treatment in comparison to waterlogging in distilled water (Figure 7 and Supplementary Figure 9) or in tap water (Figure 6). Here, the fresh weight of aboveground organs of stressed plants was reduced to 30% of the control plants, while in distilled water it was only reduced to 90% (Figure 7A), and in tap water to about 70% (Figure 6A). There were also indications for a stronger drought stress when waterlogging was done in starch solution since the ratio of fresh weight to dry weight was severely reduced (Supplementary Figure 8B). The analysis of chlorophyll fluorescence (ΦPSII) showed little changes after 7 days of stress, but a significant decrease after 14 days of waterlogging in a starch solution (Figure 7C). For chlorophyll, estimated here with a non-invasive method, we did not observe clear differences after 14 days of stress (Figure 7D).
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FIGURE 7. Performance of two Brassica napus cultivars (Avatar, Zhongshuang 9) on soil under waterlogging with a 0.1% starch solution (“starch”) or with distilled water (“WL”) for up to 14 days. At time of harvest, plants were 29 days old. (A) Fresh weight of shoots after 14 days of stress treatment compared with controls. (B) Chlorophyll fluorescence (ΦPSII) after 7 and 14 days of stress treatment compared with controls. (C) Chlorophyll content [μmol * m–2] in leaves of after 7 and 14 days of stress. Data are means ± SD of 3 experiments with 6 plants per experiment (n = 18). Different letters indicate significant differences (ANOVA and Tukey post hoc test, p < 0.05).


In order to determine the causal reasons for these strong differences in plant growth, we also obtained chemical parameters of the waterlogging solutions in the two variants. While waterlogging with distilled water only resulted in mild decreases in oxygen content, starting at day 9, the oxygen content strongly decreased within the first 24 h of waterlogging in the starch solution, and remained at this low level for at least 10 days (Supplementary Figure 10A). Subsequently, the oxidation-reduction potential (ORP) decreased after 2 and 3 days of waterlogging with starch solution, but it remained relatively high in distilled water (Supplementary Figure 10B). The increase in both oxygen and ORP after 10 days of waterlogging might suggest a partial recovery of the system due to exhaustion of starch. The pH value temporarily decreased in the waterlogging treatment with starch (Supplementary Figure 10C), while the conductivity increased with time in both variants, with a slightly stronger increase in starch solution (Supplementary Figure 10D). The latter could be due to enhanced root death and subsequent release of ions into the solution.




DISCUSSION


Brassica napus Roots Strongly Respond to Hypoxia

The oil crop plant Brassica napus is described to be very sensitive to soil waterlogging (Zou et al., 2014). It is not able to form aerenchyma in its roots as part of an avoidance strategy (Voesenek et al., 1999; Ploschuk et al., 2018), and will therefore experience hypoxia inside root tissues under waterlogging. We were therefore interested in its transcriptional response to this aspect of waterlogging stress to estimate whether rapeseed was able to induce biochemical acclimations as part of the tolerance strategy. After 4 and 24 h of root hypoxia, a high number of genes was differentially expressed in both cultivars compared to aerated controls (Supplementary Table 2, columns R to AD and Figure 1). More transcripts were down-regulated than up-regulated.

The functional analysis of up-regulated genes revealed the induction of a strong hypoxia response, as indicated by the enrichment of hypoxia-associated GO terms (Supplementary Table 3). Furthermore, there was a significant overlap with hypoxia-induced genes in Arabidopsis in general as well as with the hypoxia core response genes (HRGs, Mustroph et al., 2009; Figure 2 and Supplementary Figure 2, Supplementary Table 4). Among the hypoxia-induced genes were transcripts coding for fermentative enzymes (ADH1, PDC1, PDC3), glycolytic enzymes (SUS1, FRK2, PFK3, PFK6, FBA6) as well as transcriptional regulators (HRE1, HRE2, HRA1, LBD41). Both plant species are rather sensitive to waterlogging stress, and it remains to be evaluated whether differences in tolerance exist between the two species.

Glycolysis and fermentation are important processes to maintain energy balance under hypoxia since mitochondrial respiration is strongly inhibited. Their induction is therefore an essential component of the tolerance to low-oxygen stress. As Arabidopsis, also rapeseed was able to induce the expression of the associated genes under root hypoxia (Supplementary Table 2, columns R to AD), which may also result in higher enzyme activities as shown here for the ADH activity during prolonged stress treatment (Figure 3), and therefore might hint at an acclimation response of rapeseed plants. Mutants with a defect in fermentative enzymes indeed showed a lower tolerance to flooding-related stresses, for example in rice (Saika et al., 2006; Takahashi et al., 2014), maize (Schwartz, 1969; Johnson et al., 1994) or Arabidopsis (Jacobs et al., 1988; Ismond et al., 2003). Interestingly, the proposed enhancement of glycolysis and fermentation does not cause a carbohydrate limitation in our system (Figure 4), most likely due to ongoing photosynthesis in the leaves.

In addition, many plant species induced enzymes with alternative energy requirements upon hypoxia treatment, mainly sucrose synthase, the pyrophosphate-dependent phosphofructokinases (PFP) as well as PPDK (Huang et al., 2008; Mustroph et al., 2014, 2018; Atwell et al., 2015). Interestingly and unlike Arabidopsis (Mustroph et al., 2009), rapeseed induced two genes coding for the PFP alpha subunit in hypoxic roots, and this induction was stronger after 4 than after 24 h. This might be a hint for an alternative energy usage in Brassica napus. Several transcripts coding for PPDK and SUS are also among the hypoxia-induced genes in rapeseed (Supplementary Table 2, columns R to AD, Supplementary Table 5).

Among transcriptional regulators, the function of LBD41 is still unclear, but it is commonly induced by hypoxia in many plant species (Mustroph et al., 2010; Gasch et al., 2016). HRE1 and HRE2 are members of the group VII ERFs, which are important regulators of the hypoxia-specific transcription (Gibbs et al., 2011; Licausi et al., 2011). Both proteins are probably not involved in the initial response to hypoxia (Gasch et al., 2016), but most likely in the later stages of hypoxia (Licausi et al., 2010). HRA1 has been described as a negative regulator of hypoxia-specific transcription (Giuntoli et al., 2014, 2017). The transcriptional regulation of the hypoxic response in rapeseed might therefore be very similar to Arabidopsis.

Among the genes with reduced expression under hypoxia there are many whose products are involved in biosynthetic processes such as sterol, xylan and suberin biosynthesis, and in growth-related GO terms such as DNA replication, cell wall and cell proliferation (Supplementary Table 3). This is not surprising since it has been previously suggested that the hypoxia acclimation strategy includes down-regulation of growth and biosynthesis in Arabidopsis (Branco-Price et al., 2008; Mustroph et al., 2009). In accordance, growth of rapeseed plants is reduced under root hypoxia (Figure 5). Moreover, the low-oxygen quiescence strategy is a response of certain rice cultivars that show enhanced survival under relatively deep floods (Xu et al., 2006; Fukao and Bailey-Serres, 2008). Therefore, growth reduction of rapeseed plants could be a positive acclimation strategy under waterlogging (this work) as well as under submergence (Wittig et al., 2021).

Whether the down-regulation of growth and biosynthesis is an active process in Brassica napus remains to be elucidated. However, the fast down-regulation of many growth-related genes might suggest a controlled response. It is unlikely that the growth regulation is caused by sugar starvation since there is no indication for a carbohydrate starvation in rapeseed plants under root-zone hypoxia, and sugar content is rather higher than lower under stress (Figure 4). This phenomenon has been previously observed in waterlogged plants of many species, for example in wheat and maize (e.g., Huang and Johnson, 1995; Mustroph and Albrecht, 2003; Albrecht et al., 2004), tomato (Gharbi et al., 2009), potato (Biemelt et al., 1999), and rapeseed (Leul and Zhou, 1999). It might either be explained by a higher transport rate from the shoot, a reduced growth rate of roots, a limited sugar usage capacity in root cells, or a controlled down-regulation of root metabolism (Geigenberger et al., 2000; Albrecht et al., 2004; Gharbi et al., 2009).

The underlying factors for the observed growth reduction, however, are not known yet. Hormones known to play a role under flooding-related stresses are abscisic acid (ABA) and gibberellic acid (GA) (summarized in Bailey-Serres et al., 2012; Voesenek and Bailey-Serres, 2015). The GA-sensing DELLA proteins, who are responsible for growth reduction in rice under submergence (Fukao and Bailey-Serres, 2008), are not modified in their expression in rapeseed (Supplementary Table 2, columns R to AD; Supplementary Table 6). However, a transcript coding for the GA degradation enzyme GIBBERELLIN 2-OXIDASE 3 (GA2OX3, Rieu et al., 2008) is strongly induced in hypoxic rapeseed roots (BnaA05g09290D), which might play a role in reduction of growth in this species, while its homolog GA2OX2 is seldomly induced by hypoxia in Arabidopsis (Mustroph et al., 2010). An involvement of the stress hormone ABA in growth reduction is also possible since several genes coding for the biosynthesis enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) are reduced in their expression (Supplementary Table 2, columns R to AD; Table 6). However, the HRG from Arabidopsis, CYP707A3, which is involved in the degradation of ABA (Okamoto et al., 2011), is not induced by hypoxia in rapeseed roots (Figure 2). In addition, other hormone pathways are differentially expressed and might be involved in the growth reduction, for example brassinosteroids, whose biosynthesis enzymes are strongly reduced in hypoxic roots (Supplementary Table 6).

The transcriptional response in this work was compared to other published data of rapeseed as well as to Arabidopsis. In two publications, young rapeseed seedlings (about 3 days old) were subjected to full submergence (Guo et al., 2020; Li et al., 2021). Despite the different systems, there was a substantial and significant overlap between the different treatments and developmental stages (Supplementary Table 2, columns BM to BT, Supplementary Table 7A). Many HRGs were among the induced genes under diverse flooding-related conditions. The direct comparison of our and earlier studies allowed us to define a set of hypoxia core response genes for Brassica napus (BnHRGs, Supplementary Tables 7B,C). 131 up-regulated and 163 down-regulated genes were in this dataset. While a large number of the up-regulated genes was also among HRGs in Arabidopsis (27), or was also hypoxia-responsive in Arabidopsis (90), a few genes seemed to be specific for rapeseed (14). Surprisingly, we found two transcription factors that are not yet described as HRGs in Arabidopsis, and that are rather linked to ABA, drought or wounding, namely ETHYLENE RESPONSE FACTOR #111 (ERF#111, ABR1) and DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2C (DREB2C) (e.g., Lee et al., 2010; Kim et al., 2011; Bäumler et al., 2019). The importance of these transcription factors under waterlogging and hypoxia in rapeseed remains to be elucidated.

Comparing our expression data to the expression of Arabidopsis under hypoxia (e.g., Branco-Price et al., 2008; Mustroph et al., 2009, 2010 and references therein; Hsu et al., 2011) revealed a strong overlap (Supplementary Table 4). This included many, but not all HRGs. For example, the genes coding for ACHT5, CYP707A3, and FHL were not induced by hypoxia in Brassica napus. On the other hand, several genes were strongly induced in rapeseed by hypoxia, but not in Arabidopsis, for example PEPTIDEMETHIONINE SULFOXIDE REDUCTASE 3 (PMSR3), ATP-dependent Clp protease (AT1G33360), EXPANSIN-LIKE B1 (EXLB1), and two genes involved in hormone pathways already mentioned above (AHP4, GA2OX3). The function of these proteins in the context of hypoxic acclimation of rapeseed remains to be examined. A possible function of PMSR3 could be the protection of proteins against oxidation of methionine residues (Sadanandom et al., 2000), but its induction in rapeseed seems to be only temporary.

There was also some overlap with genes commonly reduced by hypoxia in Arabidopsis. Although a previous work could not define a general set of down-regulated HRGs, there were seven genes that displayed a common root-specific down-regulation under hypoxia (Mustroph et al., 2009). Of those seven genes, three were also commonly reduced in hypoxic rapeseed roots, namely CYP83B1, MYB DOMAIN PROTEIN 34 (MYB34) and SLAC1 HOMOLOG 3 (SLAH3). The first two gene products are involved in tryptophan biosynthesis and its regulation, and thereby might affect glucosinolate biosynthesis (Celenza et al., 2005). Their common down-regulation supports our hypothesis that biosynthetic processes are mainly reduced under hypoxic conditions. The third gene codes for an anion channel, which recently has been described to be involved in depolarization of membranes due to cytoplasmic acidosis, for example caused by flooding and hypoxia (Lehmann et al., 2021). Indeed, Arabidopsis plants with a defect in SLAH3 were more resistant to full submergence in darkness, and the down-regulation of its expression in Arabidopsis as well as rapeseed might be an advantage for survival.

Our experiments allow the conclusion that rapeseed roots can strongly respond to hypoxia in a coordinated way, and that this response is similar, but not identical to the response of Arabidopsis. Knowledge from the model plant Arabidopsis thaliana, for example about the transcriptional regulation of the hypoxia response and mechanisms of metabolic acclimation, might therefore be reasonably transferrable to the crop Brassica napus, in order to improve its tolerance against flooding. However, rapeseed has a much higher gene number due to whole-genome triplication and the tetraploid status (Nikolov and Tsiantis, 2017), making it a difficult species for genetic analyses. Indeed, most Arabidopsis genes have 2 to 8 isogenes in Brassica napus, which is also true for many HRGs. Most, but not all isogenes for one Arabidopsis HRG are regulated in a similar way in rapeseed (Supplementary Table 2, column Q; Supplementary Figure 2). It remains to be determined how the differential expression among isogenes is regulated, and whether previously defined promoter elements such as the HRPE (Gasch et al., 2016) are mutated or modified in some isogenes.



Brassica napus Leaves Show Only a Minor Response to Root Hypoxia

Previously we have identified a set of genes that is strongly induced under submergence in leaves of two Brassica napus cultivars (Wittig et al., 2021). This analysis revealed a signature for carbohydrate starvation, which was in line with a severe decline in carbohydrate levels under water within a few hours, but hardly any induction of hypoxia-responsive genes. In the present work, leaves of Brassica napus plants with root hypoxia showed little changes in gene expression (Supplementary Table 2, columns R to AD) indicating that the shoot was not yet affected by the stress of the root system, including the carbohydrate levels (Figure 4). Previous analyses, however, have observed different responses in shoots of plants under root hypoxia or waterlogging. In Arabidopsis (Hsu et al., 2011) and cotton (Christianson et al., 2010), many transcripts in the shoot responded to the root stress after 12 and 24 h, respectively. An analysis of rapeseed under root waterlogging also revealed massive transcriptional changes in leaves after 36 and 72 h of stress (Lee et al., 2014). Only in poplar, a waterlogging treatment did not result in significant expression differences in leaves, as determined after 7 days of stress (Kreuzwieser et al., 2009). Possible explanations for such a small response in our system could be that (1) the timepoint was too early to observe transcriptional changes, (2) the stress treatment was not severe enough to induce changes in the shoot system, or (3) changes occurred mainly in other parts of the shoots, for example the meristem or the stem. Indeed, the work on Arabidopsis harvested whole shoots (Hsu et al., 2011), and this was also the case for the previous work on rapeseed (Lee et al., 2014).

Surprisingly, the low number of transcripts in leaves responding to root hypoxia are hardly related to any specific GO term, and almost no modifications were observed for photosynthesis-related genes, as it has been previously observed (Lee et al., 2014). Also, no modification of ROS metabolism and no induction of ABA biosynthesis genes that might indicate problems with water uptake were observed in our experiment. This is in accordance with the small changes within the physiological data, i.e., the sugar content in leaves (Figure 4), and no symptoms of wilting. Only after 7 days of stress treatment, the fresh weight in the hydroponic system was negatively affected (Figure 5), and a slightly lower water content was observed (Supplementary Figure 8A).

After longer durations of the stress in the soil waterlogging system, a decrease in chlorophyll content was detected, but only with the invasive method (Figjure 6D). Decreases in chlorophyll content in rapeseed under root waterlogging have been found before (Ashraf and Mehmood, 1990; Leul and Zhou, 1999; Lee et al., 2014), but they were more pronounced in the recovery phase. Surprisingly, the photosynthetic efficiency around PSII was only marginally affected under root waterlogging, as measured in the soil system (Figures 6B, 7C). These results suggest that photosynthesis was only mildly affected in our stress treatment, thus explaining little changes in gene expression or sugar status (Supplementary Table 2 and Figure 4). Therefore, a later timepoint might reveal more changes in gene expression in shoots, and potentially also a more severe treatment variant (Figure 7).

A common response of leaves in both genotypes was observed among down-regulated genes. Here, many genes associated with ribosomes and translation were lower expressed in leaves when roots were treated with hypoxia (Supplementary Table 3). This is a hint that there is indeed some regulation of gene expression in leaves of plants with roots under stress. The down-regulation of ribosomal proteins suggests a down-regulation of translation in general, as it has been observed before for Arabidopsis seedlings (Branco-Price et al., 2008; Mustroph et al., 2009). The signal that transmits the root stress to the shoots is, however, still unclear and remains to be solved.



No Difference in the Response to Hypoxia and Waterlogging Between the Two Cultivars

One goal of this experimental set-up was to identify potential differences between two rapeseed cultivars, of which one had been described as tolerant toward waterlogging (e.g., Zou et al., 2013b,2014). However, in none of our experimental set-ups, root-zone hypoxia in hydroponics (Figures 3-5), waterlogging on soil (Figure 6), and waterlogging with a starch solution (Figure 7), we observed significant differences between the cultivars. Also, the gene expression analysis did not reveal clear differences in stress response between the genotypes (Supplementary Table 2, columns AR to AX). This might lead to the conclusion that the cultivars do not differ in their tolerance to waterlogging and root hypoxia, as previously demonstrated for treatment with submergence using the same two cultivars (Wittig et al., 2021). However, we cannot exclude a difference in tolerance at other developmental stages, in the recovery phase, or in field trials. It is also important to note that other rapeseed cultivars with contrasting response to waterlogging might exist. Furthermore, we have not evaluated whether differences in the genomic sequence of hypoxia-regulated genes exist between Avatar and Zhongshuang 9, and whether such differences might modify waterlogging and hypoxia tolerance. Indeed, certain single nucleotide polymorphisms (SNPs) that might be associated with submergence tolerance have been detected in a panel of rapeseed cultivars (Wang et al., 2020), but genome-wide association studies under waterlogging are still missing.

There are overall differences in gene expression between genotypes (Supplementary Figure 7 and Supplementary Table 2, columns AE to AQ), but they were seldomly related with a specific gene function (Supplementary Table 3). Ribosomal proteins are generally more expressed in Avatar than in Zhongshuang 9, and especially leaves show a slight enrichment of photosynthesis-associated genes, which might correlate with a slightly higher chlorophyll content (Figure 6D). Zhongshuang 9 showed even less functional categories with differential expression, which could be also due to a slightly lower mapping rate in comparison to the cultivar Avatar (Supplementary Table 1).

Previous analyses have suggested that Zhongshuang 9 is more tolerant to waterlogging than GH01 due to expression differences for several genes (Zou et al., 2013a,2015). However, the overall expression changes in response to the stress treatment in both cultivars were surprisingly similar (Supplementary Table 2, columns AZ to BL). In order to evaluate the previously observed expression differences, we extracted the respective Brassica napus gene IDs and looked for differential expression between our genotypes in the current genome assembly. However, none of the suggested candidates was differentially expressed between genotypes in our dataset (Supplementary Table 8A). Moreover, our overview reveals multiple genes coding for one gene function, and the sum over all transcripts might be more similar than single gene copies suggest, for example the nine transcripts coding for glyceraldehyde-3-phosphate dehydrogenase C subunit 1 (GAPC1, Supplementary Table 8A). In addition, a recent quantitative trait locus (QTL) analysis of the same two genotypes suggested another set of genes to be differentially expressed (Ding et al., 2020). However, there was no overlap of gene IDs between the two studies (Zou et al., 2015; Ding et al., 2020), and we could observe similar transcriptional changes for only a few transcripts in Zhongshuang 9 (Supplementary Table 8B). This suggests that (1) the candidate genes from both studies are not differentially expressed at all developmental stages or stress variants, (2) other genes might be responsible for the QTLs defined in Ding et al. (2020), or (3) the genotype Avatar does not differ as much from Zhongshuang 9 as GH01. In fact, most differences between the cultivars might occur only at the recovery phase after stress, as it has been recently demonstrated (Kuai et al., 2020a,b). Interestingly, the impact of nitrogen fertilizer on growth after flooding was as high or even higher than the impact of the genotype in these two publications.

More work is therefore needed, with the inclusion of more and diverse genotypes, in order to find and develop flooding-tolerant rapeseed genotypes. One improvement to previous waterlogging treatments could be the addition of 0.1% starch to the solution. The addition of starch strongly decreased the oxygen content and increased the reduction potential (Supplementary Figure 10), and therefore resembles more natural conditions than waterlogging with pure water, as previously demonstrated in barley (Mano and Takeda, 2012; Miricescu et al., 2021). In our hands, the stress treatment with a starch solution was more severe compared with waterlogging with tap water (Figure 7 and Supplementary Figure 9), and subsequent screening methods should consider this modified type of waterlogging stress, together with the addition of a recovery phase.




CONCLUSION

This work demonstrates that rapeseed is indeed able to strongly respond to waterlogging-associated hypoxia in the root zone at the transcriptional level. These responses might indicate an acclimation response to the stress, but they could also include responses to stress damage. A core hypoxia response for rapeseed plants could be defined, which can be used for future studies. However, a genotype-specific response to hypoxia and waterlogging between cultivars from different origin (Europe and Asia) could not be detected. However, we cannot exclude that SNPs related to tolerance are more important than overall transcriptional levels. In future, differences in gene sequences should be analyzed as well, for example by using a genome-wide association mapping approach, potentially together with QTL analyses. So far, only very few studies on rapeseed under flooding stress contain sufficient data for such an approach (Ding et al., 2020; Wang et al., 2020), and more work is required in this direction. The present dataset and a modified waterlogging treatment of plants grown in pots by use of a starch solution might help to identify potential tolerance-related genes in certain QTL regions, which ultimately could result in waterlogging-tolerant rapeseed genotypes.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: National Center for Biotechnology Information (NCBI) BioProject database under accession number GSE180262.



AUTHOR CONTRIBUTIONS

AM designed the experiments, analyzed the data and wrote the manuscripts. BB developed the methods. SA, MK, PW, and AM performed the experiments. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Bavarian State Ministry of the Environment and Consumer Protection, project network BayKlimaFit [grant number TGC01GCUFuE69742]. This study was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) [491183248] and by the Open Access Publishing Fund of the University of Bayreuth.



ACKNOWLEDGMENTS

We thank Alois Aigner and Xi-Ling Zou for providing Brassica napus seeds. Maria Klecker is acknowledged for critical reading of the manuscript, and the students Verena Geiger and Jonas Freiberg are acknowledged for help with the experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.897673/full#supplementary-material


ABBREVIATIONS

ADH, alcohol dehydrogenase; ERF, ethylene response factor; FDR, false discovery rate; GO, gene ontology; HRG, hypoxia core-response gene; PDC, pyruvate decarboxylase; SNP, single nucleotide polymorphism; QTL, quantitative trail locus.


REFERENCES

Albrecht, G., Mustroph, A., and Fox, T. C. (2004). Sugar and fructan accumulation during metabolic adjustment between respiration and fermentation under low oxygen conditions in wheat roots. Physiol. Plant. 120, 93–105. doi: 10.1111/j.0031-9317.2004.0205.x

Arnon, D. xI. (1949). Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1

Ashraf, M., and Mehmood, S. (1990). Effects of waterlogging on growth and some physiological parameters of four Brassica species. Plant Soil 121, 203–209. doi: 10.1007/bf00012313

Atwell, B. J., Greenway, H., and Colmer, T. D. (2015). Efficient use of energy in anoxia-tolerant plants with focus on germinating rice seedlings. New Phytol. 206, 36–56. doi: 10.1111/nph.13173

Bailey-Serres, J., Fukao, T., Gibbs, D. J., Holdsworth, M. J., Lee, S. C., Licausi, F., et al. (2012). Making sense of low oxygen sensing. Trends Plant Sci. 17, 129–138. doi: 10.1016/j.tplants.2011.12.004

Bäumler, J., Riber, W., Klecker, M., Müller, L., Dissmeyer, N., Weig, A. R., et al. (2019). AtERF#111/ABR1 is a transcriptional activator involved in the wounding response. Plant J. 100, 969–990.

Biemelt, S., Hajirezaei, M. R., Melzer, M., Albrecht, G., and Sonnewald, U. (1999). Sucrose synthase activity does not restrict glycolysis in roots of transgenic potato plants under hypoxic conditions. Planta 210, 41–49. doi: 10.1007/s004250050652

Blöschl, G., Hall, J., Viglione, A., Perdigão, R. A. P., Parajka, J., Merz, B., et al. (2019). Changing climate both increases and decreases European river floods. Nature 573, 108–111. doi: 10.1038/s41586-019-1495-6

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

Branco-Price, C., Kaiser, K. A., Jang, C. J., Larive, C. K., and Bailey-Serres, J. (2008). Selective mRNA translation coordinates energetic and metabolic adjustments to cellular oxygen deprivation and reoxygenation in Arabidopsis thaliana. Plant J. 56, 743–755. doi: 10.1111/j.1365-313X.2008.03642.x

Bray, N. L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525–527. doi: 10.1038/nbt.3519

Celenza, J. L., Quiel, J. A., Smolen, G. A., Merrikh, H., Silvestro, A. R., Normanly, J., et al. (2005). The Arabidopsis ATR1 Myb transcription factor controls indolic glucosinolate homeostasis. Plant Physiol. 137, 253–262. doi: 10.1104/pp.104.054395

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A., Tang, H., Wang, X., et al. (2014). Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome. Science 345, 950–953. doi: 10.1126/science.1253435

Christianson, J. A., Llewellyn, D. J., Dennis, E. S., and Wilson, I. W. (2010). Global gene expression responses to waterlogging in roots and leaves of cotton (Gossypium hirsutum L.). Plant Cell Physiol. 51, 21–37. doi: 10.1093/pcp/pcp163

Cookson, S. J., Yadav, U. P., Klie, S., Morcuende, R., Usadel, B., Lunn, J. E., et al. (2016). Temporal kinetics of the transcriptional response to carbon depletion and sucrose readdition in Arabidopsis seedlings. Plant Cell Environ. 39, 768–786. doi: 10.1111/pce.12642

Ding, X. Y., Xu, J. S., Huang, H., Qiao, X., Shen, M. Z., Cheng, Y., et al. (2020). Unraveling waterlogging tolerance-related traits with QTL analysis in reciprocal intervarietal introgression lines using genotyping by sequencing in rapeseed (Brassica napus L). J. Integr. Agric. 19, 2–11.

Fukao, T., and Bailey-Serres, J. (2008). Submergence tolerance conferred by Sub1A is mediated by SLR1 and SLRL1 restriction of gibberellin responses in rice. Proc. Natl. Acad. Sci. U.S.A. 105, 16814–16819. doi: 10.1073/pnas.0807821105

Gasch, P., Fundinger, M., Müller, J. T., Lee, T., Bailey-Serres, J., and Mustroph, A. (2016). Redundant ERF-VII transcription factors bind to an evolutionarily conserved cis-motif to regulate hypoxia-responsive gene expression in Arabidopsis. Plant Cell 28, 160–180. doi: 10.1105/tpc.15.00866

Geigenberger, P., Fernie, A. R., Gibon, Y., Christ, M., and Stitt, M. (2000). Metabolic activity decreases as an adaptive response to low internal oxygen in growing potato tubers. Biol. Chem. 381, 723–740. doi: 10.1515/BC.2000.093

Gharbi, I., Ricard, B., Smiti, S., Bizid, E., and Brouquisse, R. (2009). Increased hexose transport in the roots of tomato plants submitted to prolonged hypoxia. Planta 230, 441–448. doi: 10.1007/s00425-009-0941-3

Gibbs, D. J., Lee, S. C., Isa, N. M., Gramuglia, S., Fukao, T., Bassel, G. W., et al. (2011). Homeostatic response to hypoxia is regulated by the N-end rule pathway in plants. Nature 479, 415–418. doi: 10.1038/nature10534

Giuntoli, B., Lee, S. C., Licausi, F., Kosmacz, M., Oosumi, T., van Dongen, J. T., et al. (2014). A trihelix DNA binding protein counterbalances hypoxia-responsive transcriptional activation in Arabidopsis. PLoS Biol. 12:e1001950. doi: 10.1371/journal.pbio.1001950

Giuntoli, B., Licausi, F., van Veen, H., and Perata, P. (2017). Functional balancing of the hypoxia regulators RAP2.12 and HRA1 takes place in vivo in Arabidopsis thaliana plants. Front. Plant Sci. 8:591. doi: 10.3389/fpls.2017.00591

Guo, Y., Chen, J., Kuang, L., Wang, N., Zhang, G., Jiang, L., et al. (2020). Effects of waterlogging stress on early seedling development and transcriptomic responses in Brassica napus. Mol. Breed. 40:85.

Hsu, F. C., Chou, M. Y., Peng, H. P., Chou, S. J., and Shih, M. C. (2011). Insights into hypoxic systemic responses based on analyses of transcriptional regulation in Arabidopsis. PLoS One 6:e28888. doi: 10.1371/journal.pone.0028888

Huang, B., and Johnson, J. (1995). Root respiration and carbohydrate status of two wheat genotypes in response to hypoxia. Ann. Bot. 75, 427–432. doi: 10.1006/anbo.1995.1041

Huang, S., Colmer, T. D., and Millar, A. H. (2008). Does anoxia tolerance involve altering the energy currency towards PPi? Trends Plant Sci. 13, 221–227. doi: 10.1016/j.tplants.2008.02.007

Ismond, K. P., Dolferus, R., de Pauw, M., Dennis, E. S., and Good, A. G. (2003). Enhanced low oxygen survival in Arabidopsis through increased metabolic flux in the fermentative pathway. Plant Physiol. 132, 1292–1302. doi: 10.1104/pp.103.022244

Jacobs, M., Dolferus, R., and Van den Bossche, D. (1988). Isolation and biochemical analysis of ethyl methanesulfonate-induced alcohol dehydrogenase null mutants of Arabidopsis thaliana (L.) Heynh. Biochem. Genet. 26, 105–122. doi: 10.1007/BF00555492

Johnson, J. R., Cobb, B. G., and Drew, M. C. (1994). Hypoxic induction of anoxia tolerance in roots of Adh1 null Zea mays L. Plant Physiol. 105, 61–67. doi: 10.1104/pp.105.1.61

Kim, J. S., Mizoi, J., Yoshida, T., Fujita, Y., Nakajima, J., Ohori, T., et al. (2011). An ABRE promoter sequence is involved in osmotic stress-responsive expression of the DREB2A gene, which encodes a transcription factor regulating drought-inducible genes in Arabidopsis. Plant Cell Physiol. 52, 2136–2146. doi: 10.1093/pcp/pcr143

Kreuzwieser, J., Hauberg, J., Howell, K. A., Carroll, A., Rennenberg, H., Millar, A. H., et al. (2009). Differential response of gray poplar leaves and roots underpins stress adaptation during hypoxia. Plant Physiol. 149, 461–473. doi: 10.1104/pp.108.125989

Kuai, J., Li, X., Li, Z., Xie, Y., Wang, B., and Zhou, G. (2020a). Leaf carbohydrates assimilation and metabolism affect seed yield of rapeseed with different waterlogging tolerance under the interactive effects of nitrogen and waterlogging. J. Agron. Crop Sci. 206, 823–836. doi: 10.1111/jac.12430

Kuai, J., Li, X., Xie, Y., Li, Z., Wang, B., and Zhou, G. (2020b). Leaf characteristics at recovery stage affect seed oil and protein content under the interactive effects of nitrogen and waterlogging in rapeseed. Agriculture 10:207. doi: 10.3390/agriculture10060207

Kundzewicz, Z.W., Kanae, S., Seneviratne, S.I., Handmer, J., Nicholls, N., Peduzzi, P., et al. (2014). Flood risk and climate change: global and regional perspectives. Hydrol. Sci. J. 59, 1–28. doi: 10.1163/9789004447615_002

Lee, S. J., Kang, J. Y., Park, H. J., Kim, M. D., Bae, M. S., Choi, H. I., et al. (2010). DREB2C interacts with ABF2, a bZIP protein regulating abscisic acid-responsive gene expression, and its overexpression affects abscisic acid sensitivity. Plant Physiol. 153, 716–727. doi: 10.1104/pp.110.154617

Lee, T. A., and Bailey-Serres, J. (2019). Integrative analysis from the epigenome to translatome uncovers patterns of dominant nuclear regulation during transient stress. Plant Cell 31, 2573–2595. doi: 10.1105/tpc.19.00463

Lee, Y. H., Kim, K. S., Jang, Y. S., Hwang, J. H., Lee, D. H., and Choi, I. C. H. (2014). Global gene expression responses to waterlogging in leaves of rape seedlings. Plant Cell Rep. 33, 289–299. doi: 10.1007/s00299-013-1529-8

Lehmann, J., Jørgensen, M. E., Fratz, S., Müller, H. M., Kusch, J., Scherzer, S., et al. (2021). Acidosis-induced activation of anion channel SLAH3 in the flooding-related stress response of Arabidopsis. Curr. Biol. 31, 3575–3585.e9. doi: 10.1016/j.cub.2021.06.018

Leul, M., and Zhou, W. J. (1999). Alleviation of waterlogging damage in winter rape by uniconazole application: effects on enzyme activity, lipid peroxidation, and membrane integrity. J. Plant Growth Regul. 18, 9–14. doi: 10.1007/pl00007046

Li, J., Iqbal, S., Zhang, Y., Chen, Y., Tan, Z., Ali, U., et al. (2021). Transcriptome analysis reveals genes of flooding-tolerant and flooding-sensitive rapeseeds differentially respond to flooding at the germination stage. Plants (Basel) 10, 693. doi: 10.3390/plants10040693

Licausi, F., Kosmacz, M., Weits, D. A., Giuntoli, B., Giorgi, F. M., Voesenek, L. A. C. J., et al. (2011). Oxygen sensing in plants is mediated by an N-end rule pathway for protein destabilization. Nature 479, 419–422. doi: 10.1038/nature10536

Licausi, F., van Dongen, J. T., Giuntoli, B., Novi, G., Santaniello, A., Geigenberger, P., et al. (2010). HRE1 and HRE2, two hypoxia-inducible ethylene response factors, affect anaerobic responses in Arabidopsis thaliana. Plant J. 62, 302–315. doi: 10.1111/j.1365-313X.2010.04149.x

Mano, Y., and Takeda, K. (2012). Accurate evaluation and verification of varietal ranking for flooding tolerance at the seedling stage in barley (Hordeum vulgare L.). Breed. Sci. 62, 3–10. doi: 10.1270/jsbbs.62.3

McCarthy, D. J., Chen, Y., and Smyth, G. K. (2012). Differential expression analysis of multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. 40, 4288–4297. doi: 10.1093/nar/gks042

Miricescu, A., Byrne, T., Doorly, C. M., Ng, C. K. Y., Barth, S., and Graciet, E. (2021). Experimental comparison of two methods to study barley responses to partial submergence. Plant Methods 17, 40. doi: 10.1186/s13007-021-00742-5

Müller, J. T., van Veen, H., Bartylla, M. M., Akman, M., Pedersen, O., Sun, P., et al. (2021). Keeping the shoot above water - submergence triggers antithetical growth responses in stems and petioles of watercress (Nasturtium officinale). New Phytol. 229, 140–155. doi: 10.1111/nph.16350

Mustroph, A. (2018). Improving flooding tolerance of crop plants. Agronomy (Basel) 8:160. doi: 10.1093/aobpla/plu016

Mustroph, A., and Albrecht, G. (2003). Tolerance of crop plants to oxygen deficiency stress: fermentative activity and photosynthetic capacity of entire seedlings under hypoxia and anoxia. Physiol. Plant. 117, 508–520. doi: 10.1034/j.1399-3054.2003.00051.x

Mustroph, A., Boamfa, E. I., Laarhoven, L. J., Harren, F. J., Pörs, Y., and Grimm, B. (2006). Organ specific analysis of the anaerobic primary metabolism in rice and wheat seedlings II: light exposure reduces needs for fermentation and extends survival during anaerobiosis. Planta 225, 139–152. doi: 10.1007/s00425-006-0336-7

Mustroph, A., Hess, N., and Sasidharan, R. (2014). “Hypoxic energy metabolism and PPi as an alternative energy currency,” in Low-Oxygen Stress in Plants, Plant Cell Monographs, Vol. 21, eds J. T. van Dongen and F. Licausi (Wien: Springer-Verlag), 165–184. doi: 10.1016/j.plantsci.2020.110572

Mustroph, A., Lee, S. C., Oosumi, T., Zanetti, M. E., Yang, H., Ma, K., et al. (2010). Cross-kingdom comparison of transcriptomic adjustments to low-oxygen stress highlights conserved and plant-specific responses. Plant Physiol. 152, 1484–1500. doi: 10.1104/pp.109.151845

Mustroph, A., Steffens, B., and Sasidharan, R. (2018). Signalling interactions in flooding tolerance. Ann. Plant Rev. Online 1, 1–42.

Mustroph, A., Zanetti, M. E., Jang, C. J., Holtan, H. E., Repetti, P. P., Galbraith, D. W., et al. (2009). Profiling translatomes of discrete cell populations resolves altered cellular priorities during hypoxia in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 106, 18843–18848. doi: 10.1073/pnas.0906131106

Nikolov, L. A., and Tsiantis, M. (2017). Using mustard genomes to explore the genetic basis of evolutionary change. Curr. Opin. Plant Biol. 36, 119–128. doi: 10.1016/j.pbi.2017.02.005

Okamoto, M., Kushiro, T., Jikumaru, Y., Abrams, S. R., Kamiya, Y., Seki, M., et al. (2011). ABA 9’-hydroxylation is catalyzed by CYP707A in Arabidopsis. Phytochemistry 72, 717–722. doi: 10.1016/j.phytochem.2011.02.004

Park, B. S., Yao, T., Seo, J. S., Wong, E. C. C., Mitsuda, N., Huang, C. H., et al. (2018). Arabidopsis NITROGEN LIMITATION ADAPTATION regulates ORE1 homeostasis during senescence induced by nitrogen deficiency. Nat. Plants 4, 898–903. doi: 10.1038/s41477-018-0269-8

Parthasarathy, A., Adams, L. E., Savka, F. C., and Hudson, A. O. (2019). The Arabidopsis thaliana gene annotated by the locus tag At3g08860 encodes alanine aminotransferase. Plant Direct 3:e00171. doi: 10.1002/pld3.171

Pekel, J. F., Cottam, A., Gorelick, N., and Belward, A. S. (2016). High-resolution mapping of global surface water and its long-term changes. Nature 540, 418–422. doi: 10.1038/nature20584

Ploschuk, R. A., Miralles, D. J., Colmer, T. D., Ploschuk, E. L., and Striker, G. G. (2018). Waterlogging of winter crops at early and late stages: impacts on leaf physiology, growth and yield. Front. Plant Sci. 9:1863.

Rieu, I., Eriksson, S., Powers, S. J., Gong, F., Griffiths, J., Woolley, L., et al. (2008). Genetic analysis reveals that C19-GA 2-oxidation is a major gibberellin inactivation pathway in Arabidopsis. Plant Cell 20, 2420–2436. doi: 10.1105/tpc.108.058818

Sadanandom, A., Poghosyan, Z., Fairbairn, D. J., and Murphy, D. J. (2000). Differential regulation of plastidial and cytosolic isoforms of peptide methionine sulfoxide reductase in Arabidopsis. Plant Physiol. 123, 255–264. doi: 10.1104/pp.123.1.255

Saika, H., Matsumura, H., Takano, T., Tsutsumi, N., and Nakazono, M. (2006). A point mutation of Adh1 gene is involved in the repression of coleoptile elongation under submergence in rice. Breed. Sci. 56, 69–74. doi: 10.1270/jsbbs.56.69

Sasidharan, R., Bailey-Serres, J., Ashikari, M., Atwell, B. J., Colmer, T. D., Fagerstedt, K., et al. (2017). Community recommendations on terminology and procedures used in flooding and low oxygen stress research. New Phytol. 214, 1403–1407. doi: 10.1111/nph.14519

Schwartz, D. (1969). An example of gene fixation resulting from selective advantage in suboptimal conditions. Am. Nat. 103, 479–481. doi: 10.1086/282615

Takahashi, H., Greenway, H., Matsumura, H., Tsutsumi, N., and Nakazono, M. (2014). Rice alcohol dehydrogenase 1 promotes survival and has a major impact on carbohydrate metabolism in the embryo and endosperm when seeds are germinated in partially oxygenated water. Ann. Bot. 113, 851–859. doi: 10.1093/aob/mct305

Trenberth, K. E., Dai, A., Van Der Schrier, G., Jones, P. D., Barichivich, J., Briffa, K. R., et al. (2014). Global warming and changes in drought. Nat. Clim. Chang. 4, 17–22.

Usadel, B., Bläsing, O. E., Gibon, Y., Retzlaff, K., Höhne, M., Günther, M., et al. (2008). Global transcript levels respond to small changes of the carbon status during progressive exhaustion of carbohydrates in Arabidopsis rosettes. Plant Physiol. 146, 1834–1861. doi: 10.1104/pp.107.115592

Voesenek, L. A. C. J., and Bailey-Serres, J. (2015). Flood adaptive traits and processes: an overview. New Phytol. 206, 57–73. doi: 10.1111/nph.13209

Voesenek, L. A. C. J., Armstrong, W., Bogemann, G. M., and Colmer, T. D. (1999). A lack of aerenchyma and high rates of radial oxygen loss from the root base contribute to waterlogging intolerance in Brassica napus. Aust. J. Plant Physiol. 26, 87–93. doi: 10.1071/pp98086

Wang, X., Sun, L., Li, W., Peng, M., Chen, F., Zhang, W., et al. (2020). Dissecting the genetic mechanisms of waterlogging tolerance in Brassica napus through linkage mapping and a genome-wide association study. Ind. Crops Prod. 147:112269. doi: 10.1016/j.indcrop.2020.112269

Waters, I., Morell, S., Greenway, H., and Colmer, D. (1991). Effects of anoxia on wheat seedlings. II influence of O2 supply prior to anoxia on tolerance to anoxia, alcoholic fermentation, and sugar levels. J. Exp. Bot. 42, 1437–1447. doi: 10.1093/jxb/42.11.1437

Wittig, P. R., Ambros, S., Müller, J. T., Bammer, B., Álvarez-Cansino, L., Konnerup, D., et al. (2021). Two Brassica napus cultivars differ in gene expression, but not in their response to submergence. Physiol. Plant. 171, 400–415. doi: 10.1111/ppl.13251

Wollmer, A. -C., Pitann, B., and Mühling, K. H. (2018). Waterlogging events during stem elongation or flowering affect yield of oilseed rape (Brassica napus L.) but not seed quality. J. Agron. Crop Sci. 204, 165–174. doi: 10.1111/jac.12244

Xu, J., Qiao, X., Tian, Z., Zhang, X., Zou, X., Cheng, Y., et al. (2018). Proteomic analysis of rapeseed root response to waterlogging stress. Plants (Basel) 7:E71. doi: 10.3390/plants7030071

Xu, K., Xu, X., Fukao, T., Canlas, P., Maghirang-Rodriguez, R., Heuer, S., et al. (2006). Sub1A is an ethylene-response-factor-like gene that confers submergence tolerance to rice. Nature 442, 705–708. doi: 10.1038/nature04920

Yamauchi, T., Colmer, T. D., Pedersen, O., and Nakazono, M. (2018). Regulation of root traits for internal aeration and tolerance to soil waterlogging-flooding stress. Plant Physiol. 176, 1118–1130. doi: 10.1104/pp.17.01157

Zou, X. L., Tan, X. Y., Hu, C. W., Zeng, L., Lu, G. Y., Fu, G. P., et al. (2013a). The transcriptome of Brassica napus L. roots under waterlogging at the seedling stage. Intern. J. Mol. Sci. 14, 2637–2651. doi: 10.3390/ijms14022637

Zou, X. L., Cong, Y., Cheng, Y., Lu, G. Y., and Zhang, X. K. (2013b). “Screening and identification of waterlogging tolerant rapeseed (Brassica napus L.) during germination stage,” in Proceedings of the 3rd International Conference on Intelligent System Design and Engineering Applications (ISDEA), Hong Kong, 1248–1253.

Zou, X. L., Hu, C. W., Zeng, L., Cheng, Y., Xu, M. Y., and Zhang, X. K. (2014). A comparison of screening methods to identify waterlogging tolerance in the field in Brassica napus L. during plant ontogeny. PLoS One 9:e89731. doi: 10.1371/journal.pone.0089731

Zou, X. L., Zeng, L., Lu, G. Y., Cheng, Y., Xu, J. S., and Zhang, X. K. (2015). Comparison of transcriptomes undergoing waterlogging at the seedling stage between tolerant and sensitive varieties of Brassica napus L. J. Integr. Agric. 14, 1723–1734. doi: 10.1016/s2095-3119(15)61138-8


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ambros, Kotewitsch, Wittig, Bammer and Mustroph. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 06 June 2022
doi: 10.3389/fpls.2022.896850





[image: image]

Transcriptome Analysis of Endogenous Hormone Response Mechanism in Roots of Styrax tonkinensis Under Waterlogging

Hong Chen1, Qikui Wu1,2, Ming Ni1, Chen Chen1, Chao Han1 and Fangyuan Yu1*

1Collaborative Innovation Centre of Sustainable Forestry in Southern China, College of Forest Science, Nanjing Forestry University (NJFU), Nanjing, China

2State Forestry and Grassland Administration Key Laboratory of Silviculture in Downstream Areas of the Yellow River, College of Forestry, Shandong Agricultural University, Tai’an, China

Edited by:
Silvia Pampana, University of Pisa, Italy

Reviewed by:
Tatiana Hillman, LAL4B Synbiotics, United States
Angelika Mustroph, University of Bayreuth, Germany
Pengfei Qi, Sichuan Agricultural University, China

*Correspondence: Fangyuan Yu, fyyu@njfu.edu.cn

Specialty section: This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

Received: 15 March 2022
Accepted: 29 April 2022
Published: 06 June 2022

Citation: Chen H, Wu Q, Ni M, Chen C, Han C and Yu F (2022) Transcriptome Analysis of Endogenous Hormone Response Mechanism in Roots of Styrax tonkinensis Under Waterlogging. Front. Plant Sci. 13:896850. doi: 10.3389/fpls.2022.896850

As a promising oil species, Styrax tonkinensis has great potential as a biofuel due to an excellent fatty acid composition. However, frequent flooding caused by global warming and the low tolerance of the species to waterlogging largely halted its expansion in waterlogged areas. To explore endogenous hormones and phytohormone-related molecular response mechanism of S. tonkinensis under waterlogging, we determined 1-aminocyclopropane-1-carboxylic acid (ACC) and three phytohormone content (ABA, abscisic acid; SA, salicylic acid; IAA, indole-3-acetic acid) and analyzed the transcriptome of its seedlings under waterlogged condition of 3–5 cm. The sample collecting time was 0, 9, 24, and 72 h, respectively. It was concluded that ACC presented an upward trend, but other plant hormones showed a downward trend from 0 to 72 h under waterlogging stress. A total of 84,601 unigenes were assembled with a total length of 81,389,823 bp through transcriptome analysis. The GO enrichment analysis of total differentially expressed genes (DEGs) revealed that 4,637 DEGs, 8,238 DEGs, and 7,146 DEGs were assigned into three main GO functional categories in 9 vs. 0 h, 24 vs. 0 h, and 72 vs. 0 h, respectively. We also discovered several DEGs involved in phytohormone synthesis pathway and plant hormone signaling pathway. It was concluded that the decreased transcription of PYL resulted in the weak ABA signal transduction pathway. Moreover, decreased SA content caused by the low-expressed PAL might impact the resistance of S. tonkinensis seedlings under waterlogging stress. Our research may provide a scientific basis for the understanding of the endogenous hormone response mechanism of S. tonkinensis to waterlogging and lay a foundation for further exploration of the waterlogging defect resistance genes of S. tonkinensis and improving its resistance to waterlogging stress.

Keywords: waterlogging, phytohormones, differently expression genes, intolerance, crosstalk


INTRODUCTION

Global warming leads to the variation in precipitation patterns, inevitably resulting in extreme weather events, such as frequent flooding (Arnell and Gosling, 2014; Striker and Colmer, 2017). Flooding causes waterlogging (root system inundation) or full submergence (root and aerial system flooding) disasters on over 17 million km2 of land each year worldwide (Bailey-Serres and Voesenek, 2008; Voesenek and Sasidharan, 2013; Van Dongen and Francesco, 2015). Commonly, it is hard to predict waterlogging, due to the uncertainty of flooding in a transitory period (Ren et al., 2016). Waterlogging stress was defined as soil saturated with water and restricted from the air for a period, which induces hypoxic or anoxic soil conditions (Arif et al., 2021). It is estimated that the O2 diffusion rate in the atmosphere is over 104 times than that in the waterlogged soil, heavily impairing gas exchange between plants and the atmosphere (Kaur et al., 2021). O2 deprivation caused by waterlogging stress shifts the energy mechanism from aerobic respiration to anaerobic fermentation, leading to energy dissipation (Finch-Savage et al., 2005; Bailey-Serres and Voesenek, 2008). Yu et al. (2015) reported that enzymes related to glycolysis and fermentation pathways would be stimulated by waterlogging. The exhaustion of O2 triggers reactive oxygen species (ROS) overproduced by roots (Das and Roychoudhury, 2014; Hossain et al., 2015). The excessive ROS accumulation attacks membrane lipids, which generates oxidative damage to proteins, nucleic acids, and lipids (Yin et al., 2009; Yang et al., 2011, 2015; Gao et al., 2015). In addition, the root system induces leaf stomatal closure under hypoxic conditions. Both enhanced resistance to diffusion of carbon dioxide (CO2) and declined chlorophyll content lead to the low efficiency of light harvesting, thereby reducing plant photosynthesis and seriously impacting plant production (Linkemer et al., 1998; Jacobsen et al., 2007; Yordanova and Popova, 2007; Ashraf, 2012; Amri et al., 2014).

To mitigate the impacts of adversities on plants under waterlogging pressure, plants carry out escape, quiescent, and self-regulating compensation strategies (Zhang et al., 2020). Previously, numerous excellent studies demonstrated that plants could develop adventitious roots for aerobic respiration and energy production (Jackson, 1985; Gibberd et al., 2001; Visser and Voesenek, 2005), generate metabolic energy by the glycolysis and ethanol fermentation pathways (Capon et al., 2009; Ismail et al., 2009; James et al., 2016), and trigger reactive oxygen scavengers to mitigate detrimental effects of ROS under waterlogging stress (Komatsu et al., 2013). In the response of plants, phytohormones also work as endogenous signaling elicitors in higher plants to bridge these response strategies against waterlogging stimuli (Kazan, 2015; Zhao Y. et al., 2018; Zaid et al., 2021). Costa et al. (2020) reported that auxins were essential for the formation of adventitious roots in Arabidopsis thaliana to combat flooding. Ethylene (ET) acts as a key regulator of the aerenchyma formation in rice (Fukao and Bailey-Serres, 2008). The crosstalk between the jasmonates and ET production also plays a vital role in forming and developing root and aerenchyma in response to waterlogging (Farhangi-Abriz and Ghassemi-Golezani, 2019). Phytohormones are molecules synthesized in plants at a low concentration and transported to demanding sites specifically, acting as chemical messengers under optimal or stressful circumstances. They play an essential role in cellular communication to regulate physiological and molecular processes, which are vital for the survival of plants under external and internal stresses (Went and Thimann, 1937; Vob et al., 2014; Kazan, 2015). Consequently, further exploration of the phytohormone regulatory mechanisms on waterlogging response is essential for plant survival and production.

Styrax tonkinensis (Pierre) Craib ex Hartwich belongs to Styracaceae family and Styrax genus. It is native to Laos, Vietnam, Cambodia, Thailand, and southern China (Pinyopusarerk, 1994). This species is a deciduous tree with high timber, seed oil, medicine, and ornamental value (Hieu et al., 2011; Xu and Yu, 2015; Burger et al., 2016). It also has great potential as a biofuel due to its excellent fatty acid composition and over 50% oil content in its kernels (Wu et al., 2020). Benzoin, a colorless or white crystal, is a commercial product from the resin of S. tonkinensis, which displays as an alleviator for treating leukemia in modern pharmaceuticals (Wang et al., 2006). To date, previous studies regarding S. tonkinensis have mainly focused on woody biodiesel, oil accumulation, and floral scent (Xu and Yu, 2015; Wu et al., 2020). According to the pre-experiment (16 waterlogged S. tonkinensis seedlings), it was discovered that S. tonkinensis seedlings are susceptible to waterflooding since their leaves began to wilt and drop on the third day of waterlogging. Moreover, the mortality of these seedlings reached 100% by the 5th day of waterlogging. However, less is known about the response of phytohormones and the molecular regulatory mechanism of this species to waterlogging. Zhou et al. (2021) discovered that the content of abscisic acid (ABA) and gibberellin (GA) changed in soybean seeds under waterlogging. Besides, Khan et al. (2020) integrated the functions of ET and its crosstalk with other phytohormones in plants in response to flooding. Similarly, it was hypothesized that the collaboration of these phytohormones played a significant role in flooding stress tolerance in S. tonkinensis. In this study, we also explored the changes in phytohormone content and phytohormone-related gene expression in S. tonkinensis under waterlogging stress at four time points via both physiological and molecular approaches. The study aimed to: (1) determine the dynamic pattern of phytohormones under waterlogging; (2) assess transcriptional profiles corresponding to phytohormone biosynthesis and phytohormone signal transduction; and (3) discuss the interaction of these phytohormones. Eventually, the purpose of our study was to enhance the understanding of these regulatory mechanisms, which are imperative for facilitating the survival rate of S. tonkinensis in flooding seasons.



MATERIALS AND METHODS


Plant Material and Waterlogging Treatment

The S. tonkinensis seeds are derived from Pingxiang, Jiangxi Province, China, and plug seedlings were cultivated in a greenhouse at the Xiashu Forest Farm, Zhenjiang, Jiangsu Province, China (118°40′E, 31°41′N). The young plug seedlings with an average height of 15 cm were transplanted in permeable non-woven containers containing a medium of organic matter: perlite: vermiculite (v/v: 6:2:2) to continuous growth through common water and nutrient management. The waterlogging treatments were started at 8 a.m. on 5 September 2021 when seedlings reached the average height of 55 cm. The seedlings were planted plot-in-plot (Supplementary Figure 1A). The inside basin is the permeable non-woven container, and the outside basin is a water-proof lotus plot. During the experimental period, the daily average temperature varied between 25.9 and 29.6°C. Relative humidity (RH) ranged from 62 to 76%. The daylight varied between 12.6 and 12.7 h with 13,316 KJ/m2 average daily solar irradiation. The waterlogging treatment lasted for 4 days, and the water surface elevated the matrix by 3–5 cm. A total of 16 seedlings were destructively collected for each sample counting the survival rate every day. The primary root samples (Supplementary Figure 1B) were collected at 0, 9, 24, and 72 h after waterlogging treatment, immediately frozen in liquid nitrogen and kept at –80°C refrigerators for further processing. The sample without waterlogging treatment (0 h) was set as the control group. A number of three biological replicates for each analytical experiment of the transcriptome analyses and the quantitative real-time PCR (qRT-PCR) experiments were harvested.



Endogenous Phytohormone Extraction and Determination

The content of three phytohormones including salicylic acid (SA), abscisic acid (ABA), and indole-3-acetic acid (IAA) was determined. The endogenous phytohormones were extracted using acetonitrile solution. About 0.5 g of fresh root samples was first mixed with acetonitrile solution at a volume ratio of 1:10, followed by centrifugation, purification, and nitrogen blowing. The measurements were taken using the AGILENT 1,290 high-performance liquid chromatography (HPLC) (AGILENT Company, Palo Alto, CA, United States) series SCIEX-6500Qtrap mass spectrometer (MS/MS) (AB Company, Framingham, MA, United States). Chromatographic separation of five types of phytohormones was performed using a Poroshell 120 SB-C18 reverse-phase chromatography column (2.1 mm × 150 mm, 2.7 μm). Phase A (methanol/0.1% formic acid solution) and phase B (water/0.1% formic acid solution) of HPLC-MS/MS were utilized to conduct gradient elution at a constant flow rate of 0.3 ml/min at 30°C. In this experiment, multiple reaction detection (MRM) scan mode was applied to detect the substance. For the substances to be tested, 2 or more fragment ions were determined. The ratio of their peak time and response value corresponded to the standard substance was analyzed, to identify the detected objects. The standard substances that include D-ABA, D-IAA, and D-SA were purchased from Sigma-Aldrich (Shanghai, China) to draw the standard curve to qualify the detected objects.



1-Aminocyclopropane-1-Carboxylic Acid Extraction and Determination

Approximately 0.2 g of fresh root samples was collected to determine 1-aminocyclopropane-1-carboxylic acid (ACC). Under hypoxia conditions, plants can generate the ET precursor (ACC) in roots and vertically transfer it to the xylem. Subsequently, ACC would be oxidized to ET in shoots. ACC would be determined to replace ET due to that ET is volatile and hard to be detected (Banga et al., 2010; Bradford et al., 2018). It was isolated by 4°C precooling deionized water for 2 h. After centrifugation and purification, 2 μl of samples was displaced into AGILENT 1,290 high-performance liquid chromatography series 6420A mass spectrometer (AGILENT Company, Palo Alto, CA, United States) for further detection. Poroshell 120 SB-C18 reverse-phase chromatography column (2.1 mm × 150 mm, 2.7 μm) was also applied. Phase A (acetonitrile solution) and phase B (water/0.1% formic acid solution) of HPLC-MS/MS were utilized to conduct gradient elution at 35°C. The ACC standard was bought from J&K Scientific Ltd. (Beijing, China).



RNA Extraction and cDNA Library Construction

Root samples collected at 0, 9, 24, and 72 h were used for transcriptome analyses. Total RNAs were extracted using the Plant RNA Kit (Ambion) following the manufacturer’s protocol. RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The samples with RNA integrity number (RIN) ≥ 7 were subjected to the subsequent analysis. The libraries were constructed using TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, United States) according to the manufacturer’s instructions. Then, these libraries were sequenced on the Illumina Hiseq 4000 Sequencing platform, and 125/150-bp paired-end reads were generated.



Quality Control and de novo Assembly

The transcriptome sequencing and analysis were conducted by OE Biotech Co., Ltd. (Shanghai, China) using Illumina Hiseq 4000 Sequencing platform. Raw data (raw reads) were processed using Trimmomatic (Bolger et al., 2014). The reads containing poly-N and the low-quality reads were removed to obtain the clean reads. After removing adaptor and low-quality sequences, the clean reads were assembled into expressed sequence tag clusters (contigs) and de novo assembled into the transcript using Trinity (Grabherr et al., 2013) in the paired-end method. The longest transcript was chosen as a unigene based on the similarity and length of a sequence for subsequent analysis.



Functional Annotation

The function of the unigenes was annotated by alignment of the unigenes with the NCBI non-redundant (NR), SwissProt, and clusters of orthologous groups for eukaryotic complete genome (KOG) databases using BLASTx (Altschul et al., 1990) with a threshold E-value of 10–5. The proteins with the highest hits to the unigenes were used to assign functional annotations thereto. Based on the SwissProt annotation, Gene Ontology (GO) classification was performed by the mapping relation between SwissProt and GO term. The unigenes were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2008) database to annotate their potential metabolic pathways.



Differential Expression Analysis of Unigenes

The DESeq2 method was applied to standardize the count number of each sample gene, and the base mean value was used to estimate the expression level, which was calculated as fragments per kilobase per million mapped reads (FPKM). Besides, the multiple of difference was calculated, and negative binomial (NB) distribution test was used to test the significance of the difference. Finally, the differential protein-coding genes were screened according to the different multiple and different significance test results (Love et al., 2014). Expression levels of unigenes were calculated. The DEGs between different time points were identified with p < 0.05 and | log2FC| > 1 (Anders and Huber, 2010).



Quantitative Real-Time PCR Analysis

To validate the RNA-seq results, a total of eight transcripts ([IAA], PYL, EBF1_2, EIN3, MYC2, NPR1, AHP, and AUX1/LAX), which were associated with phytohormones biosynthesis at each of sampling points, were verified by qRT-PCR. The primers for each DEG are displayed in Table 1. All reactions were done on a StepOne Real-Time PCR System using SYBR Green Dye (Applied Biosystems, Foster City, CA, United States; Takara, Dalian, China). Relative gene expression was evaluated using the 2–ΔΔCt method with 18S ribosomal RNA as an internal control.


TABLE 1. Primers used for quantitative real-time PCR (qRT-PCR) analysis.
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Statistical Analysis

The data analysis included a basic descriptive analysis followed by an analysis of variance (ANOVA). Duncan and Pearson R correlation tests were performed using SPSS 23.0 for Windows (SPSS Science, Chicago, IL, United States). The p-values less than 0.05 and 0.01 were both considered to indicate significance between groups. For the elaboration of graphs, Origin 2018 (OriginLab, Northampton, MA, United States) was used.




RESULTS


The Analyses of 1-Aminocyclopropane-1-Carboxylic Acid and Endogenous Phytohormones Contents

1-Aminocyclopropane-1-carboxylic acid and three phytohormones at 0, 9, 24, and 72 h were quantified by the HPLC-MS/MS method. The group of 0 h was regarded as the control group to compare with waterlogged groups. For each time point, it had three biological replicates. ACC, a precursor of ET, was sharply raised to 369.2 ± 38.35 Aa ng/g⋅FW after 72 h of waterlogging stress. During the first day of waterlogging, a slight variation in ACC content in roots appeared among three sampling points (Figure 1A). Compared to the control group (0 h), the ABA content in roots under waterlogging treatment decreased, especially for the seedlings that experienced 9 and 24 h of waterlogging. Nonetheless, ABA content was pointing to a bit of a rebound on the third day (12.88 ± 0.75 Bb ng/g⋅FW), which had significant differences from other groups (Figure 1B). The IAA content was elevated substantially after 9 h first and dropped subsequently on the third day (Figure 1C). Waterlogging inhibited SA accumulation in S. tonkinensis roots. Compared to the seedlings without waterlogging, SA content descended by approximately 30% during the first day of waterlogging and rapidly dropped by 76% with the aggravation of flooding stress on the third day (Figure 1D).
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FIGURE 1. The variation in 1-aminocyclopropane-1-carboxylic acid (ACC) content (A), abscisic acid (ABA) content (B), indole-3-acetic acid (IAA) content (C), and salicylic acid (SA) content (D) in roots of Styrax tonkinensis seedlings under waterlogging stress after 0, 9, 24, and 72 h, respectively. Different lowercase letters within each graph indicate significant differences (p < 0.05) among the samplings, whereas different capital letters within each graph indicate significant differences (p < 0.01) among the samplings. FW, fresh weight.




Quality Control, de novo Assembly, and Total Gene Expression

A total of 78.73 G of clean data were obtained after transcriptome sequencing of 12 samples was completed. The effective data amount of each sample ranged from 6.12 to 6.92 G, Q30 bases ranged from 94.65 to 95.51%, and the average GC content was 46.12% (Table 2). A total of 84,601 unigenes were spliced with a total length of 81,389,823 bp and an average length of 962.04 bp (Table 3). Concerning the mapping statistics, the total reads of each sample ranged from 43,206,426 to 48,601,426 with a ratio of 85.53–89.67% when comparing reads to unigenes (Table 4). The 12 samples from 0, 9, 24, and 72 h were analyzed through the DESeq2 method to determine FPKM (Figure 2). For the 0-h group, the gene number of FPKM ranged from 1 to 10 was 33,537, 32,958, and 36,850 for each sample, respectively. 0h3 sample differenced with 0h1 and 0h2 samples. In the 9-h group, the gene number of FPKM over 10 and FPKM ranged from 1 to 10 was also similar between each sample.


TABLE 2. Statistic of raw data and clean data.
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TABLE 3. Transcriptome assembly statistics.
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TABLE 4. Mapping statistics of each sample.
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FIGURE 2. Gene expression in each sample of Styrax tonkinensis seedlings under waterlogging stress after 0, 9, 24, and 72 h, respectively. Different colors in the figure represent different ranges of FPKM values. The horizontal axis is each sample, and the vertical axis is the number of protein-coding genes.


The quality control was applied after data output statistics via box-whisker plot and the purpose of principal component analysis (PCA). In the transcriptome results of S. tonkinensis seedlings under waterlogging stress, phytohormone-related unigenes were selected to conduct further analysis. The related unigenes were renewedly managed to draw Supplementary Figure 2. It was indicated the distribution of gene expression levels in Supplementary Figure 2A. The median gene expression amount for each group and the height of these boxes were basically at the same level. Even though these samples originated from the same tissue (primary roots) of S. tonkinensis seedlings, three biological replicates in each group still had a slight gene expression difference. PCA is to assess the biological repeatability of samples within groups and differences between groups. As shown in Supplementary Figure 2B, the long distance in the graph between each group illustrated obvious group differences. It was remarkable that the 24h1 sample was close to the 72-h group, manifesting that the 24h1 sample was more susceptible to waterlogging stress. For each group, the biological repeatability performed decently as the distance in the graph between each sample in a group was close.



The Gene Ontology Enrichment Analysis of Total Differentially Expressed Genes and Phytohormone-Related Differentially Expressed Genes Between Waterlogged Groups and the Control Group

In this section, total DEGs and DEGs related to plant hormones in 9 vs. 0 h, 24 vs. 0 h, and 72 vs. 0 h were analyzed via GO classification, respectively (Supplementary Table 2). Massive GO pathways were filtered to the top 30 of enrichment for the following analysis. In the 9 vs. 0-h comparison, a total of 4,637 DEGs were assigned to three main GO functional categories, including biological process (3,752, 80.91%), cellular component (4,046, 87.25%), and molecular function (4,032, 86.95%). The biological process, cellular component, and molecular function were independently assigned into 10 sub-categories with the majority of unigenes in “cellular process” (up 68.24%, down 66.21%), “organelle” (up 58.84%, down 61.75%), and “binding” (up 59.52%, down 54.20%). As shown in Figures 3B,C and a total of 167 DEGs related to plant hormones were separately annotated to biological process (155, 92.81%), cellular component (125, 74.85%), and molecular function (143, 85.63%). In the biological process, the upregulated unigenes in “auxin-activated signaling pathway” and “ethylene biosynthetic process” ranked 2nd and 5th with 14 and 6 unigenes, respectively. A total of 12 downregulated unigenes in “auxin-activated signaling pathway” ranked top 1.


[image: image]

FIGURE 3. Gene ontology (GO) enrichment analysis of up/down differentially expressed genes (DEGs) (A), phytohormone-related GO terms (up DEGs) (B), and phytohormone-related GO terms (down DEGs) (C) in 9 vs. 0 h.


In 24 vs. 0-h and 72 vs. 0-h comparison, a total of 8,238 DEGs and 7,146 DEGs were, respectively, assigned into three main GO functional categories. The most abundant sub-categories of biological process, cellular component, and molecular function 24 vs. 0 h and 72 vs. 0 h were the same as that in 9 vs. 0 h (Figures 4A, 5A). Concerning the biological process, “response to stimulus” with 2,865 upregulated unigenes (34.78%) and 2,131 unigenes (25.87%) were displayed in the top 10 biological processes in 24 vs. 0 h (Figure 4A). In 72 vs. 0 h, the smaller number of the upregulated unigenes (2,228, 31.18%) involved in “response to stimulus” is displayed in Figure 5A when compared to that in 24 vs. 0 h. In plant hormone signal transduction and biosynthesis pathway, 253 EDGs in 24 vs. 0 h and 227 DEGs in 72 vs. 0 h were assigned into three main GO functional categories (Figures 4, 5). Generally, the number of downregulated DEGs related to the “auxin-activated signaling pathway” was increased to 22 unigenes with the elongation of waterlogging. Additionally, the upregulated DEGs in the “ethylene-activated signaling pathway” played an essential role in the biological process during the first day of waterlogging. The upregulated DEGs involved in the “abscisic acid-activated signaling pathway” remained high until the third day of waterlogging.


[image: image]

FIGURE 4. Gene ontology enrichment analysis of up/down DEGs (A), phytohormone-related GO terms (up DEGs) (B), and phytohormone-related GO terms (down DEGs) (C) in 24 vs. 0 h.
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FIGURE 5. Gene ontology enrichment analysis of up/down DEGs (A), phytohormone-related GO terms (up DEGs) (B), and phytohormone-related GO terms (down DEGs) (C) in 72 vs. 0 h.




The Gene Expression Associated With Phytohormones Biosynthesis Under Waterlogging Stress

Through KEGG pathway analysis, the unigenes related to the biosynthesis of ET, ABA, IAA, and SA were acquired in Figure 6. S-adenosylmethionine synthetase (SAMS, [EC:2.5.1.6]), 1-aminocyclopropane-1-carboxylate synthase (ACS, [EC:4.4.1.14]), and aminocyclopropanecarboxylate oxidase (ACO, [EC:1.14.17.4]) are the three core enzymes in the biosynthesis of ET in plants. We identified 47 unigenes encoding SAMS, 4 encoding ACS, and 7 unigenes encoding ACO. Except for several SAMS genes, the expression patterns of these unigenes mostly peaked in 9 h after waterlogging treatment. A number of three key enzymes including 9-cis-epoxycarotenoid dioxygenase (NCED, [EC:1.13.11.51]), xanthoxin dehydrogenase (ABA2, [EC:1.1.1.288]), and abscisic-aldehyde oxidase (AAO3, [EC:1.2.3.14]) are actively participated in ABA biosynthesis, which were encoded by 12 unigenes, 1 unigene and 2 unigenes, respectively. FPKM of NCED raised from 0.42–0.96 to 1.94–3.96 after experiencing 3-day waterlogging. The expression patterns of these unigenes showed a down–up trend. A number of two core enzymes, which are L-tryptophan—pyruvate aminotransferase (TAA1, [EC:2.6.1.99]) and indole-3-pyruvate monooxygenase (YUCCA, [EC:1.14.13.168]), play an essential role prior to IAA biosynthesis. FPKM of TAA1 dropped from 1.61 ± 0.33a to 0.14 ± 0.08b after 3-day waterlogging. S. tonkinensis seedlings carried out phenylalanine ammonia-lyase (PAL, [EC:4.3.1.24]) to generate SA in roots. We determined 6 unigenes encoding PAL with a downward trend after 3 days under waterlogging stress.
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FIGURE 6. Dynamic patterns of related unigenes and transcription factors in phytohormones biosynthesis (ET, ABA, IAA, and SA). Data are means ± SD of three biological replicates. Abbreviations: ET: SAMS, S-adenosylmethionine synthetase [EC:2.5.1.6]; ACS1_2_6, 1-aminocyclopropane-1-carboxylate synthase 1/2/6 [EC:4.4.1.14]; ACO, aminocyclopropanecarboxylate oxidase [EC:1.14.17.4]; ABA: NCED, 9-cis-epoxycarotenoid dioxygenase [EC:1.13.11.51]; ABA2, xanthoxin dehydrogenase [EC:1.1.1.288]; AAO3, abscisic-aldehyde oxidase [EC:1.2.3.14]; IAA: TAA1, L-tryptophan—pyruvate aminotransferase [EC:2.6.1.99]; YUCCA, indole-3-pyruvate monooxygenase [EC:1.14.13.168]; SA: PAL, phenylalanine ammonia-lyase [EC:4.3.1.24].




The Comparison of Differentially Expressed Genes in Plant Hormone Signal Transduction Pathway Between Waterlogged Groups and the Control Group and Quantitative Real-Time PCR Analysis

After DEG acquisition, KEGG pathway significance analysis was conducted to classify these DEGs (Kanehisa et al., 2008). In the pathway of phytohormone signal transduction, a total of 48 positively regulated unigenes were identified and were targeted by 18 phytohormone-associated genes (ABF, 3 ARR-A, 2 BAK1, BIN2, 2 CTR1, EIN3, 3 ERF1, 4 ETR/ERS, 4 GH3, 10 [IAA], JAZ, PP2C, PR1, PYL, 5 SAUR, 5 SnRK2, 2 TCH4, and TGA) when comparing 9-h group and 0-h group. However, 33 unigenes were downregulated and were classified into 17 types of unigenes (ABF, 2 AHP, 2 ARR-B, 4 AUX1/LAX, BSK, DELLA, ETR/ERS, 5 [IAA], JAZ, 2 K14486/ARF, MYC2, 2 PP2C, 2 PR1, PYL, SAUR, 3 SnRK2, and 3 TGA) (Supplementary Figure 3 and Supplementary Table 1). A total of 11 DEGs and 14 DEGs in the auxin signaling transduction pathway were upregulated and downregulated, respectively (Supplementary Figure 6A). Compared to 0 h, 55 DEGs were upregulated and 25 genes were determined (2 ABF, 2 ARR-A, BAK1, BSK, BIN2, 2 CTR1, CYCD3, EIN3, 3 ERF1, 3 ETR/ERS, 3 GH3, GID1, 8 [IAA], JAR1_4_6, 2 JAZ, K14486/ARF, MYC2, 2 PP2C, 3 PR1, 2 PYL, 7 SAUR, 5 SnRK2, TCH4, TGA, and TIR1) in roots which had been waterlogged for 24 h, whereas 50 negatively regulated unigenes were sorted into 23 classifications associated with plant hormones (ABF, 4 AHP, 2 ARR-A, 2 AUX1/LAX, BRI1, BSK, 3 CYCD3, DELLA, EBF1_2, ETR/ERS, 2 GH3, 7 [IAA], 2 JAZ, 3 K14486/ARF, MYC2, NPR1, 4 PP2C, 2 PR1, 2 PYL, 3 SAUR, 3 SnRK2, TCH4, and TGA) (Supplementary Figure 4). Compared to the control group (0 h), the 72-h group owned 32 upregulated DEGs and 63 downregulated DEGs (Supplementary Figure 4). These DEGs were identified and sorted to 17 positively related classifications (2 ABF, BAK1, 2 BSK, EIN3, 2 ERF1, ETR/ERS, 3 GH3, GID1, [IAA], JAZ, K14486/ARF, 2 PP2C, 3 PR1, 2 PYL, 7 SAUR, SnRK2, and TGA) and 27 negatively related classifications (ABF, AHK2_3_4, 6 AHP, 4 ARR-A, 2 ARR-B, 4 AUX1/LAX, BAK1, BSK, COI-1, 3 CYCD3, DELLA, 2 EBF1_2, ERF1, ETR/ERS, 2 GH3, 9 [IAA], 2 JAZ, 4 K14486/ARF, MYC2, NPR1, 2 PP2C, 2 PR1, PYL, 6 SAUR, 2 SnRK2, TCH4, and TGA) (Supplementary Figure 5 and Supplementary Table 1). Generally, it was indicated that the number of significantly downregulated unigenes was increased with the time extension of waterlogging, especially in the auxin signal transduction pathway (Supplementary Figure 6 and Supplementary Table 1).

Based on the results of our transcriptomic analysis, eight genes known to be involved in phytohormones signal transduction were selected to confirm their mRNA expression levels by qRT-PCR. The results of qRT-PCR are displayed in Supplementary Figure 7, which were consistent with their variation trends in transcriptional profiles.




DISCUSSION


Ethylene Biosynthetic and Ethylene-Responsive Genes

Ethylene is an essential phytohormone, which performs as a chemical messenger in many physiological processes throughout a plant life cycle (Schaller and Voesenek, 2015). It also gets involved in a wide range of combating responses to abiotic and biotic stresses (Müller and Munné-Bosch, 2015). Oxygen deprivation around roots caused by waterlogging induces ET accumulation in most plant species (Voesenek et al., 2003; Jackson, 2008; Alpuerto et al., 2016). Under waterlogging conditions, ET improves plant adaption to flooding by triggering the formation of adventitious roots in tomatoes (Vidoz et al., 2016), playing an important role in the ROS-signaling pathway and antioxidant system (Khan et al., 2020). Coudert et al. (2010) demonstrated that ET facilitated the formation of adventitious roots in rice. In the process of ET biosynthesis, methionine is catalyzed by SAMS to synthesize s-adenosylmethionine (SAM). Subsequently, SAM is carboxylated by ACS into ACC, followed by the oxidization of ACC to form ET under ACO regulation (Sauter et al., 2013; Chen et al., 2016). As indicated in Figure 6, the expression level of ACO (E1.14.17.4) peaked at 9 h after waterlogging, followed by a downward trend with the limited O2. It was suspected that the ACC oxidation process was enforced at the early stage to generate ET, whereas ACC started to massively accumulate under hypoxia conditions with the low expression of ACO (Figure 1A).

Commonly, the ET receptor (ETR/ERS) can stimulate the kinase activity of constitutive triple-response 1 (CTR1) without ET. The activated CTR1 will repress the activity of ET insensitive 3 (EIN3) transcription factors (Guo and Ecker, 2003; Alonso and Stepanova, 2004; Chen et al., 2005). In our study, both CTR1 and ETR/ERS kept the same trend of obvious upregulation throughout waterlogging process (Supplementary Table 1). Previous studies identified two F box proteins which were called EBF1 and EBF2 in Arabidopsis, respectively. EBF1 and EBF2 mediate ubiquitination or proteasome pathway to negatively regulate ET signal transduction. EBF1_2 also called EIN3-binding F-box protein leads to degradation of EIN3 when EBF1_2 is overexpressed, consequently causing plants insensitive to ET (Guo and Ecker, 2003; Potuschak et al., 2003), which is the opposite to the results in Supplementary Table 1. EIN3 is an important positive regulator of the downstream ET pathway. The stabilization of EIN3 also refers to the ability to rapidly sense hypoxia signaling and activate the ET pathway in the early stage (Chao et al., 1997; Xie et al., 2015). This discovery was consistent with the results that DEGs related to the “ethylene-activated signaling pathway” were induced under waterlogging during the first day in Figures 3, 4. Genetic analysis proved that ET response factor 1 (ERF1) belongs to the AP2/ERF superfamily and participates downstream of EIN3 and other ET pathway components. ERF1, a positive ET-responsive gene, also can be regulated by EIN3 (Chao et al., 1997; Ma et al., 2014). In our study, EIN3 was positively regulated since the downregulated EBF1_2 cannot suppress the expression of EIN3, further activating the role of ERF1 in the downstream “ethylene-activated signaling pathway” (Guo and Ecker, 2003; Alonso and Stepanova, 2004; Chen et al., 2005). In general, the upregulated EIN3 indicated the ability to rapidly sense hypoxia signaling and activate the ET pathway in S. tonkinensis seedlings at the early stage of waterlogging (Chao et al., 1997; Xie et al., 2015).



Abscisic Acid Biosynthetic and Abscisic Acid-Responsive Genes

Abscisic acid is a critical plant hormone for plant growth, which can accumulate in plants in response to adversity by improving turgor pressure (Vishwakarma et al., 2017). However, the results revealed that ABA accumulation in the roots of S. tonkinensis seedlings has been inhibited (Figure 1B). During ABA biosynthetic procedure, 9-cis-violaxanthin is prepared to produce xanthoxin under the catalysis of NCED. Then, ABA2 induces the dehydrogenation of xanthoxin to form abscisic aldehyde, which is eventually oxidized to synthesize ABA under AAO3 catalysis (Nambara and Poll, 2005). The gene expression of ABA biosynthesis-related unigenes took on a down–up trend (Figure 6), which was consistent with the dynamic pattern of ABA content in Figure 1B.

Abscisic acid can be perceived by its receptor proteins from the pyrabactin resistance 1-like (PYL) family, further sequestrating type 2C protein phosphatases (PP2C) while activating sucrose non-fermenting 1-related protein 2 (SnRK2). Subsequently, ABA signaling involves phosphorylation of the downstream ABRE-binding factor (ABF), which recognizes and regulates the expression of ABA-responsive genes, thereby enhancing the resistance of plants at expense of growth (Fujii et al., 2009; Ma et al., 2009; Zhao Y. et al., 2018; Belda-Palazón et al., 2020; Cui et al., 2020). As shown in Supplementary Table 1, PYL was negatively regulated, leading to weak suppression of PP2C and negatively regulated SnRK2 in roots of S. tonkinensis seedlings. It was inferred that upregulated ABF could recognize and regulate ABA in roots of S. tonkinensis seedlings under flooding stress (Mustilli et al., 2002; Yoshida et al., 2006; Fujii et al., 2007; Umezawa et al., 2009; Vlad et al., 2009).



Indole-3-Acetic Acid Biosynthetic and Auxin-Responsive Genes

Auxins (e.g., IAA) are known to be the major phytohormones involved in the process of the formation of adventitious roots, which is a vital adaptive trait under waterlogging stress (Vidoz et al., 2010; Zhang et al., 2015). Morris (1993) demonstrated that IAA played an important role in regulating plant growth and development to cope with hypoxia. The variation of IAA in roots of S. tonkinensis had an upward trend first and a downward trend subsequently on the third day (Figure 1C). The IAA biosynthesis process is a part of tryptophan metabolism. TAA1 uses tryptophan to form indole pyruvic acid (Stepanova et al., 2008). Mashiguchi et al. (2011) reported that the YUC gene family catalyzes the direct conversion of indole-3-pyruvic acid monohydrate to IAA. Won et al. (2011) discovered that TAA1 and YUC genes play a synergistic role in auxin biosynthesis. The expression level of unigenes related to IAA biosynthesis presented the fluctuation. Generally, FPKM of TAA1 and YUCCA at 72 h after waterlogging was decreased when compared to the control group, indicating the declined content of IAA in the 72-h group (Figure 1C).

Previous studies indicated that auxin-responsive genes (Aux/IAA, GH3, and SAUR) and auxin response factor genes (ARFs) participated in the process of the “auxin-activated signaling pathway” to strengthen plant resistance to abiotic stress (Hagen and Guilfoyle, 2002; Xie et al., 2020). ARFs are combined with Aux/IAA transcriptional repressors when auxin concentration is low, thereby inhibiting auxin-responsive genes (GH3 and SAUR). With the increase of auxin, transport inhibitor response 1 (TIR1) starts to recruit Aux/IAA, contributing to the ubiquitination and degradation of Aux/IAA (Dharmasiri et al., 2005; Mockaitis and Estelle, 2008; Maraschin et al., 2009). Subsequently, ARFs are released with proteolysis, activating auxin transcription (Leyser, 2018). Li et al. (2020) also reported that SAUR72, ARF6, and [IAA] genes were significantly upregulated whereas the GH3 gene was significantly downregulated in waterlogged plants. Nonetheless, Zhang et al. (2016) discovered that several auxin-related genes were negatively regulated in leaves of waterlogged cotton. Further, Kramer and Ackelsberg (2015) found that ARF17 was positively correlated with GH3 in the leaves and roots of Populus deltoides “DHY,” which was opposite to the consequences in Supplementary Table 1. In the first two groups, SAUR, GH3, and [IAA] genes were upregulated whereas K14486/ARF and Auxin influx carrier (AUX1/LAX) were downregulated. AUX1/LAX plays an essential role in the polar auxin transport (PAT), which is responsible for transporting auxin from root tips to the elongation zone (Péret et al., 2012).



Salicylic Acid Biosynthetic and Salicylic Acid-Responsive Genes

Salicylic acid, a chemical messenger, can be synthesized in abundance in plants to improve plant tolerance under abiotic and biotic stresses. It is a β-hydroxy phenolic acid, which induces growth, development, and biochemical traits of plants at even minuscule concentrations (Arif et al., 2020). Miura and Tada (2014) expounded that SA physiologically got involved in plants by inducing stomatal closure and regulating plant morphology. The shikimic acid pathway is one of the synthetic routes for SA. Phenylalanine originated from shikimic acid and is catalyzed by PAL to synthesize trans-cinnamic acid (trans-CA) (Mishra and Baek, 2021). Subsequently, trans-CA is converted to o-coumaric acid (o-CA), and o-CA is directly converted to SA (León et al., 1995). The expression trend of PAL was identical to the dynamic pattern of SA content (Figure 1D).

In this study, three SA-responsive genes (PR1, TGA, and NPR1) participated in SA signaling pathway. Johnson et al. (2003) revealed that transcription factor TGA (TGA) stimulated the pathogenesis-related protein 1 (PR1) promoter in vivo in the SA and regulatory protein NPR1 (NPR1)-dependent manner. Besides, the gene expression of PR is regulated by NPR1 with transcription factors such as TGA (Zhou et al., 2000; Kim and Delaney, 2002). Ali et al. (2018) claimed that PR genes get significantly altered under adversities. This was consistent with our results that PR1 was significantly altered between waterlogging samples and the control group (0 h) (Supplementary Table 1).



Crosstalk Between Phytohormones Under Waterlogging

The plant perception of abiotic stress triggers the crosstalk between phytohormones in response to adversities. This crosstalk forms a signaling network (Harrison, 2012). In the study, ACC showed an upward trend whereas ABA, IAA, and SA took on a downward trend from 0 to 72 h under waterlogging stress. Yamauchi et al. (2020) disclosed that AUX/IAA-mediated auxin signaling possibly plays a role in ET-dependent aerenchyma formation in rice roots under hypoxia conditions. As an alternative to the accumulation of ABA, ET may act as a root-sourced messenger transported as ACC in water stress circumstances (Jackson, 1997). Sharp (2002) proposed that endogenous ABA inhibited ET generation under anaerobic conditions. The interaction between ABA and ET contributes to the maintenance of shoot and root growth (Sharp, 2002). Yin et al. (2015) pointed out that ET and ABA seem to act synergistically or antagonistically to control plant growth and development. Benschop et al. (2005) and Saika et al. (2007) expounded that accumulated ET was not only an obstacle to NCED expression but also caused a breakdown of ABA into phaseic acid, thereby decreasing ABA. Table 5 indicates that waterlogging had an opposite effect on the content of ET precursor (ACC) and ABA (r = −0.973). Previous research found ABA accumulation to foster stomatal closure (Savchenko et al., 2014). On the contrary, Chini et al. (2007) and Thines et al. (2007) explained that auxins regulated stomatal opening positively. ABA can cooperate with auxin to facilitate plant growth, owing to that ABA treatment improves the gene expression of ARF2 but decreases IAA7 to activate the auxin signaling pathway (Song et al., 2009; Wang et al., 2011). In this study, K14486/ARF was downregulated, but [IAA] was upregulated with the reduction of ABA content (Figure 1B and Supplementary Table 1). Combined with the decreased IAA content, it was concluded that waterlogging had a similar impact on the variation of ABA and IAA content (r = 0.982) in S. tonkinensis (Table 5).


TABLE 5. The correlations between 1-aminocyclopropane-1-carboxylic acid (ACC), abscisic acid (ABA), indole-3-acetic acid (IAA), and salicylic acid (SA) in 0- and 72-h groups.
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Overall, the upregulated EIN3 and downregulated EBF1_2 assisted in ethylene signaling at an early stage and kept S. tonkinensis seedlings sensitive to ET. Nonetheless, ET biosynthesis was inhibited by the low expression level of ACO on the third day of waterlogging. In addition, the “ET activated signaling pathway” failed to form adventitious roots and aerenchyma in S. tonkinensis seedlings (Figure 7). The “auxin-activated signaling pathway” was enriched in both the upregulated and downregulated genes in 9 vs. 0 h and 24 vs. 0 h, whereas it was only enriched in the downregulated genes in 72 vs. 0 h. The falling expression level of PAL resulted in the low accumulation of SA content at 72 h (Figure 7). Moreover, the decreased transcription of PYL weakened the ABA signal transduction pathway in the roots of S. tonkinensis seedlings under waterlogging stress.
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FIGURE 7. Schematic diagram of phytohormones crosstalk (72 vs. 0 h) and morphological variation (72 vs. 0 h) in response to waterlogging in Styrax tonkinensis seedlings. Different lowercase letters within each graph indicate significant differences (p < 0.05) among the samplings.


One limitation in our study is the large biological variability since these seedlings originated from seeds. In the future, spraying exogenous ABA and SA on the seedlings from cutting propagation will be conducted to reinforce the suspected conclusion. Also, further exploration of the interaction of these genes plays an essential role in the understanding of the crosstalk between phytohormones and theoretically supports the molecular mechanism of S. tonkinensis seedlings’ resistance to waterlogging.




CONCLUSION

To understand the phytohormone regulatory mechanisms in S. tonkinensis seedling roots under flooding stress, we determined the variation of ACC and three phytohormones content (ABA, IAA, and SA) in roots of S. tonkinensis seedlings in response to waterlogging stress after 0, 9, 24 and 72 h, respectively. It was found that ACC showed an upward trend, but other plant hormones showed a downward trend from 0 to 72 h under waterlogging stress. We also discovered several DEGs involved in phytohormone synthesis pathway and plant hormone signaling pathway. It was concluded that the decreased transcription of PYL weakened the ABA signal transduction pathway in the roots of S. tonkinensis seedlings under waterlogging stress. Moreover, decreased SA content caused by the low-expressed PAL reduced the resistance of S. tonkinensis seedlings under waterlogging stress.
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Supplementary Figure 1 | (A) The detailed design of waterlogging experiment. (B) The primary root part displayed in red frame was isolated from the whole root for the following experiments.

Supplementary Figure 2 | Quality control of different samples from different biological replicates in the pathway of plant hormone signal transduction. (A) The box-whisker plot of each sample in the pathway of plant hormone signal transduction of S. tonkinensis seedlings under waterlogging stress. The box-whisker plot for each region has five statistics (maximum, third quartile, median, first quartile, and minimum). (B) Principal component analysis (PCA) of root samples of S. tonkinensis seedlings collected at 0, 9, 24, and 72 h.

Supplementary Figure 3 | Hierarchical cluster analysis (HCA) of unigenes comparison between 9 and 0 h in the pathway of plant hormone signal transduction of S. tonkinensis seedlings under waterlogging stress. Red blocks represent high expression of unigenes, and blue blocks represent a low expression of unigenes. These unigenes in the figure above need to meet the threshold that p < 0.05 and | log2FC| > 1.

Supplementary Figure 4 | Hierarchical cluster analysis of unigenes comparison between 24 and 0 h in the pathway of plant hormone signal transduction of S. tonkinensis seedlings under waterlogging stress. Red blocks represent a high expression of unigenes, and blue blocks represent a low expression of unigenes. These unigenes in the figure above need to meet the threshold that p < 0.05 and | log2FC| > 1.

Supplementary Figure 5 | Hierarchical cluster analysis of unigenes comparison between 72 and 0 h in the pathway of plant hormone signal transduction of S. tonkinensis seedlings under waterlogging stress. Red blocks represent a high expression of unigenes, and blue blocks represent a low expression of unigenes. These unigenes in the figure above need to meet the threshold that p < 0.05 and | log2FC| > 1.

Supplementary Figure 6 | The up- or downregulation of DEGs in plant hormone signal transduction pathway sorted by gene functions.

Supplementary Figure 7 | The relative expression from qRT-PCR of IAA (A), PYL (B), EBF1_2 (C), EIN3 (D), MYC2 (E), NPR1 (F), AHP (G), and AUX1/LAX (H) in roots of S. tonkinensis seedlings under waterlogging stress after 0, 9, 24, and 72 h, respectively. Different lowercase letters within each graph indicate significant differences (p < 0.05) among the samplings, whereas different capital letters within each graph indicate significant differences (p < 0.01) among the samplings.
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Global warming in this century increases incidences of various abiotic stresses restricting plant growth and productivity and posing a severe threat to global food production and security. The plant produces different osmolytes and hormones to combat the harmful effects of these abiotic stresses. Melatonin (MT) is a plant hormone that possesses excellent properties to improve plant performance under different abiotic stresses. It is associated with improved physiological and molecular processes linked with seed germination, growth and development, photosynthesis, carbon fixation, and plant defence against other abiotic stresses. In parallel, MT also increased the accumulation of multiple osmolytes, sugars and endogenous hormones (auxin, gibberellic acid, and cytokinins) to mediate resistance to stress. Stress condition in plants often produces reactive oxygen species. MT has excellent antioxidant properties and substantially scavenges reactive oxygen species by increasing the activity of enzymatic and non-enzymatic antioxidants under stress conditions. Moreover, the upregulation of stress-responsive and antioxidant enzyme genes makes it an excellent stress-inducing molecule. However, MT produced in plants is not sufficient to induce stress tolerance. Therefore, the development of transgenic plants with improved MT biosynthesis could be a promising approach to enhancing stress tolerance. This review, therefore, focuses on the possible role of MT in the induction of various abiotic stresses in plants. We further discussed MT biosynthesis and the critical role of MT as a potential antioxidant for improving abiotic stress tolerance. In addition, we also addressed MT biosynthesis and shed light on future research directions. Therefore, this review would help readers learn more about MT in a changing environment and provide new suggestions on how this knowledge could be used to develop stress tolerance.

Keywords: abiotic stress, anti-oxidant defence, growth, genes regulation, melatonin, ROS, signalling crosstalk


INTRODUCTION

Plants are sessile organisms that face a variety of environmental stress (drought, salinity, heat, cold stress, heavy metals stress, and nutrient deficiency) (Rasheed et al., 2021a,b), which have devastating impacts on their performance in terms of growth and productivity (Sharma et al., 2019). These abiotic stresses disrupt plant physiological and metabolic functioning development processes (Jeandroz and Lamotte, 2017) and induce the production of reactive oxygen species (ROS), lipid peroxidation and accumulation of various osmolytes, and significant yield losses (Arif et al., 2016; Singh et al., 2017; Batool et al., 2022a,b; Imran et al., 2022). The intensity of these abiotic stresses is steadily increasing due to rapid climate change, and appropriate measures need to be taken to address these stresses (Beebe et al., 2011; Jeandroz and Lamotte, 2017; Ali et al., 2019). Therefore, plants have developed diverse mechanisms to counter these abiotic stresses (Rasheed et al., 2020a,b). Such tools include plant growth regulators, different osmolytes synthesis, and accumulation to protect against stress-induced damages for maintaining cellular homoeostasis and optimum plant growth (Yancey, 2005; Burg and Ferraris, 2008; Beebe et al., 2011; Liang et al., 2013; Singh et al., 2017).

Melatonin (MT) is one such molecule considered a vital plant growth regulator under stress conditions. It is a pineal molecule discovered in bovine pineal glands (Lerner et al., 1958; Reiter, 1991). MT received its name in 1957 when it was reported to play a role in the skin lightening of frogs and involves in controlling circadian rhythms in diverse vertebrates (Lerner et al., 1958; Tan et al., 2018). The maximum MT levels during the night indicate its importance in nocturnal signalling (Reiter, 1991). In plants, the MT presence was discovered in various monocot and dicot families (Reiter et al., 2001; Nawaz et al., 2016). Its presence in diverse plant parts (root, stem, leaves, fruit, flower, and seeds) in apple, banana, cucumber, onion, rice, and tomato, indicates its importance in plant growth and development across the plant kingdom (Nawaz et al., 2016; Wei et al., 2018).

The MT role in response to different stresses has been comprehensively studied (Debnath et al., 2019). MT plays an important role in seed germination, biomass productivity, photosynthesis, fruit maturation, membrane integrity, osmoregulation, leaf senescence and plants responses to abiotic stresses (Lee et al., 2014; Shi et al., 2015b). MT-mediated gene expression regulation protects plants against stress conditions, for example, the activation of antioxidant machinery of plants (Debnath et al., 2019); thus, it is considered an essential bio-stimulant to improve crop production in adverse conditions. MT triggered an antioxidant defence system under stress conditions, favouring ROS scavenging and acting as a stress protecting molecule (Khan et al., 2020a). This property of MT makes it a promising molecule that can be used for exogenous application under stress conditions. In this review, we have explored the physiological and biochemical role of MT under diverse abiotic stresses. We also discussed the possible mechanism of MT under different stresses. Moreover, we have also shed light on engineered MT biosynthesis, its crosstalk with other hormones, and future research to provide a complete picture of MT-mediated abiotic stress tolerance.



BIOSYNTHESIS OF MELATONIN IN PLANTS

In the MT biosynthesis pathway, the tryptophan (TTP) precursor, which is also a precursor of indole-3-acetic acid (IAA), comes from the shikimic acid pathway (Posmyk and Janas, 2009; Arnao and Hernández-Ruiz, 2014; Nawaz et al., 2016; Zhao et al., 2019). The TTP is converted in MT by four enzymatic reactions catalysed by four diverse enzymes (Figure 1). The enzyme tryptophan decarboxylase (TDC) firstly changed TTP into tryptamine. After that, the enzyme tryptamine 5-hydroxylase (T5H) converts tryptamine into serotonin. These two steps are crucial for the synthesis of serotonin in plants. Nevertheless, in some plants, a different pathway operates in which tryptophan is converted by tryptophan 5-hydroxylase (TPH) to 5-hydroxytryptophan, which is then catalysed by tryptophan decarboxylase or aromatic L-amino acid decarboxylase (TDC/AADC) to serotonin (Zuo et al., 2014). Subsequently, arylalkylamine N-acetyltransferase (AANAT) or N-acetyltransferase (SNAT) converts serotonin into N-acetyl-serotonin. Moreover, SNAT can also convert tryptamine into N-acetyl-tryptamine; however, T5H cannot convert N-acetyl-tryptamine into N-acetyl-serotonin. In the last step, N-acetyl-serotonin methyltransferase (ASMT) or hydroxyindole-O-methyltransferase (HIOMT) catalysed the N-acetyl-serotonin into MT. HIOMT can also convert serotonin into 5-methoxytryptamine, converted into MT by SNAT (Zhang et al., 2014; Tan et al., 2016).
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FIGURE 1. Mechanism of melatonin biosynthesis in the plant.


Generally, MT and its intermediate accretion in different sub-cellular sites depend on the order of enzymes reaction involved in MT biosynthesis. For instance, the accumulation of serotonin occurs in the endoplasmic reticulum when TTP is converted into T5H, while serotonin accumulates in the cytoplasm in the TDC enzyme. Likewise, the conversation of serotonin into N-acetyl-serotonin occurs in the chloroplast, where serotonin conversion into 5-methoxytryptamine by ASMT accumulation occurs in the cytoplasm. Finally, MT synthesis occurs in the chloroplast (Miller et al., 2010). The order of enzymes reaction in MT biosynthesis alters the subcellular sites of intermediates and MT formation (Back et al., 2016). For instance, the first and second enzymatic reactions result in the formation of serotonin in the cell endoplasmic reticulum (ER), while the third and fourth enzymatic reaction leads to the formation of serotonin in the cell cytoplasm (Back et al., 2016). The synthesis of MT in the chloroplast occurs when the final step enzyme is SNAT whereas ASMT/COMT is involved in the terminal reaction that occurs in the cytoplasm. Nonetheless, depending on the sites of biosynthesis, both MT and serotonin levels are strongly affected by the capability of anabolic and catabolic flow (Back et al., 2016). TTP and serotonin are significantly accumulated in senesced leaves, while tryptamine and N-acetylserotonin are not significantly increased (Back et al., 2016). Thus, these events can be explained by the quick conversion of tryptamine to serotonin by T5H and serotonin conversion N-acetylserotonin by SNAT (Kang et al., 2009a,2010).

Moreover, a significant accumulation of serotonin is not attained when enzymes competing for serotonin as a substrate are present at the same sub-cellular site. For instance, serotonin is quickly metabolised into phenylpropanoid amides (feruloyl serotonin) by serotonin N-hydroxycinnamoyl transferase, which is expressed in the cell cytoplasm (Kang et al., 2009b). Moreover, MT can also be quickly metabolised into 2-hydroxymelatonin (2-OHMel) and cyclic 3-hydroxymelatonin (3-OHMel) by MT-2-hydroxylase (M2H) and melatonin 3-hydroxylase (M3H), respectively, when MT is present in plant chloroplast and cytoplasm, respectively (Byeon and Back, 2015; Lee et al., 2016). In-plant chloroplast MT provides a significant defence to plants against oxidative stresses. The plant chloroplast and mitochondria are significant sites of MT biosynthesis, and it does not preclude the possibility that some MT is not also formed in cell cytosol (Tan and Reiter, 2019). The diverse pathways, along with different sub-cellular sites for MT production, play an important role in the steady-state level of MT and in the induction of MT synthesis in responses to various stresses to cope with adverse impacts (Back et al., 2016).



MELATONIN: THE STRESS PROTECTANT

Melatonin is an excellent antioxidant molecule with the appreciable potential to scavenge ROS and improve stress tolerance (Figure 2). Its exogenous application improves various physiological and biochemical processes and plants’ responses to diverse abiotic stress conditions. It improves chlorophyll contents, photosynthetic efficiency, protein accumulations, and RuBisCO activities and triggers the antioxidant defence system, inducing stress tolerance (Figure 2). MT also stimulates different signalling pathways in response to stress conditions. Here we briefly described the prominent roles of MT mediated tolerance in plants against various abiotic stresses.
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FIGURE 2. MT being an amphiphilic molecule free crosses cellular membranes and directly scavenges the ROS by increasing the anti-oxidant activities. MT also improves osmolytes accumulation, protects photosynthetic apparatus, maintains redox balance, and affects the signalling transduction and genes expression linked with different stresses to induce stress tolerance.




MELATONIN INDUCES SALINITY TOLERANCE IN PLANTS

Salt stress significantly limits crop growth and development and threatens global food production. It mainly induces osmotic stress, ionic and nutritional imbalance, and ROS, resulting in a significant loss in plant growth (Abbasi et al., 2016; Dustgeer et al., 2021; Sultan et al., 2021; Seleiman et al., 2022). Globally, many plant growth regulators (PGR) reported improving salt tolerance to achieve agricultural sustainability (Bastam et al., 2013). Salt stress-induced a reduction in crop productivity by decreasing the photosynthetic efficiency (Meloni et al., 2003). Reduced photosynthetic efficiency can be caused by the closing of stomata and the negative effect of salinity on photosynthetic parameters (Meloni et al., 2003). However, MT application considerably improved the effectiveness of PS-II (Table 1) for photochemical and non-photochemical quenching, which favours increased photosynthetic efficacy under salt stress (Li et al., 2017).


TABLE 1. Role of melatonin in inducing salt tolerance in different plant species.
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MT application regulates the ROS, protecting the photosynthetic apparatus and improving the photosynthetic efficiency and subsequent growth under salt stress, as shown in maize (Chen et al., 2018). MT supply improves sugar accumulation, chlorophyll biosynthesis, and protection of PS-II under salt-stressed conditions (Zhang et al., 2021a). MT supplementation enhances gene expression of various antioxidant, photosynthesis and ROS scavenging enzymes, confining salt tolerance in Phaseolus vulgaris and rice (Yan et al., 2021).

Moreover, MT also substantially maintains the ionic balances to counter the salt stress. For example, MT application increased the K+ accumulation, decreased the Na+ accretion, and kept the higher K+/Na+ ratio to induce salinity tolerance in maize seedlings (Jiang et al., 2016). The improved ionic homoeostasis in plants is linked with the upregulation of the transcription of the different genes such as MdNHX1 and MdAKT1, which substantially confer the salt tolerance in MT treated Malus hupehensis seedlings (Li et al., 2012). Likewise, MT treatment also increased the expression of NHX1 and SOS2 in rapeseed seedlings which were associated with a lower Na+/K+ ratio (Zhao et al., 2018). Moreover, the interaction of Ca2+/CaM (Ca2+/Calmodulin) and MT is also considered to be involved in overcoming the harmful effects of salt stress. Ca and MT interaction induces long-distance signalling, bringing salt stress tolerance in Dracocephalum kotschyi (Vafadar et al., 2020).

Additionally, MT supplementation also caused a reduction in ROS production (Table 1; Wang et al., 2016a; Zheng et al., 2017) through enhanced activities of antioxidant enzymes (APX, CAT, GR, GPX, POD, and SOD) under salt stress (Jiang et al., 2016; Chen et al., 2018). It also increased the actions of the H+-pump, which subsequently promoted the K+ influx and Na+ efflux. It enhanced the activity of antioxidants (APX, CAT, POD, SOD, AsA, and GSH) and the accumulation of soluble sugars, proline, and glycine betaine, favouring the increase in salt tolerance (Zhang et al., 2021a). In conclusion, MT improves plant growth under salt stress by enhancing photosynthetic efficiency, K+ influx, and Na+ efflux, reducing ROS production, improving antioxidant activities, and accumulating compatible solutes. Therefore, exogenous application of MT can improve salt stress in crops.



MELATONIN INDUCES DROUGHT TOLERANCE IN PLANTS

Drought is another significant abiotic stress that considerably limits crop growth and global food production (Hassan et al., 2017, 2020; Mehmood et al., 2021). The reduced water availability induces severe alterations in plant physiological processes, which consequently cause severe yield losses (Hassan et al., 2019, 2021). Melatonin is a potential PGR that confers tolerance in plants against different stress conditions, including drought stress (Meng et al., 2014; Kabiri et al., 2018). Melatonin regulates various physiological, biochemical, and molecular processes (Table 2), which improves the plant’s resistance to stand drought conditions (Campos et al., 2019). The regulation of photosynthetic processes and antioxidant defence system are the main processes controlled by MT under drought stress (Liang et al., 2019). Melatonin protects the photosynthetic apparatus from the effects of drought, which, therefore, improves the photosynthetic efficiency (Meng et al., 2014; Liang et al., 2018).


TABLE 2. Role of melatonin in inducing drought stress tolerance in different plant species.
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Melatonin also prevents chlorophyll degradation during drought and improves stomatal conductance and photosynthetic efficiency (Liang et al., 2018; Karaca and Cekic, 2019). Moreover, enhanced photosynthetic rate by MT supplementation is attributed to improved PS-II efficiency and better electron transport rates (Zhang et al., 2013; Liang et al., 2018). MT application also protects the chloroplast structure from oxidative stress damage resulting in a substantial increase in photosynthesis (Cui et al., 2017). MT supply also suppressed the expression of chlorophyll degradation genes [pheophorbide a oxygenase (PAO)], which improves the chlorophyll synthesis under stress conditions. MT also increases the expression of photosynthetic genes (RBCS2), thereby improving overall photosynthetic efficiency, assimilating production and crop growth under drought stress (Cherono et al., 2021).

Melatonin application as pre-treatments significantly improved seed germination, delayed senescence, and enhanced root growth under drought stress, resulting in improved plant development and final production (Wang et al., 2013; Zhang et al., 2013). Moreover, MT application also reduced the drought-induced impacts on growth by improving stomatal conductance, photosynthetic efficiency, leaf water status, reducing the electrolyte leakage and H2O2 accumulation, and increasing soluble sugars and proline accumulation (Liang et al., 2018; Ahmad et al., 2021). The MT mediated protection of the plants from damaging impacts of drought-induced oxidative stress is linked with increased ROS scavenging. The triggered ROS scavenging by MT is due to the stimulated antioxidant defence system under drought stress (Liu et al., 2015b; Cai et al., 2017; Gao et al., 2018; Campos et al., 2019). Water scarcity induced a significant increase in ABA accumulation in plants. Increased ABA level in plants increased oxidative stress linked with lipid peroxidation, electrolyte leakage, and chlorophyll degradation (Jiang et al., 2020). MT supplementation reduced the ABA accumulation under drought stress by downregulating the genes linked with ABA biosynthesis and upregulating the genes involved in ABA catabolism (Jiang et al., 2020). Additionally, in drought-stressed plants, MT appreciably increased the activities of antioxidants (APX, CAT, DHAR, GPX, GR, MDHAR, POD, and SOD) which declined the ROS production safeguarded the plants from drought-induced oxidative stress (Galano et al., 2013; Li et al., 2015; Kabiri et al., 2018; Campos et al., 2019). To summarise, MT improves photosynthetic efficiency, reduces drought-induced ROS production, ABA accumulation, and increases antioxidant activities and proline accumulation, which confer drought tolerance and can be used as a stress protectant under drought stress.



MELATONIN INDUCES COLD TOLERANCE IN PLANTS

Cold stress also has devastating impacts on plants and considerably limits crop growth and production (Mishra et al., 2011). Cold stress induces substantial changes in plants’ physiological, molecular, and metabolic activity, altering the membrane permeability and antioxidant activity (Bajwa et al., 2014; Hu et al., 2016). Therefore, MT application improved the cold tolerance of Bermuda grass by increasing ROS scavenging (Table 3) through increased antioxidant activities (Shi et al., 2015a). Similarly, spraying the rice seedlings with different MT concentrations (0, 20, or 100 μM) significantly improved the rice growth by preventing ROS MDA accumulation and increasing the efficiency of PS-II (Liu et al., 2015a). The application of MT at lower concentrations (10 and 30 μm) appreciably improved root growth, shoot growth, and biomass production (Bajwa et al., 2014). The application of MT upregulated the cold-responsive genes (COR15a) and antioxidant genes (ZAT10 and ZAT12), which increases the cold tolerance (Bajwa et al., 2014). MT supply also reduced the cold-induced reduction in photosynthetic efficiency by increasing the antioxidant potential and redox homoeostasis, as shown in pea plants (Li et al., 2018). Foliar spray of MT (200 μM) helps in the alleviation of cold-induced growth suppression by improving stomatal conductance, photosynthetic efficiency, the quantum yield of PS-II, and reducing MDA accumulation by increasing CAT, POD, and SOD activities and increasing the expression of antioxidant genes including CmSOD, CmPOD, and CmCAT (Zhang et al., 2017d). The maize seedlings treated with MT (1 mM) under cold stress effectively mitigated the cold stress as shown by enhanced RWC, chlorophyll contents, activities of antioxidants, and lower MDA and H2O2 accumulation (Turk and Erdal, 2015). Moreover, MT application also induced a significant increase in uptake of nutrients like boron, calcium, copper, iron, potassium, phosphorus, sulphur, and zinc, which generated a considerable increase in maize growth under cold stress (Turk and Erdal, 2015). In conclusion, MT improved cold tolerance by improving photosynthetic activities, stomatal conductance, nutrient uptake, and reduced MDA and H2O2 through enhanced antioxidant activities and expression of antioxidant genes and has the potential to be used as a stress protectant under cold stress onset.


TABLE 3. Role of melatonin in inducing cold stress tolerance in different plant species.
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MELATONIN INDUCES HEAT TOLERANCE IN PLANTS

Heat stress (HS) severely restricts plant growth, causes a severe reduction in crop yield, and is considered the most potent food security in this century (Hassan et al., 2021). Therefore, the use of plant growth regulators to protect plants against the adverse effects of this stress is imminent. MT application alleviated the negative impacts of HS (Table 4) and caused a significant increase in growth under HS in various crops (Table 5). MT supplementation maintains the photosynthesis under HS and favours a significant increase in growth (Ahammed et al., 2018). In kiwifruit, it was noticed that MT application effectively modulated the carbon fixation and improved the photosynthesis under HS by genes transcription (Liang et al., 2019). MT-treated seedlings showed increased tolerance to HS due to modulation of antioxidant activities, osmoregulatory system and methylglyoxal detoxification (Li et al., 2019).


TABLE 4. Role of melatonin in inducing heat stress tolerance in different plant species.
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TABLE 5. Role of melatonin in inducing heavy metals stress tolerance in different plant species.
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Similarly, wheat MT supplementation suppressed the HS-induced damage by activating antioxidant machinery (Buttar et al., 2020). The supplementation of MT increases SOD activities APX, which counter the ROS and ensure the plants’ survival under HS conditions (Zhang et al., 2017b). Melatonin significantly attenuated HS-induced leaf senescence as indicated by reduced leaf yellowing and increased Fv/Fm ratio, reducing ROS production (Jahan et al., 2021). MT foliar spray also increased the plant growth regulators; for example, endogenous MT and GA contents in heat-stressed plants improved, significantly increasing HS tolerance (Jahan et al., 2021). MT application also reduced the ABA biosynthesis and gene expression, preventing the plants from ABA-induced oxidative damage (Jahan et al., 2021). A recent study indicated that MT supplementation in Lolium perenne induced substantial growth by reducing the ABA contents and increasing the endogenous MT and cytokinin contents (Zhang et al., 2017b). The MT application can reduce HS in tomato-induced protein misfolding, thus protecting the proteins from denaturation under HS (Xu et al., 2016). MT also increased the expression of heat shock proteins (HSPs) under HS conditions (Wang et al., 2015; Xu et al., 2016).

Calcium ions play an imperative role against HS tolerance in plants. MT application modulates Ca2+ influx through a non-selective Ca2+ permeable cation channel (Çelik and Naziroǧlu, 2012), stimulates Ca2+ transport across the cellular membranes, and ensures HS tolerance (Santofimia-Castaño et al., 2014). MT also increased the biosynthesis of total phenols and flavonoids, which conferred the HS tolerance (Meng et al., 2018). Therefore, in the light of the findings mentioned above, it is concluded that MT induced the HS by improving the photosynthetic efficiency, protecting the photosynthetic apparatus, reducing ROS and ABA accumulation, and increasing the Ca2+ influx antioxidant activities and expression of HSPs. It has enormous potential as a stress protectant used in the exogenous spray.



MELATONIN INDUCES ULTRAVIOLET RADIATION TOLERANCE IN PLANTS

Ultraviolet (UV) radiations are a severe threat to crop production, and their intensity is continuously increasing due to rapid ozone layer depletion. MT possesses an excellent potential to alleviate UV’s adverse impacts. It has been reported that MT application appreciably facilitated the UV-induced damages to DNA and UV radiations induced ROS in Nicotiana sylvestris and Malus hupehensis (Zhang et al., 2012; Ullah et al., 2019; Wei et al., 2019; Nazir et al., 2020). MT acts as a potent antioxidant to improve the UV resistance and regulates the expression of different UV signalling pathways, including the ubiquitin-degrading enzyme (COP1), transcription factors (HY5, HYH), and RUP1/2 (Yao et al., 2021). MT supply enhanced the expression of COP1, HY5, HYH, and RUP1/2 which play a significant role in UV-B signalling. Therefore, it regulates the plant antioxidant defence systems to protect them from the damaging impacts of UV-B stress (Yao et al., 2021).

In response to UV stress, endogenous MT accumulation in plant species (Alpine and Mediterranean species) provides UV tolerance (Simopoulos et al., 2005). Likewise, the roots of Glycyrrhiza uralensis exposed to UV-B showed a substantial increase in endogenous MT, reducing UV-induced damage to DNA (Zhang et al., 2012). MT application under UV radiation stress increased the endogenous MT and different phenolic compounds, including chlorogenic acid, phloridzin, and quercetin 3-galactoside, which confer UV tolerance (Wei et al., 2019). Though limited studies are conducted to determine the impact of MT against UV stress, more studies are direly needed to underpin the role of MT in mitigating the UV radiation stress in plants.



MELATONIN INDUCES WATERLOGGING TOLERANCE IN PLANTS

Waterlogging has been considered to affect crops’ survival, growth, and production in areas subjected to poor drainage and high rainfalls (Jackson and Colmer, 2005). Waterlogging affects plant growth and development, primarily creating anaerobic conditions and inducing ROS production. MT regulates plant growth and development under different stresses as an excellent antioxidant (Sun et al., 2021). For example, exogenous MT supplementation improved antioxidants activities and reduced the accumulation of MDA and H2O2 in tomato, pear, and alfalfa for water-logging tolerance (Zhang et al., 2019). Six alfalfa weeds grown under waterlogged conditions of 100 mM MT showed significant improvement in growth, physiological characteristics, photosynthetic efficiency, chlorophyll content, leaf polyamine content, and reduction in MDA and ROS accumulation due to increased antioxidant activity (Zhang et al., 2019). MT also maintains aerobic respiration protects the photosynthetic apparatus from oxidative damage and increases the expression of genes (MbT5H1, MbAANAT3, and MbASMT9) that subsequently improve tolerance to waterlogging stress (Zheng et al., 2017; Gu et al., 2021); for example, treated peach seedlings with MT (200 μM) and found improved chlorophyll concentration, stomatal movements, and reduced electrolyte leakage, lipid peroxidation, and MDA accumulation through increased POD and SOD activity under water deficit stress. MT supplementation enhanced the ADH activity and reserved the transition from aerobic to anaerobic respiration caused by waterlogging (Zheng et al., 2017).

Moreover, MT also controlled the anaerobic respiration enhancing the aerenchyma and suppressing the regulation of metabolic enzymes (Gu et al., 2021). MT improved the tolerance against waterlogging by reducing chlorosis and wilting (Zhang et al., 2013). Another study noted that foliar spray of (100 μ mol L–1) substantially enhances the efficiency of PS-II, photosynthetic rate and decreases the MDA accumulation through enhanced antioxidant activities in sorghum (Zhang et al., 2021b). The addition of MT improved waterlogging resistance by increasing the photosynthetic efficiency of photosynthetic pigments and reducing the accumulation of MDA and H2O2 through increased antioxidant activity. Thus it can be used as a stress protectant against waterlogging stress.



MELATONIN INDUCES HEAVY METALS STRESS TOLERANCE IN PLANTS

Heavy metals (HMs) are a severe threat to global food production. Their concentration in agricultural soil is rapidly increasing due to anthropogenic activities (Hassan et al., 2019; Chattha et al., 2021; Imran et al., 2021a; Rehman et al., 2022). The role of MT to regulate plants grown under different HMs is well explored (Hasan et al., 2015); nonetheless, MT-mediated growth regulation largely depends on MT application rate, heavy metal concentration, and plant species (Table 5). For instance, soybean grown under Al-stress (50 μM) showed a significant increase in growth and antioxidant activities with 1 μM MT compared to the 100 and 200 μM MT (Zhang et al., 2017b). Similarly, red cabbage plants grown under Cu stress showed a significant improvement in growth with 10 μM MT supplementation compared to 100 μM (Posmyk et al., 2008). Conversely, tomato plants grown under Cd stress (100 μM) showed a significant increase in plant growth with MT application of 100 μM as compared to lower rates (Hasan et al., 2015). MT application also reverses the lead-induced cell death and morphological deformation and membrane leakage in stressed plants compared to control (Li et al., 2016a; Kobyliñska et al., 2017).

Melatonin restricts the HM translocation and increases genes expression of MT, thus increasing the endogenous concentration to combat the HM stress (Hasan et al., 2015). Moreover, MT directly scavenges the ROS by improving the antioxidant activities, conferring stress tolerance (Moustafa-Farag et al., 2020). For instance, MT spray enhanced the tolerance against ZnO by increasing the ATPase, RuBisCO, and antioxidant activities in wheat (Zuo et al., 2017). Similarly, MT enhanced the plant tolerance to HMs by modulating the antioxidant enzyme activities (Zhang et al., 2017b). Interestingly, HM induced the upregulation of MT biosynthetic enzymes genes from E. pisciphila tryptophan decarboxylase (EpTDC1 and EpSNAT1) and enhanced the MT biosynthesis improving the tolerance against the HMs in E. coli and A. thaliana (Yu et al., 2021). Strawberry seedlings grown under Cd showed a significant reduction in growth, biomass production, chlorophyll contents and activities of antioxidant enzymes. However, MT application (200 μmol) showed a substantial increase in growth biomass production through enhanced actions of APX, CAT, POD, and SOD, and reduced MDA accumulation (Wu et al., 2021a). MT application also improved the expression of MtPT4 and AM colonisation in Medicago truncatula plants, which improved the overall antioxidant activities and resultantly increased the growth under HM stress (Zhang et al., 2020b). In conclusion, MT alleviated the HMs induced deleterious effects by improving the photosynthetic activity, antioxidant activities, reduced HM uptake and MDA and ROS accumulation. It can be used as a potential stress protectant for managing HMs stress.



MELATONIN INDUCE ELEVATED OZONE TOLERANCE IN PLANTS

Ozone (O3) is a highly oxidising pollutant, and increasing O3 concentration severely affects plant growth as well as development (Serengil et al., 2011). MT plays an imperative role in plats responses to diverse abiotic stresses; nonetheless, its mechanism in alleviating the O3 is poorly understood. Mt crosstalk with various plant growth regulators helps stress alleviation; for example, grape leaves grown under O3 were treated with MT modulated ethylene biosynthesis and signalling. O3 induced a significant increase in genes expression linked with ethylene biosynthesis, while MT supplementation significantly inhibited the ethylene genes expression (Liu et al., 2021). Further MT application also improved the photosynthetic performance and antioxidant activities under O3. The over-expression of MT synthesis gene VvASMT1 (acetylserotonin methyltransferase 1) also alleviated the O3 stress and reduced the ethylene biosynthesis (Liu et al., 2021). The effect of diverse MT concentrations (0, 0.1, 0.5, 2.5, and 12.5 μM) was studied on apple plants grown under O3 stress. The exposure of apple plants to O3 induced a significant increase in MDA accumulation. However, MT application reduced the MDA accumulation by increasing the antioxidant activities (CAT, POD, and SOD). Further, MT also improved the accumulation of soluble proteins and non-enzymatic antioxidant activities and conferred the O3 tolerance (Qiu et al., 2019). Therefore, MT induced the O3 tolerance by favouring the antioxidant activities and reducing the MDA and ethylene accumulation. However, a wide range of studies is direly needed to underpin the mechanism linked with MT-induced O3 stress in plants.



MELATONIN INDUCES NUTRIENT DEFICIENCY TOLERANCE IN PLANTS

The extensive agriculture practices continuously increase the nutrient deficiency problem, and it is considered to aggravate in the coming time. MT possesses an excellent potential to reduce the effects of nutrient deficiency. For instance, MT supplementation significantly increases the iron (Fe) concentration in roots and shoots and alleviates Fe deficiency (Zhou et al., 2016). In another study, MT supplementation enhanced the tolerance of wheat plants to potassium stress (K). MT upregulated the K transporter 1 (TaHAK1) gene expression, improved K absorption, and, therefore, alleviated K deficiency (Li et al., 2021a,b).

Similarly, MT supply reduced ROS production in sulphur (S) deprived plants and mitigated the S-induced deficiency by protecting the macromolecules and ultra-structures (Hasan et al., 2018). MT also promoted the S uptake and assimilation by regulating the genes expression involved in S metabolism and transportation (Hasan et al., 2018). Another investigation indicated the possible mechanism of MT application mediated improvement in growth and physiological parameters by a reduction in the electrolyte leakage, ROS production, and lipid peroxidation through increasing the activities and transcription of antioxidant enzyme genes and improved accumulation of phenols and flavonoids under Fe stress (Ahammed et al., 2020). Here, MT also increased the leaf Fe contents and increased the transcription levels of FRO2 and IRT1, which improved the Fe uptake under Fe deficient conditions (Ahammed et al., 2020). However, other element availability after MT application needs to be investigated. Therefore, nutrient availability can be improved by applying MT through various mechanisms and could be used as a stress protectant under nutrient deficiency.



MELATONIN INDUCES SOIL PH STRESS TOLERANCE IN PLANTS

Soil pH plays a critical role in plants growth, and any fluctuation in soil pH induces stress conditions for plants. MT could help plants withstand the soil fluctuations; for example, MT application improved the growth and yield of tomatoes under alkaline and acid pH stress (Liu et al., 2015a). Soil pH fluctuations can increase the endogenous MT and are reported to be increased by 12 times under pH stress in untreated plants (Arnao and Hernández-Ruiz, 2013). MT supplementation (0.1 and 1 μM) in soybean mitigated the Al-induced toxicity in acid soils through an enhanced accumulation of osmolytes and antioxidant activities (Zhang et al., 2017b). MT induced pH stress tolerance by activating MT receptors (MTNR1A and MTNR1B) and improving antioxidant defence (Arnao and Hernández-Ruiz, 2006).

Besides this, MT under alkaline stress also increased the accumulation of polyamines which conferred stress tolerance (Gong et al., 2017). MT also reduced oxidative stress, and membrane leakage in alkaline stressed conditions by scavenging the ROS (Hardeland, 2013; Gong et al., 2017). The increase in antioxidant activities preserves chloroplast grana, prevents chlorophyll degradation, and improves photosynthesis under alkaline stress (Debnath et al., 2018). MT’s protective role under sodic alkaline stress is also linked with NO signalling. Under alkaline stress, MT triggers NO accumulation by downregulation of expression of S-nitrosoglutathione reductase (Corpas and Barroso, 2015; Kaur et al., 2015; Wen et al., 2016). These findings suggested that NO is a downstream signal in plants’ tolerance to alkaline stress (Liu et al., 2015b). Similarly, MT application significantly improved the expression of acetyltransferase NSI-like genes and lowered the production of H2O2 under acidic soils (Moustafa-Farag et al., 2020). Little research is done on the ameliorative effect of exogenous MT in the context of plants grown under pH stress. Nonetheless, more studies are required to explore the mechanistic pathways of MT in inducing pH stress tolerance.



MECHANISM OF MELATONIN INDUCED STRESS TOLERANCE


Melatonin Mediated Upgrading of the Antioxidant Defence System Under Stress Conditions

Plants have different physiological and biochemical adaptations to cope with various abiotic stresses. ROS are produced in plants under other stress conditions (Hassan et al., 2019), which induce oxidative stress and cause damage to macromolecules and biological structures (Imran et al., 2021b; Iqbal et al., 2021). Thus, plants activate antioxidant defence systems to counter the deleterious impacts of abiotic stresses (Iqbal et al., 2021). MT is an excellent molecule that improves plant growth by triggering the antioxidant enzymes under stressed conditions (Table 6).


TABLE 6. Effect of MT application on anti-oxidant defence system under different stress conditions.

[image: Table 6]
Drought and salt stress-induced ROS production was regulated by different plant growth regulators. These ROS act as plants’ internal defence systems to trigger the scavenging of ROS and reduce oxidative stress by increasing the activities of antioxidant enzymes (Liang et al., 2019).

Melatonin is a multi-functional antioxidant, and it substantially scavenges the ROS and improves stress tolerance (Arnao and Hernández-Ruiz, 2014). MT stimulates the enzymatic antioxidative defence system and protects against stress conditions (Ye et al., 2016). It also promotes the ABA degradation enzymes and scavenges the ROS by increasing the activities of APX, CAT, DHAR, GPX, GR, and SOD (Kabiri et al., 2018; Campos et al., 2019; Li et al., 2021a). Under salt stress, MT application significantly increased the photosynthetic rate and reduced oxidative stress, as discussed earlier (Zhang et al., 2017c). The MT-induced protection under salt stress is linked with improved light absorption, electron transport, the efficiency of PS-II, and reduction in oxidative stress induced by increase in activities of antioxidants (AsA, CAT, GSH, POD, and SOD) in melon crop (Zhang et al., 2017c).

Similarly, the application of MT under HS significantly increased proline accumulation. It reduced the MDA and H2O2 accumulation through the improved activity of CAT, POD, and SOD and the expression of genes linked with these enzymes (Jahan et al., 2019; Buttar et al., 2020). Similarly, MT application substantially improved the working of APX, CAT, POD, SOD, and GSH and, therefore, decreased ROS accumulation under HM and HS stress (Byeon et al., 2015; Hasan et al., 2015). MT also reduces the excessive ROS production induced by HM in rice, wheat, and watermelon by activating the SOD (Lee and Back, 2017; Nawaz et al., 2018). Similarly, other authors also reported that MT significantly improved the activities of APX, CAT, POD, SOD, and other antioxidant activities under waterlogging, cold, and ozone stress (Zhang et al., 2017c; Qiu et al., 2019; Gu et al., 2021). Thus, all these findings endorsed that MT supplementation effectively up-graded the antioxidant defence system to alleviate the effects of different abiotic stresses.



Interaction and Crosstalk of Melatonin With Other Hormones

Hormones play a critical role in plant growth and MT is widely involved in the metabolism of a range of hormones, including IAA, ABA, gibberellic acid (GA), cytokinin (CK), and ethylene (Arnao and Hernández-Ruiz, 2018). MT has similar chemical properties to IAA, and both these two hormones use tryptophan in their biosynthesis pathways as substrate (Wang et al., 2016b). MT acts as a growth regulator and it shows IAA-like activities (Pelagio-Flores et al., 2012). MT improves root development and vegetative growth in different crops, including Arabidopsis, barley, maize, rice, and tomato (Arnao and Hernández-Ruiz, 2018). MT regulates the formation of a root by IAA independent pathway in Arabidopsis (Pelagio-Flores et al., 2012).

Conversely, crosstalk between IAA and MT was also reported; for instance, an increase in endogenous IAA was reported in Brassica with external application of MT (Chen et al., 2009; Arnao and Hernández-Ruiz, 2018). Further application of IAA significantly improved the endogenous MT (Wang et al., 2016a). MT mediates mediate the biosynthesis of ABA, and it regulates the ABA metabolism, thus reducing the ABA accumulation under stress conditions. For instance, in apples, MT downregulated the MdNCED3, an essential ABA biosynthesis gene, consequently decreasing the ABA accumulation (Li et al., 2015). Likewise, MT downregulated the ABA under HS in perennial ryegrass and reduced the ABA contents (Zhang et al., 2017b). Similarly, MT also downregulated ABA signalling and improves stress tolerance (Fu et al., 2017). Interestingly MT also increased the expression of cold-responsive genes and reduced the ABA accumulation, therefore considerably increasing the cold tolerance (Fu et al., 2017).

Exogenous MT also ameliorated the impacts of salinity stress by regulating ABA biosynthesis and catabolism. In salty conditions, MT reduced the transcript levels of ABA synthesis-related genes (CsNCED1 and CsNCED2), which resulted in a reduction in ABA accumulation under stress conditions. Moreover, MT application increased the expression of genes (GA20ox and GA3ox) involved in GA, enhancing the GA accumulation under stress conditions (Zhang et al., 2014). In another study Zhang et al. (2017b) noted that MT induced CK activation and inhibition of ABA biosynthesis significantly inhibited the leaf senescence in ryegrass plants grown under HS. All this evidence suggests that MT can be a potential signalling molecule that triggers signalling transduction and improves plant growth and development under stress conditions.



Success Stories: Engineered Melatonin Biosynthesis to Enhance Abiotic Stress Tolerance

Melatonin is a natural hormone in plants and protects them against stress conditions. Thus, increasing the endogenous MT is crucial to combat the effects of abiotic stresses (Table 7). The transgenic strategy is an effective strategy to improve the endogenous MT level. Nonetheless, over-expression of MT responsive genes under various abiotic stresses is studied in few crops. Many studies reported that MT levels significantly increased under stress conditions (Xing et al., 2021; Qari et al., 2022).


TABLE 7. Role of melatonin in inducing stress tolerance in transgenic plant species.
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Enzymes like AANAT and HIOMT are essential for the biosynthesis of MT, and the over-expression of these enzymes in tomatoes under drought stress increased the endogenous MT level (Wang et al., 2014). Higher MT levels improve the plant’s growth and tolerance to change, and resistance to drought and pesticides (Campos et al., 2019; Yan et al., 2019). For instance, in Arabidopsis, higher expression of FIT1, FRO2, and IRT1 genes after MT application restored the Fe deficiency (Zhou et al., 2016). In another study, the over-expression ASMT gene increased the endogenous MT level and provided cellular protection by increasing the expression of HSPs and triggering the HS tolerance (Xu et al., 2016). Moreover, in tomato over-expression of the HsfA1a gene, the COMT1 transcription factor was upregulated, which increased the MT biosynthesis and resistance against the Cd stress (Choi et al., 2017). Likewise, in rice crops, overexpression of chloroplast caffeic acid O-methyltransferase (COMT) increased the MT contents and improved the seedling growth under stress conditions (Choi et al., 2017).

Over-expression of MT biosynthesis pathway genes such as tryptophan decarboxylase-interacting protein 2 (MeTDC2), N-acetylserotonin O-methyltransferase-interacting protein 2 (MeASMT2), and N-acetylserotonin O-methyltransferase 3 (MeASMT3) significantly increased endogenous MT and improved stress tolerance (Wei et al., 2018). Ma et al. (2017) used the bacterium Pseudomonas fluorescens RG11 strain to increase the endogenous MT in grapes, which increased the salt tolerance in grapes and reduced the cellular damage by decreasing the ROS production (Ma et al., 2017). Moreover, a bacterial strain (Bacillus amyloliquefaciens) from grapevine roots significantly increased the endogenous MT production and facilitated the adverse impacts of drought by H2O2 scavenging (Jiao et al., 2016). Thus, all these findings suggested that a transgenic increase in endogenous MT could be a promising approach to improving stress tolerance.




CONCLUSION AND FUTURE PERSPECTIVES

Melatonin has excellent properties for improving tolerance to abiotic stress. Melatonin alters different biochemical, molecular and physiological processes to induce stress tolerance in plants. MT protected the photosynthetic apparatus from oxidative damage caused by stress and increased the efficiency of photosynthesis. In addition, melatonin also stimulates cell signalling that controls diverse physiological and molecular aspects to confer stress tolerance in plants. Application of MT under various stresses reduced ROS production by activating antioxidant enzymes, accumulating compatible solutes, and increasing the expression of stress-responsive genes. However, many questions need to be answered by conducting a wide range of studies.

Future studies need to study the anatomical changes in leaves and roots of MT plants under different stresses. Similarly, researchers need to investigate the effect of MT application on fruit set, pollen viability, and abscission. The precise role of MT in signalling pathways under different stresses needs to be investigated. Other studies have reported the interaction of MT with different osmolytes and hormones. However, further studies are required to support the exchanges and interactions of MT with other osmolytes and hormones in individuals and combinations of various stresses. In addition, investigating the role of MT under different stresses would also unravel the potential of protecting spray in other crops. Recent improvements in plant genomics, transcriptomic, proteomic, and metabolomic will also to better understand hormone networks and their interaction and crosstalk under different stresses.

Regulation of gene expression and interactions with different hormones is also a crucial factor in MT that significantly increases stress tolerance. However, endogenous MT is not sufficient to cope with challenging conditions. Under such conditions, exogenous MT is resorted to increase endogenous MT to maintain average growth under stressful conditions. However, the cellular signalling pathways induced by MT require more profound studies in different crops under signal and combination of various stresses. ROS are mainly produced in plant chloroplast and mitochondria. Because MT functions as a signalling molecule, it would be interesting to study inter-organelle MT signalling under different stresses. In addition, the molecular mechanism of MT to increase the expression of antioxidant and stress-responsive genes should be investigated in more detail. Engineering MT signalling will open new perspectives on current knowledge to understand MT-induced stress tolerance. The effects of MT under nutrient deficiency, UV irradiation, and ozone stress are not fully explored. Therefore, a deeper understanding of MT under nutrient deficiency, UV, ozone, and pH stress needs further exploration. More intensive transcriptomic and proteomic studies would reveal how MT are affected by nutrient deficiency, UV radiation, ozone, and pH stress. Finally, the patterns of MT application in plant responses to individual and combined stresses under field conditions should also be investigated.
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Soil waterlogging is among the major factors limiting the grain yield of winter wheat crops in many parts of the world, including the middle and lower reaches of the Yangtze River China. In a field study, we investigated the relationship between leaf physiology and grain development under a varying duration of post-flowering waterlogging. A winter wheat cultivar Ningmai 13 was exposed to soil waterlogging for 0 (W0), 3 (W3), 6 (W6), and 9 d (W9) at anthesis. Increasing waterlogging duration significantly reduced flag leaf SPAD (soil plant analysis development) values and net photosynthetic rate (Pn). There was a linear reduction in flag leaf Pn and SPAD as plant growth progressed under all treatments; however, the speed of damage was greater in the waterlogged leaves. For example, compared with their respective control (W0), flag leaves of W9 treatment have experienced 46% more reduction in Pn at 21 d after anthesis (DAA) than at 7 DAA. Increasing waterlogging duration also induced oxidative damage in flag leaves, measured as malondialdehyde (MDA) contents. The capacity to overcome this oxidative damage was limited by the poor performance of antioxidant enzymes in wheat leaves. Inhibited leaf Pn and capacity to sustain assimilate synthesis under waterlogged environments reduced grain development. Compared with W0, W6 and W9 plants experienced a 20 and 22% reduction in thousand grain weight (TGW) in response to W6 and W9, respectively at 7 DAA and 11 and 19%, respectively at 28 DAA. Sustained waterlogging also significantly reduced grain number per spike and final grain yield. Averaged across two years of study, W9 plants produced 28% lesser final grain yield than W0 plants. Our study suggested that wheat crops are highly sensitive to soil waterlogging during reproductive and grain filling phases due to their poor capacity to recover from oxidative injury to photosynthesis. Management strategies such as planting time, fertilization and genotype selection should be considered for the areas experiencing frequent waterlogging problems.

Keywords: winter wheat, waterlogging, net photosynthetic rate, grain development, yield


INTRODUCTION

Agricultural production is currently facing remarkable challenges in feeding a rapidly growing world population under diminishing natural resources (Godfray et al., 2011). This issue is further exacerbated by the global climate changes causing erratic rainfalls, prolonged drought, and intense heat waves during cropping seasons (Watanabe et al., 2018). For example, intermittent rains and subsequent soil waterlogging can affect approximately 10–15 million ha of global wheat-producing land, representing 15–20% of the cultivated area annually (Zhang et al., 2015). Wheat production in the middle and lower reaches of the Yangtze River, China accounts for approximately 26.3% of the total national planted area (National Bureau of Statistics of China, 2019). Wheat crop in this region is planted in saturated paddy fields, which results in a significant risk of intermittent soil waterlogging combined with rainfall without any seasonal distribution (Wu et al., 2018). Excessive precipitation can cause up to an 18.4% reduction in winter wheat yield in this region (Liu et al., 2022). Under the rapidly changing climatic extremes in recent years, the frequency of rainfall intensity and the possibility of soil waterlogging have significantly increased (Shao et al., 2013). For instance, waterlogging frequency in the spring season ranged between 7.5 and 33% across the meteorological station in this area (Wu et al., 2019).

The dominant monsoon climate in this region, especially from March to May, often carries abundant precipitation with an erratic spatial and temporal distribution (Ding et al., 2017). Consequently, varying degrees of waterlogging are jointly determined by local climate, terrain, soil properties, and underground water table level (Chen et al., 2018). This excessive precipitation usually coincides with sensitive growth phases of wheat crops, e.g., reproductive and grain filling phases. Considering the importance of the grain-filling period for final grain weight and yield formation (Fuentealba-Sandoval et al., 2020), waterlogging during this phase can significantly limit wheat productivity (Jiang et al., 2008). Understanding the physiological processes regulating grain development under soil waterlogging could assist in devising management strategies and protecting them from potential damage.

The negative effects of waterlogging on plants are initiated by soil oxygen deficiencies (Shaw et al., 2013). Under oxygen-deficient environments, plant roots switch from aerobic to anaerobic respiration, limiting energy production (Xuewen et al., 2014; Zhou et al., 2020). Inhibited root functioning, in turn, can impact leaf physiology, i.e., stomatal conductance (Sairam et al., 2008), carbon assimilation (Malik et al., 2001), and overall plant growth. Wheat leaves are the primary photosynthetic organ, with the flag leaf alone contributing to approximately 41–43% of total plant assimilation (Ross et al., 1984). Inhibited oxygen supplied under waterlogged soils can significantly damage chlorophyll and photosynthetic rate (Najeeb et al., 2015a,b). The most evident characteristic of wheat leaf senescence is the gradual decomposition of chlorophyll, which is manifested as the loss of green, yellow, and dry leaves (Lv et al., 2020). Significant damage to chloroplast structure and carbon assimilation process in wheat has been recorded under short-term (5 d) waterlogging (Zheng et al., 2009).

Comparing the performance of wheat genotypes in response to soil waterlogging (21 d) during different developmental phases, i.e., jointing, flowering, and grain filling, Araki et al. (2012) suggested that wheat crops are susceptible to post-flowering waterlogging. They also proposed that post-flowering waterlogging can arrest grain development by accelerating leaf senescence. This accelerated leaf senescence could be associated with unregulated reactive oxygen species (ROS) generation in oxygen-deficient cells of waterlogged plants, damaging lipid membranes and chloroplast structure (Blokhina et al., 2001). Zheng et al. suggested that soil waterlogging induces lipid membrane peroxidation, inhibiting light reaction systems and ATP generation in wheat leaves (Zheng et al., 2009). Some stressed plants can minimize this damage by modifying their antioxidant enzyme activities and detoxifying ROS (Sarwar et al., 2017). For instance, Spanic et al. (2020) recorded a significant change in the activities of antioxidant enzymes such as ascorbate peroxidase (APX), guaiacol peroxidase (GPOD), polyphenol oxidase (PPO), and catalase (CAT) in the flag leaves of waterlogged wheat.

Sustained carbohydrate and nutrient supplies are essential for wheat grains during the critical phases of grain development (Ullah and Chenu, 2019). Soil waterlogging can impact these supplies by impairing leaf physiological functioning. In this study, a winter wheat variety, ‘Ningmai 13’, is exposed to different durations post-flowering waterlogging to understand the relationship between leaf physiology and grain development. The information will be used for developing management techniques for improving wheat performance under waterlogged environments.



MATERIALS AND METHODS


Growing Conditions

Field experiments were conducted at the experimental station of Anhui Agricultural University (117.01′ E, 30.57′ N) in Lujiang County, Hefei City, Anhui Province, during 2015–16 and 2016–17. The region has a subtropical humid monsoon climate with an average annual precipitation, sunshine duration, and frost-free period of 1188.1 mm, 2209.6 h, and 238 d, respectively. The monthly precipitation during growing seasons is shown in Figure 1.
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FIGURE 1. Precipitation of the test field in two planting seasons.




Experimental Design

Each experimental plot (2.4 m × 5.0 m) consisted of 13 rows with 20 cm spacing to achieve a target population of 300 plants per square meter. The treatments were replicated thrice in randomized complete block designs. The plot edges were insulated from each other with a plastic frame made of polyvinyl chloride. The plastic frame was buried 40 cm deep and extended 20 cm on the ground. The treatment plots were artificially waterlogged when 50% of the plants in the field passed flowering [Zadoks decimal growth stage (Zadoks et al., 1974), Z65]. The water layer was kept 2 cm above the ground for 0, 3, 6, and 9 d, which were recorded as W0, W3, W6, and W9, respectively. At the end of each waterlogging period, water was discharged from the plots, and crops were irrigated normally until maturity.



Crop Management

A major winter wheat cultivar in the middle and lower reaches of the Yangtze River China ‘Ningmai 13’ was used as a test cultivar. The seeds were sown on 8 November 2015 and 11 November 2016.

All plots were supplied with 225 kg N ha−1, 75 kg P2O5 ha−1, and 150 kg K2O ha−1. All P and K fertilizers and 70% of N fertilizers were applied before sowing, and the remaining N fertilizer was top-dressed at jointing. Wheat plants were harvested on 24 May 2016 and 27 May 2017.



Measurements


SPAD Value and Pn of Flag Leaves

Leaf physiological data were recorded from all the plots at 7, 14, and 21 DAA. For this purpose, five tillers per replicate were tagged at flowering, and the same flag leaves were used for measuring SPAD and Pn.

The SPAD value was measured non-destructively using SPAD 502 Meter (Soil Plant Analysis Development, Minolta, Japan). For each measurement, five SPAD readings were obtained and averaged.

The Pn values were measured using a portable photosynthesis system (LI-6400, LI-Cor, United States) at a CO2 concentration of about 385 mol, and the reading of the light source was 1,200 mol·m−2·s−1. All measurements were made between 9:00 and 11:00 on days with full sunlight (Mu et al., 2010).



Malondialdehyde Content and Cat and Sod Activities

For the destructive measurement, 15 tillers per replicate were tagged at flowering. Flag leaf samples were collected from the tagged tiller (5 tillers each time) at 7, 14, and 21 d after flowering. The sampled leaves were pooled and stored in liquid nitrogen until analysis. Catalase (CAT) and superoxide dismutase (SOD) activities and MDA content were determined according to Pang et al. (2002) and Spanic et al. (2020).



Grain Weight and Yield

For grain yield measurements, emerging flowering spikes were tagged on the same day. Twenty tagged spikes from each experimental plot were sampled at 7-day intervals from the beginning of anthesis to maturity. The grain filling rate was estimated from the accumulation of dry grain weight. At each sampling date, grains were separated from the glumes and dried at 70°C until a constant weight was reached. The total number of grains was determined, and their dry weight was recorded.

The number of spikes and grains per spike were investigated at the mature stage, and each plot was separately threshed, weighed, and converted into the yield when the water content was 13%.




Statistical Analysis

Data were subjected to ANOVA (SSPS for Windows, version 22.0). The ANOVA used a level of significance of α = 0.05 to identify significant differences among treatments. Multiple comparisons were made using the least significant difference test with α = 0.05 to determine significant differences among treatments. The Origin9.1 (Origin Lab, Northampton, MA, United States) was used to show differences in SPAD values, Pn values, MDA content, SOD and CAT activities and TGW.




RESULTS


SPAD Values of Flag Leaves Under Different Waterlogging Durations

Increasing waterlogging duration from 3 to 9 d significantly reduced leaf SPAD values at 14 and 21 DAA, although there was no significant impact of waterlogging duration on these traits at 7 DAA (Figure 2). Further, SPAD values for each treatment were significantly reduced as the plant growth progressed with each subsequent measurement (i.e., 7, 14, and 21 DAA). For example, compared with their respective controls (W0), W3, W6, and W9 plants had 4.9, 6.6, and 9.2% (averaged across tested years) lower leaf SPAD, respectively, at 7 DAA, but these reductions were 12.8, 22.3, and 38.2%, respectively, at 21 DAA.
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FIGURE 2. SPAD values of wheat flag leaves under varying waterlogging treatments. Data were collected at 7, 14, and 21 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. Vertical bars represent the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




Pn of Flag Leaves Under Different Waterlogging Durations

Short-term waterlogging (W3) had no significant effect on the net photosynthetic rate (Pn) of flag leaves at 7 DAA, but it significantly reduced leaf Pn at 14 and 21 DAA (Figure 3). W6 and W9 significantly reduced Pn during all the tested developmental stages. Averaged across two years, W6 and W9 reduced leaf Pn by 14.3 and 18.7%, respectively at 7 DAA, and 17.2 and 23.2%, respectively at 14 DAA, and 19.5 and 27.4%, respectively at 21 DAA. Furthermore, all plants had a maximum Pn at 14 DAA and then reduced at 21 DAA.
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FIGURE 3. Net photosynthetic rate of flag leaves under varying waterlogging durations. Data were collected at 7, 14, and 21 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. Vertical bars represent the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




SOD Activity in Flag Leaves Under Different Waterlogging Durations

Increasing waterlogging duration significantly reduced SOD activity in flag leaves of wheat during all the tested developmental stages (Figure 4). Also, SOD activity under each treatment level gradually decreased with the wheat growth. Compared with their respective control (W0) and averaged across the tested years, W3, W6 and W9 had 4.6, 29.8 and 35.7% lower SOD activity, respectively, at 7 DAA, 10.2, 22.5 and 28.5%, respectively, at 14 DAA and 10.4, 18.9 and 30.1%, respectively at 21 DAA (Figure 4).
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FIGURE 4. SOD activity in wheat flag leaves under varying waterlogging durations. Data were collected at 7, 14, and 21 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. Vertical bars represent the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




CAT Activity in Flag Leaves Under Different Waterlogging Durations

During the two tested growing seasons, increasing waterlogging duration significantly reduced CAT activity in flag leaves during all developmental phases (Figure 5). CAT activity in flag leaves decreased as plant growth progressed, with a further intensification of the impact of W3 on CAT, although W6 and W9 impact did not change much. Compared with their respective control (W0) and averaged across the tested years, W3, W6, and W9 reduced CAT activity in flag leaves by 4.8, 16.4, and 26.4%, respectively at 7 DAA, by 7.6, 14.3, and 21.3% respectively, at 14 DAA, and by 12.0, 22.1, and 32.7%, respectively at 21 DAA.
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FIGURE 5. CAT activity in wheat flag leaves under varying waterlogging durations. Data were collected at 7, 14, and 21 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. Vertical bars represent the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




MDA Content in Flag Leaves Under Different Waterlogging Durations

Damage to flag leaf lipid membrane calculated in terms of MDA contents increased as the plant growth progressed with each subsequent measurement (Figure 6). Increasing waterlogging duration significantly increased MDA contents, with an accelerated increase under W6 and W9 at 21 DAA. For example, compared with W0 and averaged across two years, W6 and W9 increased MDA contents by 19.95 and 28.40%, respectively, at 7 DAA, but this increase was intensified to 25.9, and 30.2%, respectively, at 21 DAA.
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FIGURE 6. MDA contents in wheat flag leaves under varying waterlogging durations. Data were collected at 7, 14, and 21 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. Vertical bars represent the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




TGW Under Different Waterlogging Durations

During all the tested developmental stages, W3 had no significant effect on TGW, but W6 and W9 significantly reduced TGW during all developmental phases. This waterlogging-induced reduction in TGW was intensified as plant growth progressed. W6 and W9 had no significant effect during earlier and middle stages of grain development (i.e., 7, 14, and 21 DAA); however, the TGW of W9 was significantly lower than that of W6 at 28 DAA (Figure 7). Compared with W0 and averaged across two years, W3, W6, and W9 reduced TGW by 5.61, 12.83, and 12.72%, respectively, at 21 DAA and 2.25, 10.83, and 17.54%, respectively at 28 DAA.

[image: Figure 7]

FIGURE 7. Thousand-grain weight under different waterlogging durations. Data were collected at 7, 14, 21, and 28 days after anthesis. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging. The values are the mean of each treatment (six replicates across two years) ± SE (standard errors). Means carrying the same letter are not significantly different at the 5% level.




Principal Component Analysis

To find the relationships between the analyzed parameters, a principal component analysis (PCA) was performed. PCA analysis allows for the determination of variables that exert the greatest impact on the appearance of individual components. The presented PCA facilitates the interpretation of the impact of Pn value, MDA content, and antioxidant enzyme activities on TGW. Two main components derived from the calculations were selected; they allowed for the explanation of 93.8% of the total variance of analyzed variables. The first main component contains 81.6% of the information about the tested samples represented by variables, while the second main component contains 12.2% of the information (Figure 8).

[image: Figure 8]

FIGURE 8. PCA for the yield-related traits at 21 DAA. W0 = control, W3 = 3 days of waterlogging, W6 = 6 days of waterlogging, W9 = 9 days of waterlogging.


Coefficients of PC1 (eigenvectors) leaf Pn, SPAD, and antioxidant enzymes were positive, while MDA was negative. Significantly higher values of eigenvectors for SPAD and MDA indicate superior leaf SPAD and lower MDA contents are a good indicator of plant performance under waterlogging. This separated the plants on the basis of waterlogging treatment in the same direction. W0 plants were grouped together (the top right hand side of the axis), indicating a strong association of TGW with Pn and other leaf physiological traits. With the increasing waterlogging duration, the plants were grouped to the left hand side of the axis, indicating higher MDA level could reduce grain size. The eigenvectors values of PCA indicated that PC2 was an index of the subtle differences in Pn and MDA contents, and thus could explain the variable grouping of plants based on the waterlogging duration.



Yield and Yield Components Under Different Waterlogging Durations

Waterlogging treatments had no significant effect on the total number of spikes in this study, but other grain yield components such as kernel numbers, TGW, and total grain yield all were significantly affected by W6 and W9 treatment (Table 1). W3 had no significant effect on spikes, kernel numbers, TGW, and the total grain yield. W9 plants experienced a significant reduction in TGW and total grain yield compared with W6 plants. Averaged across two years, compared with W0, kernel numbers, TGW, and grain yield of W6 and W9 were reduced by 8.0 and 9.9%, 11.0 and 17.9%, 18.8 and 28.8%, respectively.



TABLE 1. Wheat yield and its components under different waterlogging treatments at crop maturity.
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DISCUSSION


Inhibited Assimilates Supply Reduces Grain Development

In this study, increasing waterlogging duration significantly reduced leaf greenness (SPAD value), and the damage accelerated as the plant progressed. Flag leaf SPAD value is considered a good indicator of plant health (Mielke et al., 2010). Earlier studies suggested that sustained waterlogging reduced leaf SPAD limiting N uptake (Wu et al., 2014). Inhibited oxygen supplies in the waterlogged soils can also arrest chlorophyll synthesis and accelerate senescence (Zheng et al., 2009). In this study, premature leaf senescence, particularly under long-term waterlogging (W6 and W9), could have affected the length of the functional grain filling period and, thus, finally, grain yield.

Leaf chlorophyll is a site for photosynthesis and assimilates production. In plants, the assimilation process is strongly associated with leaf age, leaf chlorophyll content, and the activity of enzymes (Thomas and Ougham, 2014; Liu et al., 2015; Bhusal et al., 2020). Developing grains require continuous assimilate supply which is either met through current (photosynthesis) or stem stored assimilates in wheat (Ullah and Chenu, 2019). This assimilates supply during mid to late grain filling phases of grain development in wheat is crucial for sustaining grain size (Hou et al., 2020). In the current study, waterlogging inhibited photosynthesis, curtailing a balance between assimilate supplies and deposition in grain. This damage was intensified with plant growth and increasing waterlogging duration, i.e., W9 plants had 27.4% lower Pn than W0 at 21 DAA. This inhibited assimilates supplies, directly affected the grain-filling process, and reduced grain size (TGW).



Oxidative Stress and Lipid Membrane Damage

In this study, increasing waterlogging duration significantly damaged the lipid membrane of flag leaf tissues in wheat. Excessive ROS and oxidative damage are commonly observed phenomena in stressed plants. These ROS can harm cellular membrane permeability and thus inhibit plant growth, development, and final yield (Jing et al., 2020). Under waterlogged or hypoxic conditions, ROS generation is associated with changes in the redox status of plant species (Ricard et al., 1994). No immediate effect of short-term waterlogging (W3) on MDA contents indicates that wheat plants could temporarily sustain energy production through glycolysis and ethanol fermentation. However, the damage was further exacerbated as plant growth progressed (Figure 6), suggesting that wheat plants were unable to recover from post-waterlogging oxidative stress. Plants may overcome this oxidative damage by activating their antioxidant enzyme system (El Sabagh et al., 2019; Yu et al., 2020). In this study, a significant reduction in antioxidant enzymes, i.e., SOD and CAT, in response to soil waterlogging suggested limited capacity of the tested wheat genotype to detoxify unregulated ROS.

Unregulated cellular ROS can increase the peroxide level (Yusuf et al., 2008), damaging organelles, such as chloroplasts, mitochondria, plasma membrane, exosomes, and nucleoli. ROS can induce the production of MDA in biofilm-damaged cells, and the content of MDA can directly reflect the aging of the organism when damaged by water streaming (Sandalio et al., 2013). In this study, accelerated chlorophyll loss in wheat flag leaves could result from oxidative damage to the chloroplast lipid membrane (Dat et al., 2003).



Yield Loss Caused by Restricted Grain Development

In this study, waterlogging significantly reduced grain yield components, including TGW and grain number per spike. This yield loss was strongly associated with waterlogging duration, i.e., grain yield loss increased from 3.7 to 28.8% by increasing waterlogging duration from 3 to 9 d. Significant grain yield loss, i.e., up to 40%, has been recorded in wheat crops in response to sustained waterlogging (Ding et al., 2020). Soil waterlogging can significantly accelerate ethylene biosynthesis in plant tissues (Najeeb et al., 2015a), a hormone responsible for grain loss in wheat (Hays et al., 2007). Final grain size in wheat depends on multiple factors such as grain filling duration, assimilate synthesis and transport, and starch deposition in grains (Jenner et al., 1991). In this study, waterlogging accelerated leaf senescence and inhibited photosynthesis, reducing assimilates supplies to the developing wheat grains. Despite a significant reduction in flag leaf Pn in response to W3 during later developmental phases, final TGW was not significantly affected by the short-term waterlogging. This indicated that continuous carbohydrates supply from current sources (photosynthesis) during the early phases of grain development is critical for sustaining grain growth in wheat. However, developing grains may become more dependent on assimilates supplies from the stored carbohydrate during later phases of development (Pheloung and Siddique, 1991). Girousse et al. (2021) suggested that damage to developing grain during the cellular division phase (0–7 DAA) is irreversible.




CONCLUSION

In this study, grain yield loss increased from 3.7 to 28.8% by increasing waterlogging duration from 3 to 9 d. This grain yield loss was due to oxidative stress and lipid membrane damage in flag leaves, which accelerated leaf senescence and inhibited photosynthesis, reducing assimilates supplies to the developing wheat grains. This study found that short-term waterlogging (W3) reduced current sources (photosynthesis) during later phases of grain development only (14 and 21 d after anthesis), resulting in no significant reduction in TGW. However, the impact of W6 and W9 significant on Pn during the first week of waterlogging and thus these treatments reduced TGW. Our study suggested that sustain carbohydrates supplies are critical for developing wheat grains during early phases development. Crop management techniques should be adjusted to sustain assimilates supplies during this critical period, particularly under stressed environments.
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Waterlogging induces growth and developmental changes in sensitive crops such as cucumber (Cucumis sativus L.) during early plant development. However, information on the physiological mechanisms underpinning the response of cucumber plants to waterlogging conditions is limited. Here, we investigated the effects of 10-day waterlogging stress on the morphology, photosynthesis, and chlorophyll fluorescence parameters in two cultivars of cucumber seedlings. Waterlogging stress hampered cultivars’ growth, biomass accumulation, and photosynthetic capacity. Both cultivars also developed adventitious roots (ARs) after 10 days of waterlogging (DOW). We observed differential responses in the light- and carbon-dependent reactions of photosynthesis, with an increase in light-dependent reactions. At the same time, carbon assimilation was considerably inhibited by waterlogging. Specifically, the CO2 assimilation rate (A) in leaves was significantly reduced and was caused by a corresponding decrease in stomatal conductance (gs). The downregulation of the maximum rate of Rubisco efficiency (Vcmax) and the maximum rate of photosynthetic electron transport (Jmax) were non-stomatal limiting factors contributing to A reduction. Exposure of cucumber to 10 DOW affected the PSII photochemistry by downregulating the PSII quantum yield (ΦPSII). The redox state of the primary quinone acceptor in the lake model (1-qL), a measure of the regulatory balance of the light reactions, became more oxidized after 10 DOW, indicating enhanced electron sink capacity despite a reduced A. Overall, the results suggest that waterlogging induces alterations in the photochemical apparatus efficiency of cucumber. Thus, developing cultivars that resist inhibition of PSII photochemistry while maintaining carbon metabolism is a potential approach for increasing crops’ tolerance to waterlogged environments.
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Introduction

Plants are obligate aerobes and require molecular oxygen to enable cellular respiration and other essential processes. However, due to waterlogging, complete submergence, and poor soil drainage, plants often suffer from hypoxia and anoxia (Fukao and Bailey-Serres, 2004; Bai et al., 2013). Hypoxic conditions are characterized by anaerobic respiration responses, which facilitate energy deficits of up to 37.5% in plants because oxygen diffusion in waterlogged soil is 10,000 times lower than in well-drained soil (Gibbs and Greenway, 2003). Plants experience a series of physiological changes under hypoxia conditions, such as limited gas exchange (Voesenek and Bailey-Serres, 2015), reduced hydraulic conductivity (Tournaire-Roux et al., 2003), changes in gene expression (Xuewen et al., 2014), and increased oxidative damage (Shabala et al., 2014). Collectively, such changes redirect the energetic resources of the plant and prevent them from reaching its true genetic potential. In addition, anaerobic conditions can adversely affect leaf water potential (schildwacht, 1989), enzymatic activity (Hasanuzzaman et al., 2017), nutrient absorption and assimilation (Arduini et al., 2019), plant growth and development (Pan et al., 2021), and ultimately lead to a decline in crop yields.

Waterlogging affects over 16% of the world’s cultivated land (Ploschuk et al., 2018), and over 17 km2 of the land surface is prone to flooding (Voesenek and Sasidharan, 2013). Furthermore, with the rapid climate change, heavy precipitation events are projected to increase by about 7% for every 1°C increase in global warming, leading to increased flood hazard severity (high confidence) (IPCC, 2021). Hence, there is an increasing need to understand the mechanisms of plant tolerance to waterlogging.

Cucumber (Cucumis sativus L.) is one of the world’s most important economic vegetable crops. The current estimated global area for cucumber production is approximately 2.3 million hectares, with an annual output of 87.8 million tons and an average yield of 39.3 t/ha (FAO, 2021). However, cucumbers are sensitive to waterlogging stress due to their shallow root system and high oxygen demand (Xuewen et al., 2014; Xu et al., 2016; Qi et al., 2019). The primary root system of cucumber plants quickly deteriorates under waterlogging due to a lack of oxygen, resulting in energy deficits (Gibbs and Greenway, 2003), limited mineral nutrient uptake and acquisition (Arduini et al., 2019), and a corresponding decline in growth and development (Herzog et al., 2016). Previous studies have shown that the emergence of ARs to promote gas exchange and nutrient absorption is a crucial adaptation mechanism utilized by cucumbers under waterlogging (Qi et al., 2019, 2020). In addition, due to rapidly depleted oxygen under waterlogging, root metabolism changes from aerobic respiration to anaerobic fermentation, while the concentration of CO2 and ethylene continues to increase (Sairam et al., 2009; Pampana et al., 2016). These conditions usually result in a reduction in ATP production from 36 to 2 moles of glucose metabolized (Sousa and Sodek, 2002; Gibbs and Greenway, 2003). The lack of energy at the root system adversely affects hydraulic conductivity, photosynthetic rate, water, and mineral nutrient uptake, all of which are the result of the disruption of aquaporins function (Tournaire-Roux et al., 2003; Tan et al., 2018). Thus, the regulation of the onset and development of ARs represents a critical tool for the survival and adaptation of plants subjected to waterlogging.

The substantial decline in the rate of photosynthesis is another characteristic feature of plants subjected to waterlogging conditions. Previous studies have demonstrated the sensitivity of photosynthesis in many crops, including cucumber (Barickman et al., 2019), squash (Lin et al., 2020), tomato (Bhatt et al., 2015), and watermelon (Yetisir et al., 2006). For instance, within the first day of waterlogging treatment, cucumber plants’ CO2 assimilation rate (A) rate declined rapidly (Kang et al., 2009; Barickman et al., 2019). Thus, even in a short period, the significant reduction in A under waterlogging conditions could lead to a decline in plant energy reserves, indicating the existence of a shared metabolic pattern. Imperatively, the factors affecting the A of plants are primarily divided into stomatal and non-stomatal limitations. Due to limited oxygen under waterlogging conditions, plants close their stomata to maintain plant water status, causing a decline in stomatal conductance (gs) and inhibiting the exchange of CO2 required by the plant’s basic processes (Voesenek and Bailey-Serres, 2015). Kozlowski (1984) attributed the reduction in gs associated with high CO2 concentration during waterlogging to a decrease in root water absorption caused by physical changes in the protoplasm and plasma membrane. Thus, waterlogging impedes the efflux of water, mineral nutrients, and related metabolites (including sucrose, amino acids, proteins, lipids, abscisic acid, etc.) from the root system, resulting in leaf dehydration and stomatal closure. Barickman et al. (2019) reported that a 10-day waterlogging caused a significant reduction in fresh and dry mass (DM) accumulation due to reduce A, gs, and E. Consequently, a reduction in gs eventually leads to a corresponding decrease in A and rate of transpiration (E) (Pedersen et al., 2013).

Other limitations of photosynthesis in waterlogged conditions are the decline in the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), chloroplast damage, and loss of leaf pigments (Ahmed et al., 2002; Bansal and Srivastava, 2015). These non-stomatal factors severely inhibit A under waterlogging conditions. In addition, waterlogging stress can impair the maximum quantum yield (Fv/Fm) of the photosystem (PSII), leading to photoinhibition of the PSII reaction center (Shao et al., 2013; Zhang et al., 2019). The damage of PSII also affects the photosynthetic electron transport chain and changes the amount of light energy directed to organic synthesis, thereby causing damage to the chlorophyll fluorescence parameters (Guidi et al., 2019). Previous studies have noted critical chlorophyll fluorescence parameters, including photochemical quenching (qP) and electron transport rate (ETR), as valuable evaluation tools for understanding cucumbers’ resilience to waterlogging stress.

Currently, the photosynthesis of cucumber under waterlogging has not been thoroughly studied, especially in the seedling stage. Therefore, more information about the growth, development, and physiological responses is worthy of attention, especially the differences in waterlogging tolerance between cultivars and the time-scale response during waterlogging. The present study evaluated the dynamic changes occurring in cucumber seedlings during a 10-day waterlogging period by determining physiological characteristics such as the growth rate, photosynthesis, and chlorophyll fluorescence. The relative effects of waterlogging stress on carbon assimilation and light reactions were assessed as well. The objective of this study was to explore the waterlogging tolerance of cucumber cultivars using morphological and key physiological parameters that affect carbon assimilation, such as gas exchange and chlorophyll fluorescence parameters. We hypothesized that the carbon assimilation rate of cucumber during waterlogging may be affected by stomatal and non-stomatal factors. This hypothesis was tested in two commercial cucumber cultivars exposed to 10 DOW during early developmental growth stages in a controlled environment.



Materials and methods


Plant material and growth conditions

The study was conducted from 23 March until 14 May 2021 at Mississippi State University’s Vegetable Physiology Greenhouse and Laboratory Facility on the North Mississippi Research and Extension Center (Verona, MS; 34.1651, –8.7206). Two cucumber cultivars, “Straight 8” and “Marketmore,” were selected for this study. Based on a previous study by Barickman et al. (2019), “Straight 8” exhibited apparent sensitivity to waterlogging stress, while “Marketmore” is a known commercial cultivar with tolerance to environmental stress. Thus, both cultivars were used to determine if they might respond differently to waterlogging tolerance. The selected cultivars have similar growth and life cycle duration of 50–70 days. Seeds of both cucumber cultivars (Wax Seed Company, Amory, MS, United States) were grown in a controlled environmental chamber (Model E-41L2; Percival Scientific, Inc., Perry, IA) under the following conditions: relative humidity of 50%; photoperiod of 16/8 h (light/dark); a temperature of 26/22°C (day/night); and light intensity of average 420 μmol m–2 s–1. Similar environmental conditions have previously been used in growing cucumber plants under controlled conditions (Barickman et al., 2019; Qi et al., 2019, 2020). Multiple seeds of each cultivar were sown in 10-cm pots and filled with a soil-less potting mixture (Metro Mix 830, F3B, Sun Gro Horticulture, Agawam, MA, United States). An N-P-K (15-3.9-9.9) controlled-release fertilizer (Osmocote; Scotts Miracle-Gro, Marysville, OH, United States) was applied to the substrate at the rate of 5.93 kg.m–3. At 7 days after sowing (DAS), seedlings were thinned to one plant per pot.



Waterlogging treatments

Fourteen days after germination, uniformly emerged seedlings of cucumber at the second vegetative (V2) leaf stage were subjected to two experimental treatments of waterlogging and control (non-waterlogging) treatments for 10 days. Waterlogging treatments were imposed on cucumber plants by placing six pots of each cucumber cultivar into four replicated 11 L containers (Rubbermaid Inc., Wooster, OH, United States). To simulate waterlogging conditions, each container was filled with enough water to reach 3 cm above the substrate surface. Pots containing cucumber plants under control treatments were watered at optimum field capacity as needed. After 10 days of the treatment (DAT), cucumber plants under waterlogging and control treatments were evaluated for morphological and physiological performance.



Gas exchange measurements

After 10 DAT, photosynthetic and fluorescence parameters were measured on the second most fully expanded trifoliate. The A, gs, intercellular CO2 concentration (Ci), and E were measured in situ with chlorophyll fluorescence at the North Mississippi Research and Extension Center (16.00–20:00 CST) using an LI-6800 portable photosynthesis system (LI-COR, Biosciences, Lincoln, NE, United States). Measurements were allowed to match the chamber environment before the values were recorded. The chamber environment was set to match the growth chamber, with 500 μmol m–2 s–1 of light, 415 ppm of CO2 concentration in the air (Ca), and 50% of relative humidity. Measurements were conducted on six representative cucumber plants of each cultivar subjected to waterlogging and non-waterlogging treatments. The ratio of A/gs was used to calculate intrinsic water use efficiency (WUE) (Martin and Ruiz-Torres, 1992). The internal to external CO2 ratio was calculated using the Ci/Ca relationship, and the stomatal limitation (Ls) was calculated as 1- Ci/Ca.



Chlorophyll fluorescence measurements

The LI-6800 using pulse-amplitude modulated (PAM) fluorometry with a Multiphase Flash Fluorometer (6800-01A, LI-COR Biosciences, Lincoln, NE, United States) was used to measure the chlorophyll fluorescence at 10 DAT. During predawn hours (7.00–10:00 CST), the minimal fluorescence (Fo) was measured on the second-most fully expanded leaf using a measuring light (0.005 μmol m–2 s–1). In dark-adapted leaves, the maximal fluorescence (Fm) was quantified using a 1-s saturating pulse at 8,000 μmol m–2 s–1. The leaves were continuously illuminated for 20 min with an actinic light (1,400 μmol m–2 s–1) to record the steady-state yield of fluorescence (Fs). Maximal light-adapted fluorescence yield (Fm′) was determined by 8,000 μmol m–2 s–1. The actinic light was turned off, and minimal fluorescence yield (Fo′) in the light-adapted state was determined after 5 s of far-red illumination. The difference between the measured values of Fm and Fo is the variable fluorescence (Fv). The chlorophyll fluorescence parameters were calculated using the following formulas (Genty et al., 1989; Maxwell and Johnson, 2000).
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where Fv/Fm is the maximal photochemical efficiency of PSII, ΦPSII is the actual photochemical efficiency of PSII, ΦNPQ is the quantum yield for the energy dissipated via Δ pH and xanthophyll-regulated processes, ΦNO is the quantum yield of non-regulated energy dissipated in PSII, and qP and NPQ are photochemical and non-photochemical qP, respectively. ETR was calculated according to Genty et al. (1989).



Measurement of CO2 response

The CO2 response curve (A/Ci) measurements were evaluated using the auto program settings in the LI-6800 at 10 DAT. To measure the steady-state response A/Ci, the leaf chamber settings were fixed at 60% relative humidity, the corresponding light intensity of the growth chamber (500 μmol m–2 s–1), and the temperature was set at 24°C. Using the built-in program on the LI-6800, measurements were taken in a decreasing then ascending bitonic sequence decreasing from ambient (415 ppm) to 50 ppm then to 1,500 ppm, taken measurements at 300, 200, 100, 50, 200, 400, 600, 800, 1,000, 1,200, and 1,500 ppm CO2, with early matching, enabled, and wait times 60–90 s between measurements. A/Ci analyses were performed according to Sharkey et al. (2007), with few changes as portrayed in Olorunwa et al. (2021) using the excel fitting tool 10.0 available at https://landflux.org/tools. The estimated A/Ci response curve was further utilized to calculate the maximum rate of Rubisco carboxylation efficiency (Vcmax) and maximum rate of photosynthetic electron transport (Jmax), according to Sharkey et al. (2007). Representative individual curves were fitted separately, and the extracted parameters were averaged across replicates for each treatment.



Measurement of light curves

For the light response curves of the photosynthetic performance for both cultivars, measurements were taken using the built-in program on the LI-6800 across light intensities of 0, 10, 50, 75, 100, 200, 400, 600, 800, 1,000, 1,200, and 1,500 μmol m–2 s–1. Minimum and maximum wait times were 120–150 s between measurements with early matching enabled. During the measurements, chamber CO2 was held at 415 ppm, temperature at 24 ± 0.5°C, and relative humidity at 60%. The light response curve fitting was done in two parts: first, the optimal equation was determined by plugging the data into the non-rectangular hyperbola-based model of Prioul and Chartier (1977) and identifying the lowest sum of the squares of the errors as described by Lobo et al. (2013). This resulted in the curve by Abe et al. (2009) having the best fit, and various parameters, including light compensation point (Ic), light saturation point (Ik), apparent quantum yield (Φi), and the photosynthetic rate at saturated light (Pmax) were calculated from light response curves using solver function of Microsoft Excel furnished by Lobo et al. (2013).



Morphological performance and plant harvest

Six representative cucumber plants (from each treatment/rep/cultivar) were harvested at the end of the 10-day experiment to obtain morphological performance of the impact of waterlogging stress. Plant’s phenotypic data of leaf number (LN), leaf area (LA), and leaf fresh mass (FM) were evaluated for each treatment combination. LA was measured using the LI-3100 leaf-area meter (Li-Cor Bioscience, Lincoln, NE). Plant component FM was measured from all plants by using a weighing scale. The sample of the plant FM was lyophilized using a FreeZone 2.5 L Freeze Dryer (Labconco Corp., Kansas City, MO, United States) to determine the DM and percent dry mass (%DM).



Statistical analysis

The experiment was a randomized complete block design with two waterlogging treatments, two cucumber cultivars, four replications, and 12 plants in a factorial arrangement. In total, 192 plants (4 replicates × 2 waterlogging treatments × 2 cucumber cultivars × 12 plants) were utilized in this study. SAS (version 9.4; SAS Institute, Cary, NC) was used to perform the statistical analysis of the data. Replicated values of all morphological and photosynthetic parameters measured in this study were analyzed using a two-way analysis of variance of the generalized linear mixed model (PROC GLIMMIX) to determine the effects of waterlogging treatments, cucumber cultivars, and their interactions. Fisher’s protected least significant difference tests at p ≤ 0.05 were employed to test the differences among interactions of cultivars and treatments for measured parameters. The standard errors of the mean were calculated using the pooled error term from the ANOVA table and presented in the figures as error bars. Diagnostic tests, such as Shapiro–Wilk in SAS, were conducted to ensure that treatment variances were statistically equal before pooling. Pearson correlation analysis was utilized to study the relationship between the studied parameters. Graphs were plotted with OriginPro software (version. 9.8.5.204; Origin Lab Corporation, Northampton, MA).




Results


Waterlogging induces morphological changes in cucumber cultivars

Supplementary Table 1 shows no significant interaction between cucumber cultivars and waterlogging treatments for all morphological parameters measured except the DM. However, cultivars and waterlogging treatments independently and significantly affected leaf number (LN), LA, and FM.

As displayed in Figure 1, the growth of “Marketmore” and “Straight 8” was affected at 10 DOW, and “Marketmore” was more tolerant than “Straight 8.” The LN, LA, FM, and DM of “Marketmore” decreased by 8, 8, 14, and 8%, respectively, while the same parameters for “Straight 8” were reduced by 14, 17, 25, and 25%, respectively, compared to those of control (Figure 2). The results also revealed that after 10 DOW the cultivars developed ARs primordia on their hypocotyls compared to the control plants (Figure 1).
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FIGURE 1
Morphological performance of “Marketmore” and “Straight 8” cucumber cultivars under 10-day control and waterlogging treatments.
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FIGURE 2
Comparison of (A) mean leaf number (LN), (B) mean leaf area (LA), (C) mean leaf fresh mass (FM), and (D) mean leaf dry mass (DM) of cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. Different low case and uppercase letters indicate significant differences between the cultivar’s means and treatments, respectively (P < 0.05) as determined by Fisher’s LSD. The error bar on the vertical bar indicates the standard error of the mean ± 4 replications of each morphological trait. Standard error of the mean, LN = 0.136; LA = 13.928; FM = 0.403; DM = 0.046.




Waterlogging induces changes in the photosynthetic performance of cucumber cultivars

Waterlogging treatments significantly affected all the gas exchange parameters measured between the two selected cultivars, as shown in Supplementary Table 1. The A was observed to be significantly lesser in “Straight 8” (12.46 μmol m–2 s–1) as compared to the “Marketmore,” (13.73 μmol m–2 s–1) at 10 DOW (Figure 3A). However, gs, E, and WUE declined to similar levels in the two cultivars: 22, 14, and 52% in “Marketmore,” and 24, 13, and 40% in “Straight 8,” respectively, when compared to the control treatments (Figure 3). In addition, 10 DOW significantly decreased the Ls of “Marketmore” and “Straight 8” by 43 and 34%, respectively (Figure 3F). Interestingly, after 10 DOW, the Ci of “Marketmore” and “Straight 8” significantly increased by 6 and 4%, respectively, compared to controls (Figure 3D).
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FIGURE 3
(A) CO2 assimilation rate (A), (B) leaf transpiration rate (E), (C) stomatal conductance (gs), (D) intercellular CO2 concentration (Ci), (E) intrinsic water use efficiency (WUE), and (F) stomatal limitation (Ls) of cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. Different low case and uppercase letters indicate significant differences between the cultivar’s means and treatments, respectively (P < 0.05) as determined by Fisher’s LSD. The error bar on the vertical bar indicates the standard error of the mean ± 4 replications of each leaf gas exchange trait. Standard error of the mean, A = 1.23; E = 0.0007; gs = 0.153; Ci = 4.91; WUE = 2.77; Ls = 0.0116.


We used the gas exchange data of cucumber cultivars displayed in Figure 3 to estimate the velocity of Rubisco carboxylation (Vc) and oxygenation (Vo) (Figures 4A,B) to understand whether the increase in carbon loss from photorespiration could explain the decrease in A under waterlogging stress. Both cultivars showed a similar pattern under 10-day waterlogging stress for Vo (Figure 4B). However, waterlogging treatment and cultivar independently and significantly affected Vc (Supplementary Table 1). Compared to the control treatments, waterlogging significantly decreased Vc and Vo in “Marketmore” by 23 and 33%, respectively, and by 19 and 28%, respectively, in “Straight 8” (Figures 4A,B). In addition, cultivars and waterlogging treatments significantly and independently influenced the calculated Vcmax and Jmax from the A/Ci response curve (Figure 5). Under 10 DOW, the Vcmax and Jmax declined by 14 and 15% in “Marketmore” and by 33 and 14% in “Straight 8,” respectively, compared to non-waterlogged plants (Figures 4C,D).
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FIGURE 4
(A) Velocity of rubisco carboxylation (Vc), (B) velocity of rubisco oxygenation (Vo), (C) maximum rate of rubisco carboxylation efficiency (Vcmax), and (D) maximum rate of photosynthetic electron transport (Jmax) of cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. Different low case and uppercase letters indicate significant differences between the cultivar’s means and treatments, respectively (P < 0.05) as determined by Fisher’s LSD. The error bar on the vertical bar indicates the standard error of the mean ± 4 replications of each leaf gas exchange trait. Standard error of the mean, Vc = 1.46; Vo = 0.478; Vcmax = 8.24; Jmax = 11.30.
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FIGURE 5
Response of the CO2 assimilation rate (A) to increasing intercellular CO2 concentration (Ci) (A/Ci Curve) in the two cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. The vertical bars represent the standard error of the mean (n = 4).




Waterlogging induces changes in the photochemical efficiency of cucumber cultivars

The values of Fv/Fm following 10 DOW showed the maximum photochemical efficiency slightly declined in “Marketmore” and “Straight 8” compared to the control treatments (Figure 6A). Under waterlogged conditions, the Fv′/Fm′ values were found to be comparable for both cultivars (Figure 6B), indicating that PSII was not significantly photoinhibited. In addition, the Fo values of cucumber cultivars under waterlogging decreased by 5 and 6%, respectively, in “Marketmore” and “Straight 8” (Figure 6C). However, there was no significant difference in the values of Fm of both cultivars under waterlogging conditions (Figure 6D). After 10 DOW, the steady state of fluorescence (Fs) decreased more in “Marketmore” than in “Straight 8” (Figure 6E). The redox state of qP, which measures the fraction of open PSII reaction centers, decreased significantly after 10 DOW treatments in both cultivars, compared to the control (Figure 6F).
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FIGURE 6
(A) Maximum quantum efficiency of PSII in dark-adapted state (Fv/Fm), (B) maximum quantum efficiency of PSII in the light-adapted state (Fv′/Fm′), (C) initial fluorescence (Fo), (D) maximum fluorescence (Fm), (E) steady-state fluorescence (Fs), and (F) redox state of the plastoquinone pool (qP) of cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. Different low case and uppercase letters indicate significant differences between the cultivar’s means and treatments, respectively (P < 0.05) as determined by Fisher’s LSD. The error bar on the vertical bar indicates the standard error of the mean ± 4 replications of each leaf gas exchange trait. Standard error of the mean, Fv/Fm = 0.008; Fv′/Fm′ = 0.021; Fo = 35.95; Fm= 85.43; Fs= 64.09; qP = 0.03.


Contrarily, alterations in NPQ, which reflect heat dissipation using cucumber leaves, significantly increased after 10 days of waterlogging, compared to the control (Figure 7C). At 10 DOW, the ETR at PSII decreased significantly in “Marketmore” and “Straight 8” by 23 and 26%, respectively, compared to the control treatments (Figure 7B). In addition, we estimated the light energy partitioning at PSII, that is, ΦPSII, ΦNPQ, and ΦNO, which sum to one (Kramer et al., 2004). The ΦPSII of “Marketmore” and “Straight 8” under waterlogging experienced a significant decline of 22 and 25% compared to control treatments (Figure 7A). However, the ΦNPQ and ΦNO increased significantly in both cultivars compared to the control (Figures 7D,E). Furthermore, the redox state of QA based on the lake model (1-qL) after 10 DOW treatments became more oxidized in both cucumber cultivars compared to the control plants (Figure 7F).
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FIGURE 7
(A) Effective quantum yield of PSII (ΦPSII), (B) electron transport rate (ETR), (C) non-photochemical quenching (NPQ), (D) quantum yield of non-regulated energy dissipated in PSII (ΦNO), (E) quantum yield of regulated non-photochemical energy loss in PSII (ΦNPQ), and (F) redox State of Plastoquinone Pool based on the Lake Model (1-qL) of cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. Different low case and uppercase letters indicate significant differences between the cultivar’s means and treatments, respectively (P < 0.05) as determined by Fisher’s LSD. The error bar on the vertical bar indicates the standard error of the mean ± 4 replications of each leaf gas exchange trait. Standard error of the mean, ΦPSII = 0.03; ETR = 7.14; NPQ = 0.09; ΦNO = 0.015; ΦNPQ= 0.029; 1-qL = 0.03.




Waterlogging induces changes in response curves of cucumber cultivars

An A/Ci curve was constructed to understand the biochemical processes of A’s response in cucumbers under waterlogging conditions. The A of the cultivars subjected to waterlogging and control treatments increased with increasing Ci from 0 to 1,500 μmol mol–1 (Figure 5). However, the A was lower under waterlogging when compared to the control conditions. A corresponding response was observed with the light response curve. The A of cucumbers subjected to 10 DOW or control treatments increased with increasing PPFD from 0 to 1,500 μmol m–2 s–1 (Figure 8). According to the requirements of PPFD, cucumber plants clearly showed the maximum photosynthetic rate (Amax) under the light intensity of 1,500 μmol m–2 s–1 under both control and waterlogging treatments. Under control treatment, Amax was 23.62 ± 1.27 μmol m–2 s–1 in “Marketmore” and 19.59 ± 2.67 μmol m–2 s–1 in “Straight 8.” However, Amax was reduced by 8% under waterlogging in “Marketmore” and reduced by 20% under waterlogging in “Straight 8.”
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FIGURE 8
Photosynthetic responses to different light intensities (photosynthetic photon flux density; PPFDs) of the two cucumber cultivars (Marketmore and Straight 8) after 10 days of control and waterlogging treatments. The vertical bars represent the standard error of the mean (n = 4).




Relationships between biomass, gas exchange, and chlorophyll fluorescence parameters

Figure 9 shows the results of a Pearson’s correlation analysis of the biomass, gas exchange, and chlorophyll fluorescence parameters of the “Marketmore” and “Straight 8” under control and waterlogged treatments. The results revealed that the various parameters studied were highly correlated. Except for NPQ, ΦNO, ΦNPQ, and 1-qL, which showed a negative correlation, there was a significant and positive correlation between the biomass yields (FM; DM) of cucumbers with the gas exchange parameters. Similarly, most photosynthetic traits (A, gs, E, WUE) under waterlogging treatments were significantly and positively correlated with Fv/Fm, qP, ETR, and ΦPSII, but negatively associated with NPQ, ΦNO, ΦNPQ, and 1-qL. However, the correlation coefficients of Ci with most parameters were in the range considered moderate to weak. In addition, Vcmax and Jmax followed the same pattern as the photosynthetic traits, but Jmax had a stronger positive correlation compared to Vcmax.
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FIGURE 9
Pearson’s correlation matrix of the changes in biomass, gas exchange, and chlorophyll fluorescence parameters of the two cucumber cultivars under control and waterlogging treatments. Dark color represents strong correlations, and light background color represents weaker correlations. Values close to zero indicate no correlation, and values close to one indicate a strong correlation (positive—red and negative—blue) between two parameters. *Represent correlation coefficient significance levels at P ≤ 0.05.





Discussion

Waterlogging stress imposed on the cucumber plants during the early stages of development results in dramatic changes in plant physiology and biochemistry, with detrimental impacts on morphology and yields. Our previous study on commercially cultivated cucumber plants (“Straight 8”) revealed that the seedling growth stage is extremely sensitive to waterlogging stress (Barickman et al., 2019). We hypothesized that the rapid decline of photosynthetic traits, including A, E, and gs might contribute to the susceptibility of cucumber plants to waterlogging stress. As an adaptive response to hypoxia, the reduction in the photochemical efficiency of PSII and the formation of ARs could mitigate the potential damage to photosynthetic apparatus caused by waterlogging (Smethurst and Shabala, 2003; Olorunwa et al., 2022). With this hypothesis in mind, we evaluated plant growth, photosynthesis, and chlorophyll fluorescence parameters to identify cultivar-specific and differential responses.

We observed a significant decline in LN, LA, FM, and DM of both cultivars after 10 DOW, demonstrating the sensitivity of cucumber plants at the seedling stage to hypoxia. Previous studies revealed that waterlogging induces morphological changes in plants, especially those related to leaf photosynthesis (Zhang et al., 2019; Olorunwa et al., 2022). Analogous findings have been made in previous studies on cucurbits, including cucumber (Barickman et al., 2019), watermelon (Yetisir et al., 2006), and summer squash (Huang et al., 1995). The alterations in the morphology of cucumber plants under waterlogging can be attributed to reduced water and nutrient uptake and transportation due to energy deficits during anaerobic respiration, resulting in restricted cell expansion and leaf growth (Gibbs and Greenway, 2003; Parent et al., 2008).

The effects of waterlogging stress on leaf morphology and biomass are dependent on plant growth stage, duration, and cultivars. Zheng et al. (2021) reported a significant decline in the waterlogging sensitive “Zaojia8424” leaf biomass compared to the waterlogging tolerant cultivar “YL,” which naturally had smaller leaves. Generally, smaller leaves are more beneficial for mitigating waterlogging stress than larger leaves because of their high boundary layer conductance, which prevents heat accumulation (Leigh et al., 2017). In the current study, 10-day waterlogging reduced the leaf biomass and area in “Straight 8” and “Marketmore” cultivars, with no statistical difference between the two cultivars (Figure 1). In addition, ARs developed in the hypocotyls of both cultivars after 10 DOW. Previous studies showed a similar response for other cucurbits during their early developmental growth stages (Huang et al., 1995; Xu et al., 2016; Qi et al., 2019). The ARs of “Marketmore” was more pronounced after 10 DOW when compared to the “Straight 8” cultivar, mainly due to highly aerenchymatous cortical structures (Visser et al., 1996). In addition, after applying 1-methylcyclopropene (ethylene receptor inhibitor), 1-naphthylphthalamic acid (auxin transport inhibitor), or diphenyleneiodonium (NADPH oxidase inhibitor) to waterlogged cucumbers, Qi et al. (2019) observed the formation of ARs. This implies that auxin, ethylene, and ROS production are enhanced under excess water conditions. Also, Vidoz et al. (2010) suggested that ethylene and auxin might interact in forming ARs in waterlogged tomato hypocotyls using hormone-insensitive mutants. Since auxin and ethylene are transported polarly through ATPase-dependent carrier proteins (Visser et al., 1996), waterlogging-induced low levels of ATP cause these hormones to accumulate near the basal stem of waterlogged plants for solute transport, thereby acting as positive regulators for cucumber waterlogging tolerance.

Waterlogging induces significant changes in the photosynthetic performance of C3 crops, especially in sensitive plants like cucurbits (He et al., 2018; Barickman et al., 2019; Lin et al., 2020). This response was evident in the current study as A, gs, and E for the two cultivars after 10 DOW treatments were significantly reduced. The results of the gas exchange analysis of cucumber plants after 10 DOW indicated that the decline in A can be due to both stomatal and non-stomatal factors according to the version of the photosynthesis model by Farquhar et al. (1980). Under waterlogging, the significant decline in A and biomass was mainly due to reduced water potential, which resulted in the rapid closure of the stomata through the effect of abscisic acid on potassium ion regulation of guard cell turgor (Sojka, 1992; Ploschuk et al., 2018). Barickman et al. (2019) opined that restricting A in cucumber plants through stomatal closure under waterlogging could limit the amount of photoassimilate available for the growth and maintenance of the cucumber vegetative and fruit tissues. In agreement with our results, Issarakraisila et al. (2007) found that the A in kale plants was associated with decreased gs after 14 DOW treatments. Although decreased gs is the most common response in plants to waterlogging, the reduction in Ci can also be ascribed to non-stomatal factors. The current study showed that gs decreased in two cultivars after 10 DOW, associated with decreased A and E and increased Ci. Thus, a significant increase in Ci and a decrease in Ls in response to changes in A and decreased gs under stressed conditions suggest an essential contribution of non-stomatal limitation to A (Farquhar and Sharkey, 1982). Previous studies (Yordanova and Popova, 2007; Liu et al., 2014; Pompeiano et al., 2019) in sensitive plants have reported similar findings. In addition, the WUE of both cultivars tested in this study decreased significantly under 10 DOW. Previous research found that waterlogging-sensitive plants have lower WUE and thus gain less carbon per unit of water lost (Meena et al., 2015; Velasco et al., 2019).

In the present study, the reduction in A corresponds to the reduction of Vcmax and Jmax, which are considered to represent the carboxylation and regeneration of Rubisco, respectively. Previous studies have attributed the decrease in Vcmax and Jmax to the decline in the amount of active Rubisco and a reduction in the contribution of ATP during photosynthesis (Flexas et al., 2014). Urban et al. (2008) considered that changes in A response to abiotic stress could be paralleled to the changes in Rubisco activity mediated by Jmax to balance the modification of Vcmax when subjected to stress. In this context, the observed decrease in Vcmax and Jmax for both cultivars after 10 DOW appears to be consistent with a previous study (Ma and Guo, 2014). The A/Ci further demonstrated that waterlogging stress significantly decreased A with increasing Ci. As per the fitting model of photosynthesis employed in this study (Bernacchi et al., 2001; Sharkey et al., 2007), our results indicated that waterlogging impacted the Vcmax more in “Straight 8” when compared to “Marketmore” (33% vs. 14%). Similar results were reported by Ma and Guo (2014) in waterlogging-sensitive cucumber cultivar, and they attributed the significant reduction of Vcmax under waterlogging to chlorophyll degradation. Although we did not measure changes in chlorophyll content in the present study, there is increasing evidence that decreases in A, Vcmax, and Jmax are often associated with the degradation of chlorophyll content in waterlogged plants (Ma and Guo, 2014; Barickman et al., 2019). Primarily, plants subjected to waterlogging stress often experience an increase in the activities of oxidase and chlorophyllase, which are responsible for the degradation of pigments (Muhammad et al., 2021). Jans et al. (2012) suggest that the degradation of plant pigments during waterlogging can be alleviated by reducing the light level capture in a controlled environment. Thus, the downregulation of light utilization efficiency during photosynthesis in a wet environment might be a photoprotective mechanism of cucumber plants.

Moreover, the light response curves revealed that waterlogging declined A in cucumber plants, indicating that light utilization was suppressed under waterlogging. Besides the waterlogging stress, for efficient gas exchanges between cucumber leaves and the environment, the optimum PPFD for both cultivars, irrespective of the origin, was 1,500 μmol m–2 s–1 under the control conditions. However, above the optimum PPFD as depicted in Figure 8, revealed A photoinhibition, signifying that an increased PPFD may further hamper cucumber plants’ growth and developmental processes under waterlogging conditions (Wimalasekera, 2019).

Alterations in chlorophyll fluorescence parameters of waterlogged cucumber plants are an adaptive response to waterlogging stress, notwithstanding the photosynthetic apparatus damage. Most of the chlorophyll fluorescence parameters measured in light- and dark-adapted cucumber leaves were significantly reduced under 10-day waterlogging stress, indicating the sensitivity of cucumber plants to hypoxia stress. Previous studies demonstrated waterlogging causes a significant decline in chlorophyll fluorescence parameters, including Fo, and Fm, which reflect the PSII electron transport capacity in dark-adapted leaves (Smethurst and Shabala, 2003; Rao et al., 2021; Olorunwa et al., 2022). However, in the current study, although Fo decreased, Fm did not change significantly after 10 DOW in cucumber plants. The fact that Fm did not change significantly in response to waterlogging stress could be attributed to the fact that the degree of water stress was not severe enough to severely damage the leaves or alter metabolic pathways in cucumber plants. Moreover, Krause and Weis (1991) noted that healthy leaves had Fv/Fm values between 0.75 and 0.83, and a drop in these values indicated impaired PSII. However, the results of this study showed that the Fv/Fm of both cucumber genotypes ranged from 0.75 to 0.79 under both control and waterlogging treatments. Our current results are consistent with previous studies (Velasco et al., 2019; Lin et al., 2022), indicating that the alterations in leaf PSII at the seedling stage of cucumber were minimal under waterlogging conditions.

Furthermore, we found that the qP of cucumber plants (representing the proportion of excitation energy dissipated at the expense of photochemical utilization) was significantly reduced under waterlogging stress. Corresponding results have been reported by He et al. (2018) in cucumber plants and Zheng et al. (2021) in watermelon at the seedling stage. These studies attributed the decline in qP to either a slower rate of consumption of reductant and ATP produced by non-cyclic electron transport compared to the rate of excitation of open PSII or damage to PSII reaction centers (Urban et al., 2008). Taken together, the evidence from the current and previous studies further supports the fact that waterlogging leads to a decrease in photorespiration and corresponding damage to the PSII reaction centers of sensitive plants, including cucurbits. Conversely, the NPQ of cucumber plants revealed that the excess excitation energy not used during photochemistry increased in response to waterlogging conditions. Increased NPQ is considered a protective mechanism of the photosynthetic apparatus (Demmig-Adams and Adams, 2018). This result is consistent with previous reports (Ma and Guo, 2014; Bhatt et al., 2015; He et al., 2018) that cucurbit and other fruit crops have increased NPQ and decreased ETR under waterlogged conditions.

According to Kramer et al. (2004), the energy absorbed in PSII is divided into three partitions, including ΦPSII, ΦNPQ, and ΦNO. The current study revealed a decline in ΦPSII, and increments in ΦNPQ, and ΦNO in cucumber plants under waterlogging, which corroborates with previous studies (Zhang et al., 2019; Zheng et al., 2021). Since the ΦPSII is a product of qP and Fv′/Fm′ (Genty et al., 1989), the decrease in ΦPSII under waterlogging may be due to qP and Fv′/Fm′ reduction. Moreover, the correlation analysis revealed a positive relationship between ΦPSII, qP, and Fv′/Fm′. Increases in ΦNO in response to waterlogging indicate the lack of photochemical energy conversion and photoprotective regulatory mechanisms, and the excess electron can be used to form singlet oxygen in the chloroplast (Zheng et al., 2021). In both cultivars, an increase in the 1-qL was also demonstrated in response to waterlogging, suggesting that a more significant proportion of the PSII reaction centers were closed during actinic irradiance, thus resulting in a decline in ΦPSII, as denoted by Kramer et al. (2004). The alterations in the qL under waterlogging further indicate that the greater percentage of the energy absorbed in PSII was converted into chemically fixed energy whereas the remaining quanta were dissipated into heat and fluorescence.



Conclusion

Using morphological and physiological processes, we explored the response of cucumber cultivars to waterlogging stress. The light- and carbon-dependent reactions of photosynthesis were shown to be distinct at the photosynthesis level, with the light-dependent reactions increasing, whereas carbon assimilation was considerably impeded. Decreased stomatal conductance, increased CO2 concentration, down-regulated Rubisco carboxylation and regeneration, and absorbed energy dissipated in the form of heat were the main factors that reduced carbon assimilation rate in cucumber plants under waterlogging stress. In addition, the results of this study demonstrated that waterlogging impairs the photoreactions of photosynthesis of cucumber cultivars and that damage could be exacerbated with increasing light intensity.

Overall, our results support the hypothesis that cucumber plants are sensitive to waterlogged conditions, and most effects of waterlogging stress are similar in the two commercial cultivars we analyzed. Notably, the “Marketmore” cultivar appeared more tolerant to waterlogging stress with respect to morphological performance. These observations suggest that cucumber plants can be adapted to waterlogging conditions since they rapidly generate ARs to facilitate gas diffusion and increase plant survival when oxygen concentration is low. However, the newly developed ARs might not contribute to the waterlogging tolerance of cucumbers due to waterlogging-caused inhibition in the carbon metabolism, and PSII reaction centers.
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Submergence during germination impedes aerobic metabolisms and limits the growth of most higher plants. However, some wetland plants including rice can germinate under submerged conditions. It has long been hypothesized that the first elongating shoot tissue, the coleoptile, acts as a snorkel to acquire atmospheric oxygen (O2) to initiate the first leaf elongation and seminal root emergence. Here, we obtained direct evidence for this hypothesis by visualizing the spatiotemporal O2 dynamics during submerged germination in rice using a planar O2 optode system. In parallel with the O2 imaging, we tracked the anatomical development of shoot and root tissues in real-time using an automated flatbed scanner. Three hours after the coleoptile tip reached the water surface, O2 levels around the embryo transiently increased. At this time, the activity of alcohol dehydrogenase (ADH), an enzyme critical for anaerobic metabolism, was significantly reduced, and the coleorhiza covering the seminal roots in the embryo was broken. Approximately 10 h after the transient burst in O2, seminal roots emerged. A transient O2 burst around the embryo was shown to be essential for seminal root emergence during submerged rice germination. The parallel application of a planar O2 optode system and automated scanning system can be a powerful tool for examining how environmental conditions affect germination in rice and other plants.
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Introduction

Submergence during germination impedes aerobic metabolism and limits the growth of most higher plants (Pucciariello, 2020; Cho et al., 2021; Gómez-Álvarez and Pucciariello, 2022), many of which are commercially important crops (Biswas and Kalra, 2018; Zaman et al., 2018, 2019). Under normoxic conditions, gibberellic acid (GA) promotes germination by activating the starch-degrading enzyme α-amylase (Bethke et al., 1997). However, low O2 conditions inactivate GA signaling (Benech-Arnold et al., 2006; Hoang et al., 2013; Gómez-Álvarez and Pucciariello, 2022) and suppress the expression of GA-dependent α-amylase (Perata et al., 1992; Loreti et al., 2003). Thus, for most plants, anaerobic conditions prevent starch degradation in the endosperm, which, in turn, prevents germination. However, rice, a wetland plant, can germinate during submergence because it activates a GA-independent α-amylase (i.e., subfamily 3 of α-amylase) under low O2 conditions for starch-degradation (Perata et al., 1992). The expression of GA-independent α-amylase is promoted by hypoxia-dependent Ca2+ signals that are regulated by calcineurin B-like protein (CBL)-interacting protein kinase15 (CIPK15) (Lee et al., 2009; Ho et al., 2017). Germination under submergence relies on maintaining high α-amylase activity under apparent anaerobic conditions (Miro and Ismail, 2013; Cho et al., 2021; Gómez-Álvarez and Pucciariello, 2022).

The seeds of wetland plants such as some Echinochloa species (rice-like weeds) and rice can rapidly elongate a hollow coleoptile under submerged conditions (Atwell et al., 1982; Alpi and Beevers, 1983; Kawai and Uchimiya, 2000; Yamasue, 2001). The rapid growth is due to both cell division (at least initially) and cell elongation (Takahashi et al., 2011). Coleoptile length under submergence is positively regulated by auxin and by translocation of auxin via the influx carrier AUXIN TRANSPORT1 (AUX1) (Nghi et al., 2021). Once the coleoptile reaches the water surface, it is thought to generate a passage by which O2 can reach the underwater organs and enable respiration (Pucciariello, 2020). Rapid coleoptile elongation could thus represent a strategy to circumvent ambient anoxia (Narsai et al., 2015) and has been referred to as the “snorkel effect” (Kordan, 1974). Soon after the coleoptile reaches the water surface, a seminal root forms and gradually elongates (Kordan, 1974; Hoshikawa, 1989). It has thus been speculated that O2 acquisition via the coleoptile is essential for seminal root emergence in rice. However, this hypothesis has never been confirmed or resolved by direct measurements, and the spatiotemporal O2 dynamics around germinating rice remain unclear.

The planar O2 optode is a semitransparent optical sensor that allows real-time and two-dimensional imaging of O2 using luminescent or fluorescent indicators of molecular oxygen (Santner et al., 2015; Li et al., 2019). Planar O2 optode systems have enabled imaging of the spatiotemporal O2 dynamics within benthic communities (Glud et al., 1996; Wenzhöfer and Glud, 2004) and have later been used to observe the oxic halo around individual plant roots in the sediment and soil (Frederiksen and Glud, 2006; Blossfeld and Gansert, 2012; Larsen et al., 2015; Li et al., 2019; Maisch et al., 2019; Martin et al., 2019). While a planar optode reveals the O2 distribution within the sediment, a vertically positioned flatbed scanner can concurrently monitor spatial and temporal root development (Dannoura et al., 2008, 2012).

The aim of this study was to test the snorkel hypothesis, i.e., that O2 acquisition via the coleoptile initiates seminal root emergence, by obtaining images of a germinating submerged rice seed with high spatiotemporal resolution. Specifically, we monitored (i) seed germination dynamics with an automated scanning system, (ii) O2 dynamics with the planar O2 optode system and (iii) the activity of an anaerobic marker enzyme, ADH, in the embryo. Our measurements confirm previous speculation that O2 transported by the coleoptile initiates seminal root emergence.



Materials and methods


Plant material and culture

Rice (Oryza sativa L. cv. Nipponbare) was used in this study. Seeds were sterilized for 30 min in 0.6% (w/v) sodium hypochlorite and washed thoroughly with deionized water. In all experiments, rice plants were grown in a controlled-environment room in the dark (26°C, relative humidity over 50%).

For planar O2 optode experiments, we used a growth container (44 mm × 80 mm × 200 mm) made of opaque polyvinyl chloride with an inlaid of a faceplate courted with an O2-sensitive optode cocktail (see below Oxygen imaging by planar optode system) (Figure 1A). To monitor germination in normoxic or anoxic atmospheres, we used a clear plastic container (25 mm × 220 mm × 300 mm high) that was placed in contact with a vertically positioned flatbed scanner (GT-S620, Seiko Epson, Suwa, Japan) (see below Monitoring plant growth) (Figure 1B). Seeds were attached to the optode faceplate or wall of the clear plastic container with Vaseline (Nacalai Tesque, Kyoto, Japan) (Figures 1A,B). Subsequently, a stagnant deoxygenated nutrient solution was added to the containers to a level 10 mm above the seeds (Figures 1A,B).
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FIGURE 1
A schematic representation of the plant growth container in front of a color-ratiometric planar O2 optode system and the growth monitoring system. (A) The planar O2 optode, which is cast on an optical and the O2 sensitive chemistry, is excited by a blue LED (λ-peak = 457 nm) with a 470 nm short-pass filter. Emission images are captured by a digital camera with a 530 nm long-pass filter. (B) Setup of monitoring the growth development by an automated scanning system. Images of A4 size (210 mm × 297 mm) were recorded every 20 min. Oxygen availability in the experimental setup was controlled by an influx of air (normoxic atmosphere) or N2 gas (anoxic atmosphere).


The nutrient solution contained 0.47 mM K2SO4, 0.38 mM CaSO4, 0.55 mM Ca(NO3)2, 0.1 mM MgSO4, 78 μM (NH4)2SO4, 50 μM KH2PO4, 25 μM Na2SiO3, 12.5 μM Fe(III)-EDTA, 12.5 μM KCl, 6.25 μM H3BO3, 0.5 μM MnSO4, 0.5 μM ZnSO4, 250 nM NiSO4, 125 nM CuSO4, and 125 nM Na2MoO4. In addition, the solution contained 625 μM MES, and pH was adjusted to 6.5 using KOH. The solution was made stagnant by adding 0.1% (w/v) dissolved agar (Wiengweera et al., 1997) and deoxygenated by flushing it with N2 gas flushing for 15 min. The dilute agar prevents convective movements and mimics the changes in gas composition in waterlogged soils (e.g., decreased O2, increased ethylene) (Wiengweera et al., 1997). The solution remained hypoxic throughout the experiment (O2 concentration < ca. 30 μM).



Oxygen imaging by planar optode system

In the present study, we used a color ratiometric planar O2 optode system described by Larsen et al. (2011), in which O2 concentration is calculated from the ratios of the intensities of red and green in a single digital image of RGB color. PtTFPP [Platinum (II)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin] is commonly used for planar O2 optodes as an O2-sensitive indicator (Lee and Okura, 1997; Oguri et al., 2006). PtTFPP has a peak emission at 650 nm (Larsen et al., 2011). Therefore, the red signal in the RGB color image is derived from PtTFPP. A coumarin dye, Macrolex® fluorescence yellow 10GN (MY), is not quenched by O2 and its luminescence intensity is unaffected by the O2 concentration. MY has the peak emission wavelength at 480 nm in the polystyrene matrix (Larsen et al., 2011). Therefore, the green signal in the RGB color image derived from MY emission serves as an internal reference. To obtain the O2 concentration image, the ratiometric calculation is conducted on each pixel of the optode faceplate (Larsen et al., 2011).

A faceplate (75 mm × 50 mm × 3 mm thickness, fiber optic faceplates #55-142, Edmund Optics, Barrington, NJ, United States) was immersed in 10% (v/v) dichloro-dimethyl-silane (Sigma-Aldrich, St. Louis, MO, United States) in 99.8% toluene (Sigma-Aldrich) for 2 h, in order to enhance adhesion of sensor cocktail to the faceplate. The faceplate was washed with 99.5% ethanol (FUJIFILM Wako Pure Chemical, Osaka, Japan) and dried at 110°C overnight. We prepared a sensor cocktail which contained 10% (w/v) polystyrene granules (Goodfellow, Huntingdon, United Kingdom), 0.2% (w/v) PtTFPP (Frontier Scientific Inc., Logan, UT, United States), 0.4% (w/v) MY and 1.5% (w/v) titanium dioxide (DuPont, Wilmington, DE, United States) in 99.8% toluene and mixed it with heating at 90°C. The faceplate was thinly coated with the sensor cocktail and dried at room temperature overnight. The edge of the optode faceplate (i.e., planar O2 optode) was attached to the plastic container wall with silicon glue (Figure 1A). Here we note that no toxic effects of planar optode have been reported.

To excite the O2-sensitive luminophores, we applied a high luminous efficacy blue LED (λ-peak = 457 nm, LZ1-00B202, Osram Sylvania Inc., Wilmington, NC, United States) in combination with a 470 nm short-pass filter (Blue dichroic color filter, CDB-5051, UQG Optics Ltd., Cambridge, United Kingdom) (Figure 1A). Emission was captured with a digital single-lens reflex camera (Canon EOS Kiss F, Canon, Tokyo, Japan) equipped with a macro lens (Sigma 50 mm F2.8 EX DG Macro, Sigma, Kawasaki, Japan) and a 530 nm long-pass filter (Schott OG-530, Schott AG, Mainz, Germany) (Figure 1A). The camera was modified by removing its near-infrared (NIR) filter to increase the camera’s sensitivity to red light. The camera was connected to a computer and controlled with the software Look@RGB,1 which enables the splitting of images into red, green, and blue channels (Figure 1A). The intensity ratio, defined as (red channel - green channel)/green channel (Larsen et al., 2011), was used to derive the O2-dependent signal at the surface of the optode. To obtain calibration curves, water was deoxygenated by flushing it with N2 gas for 30 min. The dissolved oxygen (DO) level was about 0.7% of air saturation at 26°C. The water was then gradually oxygenated by air flushing while concurrently acquiring O2-sensitive images and recording the ambient O2 concentration with a DO meter (Seven2Go™ pro DO meter S9, Mettler Toledo, Greifensee, Switzerland). In total, we collected about 10 calibration-level points up to 100% air saturation in the water for calibration. Finally, an anoxic (0% DO) image was captured by adding about 0.4 g of sodium dithionate (Na2S2O4, FUJIFILM Wako Pure Chemical) to the water (250 ml). Calibration calculations and image processing were done as described by Larsen et al. (2011). All images were processed using ImageJ (version 1.52a).2 O2 concentration was expressed as % air saturation. At 26°C, 100% air-saturation in freshwater is equivalent to 254 μM of O2.



Monitoring plant growth

The growth container was placed in contact with a vertically positioned flatbed scanner. The container was closed with a plastic lid (Figure 1B). O2 levels within the enclosed atmosphere were controlled by continuously flushing with air (normoxic atmosphere) or N2 gas (anoxic atmosphere) (Figure 1B). Growth images (600 dpi, 24-bit color) were captured by the flatbed scanner every 20 min using application software to schedule mouse operations on a computer (UWSC 5.3.0.2).3 The automated scanning system has a broader capture view (297 mm × 210 mm) that is broader than the capture views of our O2 planar optode systems (i.e., 75 mm × 50 mm) (Figure 1A). This makes it possible to monitor more replications under various conditions and collect samples at the proper timing.



Anatomical observations

For embryo observations, seeds were embedded in a cryo-embedding medium (SCEM, Leica Biosystems, Wetzlar, Germany) and frozen in liquid nitrogen. The specimen block was cut into 10-μm sections with a CM-3050S cryostat (Leica Biosystems). We used the Kawamoto cryosectioning method (Chiou et al., 2018) in which the chamber was set at –15°C and the object holder was set at –25°C. The sections were gently mounted on slides. Cross-sections were photographed with a light microscope (Axio Imager.A2, Carl Zeiss, Oberkochen, Germany) equipped with a CCD camera (AxioCam MRc CCD, Carl Zeiss). For coleoptile observations, coleoptiles at 3–7 mm behind the embryo were embedded in 5% agar, and 100 μm sections were made using a vibrating microtome (Leica VT1200S; Leica Biosystems). Cross-sections were photographed with the above microscope. Coleoptile and seed semblances were photographed with a stereomicroscope (Leica M205FA, Leica Microsystems) with a CCD camera (Leica DFC7000T, Leica Microsystems).



Alcohol dehydrogenase activity

Alcohol dehydrogenase (ADH) activity in embryos was assayed with the spectrophotometric method of Rumpho and Kennedy (1981). Embryos (40–84 mg fresh weight per sample) were separated from the endosperm and coleoptile with a razor, frozen in liquid nitrogen, ground in liquid nitrogen in a mortar and pestle, suspended in 0.5 ml fresh extraction buffer [100 mM Tris-HCl (pH 9.0), 20 mM MgCl (Nacalai Tesque), 0.1% (v/v) 2-mercaptoethanol (FUJIFILM Wako Pure Chemical)], and centrifuged at 13,000 × g for 15 min at 4°C. Ten microliter of the supernatant was mixed with 255 μl assay buffer [58 mM Tris-HCl (pH 9.0), 1.12 mM β-NAD+ (Oriental yeast, Tokyo, Japan)] and 15 μl ethanol. For the control, 15 μl of water was used instead of ethanol. We then quickly measured the change in A340, which is related to NADH concentration, for 1 min at 26°C, by a microplate reader (SpectraMax iD3, Molecular Devices, San Jose, United States). The enzyme activity was calculated by subtracting the reference activity from the sample activity and expressing ADH activity as the amount of NADH produced in 1 min (i.e., μmol g FW–1 min–1).



Statistical analysis

The lengths of roots or shoots grown in normoxic and anoxic atmospheres were compared with two-sample t-tests at the 5% probability level. ADH activities were compared with one-way analysis of variance (ANOVA) and Tukey’s honest significant difference (HSD) for multiple comparisons at the 5% probability level. All statistical analyses were conducted using IBM SPSS Statistics version 25 (IBM, Armonk, NY, United States).




Results


Seminal root emergence requires a normoxic atmosphere

Submerged seeds were placed in anoxic and normoxic conditions, respectively, and in both treatments, a coleoptile emerged and elongated 25 h after imbibition, without any seminal root emergence (left panel of Figure 2A and Supplementary Video 1). However, as the coleoptile reached the water surface, 80–85 h after imbibition, seminal roots began to emerge in the normoxic treatment (left panel of Figures 2A–C and Supplementary Video 1) and the elongation rate of coleoptiles drastically slowed down from 0.25 to 0.18 mm/h (Figure 2B). In contrast, a seminal root did not emerge in the anoxic treatment, although the coleoptile tip was above the water surface (right panel of Figure 2A and Supplementary Video 1). Additionally, the elongation rates of the coleoptile both underwater and above water remained constant (0.21 and 0.34 mm/h, respectively) (Figure 2B).
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FIGURE 2
Growth of coleoptile and seminal root during submerged germination with normoxic or anoxic atmosphere. (A) A sequence of the submerged germination processes. Bars = 10 mm. (B) Coleoptile length, and (C) seminal root length under germination. Means ± SE, n = 4–5. The time lap images of submerged germination are shown in Supplementary Video 1.


To further explore the importance of O2 in the overlying atmosphere for root emergence, we switched the atmospheric conditions from anoxic to normoxic at 93 h after imbibition. At that time, the coleoptile tip had emerged from the water surface, but seminal roots were not observed (Figure 3). Eight hours after the switch, seminal roots appeared (right panel of Supplementary Video 2). Seminal roots were well developed at 110 h after imbibition (i.e., 17 h after the switch) (at 110 h in Figures 3A,C). However, no roots were observed in a parallel setup where we maintained an anoxic atmosphere (at 110 h in Figures 3A–C and Supplementary Video 2) demonstrating that atmospheric O2 was essential for seminal root emergence.


[image: image]

FIGURE 3
Reaction of coleoptile and seminal root growth following the switching from anoxic to normoxic atmospheres. (A) An image sequence of the submerged germination processes. Bars = 10 mm. (B) Coleoptile length and (C) seminal root length during germination. Means ± SE, n = 3–5. At 93 h after imbibition, the atmospheric conditions were switched from anoxic to normoxic. The time lap images of growth responses following the switching from an anoxic to a normoxic atmosphere are shown in Supplementary Video 2.




Spatiotemporal oxygen dynamics during coleoptile development

Before the coleoptile tip reached the water surface, O2 was deficient around the embryo and coleoptile [below 8% (air-saturation), Figures 4A–C and Supplementary Video 3]. Interestingly, when the coleoptile tip reached the water surface, the O2 level around the embryo almost instantaneously increased to 30–40% air saturation (Figure 4D and Supplementary Video 3). The oxygen-rich halo extended 1.5 mm away from the embryo (Figure 4G). O2 levels gradually fell to background levels in about 8 h (Figure 4H). Our observations of seven seeds showed that the transient O2 burst occurred 3.2 ± 2.0 h after the coleoptile tip reached the water surface (mean ± standard deviation). Then, seminal root emergence was initiated about 9.6 ± 1.5 h after the transient O2 burst.
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FIGURE 4
Spatiotemporal O2 dynamics under normoxic atmosphere. (A–F) An image sequence of the submerged germination process as recorded by the planar O2 optode system. Bars = 10 mm. Upper color images are O2 concentration images. Lower monochrome images are red images to visualize the growth of coleoptile. At the 101 h after imbibition, the coleoptile tip reached the water surface. The coleoptile tip was submerged in (A–C) or above water in (D–F). Note: the O2 value on the seeds and the coleoptile erroneously appear constantly high (i.e., over 50–100% air-saturation) due to a scattering artifact reflecting the white colors of seeds and coleoptiles. (G) O2 gradient toward the embryo at 105 h after imbibition (i.e., along the red line in the lower panel of D) when a transient O2 burst was observed at 105 h after imbibition. (H) Dynamics of O2 concentration at 0 mm and 2.5 mm from the embryo (e.g., small squares in the lower panels of A–F). The sequence of O2 images during submerged germination is shown in Supplementary Video 3.


In Figures 4A–F, the O2 value on the seeds and the coleoptile appeared to be over 50–100% air-saturation, but this was an artifact due to the scattering of light off the seeds and coleoptiles.

The seminal roots did not emerge while the tip of hollow coleoptile was submerged (Figures 5A,B) and remained enveloped by coleorhiza inside the embryo (Figures 5C,D). However, as the hollow coleoptile (Figure 5F) reached the water surface (Figure 5E), the seminal root broke the coleorhiza and emerged from the embryo (Figures 5G,H). Between 24 and 33 h after the coleoptile tip reached the water surface, the seminal root elongate d about 10-mm-length (Figure 5I). At this time, the hollow space of the coleoptile was filled by the first and second leaves (Figure 5J). Aerenchyma had still not formed in the coleoptile or in the first or second leaves (Figure 5J).
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FIGURE 5
Anatomy of coleoptile and embryo during submerged germination below a normoxic atmosphere. (A–D) The coleoptile tip was underwater. (E–H) The coleoptile tip was above water, but seminal roots have not yet emerged. (I,J) The coleoptile tip was above water and after seminal root emergence. Cross-sections of the coleoptile at the 5 mm from the embryo (B,F,J). Cross-sections of the embryo (C,D,G,H). Col, coleoptile; CO, coleorhiza; Emb, embryo; End, endosperm; Hol, hollow; L1, 1st leaf; L2, 2nd leaf; SR, seminal root; VB, vascular bundles. Scale bars: 5 mm in (A,E,I); 100 μm in (B,F,J); 500 μm in (C,D,G,H).




Alcohol dehydrogenase enzyme activity in the embryo

Before the formation of the coleoptile and while the tip of the evolving coleoptile remained submerged, the ADH activity in the embryo was high (Figure 6), consistent with an anaerobic environment. However, as the coleoptile emerged from the water surface, the ADH activity was significantly reduced, reaching a minimum of 5.3 μmol g FW–1 min–1 (Figure 6), implying O2 levels were improved in the embryo. However, the ADH activity increased slightly (but not significantly) after the seminal root had emerged from the embryo (right bar in Figure 6), possibly as a result of increased O2 consumption.
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FIGURE 6
ADH activity in the embryo during submerged germination below a normoxic atmosphere. Mean ± SE. n = 3 or 4. Different lowercase letters denote significant differences among four different growth phases (P < 0.05; one-way ANOVA, and then Tukey HSD test for multiple comparisons).





Discussion

The real-time monitoring of the submerged germination and the associated O2 distribution that we observed in this study provides a detailed look at the spatiotemporal dynamics and coupling of crucial processes in the germination process and its overall linkage to O2 availability in rice. Submerged rice germination occurred in an orderly progression of rooting after the coleoptile reached the water surface (Figure 7). Almost 50 years ago, Kordan (1974) hypothesized that the coleoptile acts as a snorkel to acquire atmospheric oxygen to initiate elongation of the first leaf and seminal root emergence. However, this hypothesis has never been confirmed by direct measurements of O2 transport. We visualized the snorkel-like behavior of the coleoptile, resulting in the transient O2 burst around the embryo. This O2 burst is required for seminal root emergence underwater.
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FIGURE 7
The conceptual model of the snorkel effect during submerged rice germination. (A) Before coleoptile appearance. (B) Coleoptile tip underwater. (C) Coleoptile tip above water and before seminal root emergence. (D) Coleoptile tip above water and after seminal root emergence. Col, coleoptile; CO, coleorhiza; Emb, embryo; Hol, hollow; L1, 1st leaf; L2, 2nd leaf; SR, seminal root.1 The timing of cell death after aeration was predicted based on previous research by Kawai and Uchimiya (2000).



A transient oxygen burst around the embryo triggers seminal root emergence

Seminal root primordia were unable to break through the coleorhiza without transient oxygenation at the embryo (Figures 5C,D). When a fully developed coleoptile reached the water surface, a burst in O2 availability at the embryo was observed and seminal root induction occurred within 10 h (Figures 4H, 5G,H). Seminal root emergence was previously reported to occur within 1 day after aeration of submerged rice seeds at 30°C (Narsai et al., 2017), but the present study shows that this can happen much faster, even at lower temperatures (26°C).

Unlike the development of seminal roots, the development of adventitious roots of rice emerging at the stem nodes under submerged conditions appears to be promoted by hypoxia (Lorbiecke and Sauter, 1999; Steffens and Rasmussen, 2016). The ability of nodal adventitious root primordia to break through the overlying epidermal cells has been linked to elevated concentrations of ethylene (Lorbiecke and Sauter, 1999; Steffens et al., 2006). Ethylene signaling mediated by reactive oxygen species induces programmed cell death (PCD) in the nodal epidermis above adventitious root primordia (Mergemann and Sauter, 2000; Steffens et al., 2012). This assures that the tip of the growing root is not damaged during emergence (Mergemann and Sauter, 2000; Steffens and Rasmussen, 2016). Both epidermal PCD and adventitious root growth are promoted by ethylene and gibberellin but are inhibited by abscisic acid (Steffens and Sauter, 2005; Steffens et al., 2006). The hormonal network and molecular mechanisms that initiate seminal root emergence under aerobic conditions are unclear. Further research on how hormones regulate seminal root development are needed to more fully understand how seedling adapt to submergence.



A conceptual model for the snorkel effect under submerged germination in rice

Based on previous investigations and the present results, we propose a germination model in which transient oxidation triggers root emergence (Figure 7). Germination of submerged rice (Figure 7A) induces a gradual elongation of a hollow coleoptile (Figures 5B, 7B). Seminal root primordia are trapped inside the coleorhiza in the embryo (Figures 5C,D, 7B). About 3 h after the coleoptile tip reaches the atmosphere, a transient O2-rich halo along the coleoptile and close to the embryo can be observed (Figures 4D,H, 7C). Kawai and Uchimiya (2000) observed that 6 h after the initial O2 exposure, cell death becomes visible on the adaxial surface in the coleoptile and a full opening is completed within 24 h (Kawai and Uchimiya, 2000). At this stage, the first leaf has still not elongated inside the coleoptile, and there is no aerenchyma in the coleoptile (Figures 5F, 7C), but the hollow coleoptile facilitates a continued O2 supply to the embryo. The reduction in ADH activity in the embryo after the coleoptiles emerge from the water surface (Figure 6) reflects an increase in the internal oxygen level within rice seedlings. However, the reduction in ADH activity was limited, probably because the internal oxygen concentration was still lower than that in air, keeping most parts of seedlings remained under moderate hypoxia. Subsequently, the leaves elongate inside the coleoptile (Figures 5J, 7D). The first leaf emerges at the site of a split in the coleoptile, resulting from PCD (Kawai and Uchimiya, 2000). The first leaf develops aerenchyma, which supports root aeration (Hoshikawa, 1989; Kawai and Uchimiya, 2000).



Potential applications of automated scanning systems and planar oxygen optode

Many attempts have been made to directly sow rice seeds in the field to reduce the labor of transplanting seedlings from a nursery (Farooq et al., 2011). A better understanding of O2 dynamics around the seeds might help to explain why most of these attempts have failed. The current study demonstrates that an automated scanning system with a planar O2 optode could visualize the dynamics of O2 and concurrent seedling growth at very high spatiotemporal resolution. Our approach might facilitate and improve further studies of direct seeding methods (e.g., wet seeding, water seeding, dry seeding with/without chemical coating) for rice as well as other crops and plant species.
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SUPPLEMENTARY VIDEO 1
Time-lapse images showing the germination process of submerged rice with normoxic or anoxic atmospheres.

SUPPLEMENTARY VIDEO 2
Time-lapse images of the growth process following a shift from an anoxic to a normoxic atmosphere. At 93 h after imbibition, the atmospheric conditions of the right compartment were switched from anoxic to normoxic. The left compartment was kept anoxic throughout the experiment.

SUPPLEMENTARY VIDEO 3
Time-lapse images of O2 distribution during germination of submerged rice. The rice plants in the middle image are the same target in Figure 4. The O2 value on the seeds and the coleoptile appeared to be over 50–100% air saturation, but this was an artifact due to the scattering of light off the seeds and coleoptiles.


Footnotes

1     imaging.fish-n-chips.de

2     https://rsbweb.nih.gov/ij/

3     https://www.vector.co.jp/soft/winnt/util/se115105.html
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Agricultural production is under threat due to climate change in food insecure regions, especially in Asian countries. Various climate-driven extremes, i.e., drought, heat waves, erratic and intense rainfall patterns, storms, floods, and emerging insect pests have adversely affected the livelihood of the farmers. Future climatic predictions showed a significant increase in temperature, and erratic rainfall with higher intensity while variability exists in climatic patterns for climate extremes prediction. For mid-century (2040–2069), it is projected that there will be a rise of 2.8°C in maximum temperature and a 2.2°C in minimum temperature in Pakistan. To respond to the adverse effects of climate change scenarios, there is a need to optimize the climate-smart and resilient agricultural practices and technology for sustainable productivity. Therefore, a case study was carried out to quantify climate change effects on rice and wheat crops and to develop adaptation strategies for the rice-wheat cropping system during the mid-century (2040–2069) as these two crops have significant contributions to food production. For the quantification of adverse impacts of climate change in farmer fields, a multidisciplinary approach consisted of five climate models (GCMs), two crop models (DSSAT and APSIM) and an economic model [Trade-off Analysis, Minimum Data Model Approach (TOAMD)] was used in this case study. DSSAT predicted that there would be a yield reduction of 15.2% in rice and 14.1% in wheat and APSIM showed that there would be a yield reduction of 17.2% in rice and 12% in wheat. Adaptation technology, by modification in crop management like sowing time and density, nitrogen, and irrigation application have the potential to enhance the overall productivity and profitability of the rice-wheat cropping system under climate change scenarios. Moreover, this paper reviews current literature regarding adverse climate change impacts on agricultural productivity, associated main issues, challenges, and opportunities for sustainable productivity of agriculture to ensure food security in Asia. Flowing opportunities such as altering sowing time and planting density of crops, crop rotation with legumes, agroforestry, mixed livestock systems, climate resilient plants, livestock and fish breeds, farming of monogastric livestock, early warning systems and decision support systems, carbon sequestration, climate, water, energy, and soil smart technologies, and promotion of biodiversity have the potential to reduce the negative effects of climate change.

KEYWORDS
  climate variability, yield reduction, livestock, elevated temperature, adaptation, climate and crop modeling, decision support system, sustainable production


Introduction

Asia is the most populous subcontinent in the world (UNO, 2015), comprising 4.5 billion people—about 60% of the total world population. Almost 70% of the total population lives in rural areas and 75% of the rural population are poor and most at risk due to climate change, particularly in arid and semi-arid regions (Yadav and Lal, 2018; Population of Asia, 2019). The population in Asia is projected to reach up to 5.2 billion by 2050, and it is, therefore, challenging to meet the food demands and ensure food security in Asia (Rao et al., 2019). In this context, Asia is the region most likely to attribute to population growth rate, and more prone to higher temperatures, drought, flooding, and rising sea level (Guo et al., 2018; Hasnat et al., 2019). In Asia, diversification in income of small and poor farmers and increasing urbanization is shocking for agricultural productivity. Asia is the home of a third of the world's population and the majority of poor families, most of which are engaged in agriculture (World Bank, 2018). We can expect diversification of adverse climate change effects on the agriculture sector due to diversity of farming and cropping systems with dependence on climate. According to the sixth assessment report of IPCC, higher risks of flood and drought make Asian agricultural productivity highly susceptible to changing climate (IPCC, 2019). Climate change has already adversely affected economic growth and development in Asia, although there is low emission of greenhouse gasses (GHG) in this region (Gouldson et al., 2016; Ahmed et al., 2019a). Still, China and India are major contributors to global carbon dioxide emission; the share of each Asian country in cumulative global carbon dioxide emission is presented in Figures 1, 2. Although GHGs emission from the agriculture sector is lower than the others, it still has a negative impact. Emission of GHGs from different agricultural components and contribution to emissions can be found in Figure 3. However, the contribution of Asian countries in GHGs including land use changes and forestry is described in Figure 4.


[image: Figure 1]
FIGURE 1
 Share of each Asian country in cumulative global carbon dioxide emission (1751–2019; Source: OWID based on CDIAC and Global Carbon Project).



[image: Figure 2]
FIGURE 2
 Carbon dioxide (CO2) emission from different Asian countries (source: International Energy Statistics https://cdiac.ess-dive.lbl.gov/home.html; Carbon Dioxide Information Analysis Center, Environmental Sciences Division, Oak Ridge National Laboratory, Tennessee, United States).
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FIGURE 3
 Sources of greenhouse gasses (GHGs) emission from different Asian countries with respect to agricultural components (Source: CAIT climate data explorer via. Climate Watch (https://www.climatewatchdata.org/data-explorer/historical-emissions).
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FIGURE 4
 Total greenhouse gasses (GHGs) emission includes emissions from land use changes and forestry from Asian countries (measured in tons of carbon dioxide equivalents [CO2-e] (Source: CAIT climate data explorer via Climate Watch).


Asia is facing alarming challenges due to climate change and variability as illustrated by various climatic models predicting the global mean temperature will increase by 1.5°C between 2030 and 2050 if it continues to increase at the current rate (IPCC, 2019). In arid areas of the western part of China, Pakistan, and India, it is also projected that there will be a significant increase in temperature (IPCC, 2019). During monsoon season, there would be an increase in erratic rainfall of high intensity across the region. In South and Southeast Asia, there would be an increase in aridity due to a reduction in winter rainfall. Due to climatic abnormalities, there will be a 0.1 m increase in sea level by 2,100 across the globe (IPCC, 2019). In Asia, an increase in heat waves, hot and dry days, and erratic and unsure rainfall patterns is projected, while dust storms and tropical cyclones are predicted to be worse in the future (Gouldson et al., 2016). Natural disasters are the main reason behind the agricultural productivity (crops and livestock) losses in Asia, including extreme temperature, storms and wildfires (23%), floods (37%), drought (19%), and pest and animal diseases infestation (9%) which accounted for 10 USD billions in amount (FAO, 2015). During the last few decades, tropical cyclones in the Pacific have occurred with increased frequency and intensity. South Asia consisted of 262 million malnourished inhabitants, which made South Asia the most food insecure region across the globe (FAO, 2015; Rasul et al., 2019). In remote dry lands and deserts, the rural population is more vulnerable to climate change due to the scarcity of natural resources.

In Asia, climate variability (temperature and rainfall) and climate-driven extremes (flood, drought, heat stress, cold waves, and storms) have several negative impacts on the agriculture sector (FAO, 2016), especially in the cropping system which has a major role in food security, and thus created the food security issues and challenges in Asia (Cai et al., 2016; Aryal et al., 2019). The rice-wheat cropping system, a major cropping system which fills half of the food demand in Asia, is under threat due to climate change (Ghaffar et al., 2022). Climate change adversely affects both the quantity and quality of wheat and rice crops (Din et al., 2022; Wasaya et al., 2022). For instance, the protein content and grain yield of wheat have been reduced because of the negative impacts of increasing temperature (Asseng et al., 2019). The temperature rise has decreased the crop-growing period, and crop evapotranspiration ultimately reduced wheat yield (Azad et al., 2018). Adverse impacts of climate change and variability on winter wheat yield in China are attributed to increased average temperature during the growing period (Geng et al., 2019). Climate change is also adversely affecting the quality traits especially protein content, and sugars and starch percentages in grains of wheat. Elevated carbon dioxide and high temperatures increase the growth traits while decreasing the protein content in wheat grains (Asseng et al., 2019). Similarly, drought stress also reduces the protein content and soluble sugars of the wheat crop (Rakszegi et al., 2019; Hussein et al., 2022). The decline in the starch content in wheat grains has also been observed under drought stress (Noori and Taliman, 2022). Similarly, heat stress also causes a decline in the protein content, soluble sugar, and starch content in wheat grains (Zahra et al., 2021; Iqbal et al., 2022; Zhao et al., 2022). Climate change also negatively affects the quality of wheat products as the rise in temperature causes a reduction in protein content, sugars, and starch. It is assessed that rise in temperature by 1–4°C could decrease the wheat yield up to 17.6% in the Egyptian North Nile Delta (Kheir et al., 2019). In China, crop phenology has changed because of both climate variability and crop management practices (Liu et al., 2018). Both climate change scenarios and human management practices have adversely affected wheat phenology in India and China (Lv et al., 2013; Ren et al., 2019). The elevated temperature has increased the infestation of the aphid population on wheat crops and ultimately reduced yield (Tian et al., 2019). There is a direct and strong correlation between diseases attached to climate change. For instance, the Fusarium head blight of wheat crops is caused by the Fusarium species and its chances of an attack were increased due to high humidity and hot environment (Shah et al., 2018). A similar study has shown a direct interaction between insect pests and diseases and higher temperature and carbon dioxide levels in rice production (Iannella et al., 2021; Tan et al., 2021; Tonnang et al., 2022).

Climate variability has marked several detriments to rice production in Asia. Climate variability has induced flood and drought, which have decreased the rice yield in South Asia and several other parts of Asia (Mottaleb et al., 2017). Heat stress, drought, flood, and cyclones have reduced the rice yield in South Asia (Cai et al., 2016; Quyen et al., 2018; Tariq et al., 2018). Thus, climate change-driven extremes, particularly heat and drought stress, have also become a serious threat for sustainable rice production globally (Xu et al., 2021). Higher temperatures for a longer period as well as water shortages reduce seed germination which lead to poor stand establishment and seedling vigor (Fahad et al., 2017; Liu et al., 2019). It has been reported that the exposure of rice crops to high temperatures (38°C day/30°C night) at the grain filling stage led to a reduction in grain weight of rice (Shi et al., 2017). Moreover, heat stress also reduces the panicle and spikelet's initiation and ultimately the number of spikelets and grains in the rice production system (Xu et al., 2020). Drought stress also adversely affects the reproductive stages and reduces the yield components especially spikelets per panicle, grain size, and grain weight of rice (Raman et al., 2012; Kumar et al., 2020; Sohag et al., 2020). GLAM-Rice model has projected rice yield will decrease ~45% in the 2080's under RCP 8.5 as compared to 1991–2000 in Southeast Asia (Chun et al., 2016). On the other hand, climate variability could reduce crop water productivity by 32% under RCP 4.5, or 29% under RCP 8.5 by 2080's in rice crops (Boonwichai et al., 2019). In China and Pakistan, high temperature adversely affects the booting and anthesis growth stages of rice ultimately resulting in yield reduction (Zafar et al., 2018; Nasir et al., 2020). Crop models like DSSAT and APSIM have projected a yield reduction of both rice and wheat crops up to 19 and 12% respectively by 2069 due to a rise of 2.8°C in maximum and 2.2°C in minimum temperature in Pakistan (Ahmad et al., 2019).

About 35 million farmers having 3% landholding are projected to convert their source of income (combined crop-livestock production systems) to simply livestock because of the negative impacts of climate change on the quality and quantity of pastures as predicted by future scenarios for 2050 in Asia (Thornton and Herrero, 2010). The livestock production sector also contributes 14.5% of global greenhouse emissions and drives climate variability (Downing et al., 2017). Directly, there would be higher disease infestation and reduced milk production and fertility rates in livestock because of climate extremes like heat waves (Das, 2018; Kumar et al., 2018). Indirectly, heat stress will reduce both the quantity and quality of available forage for livestock. Several studies have reported that heat stress reduces the protein and starch content in the grains of maize which is a widely used forage crop (Yang et al., 2018; Bheemanahalli et al., 2022). Similarly, heat stress also reduces the soluble sugar and protein content in the heat-sensitive cultivars of alfalfa which is also a major forage crop (Wassie et al., 2019). In this context, heat stress leads to a reduction in the quality of forage. There would be an increase in demand for livestock products, however, there would be a decrease in livestock heads under future climate scenarios (Downing et al., 2017). In Asia, a severe shortage of feed for livestock has imposed horrible effects on the livestock population which has been attributed as the result of extreme rainfall variability and drought conditions (Ma et al., 2018).

Timber forests have several significances in Asia, and non-timber forests are also significant sources of food, fiber, and medicines (Chitale et al., 2018). Unfortunately, climate change has imposed several negative impacts on forests at various levels in the form of productive traits, depletion of soil resources, carbon dynamics, and vegetation shifting in Asian countries. In India, forests are providing various services in terms of meeting the food demand of 300 million people, the energy demand of people living in rural areas up to 40%, and shelter to one-third of animals (Jhariya et al., 2019). In Bangladesh, forests are also vulnerable to climate variability as they are facing the increased risks of fires, rise in sea level, storm surges, coastal erosion, and landslides (Chow et al., 2019). Increased extreme drought events with higher frequency, intensity, and duration, and human activities, i.e., afforestation and deforestation, have adversely altered the forest structure (Xu et al., 2018). Hence, there is a need to evaluate climate adaptation strategies to restore forests in Asian countries in order to meet increased demands of food, fiber, and medicines. Agroforestry production is also under threat because of adverse climate change impacts such as depletion of natural resources, predominance of insect pests, diseases and unwanted species, increased damage on agriculture and forests, and enhanced food insecurity (De Zoysa and Inoue, 2014; Lima et al., 2022).

Asia also consists of good quality aquaculture (80% of aquaculture production worldwide) and fisheries (52% of wild caught fish worldwide) which are 77% of the total value addition (Nguyen, 2015; Suryadi, 2020). In Asia, various climatic extremes such as erratic rainfall, drought, floods, heat stress, salinity, cyclone, ocean acidification, and increased sea level have negatively affected aquaculture (Ahmad et al., 2019). For instance, Hilsailisha constituted the largest fishery in Bangladesh, India, and West Bengal and S. Yangi in China have lost their habitat because of climate variability (Jahan et al., 2017; Wang et al., 2019a). Ocean acidification and warming of 1.5°C was closely associated with anthropogenic absorption of CO2. Increasing levels of ocean acidity is the main threat to algae and fish. Among various climate driven extremes like drought, flood, and temperature rising, drought is more dangerous as there is not sufficient rainfall especially for aquaculture (Adhikari et al., 2018). Similarly, erratic rainfall, irregular rainfall, storms, and temperature variability have posed late maturity in fish for breeding and other various problems (Islam and Haq, 2018).

The above-mentioned facts have indicated that agriculture, livestock, forestry, fishery, and aquaculture are under threat in the future and can drastically affect food security in Asia. This paper reviews the climate change and variability impacts on the cropping system (rice and wheat), livestock, forestry, fishery, and aquaculture and their issues, challenges, and opportunities. The objectives of the study are to: (i) Review the climate variability impacts on agriculture, livestock, forestry, fishery, and aquaculture in Asia; (ii) summarize the opportunities (adaptation and mitigation strategies) to minimize the drastic effects of climate variability in Asia; and (iii) evaluate the impact of climate change on rice-wheat farmer fields—A case study of Pakistan.


Impact of climate change and variability on agricultural productivity
 
Impact of climate change and variability on rice-wheat crops

In many parts of Asia, a significant reduction in crop productivity is associated with a reduction in timely water and rainfall availability, and erratic and intense rainfall patterns during the last decades (Hussain et al., 2018; Aryal et al., 2019). Despite the increased crop production owing to the green revolution, there is a big challenge to sustain production and improve food security for poor rural populations in Asia under climate change scenarios (FAO, 2015; Ahmad et al., 2019). In the least developed countries, damage because of climactic changes may threaten food security and national economic productivity (Myers et al., 2017). Yield reductions in different crops (rice, wheat) varied within regions due to variations in climate patterns (Yu et al., 2018). CO2 fertilization can increase crop productivity and balance the drastic effects of higher temperature in C3 plants (Obermeier et al., 2017) but cannot reduce the effect of elevated temperature (Arunrat et al., 2018). Crop growth and development have been negatively influenced because of rising temperatures and rainfall variability (Rezaei et al., 2018; Asseng et al., 2019).

Rice and wheat are major contributors to food security in Asia. There is a big challenge to increase wheat production by 60% by 2050 to meet ever-enhancing food demands (Rezaei et al., 2018). In arid to semi-arid regions, declined crop productivity is attributed to an increase in temperature at lower latitudes. In China, drought and flood have reduced the rice, wheat, and maize yields and it is projected that these issues will affect crop productivity more significantly in the future (Chen et al., 2018). Rice is sensitive to a gradual rise in night temperature causing yield and biomass to reduce by 16–52% if the temperature increase is 2°C above the critical temperature of 24°C (Yang et al., 2017). In Asia, semi-arid to arid regions are under threat and are already facing the problem of drought stress and low productivity. The quality of wheat produce (protein content, sugars, and starch) and grain yield have reduced because of the negative impacts of increasing temperature and erratic rainfall with high intensity (Yang et al., 2017). In the Egyptian North Nile Delta (up to 17.6%), India, and China, the climate variability has decreased wheat yield significantly which is attributed to a rise in temperature, erratic rainfall and increasing insect pest infestation (Arunrat et al., 2018; Shah et al., 2018; Aryal et al., 2019; Kheir et al., 2019). In South Asia, rice yield in rain-fed areas has already decreased and it might reduce by 14% under the RCP 4.5 scenario while 10% under the RCP 8.5 scenario by 2080 (Chun et al., 2016). High temperature and drought have decreased the rice yield because of their adverse impacts on the booting and anthesis stage in Asia, especially in Pakistan and China (Zafar et al., 2018; Ahmad et al., 2019). Similarly, heat stress is a major threat to rice as it decreases the productive tillers, shrinkage of grains, and ultimately grain yield of rice (Wang et al., 2019b). In Asia, climate change would affect upland rice (10 m ha) and rain-fed lowland rice (>13 million hectares). The projected production of rice and wheat crops by 2030 is presented in Table 1.


TABLE 1 Productivity shock due to climate change and variability on rice and wheat crop production by 2030.
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Impact of climate change and variability on livestock

In arid to semi-arid regions, the livestock sector is highly susceptible to increased temperature and reduced precipitation (Downing et al., 2017; Balamurugan et al., 2018). A temperature range of 10–30°C is comfortable for domestic livestock with a 3–5% reduction in animal feed intake with each degree rise in temperature. Similarly, the lower temperature would increase the requirement feed up to 59%. Moreover, drought and heat stress would drastically affect livestock production under climate change scenarios (Habeeb et al., 2018). Climate variability affects the occurrence and transmission of several diseases in livestock. For instance, Rift Valley Fever (RVF) due to an increase in precipitation, and tick-borne diseases (TBDs) due to a rise in temperature, have become epidemics for sheep, goats, cattle, buffalo, and camels (Bett et al., 2019). Different breeds of livestock show different responses to higher temperature and scarcity of water. In India, thermal stress has negative impacts on the reproduction traits of animals and ultimately poor growth and high mortality rates of poultry (Balamurugan et al., 2018; Chen et al., 2021; van Wettere et al., 2021). In dry regions of Asia, extreme variability in rainfall and drought stress would cause severe feed scarcity (Arunrat et al., 2018). It has been revealed that a high concentration of CO2 reduces the quality of fodder like the reduction in protein, iron, zinc, and vitamins B1, B2, B5, and B9 (Ebi and Loladze, 2019). Future climate scenarios show that the pastures, grasslands, feedstuff quality and quantity, as well as biodiversity would be highly affected. Livestock productivity under future climate scenarios would affect the sustainability of rangelands, their carrying capacity and ecosystem buffering capacity, and grazing management, as well as the alteration in feed choice and emission of greenhouse gases (Nguyen et al., 2019).



Impact of climate change on forest

Climate variability has posed several negative impacts on forests including variations in productive traits, carbon dynamics, and vegetation shift, as well as the exhaustion of soil resources along with drought and heat stress in South Asian countries (Jhariya et al., 2019; Zhu et al., 2021). In Bangladesh, forests are vulnerable to climate variability due to increased risks of fires, rise in sea level, storm surges, coastal erosion and landslides, and ultimately reduction in forest area (Chow et al., 2019). Biodiversity protection, carbon sequestration, food, fiber, improvement in water quality, and medicinal products are considered major facilities provided by forests (Chitale et al., 2018). In contrast, trait-climate relationships and environmental conditions have drastically influenced structure, distribution, and forest ecology (Keenan, 2015). Higher rates of tree mortality and die-off have been induced in forest trees because of high temperature and often-dry events (Allen et al., 2015; Greenwood et al., 2017; Zhu et al., 2021). For instance, trees Sal, pine trees, and Garjan have been threatened by climate-driven continuing forest clearing, habitat alteration, and drought in South Asian countries (Wang et al., 2019). An increase in temperature and CO2 fertilization has increased insect pest infestation for forest trees in North China (Bao et al., 2019). As rising temperature, elevated carbon dioxide (CO2), and fluctuating precipitating patterns lead to the rapid development of insect pests and ultimately more progeny will attack forest trees (Raza et al., 2015). Hence, there is a need to develop adaptation strategies to restore forests to meet the increasing demand for food, fiber, and medicines in Asia.



Impact of climate change on aquaculture and fisheries

There is a vast difference in response to climate change scenarios of aquaculture in comparison to terrestrial agriculture due to greater control levels over the production environment under terrestrial agriculture (Ottaviani et al., 2017; Southgate and Lucas, 2019). Climatic-driven extremes such as drought, flood, cyclones, global warming, ocean acidification, irregular and erratic rainfall, salinity, and sea level rise have negatively affected aquaculture in South Asia (Islam and Haq, 2018; Ahmad et al., 2019). In Asia, various species such as Hilsa and algae have lost their habitats due to ocean acidification and temperature rise (Jahan et al., 2017). Increased water temperature and acidification of terrestrial agriculture have become dangerous for coral reefs and an increase in average temperature by 1°C for four successive weeks can cause bleaching of coral reefs in India and other parts of Asia (Hilmi et al., 2019; Lam et al., 2019). Ocean warming has caused severe damage to China's marine fisheries (Liang et al., 2018). In Pakistan, aquaculture and fisheries have lost their habitat quality, especially fish breeding grounds because of high cyclonic activity, sea level rise, temperature variability, and increased invasion of saline water near Indus Delta (Ali et al., 2019). It is revealed that freshwater and brackish aquaculture is susceptible to the negative effects of climate variability in several countries of Asia (Handisyde et al., 2017). It is also evaluated that extreme climate variability has deep impacts on wetlands and ultimately aquaculture in India (Sarkar and Borah, 2018).



Climate variability and change impact assessment

Agriculture has a complex structure and interactions with different components, which will make it uncertain in a future climate that is a serious risk to food security in the region. Consequently, it is essential to assess the negative impacts of climate change on agricultural productivity and develop adaptive strategies to combat climate change. Simulation models such as General Circulation Models (GCMs) and Representative Concentration Pathways (RCPs) are being used worldwide for the quantification of the negative effects of climate change on agriculture and are supporting the generation of future weather data (Rahman et al., 2018). Primary tools are also available that can estimate the negative impacts of changing climate on crop productivity, crucial for both availability and access to food. Crop models have the potential to describe the inside processes of crops by considering the temperature rise and elevated CO2 at critical crop growth stages (Challinor et al., 2018). There are no advanced methods and technologies available to see the impact of climate variability and change on the production of livestock and crops other than the modeling approach (Asseng et al., 2014). There are also modeling tools available, and being used across the world, to quantify the impacts of climate change and variability on crops and livestock production (Ewert et al., 2015; Hoogenboom et al., 2015; Rahman et al., 2019). We decided to quantify the impacts of future climate on farmer's livelihood to study the complete agricultural system by adopting the comprehensive methodology of climate, crop, and economic modeling (RAPs) approaches and found the agricultural model inter-comparison and improvement project (AgMIP) as the best approach.





A case study—Agricultural model inter-comparison and improvement project


Impact of climate change on the productivity of rice and wheat crops

Department for International Development (DFID) developed the Agricultural Model Inter-comparison and Improvement Project (Rosenzweig et al., 2013) which is an international collaborative effort to deeply investigate the influences of climate variability and change on crops' productivity in different cropping zones/systems across the world and in Pakistan. The mission of AgMIP is to improve the scientific capabilities for assessing the impact of climate variability on the agricultural production system and develop site-specific adaptation strategies to ensure food security at local to global scales. The review discussed above indicated that the agriculture sector is the most vulnerable due to climatic variability and change. Crop production is under threat in Asian countries—predominantly in developing countries. For instance, Pakistan is also highly vulnerable due to its geographical location with arid to semi-arid environmental conditions (Nasi et al., 2018; Ullah et al., 2019; Ghaffar et al., 2022). There would be impacts that are more adverse in arid and semi-arid regions in comparison to humid regions because of climate change and variability (Nasi et al., 2018; Ali et al., 2019). Future climate scenarios have uncertainty and the projected scenario of climate, especially precipitation, did not coincide with the production technology of crops (Rahman et al., 2018). Floods and drought are anticipated more due to variations in rainfall patterns, and dry seasons are expected to get drier in future. Developing regions of the globe are more sensitive to climate variability and change as these regions implement old technologies whereas developed regions can mediate climate-driven extremes through the implementation of modern technologies (Lybbert and Sumner, 2012). The extent of climate change and variability hazards in Pakistan is massive and may be further shocking in the future. Therefore, it is a matter of time to compute climate variability, impacts on crop production, and develop sustainable adaptation strategies to cope with the negative impact of climate change using AgMIP standards and protocols (AgMIP). The main objective is to formulate adaptation strategies to contradict potential climate change effects and support the livelihood of smallholder farmers in the identified area and circulate this particular information to farmers, extension workers, and policy-makers. Sialkot, Sheikhupura, Nankana sahib, Hafizabad, and Gujranwala are considered the hub of the rice-wheat cropping system (Ghaffar et al., 2022), with an area of 1.1 million hectares. The rice-wheat cropping system is a food basket and its sustainable productivity in future climates will ensure food security in the country and generally overall in the region.




Methodology of the case study


Field data collection

Field data included the experimental trials and socio-economic data of 155 successive farmers' farms collected during an extensive survey of rice-wheat cropping zone from five-selected districts (Figure 5). From each district, randomly two villages were selected from each division, randomly 30 respondents and 15 farms of true representation of the farming population from each village considered. Crop management data included all agronomic practices from sowing to harvesting such as planting time, planting density, fertilizers amount and organic matter amendment, irrigation amount and intervals, cultural operations, grain yield, and biomass production collected for both crops, rice and wheat, and overall, for all systems. Farm data for the rice-wheat cropping system were analyzed with crop and economic models to see the impact of climate variability on crop production.
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FIGURE 5
 Map of study location/sites in rice-wheat cropping zone of Pakistan.




Historic and future climatic data

Daily historic data was collected from the Pakistan Meteorological Department (PMD) for all study locations. The quality of observed weather data was checked following the protocol of the Agricultural Model Inter-comparison and Improvement Project (AgMIP) protocols (AgMIP, 2013). Station-based downscaling was performed with historic weather data from all study sites/locations in the rice-wheat cropping zone. For the zone/region, five GCMs (CCSM4, GFDL-ESM2M, MIROC5, HadGEM2-ES, and MPI-ESM-MR) of the latest CMIP5 family were engaged for the generation of climate projections for the mid-century period using the RCP 8.5 concentration scenario, and using the protocols and methodology developed by AgMIP (Ruane et al., 2013, 2015; Rahman et al., 2018). GCMs were selected on the basis of different factors such as better performance in monsoon seasons, the record of accomplishment of publications, and the status of the model-developing institute. Under the RCP 8.5 scenario, an indication of warming ranges 2–3°C might be expected in all selected districts for the five CMIP5, GCMs in comparison to the baseline between the periods of 2040–2069. However, there is no uniform warming recorded under all 5 CMIP5 GCMs. For instance, CCSM4 and GFDL-ESM-2M showed uniform increased temperatures during April and September months. The outputs of the GCMs indicated large variability in the estimated values of precipitation. The HadGEM2-ES and GFDL-ESM2M projected mean of 200 and 100 mm between times 2040–2069, respectively. On average, a minor rise in annual rainfall (mm) is indicated by five GCMs in comparison to the baseline.



Crop models (DSSAT and APSIM)

To understand the agronomic practices and the impact of climate variability on the development and growth of plants, crop simulation models like DSSATv4.6 (Hoogenboom et al., 2015, 2019) and APSIMv7.5 (Keating et al., 2003) were applied. Three field trials were conducted on rice and wheat crops during two growing seasons, to collect the data like phenology, crop growth (leaf area index, biomass accumulation), development, yield, and agronomic management data by following the standard procedure and protocols. Crop models are calibrated with experimental field data (phenology, growth, and yield data) under local environmental conditions by using soil and weather data. Crop models were further validated with farmers' field data of rice and wheat crops. Climate variability impact on both crops was assessed with historic data (baseline) and future climate data of mid-century in this region.



Tradeoff analysis model for multi-dimensional impact assessment

For the analysis of climate change impact socio-economic indicators, version 6.0.1 of the Tradeoff Analysis Model for Multi-Dimensional Impact Assessment (TOA-MD) Beta was employed (Antle, 2011; Antle et al., 2014). It is an economical and standard model employed for the analysis of technology adoption impact assessment and ecosystem services. Schematically illustrated, showing connections between the different models and the points of contact between them in terms of input-output in a different climate, crop and economic models and climate analysis is shown in Figure 6. Various factors that may affect the anticipated values of the production system are technology, physical environment, social environment, and representative agricultural pathways (RAPs), hence it is necessary to distinguish these factors (Rosenzweig et al., 2013). RAPs are the qualitative storylines that can be translated into model parameters such as farm and household size, practices, policy, and production costs. For climate impact assessment, the dimensionality of the analysis is the main threat in scenario design. Farmers employ different systems for operating a base technology. For instance, system 1 included base climate, in system 2, farmers use hybrid climate, and in system 3, farmers use perturbed climate to cope with future climate with adaptation technology. The analysis gave the answer to three core questions (Rosenzweig et al., 2013). First, without the application RAPs of the core question, one-climate change impact assessments (CC-IA) were formulated. Second, analysis was again executed for examining the negative effects of climate change on future production systems. Third, analysis was executed for future adapted production systems through RAPs and adaptations. Two crop models, i.e., DSSAT and APSIM, outputs were used as the inputs of TOA-MD. Different statistical analyses like root mean square error (RMSE), mean percentage difference (MPD) d-stat, percent difference (PD), and coefficient of determination (R2) were used to check the accuracy of models.
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FIGURE 6
 Schematic illustration showing connections between the different models (climate, crop, and economic) and the points of contact between them in terms of input-output and climate analysis.





Results


Farmers field data validation

Crop model simulation results regarding calibration and validation of both crops (rice and wheat) were in good agreement with the field experimental data. Both models were further validated using farmers' field data of rice and wheat crops in rice-wheat cropping zone after getting robust genetic coefficients. Model validation results of 155 farmers of rice and wheat crops indicated the good accuracy of both models (DSSAT, APSIM) and have a good range of statistical indices. Both of these crop models showed an improved ratio between projected and observed rice yield in farmers' fields with RMSE 409 and 440 kg ha−1 and d-stat 0.80 and 0.78, respectively. Similarly, the performance of models DSSAT and APSIM for a yield of wheat was also predicted with RMSE of 436 and 592 kg ha−1 and d-stat of 0.87, respectively.



Quantification of climate change impact by crop models

Climate change impact assessment results in the rice-wheat cropping zone of 155 farms indicated that yield reduction varied due to differences in GCM's behavior and variability in climatic patterns. It is predicted that mean rice yield reduction would be up to 15 and 17% for DSSAT and APSIM respectively during mid-century while yield reduction variation among GCMs are presented in Figure 7. Rice indicated a yield decline ranging from 14.5 to 19.3% for the case of APSIM while mean yield reduction of the rice crop was between 8 and 30% with DSSAT. Reduction in production of wheat varied among GCMs as well as an overall reduction in yield in rice-wheat cropping systems. For wheat, with DSSAT would be a 14% reduction whereas for APSIM, the reduction would be 12%. GCMs reduction in wheat yield for midcentury (2040–2069) is shown in Figure 8. Reduction in wheat yield for all 5 GCMs was from 10.6 to 12.3% in the case of APSIM while mean reduction in wheat yield was between 6.2 and 19%. As rice is a summer crop where the temperature is already high and, according to climate change scenarios, there is an increase in both maximum and minimum temperature, an increase in minimum temperature leads to more reduction in yield as compared to wheat being a winter season crop. It was hypothesized that the increase in night temperature (minimum temperature) leading to more losses in the summer season may be due to high temperature, particularly at anthesis and grain formation stages in rice crops, as it is already an irrigated crop and rainfall variability (more rainfall) cannot reduce the effect of high temperature in the rice yield as compared to the wheat crop.
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FIGURE 7
 Reduction in rice yield of APSIM and DSSAT models for 155 farms; variation with 5-GCMs in rice-wheat cropping system of Punjab-Pakistan.
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FIGURE 8
 Reduction in wheat yield of APSIM and DSSAT models for 155 farms; variation with 5-GCMs in rice-wheat cropping system of Punjab-Pakistan.




Climate change economic impact assessment and adaptations
 
Sensitivity of current agricultural production systems to climate change

Climate change is damaging the present vulnerabilities of poor small farmers as their livelihood depends directly on agriculture. Noting various impacts of future climate (2040–2069) on a current production system (current technologies), we examine the vulnerability of the current production system used for the assessment of the adverse impacts of climate change on crop productivity and other socio-economic factors. Climate change impacts possible outcomes for five GCMs based on the estimation of yield generated by two crop models presented in Table 2. In Table 3, and the grain losses and net impacts as a percentage of average net returns for the first core question are given for each GCM. The analysis clearly shows the observed values of the mean yield of wheat and rice, which are estimated to be 18,915 kg and 18,349 kg/ farm respectively in the projected area. For all GCMs, observed average milk production was 3,267 liters per farm with a 12% average decline in yield found under livestock production. Losses were about 69–83% and from 72 to 76% for DSSAT and APSIM respectively as predicted by TOA-MD analysis because of the adverse effects of climate change situations. For DSSAT, percentage losses and gains in average net farm returns were from 13 to 15% and 23 to 30%, respectively. While gains were 14–15% and losses were from 25 to 27%, respectively for APSIM. Without adverse impacts of climate change, a net income of Rs. 0.54 per farm pragmatic was predicted by DSSAT and APSIM. However, DSSAT predicted Rs. 0.42–0.48 M per farm and APSIM predicted Rs. 0.45–0.47 M net income per farm under climate change for all GCMs. An increase in the poverty rate in climate change situations would be 33–38% for DSSAT and it would be 35–37% for APSIM, respectively while the rate of poverty with no adverse impacts of climate change would be 29%.


TABLE 2 Relative yield summary of crop models.
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TABLE 3 Aggregated gains and losses with CCSM4 GCM (without adaptation and with trend) of DSSAT and APSIM.
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Impacts of climate change on future agricultural production systems

In regard to the second core question, a comparison of system 1 (current climate and future production system) with system 2 (future climate and future production system in mid-century) was analyzed with the aid of TOA-MD using 5 GCMs. Mean wheat and rice yield reduction for DSSAT was from 6.2 to 19% and 8 to 30% respectively, and APSIM indicated a decline ranging from 10.6 to 12.3% and 14 to 19%, respectively. For all analyses of Q2, the projected mean yield was 25,073 kg per farm under rice production. While in the case of livestock for all analyses, the mean projected milk production was 3,267 L/farm with its mean decline in yield estimated to be about 12%. Percentage losses for DSSAT and APSIM would fluctuate between 57 and 70% and from 61 to 71%, respectively for all five GCMs.

Mean net farm returns for gains and losses, as a percentage for DSSAT would be 11–13% and from −16 to −22%, respectively. While the percentage of gains and losses would be between 10 and 15% and −17% and −19% in the case of APSIM, respectively. DSSAT predicted Rs. 89–100 thousand per person while APSIM predicted Rs. 93–97 thousand per person per capita income in changing climatic scenarios. For both crop models, the poverty rate will be 16% without climate change. While poverty rates will be from 17 to 19% in the case of DSSAT and ranging from 18 to 19% for APSIM with climate change (Table 3).



Evaluation of potential adaptation strategies and representative agricultural pathways

Adaptation technologies for rice and wheat crops (Table 4) are used in crop growth models and economic TOA-MD model analysis (Table 5) for simulating the sound effects of prospective adaptation strategies on both adapters and non-adapters distribution. This TOA-MD analysis compared “system 1” (incorporating RAPs) and “system 2” (incorporating RAPs and adapted technology) for the rice-wheat system in the mid-century based on crop models DSSAT and APSIM using 5 GCMs. The mean yield change of wheat and rice crops was from 60 to 72% for DSSAT and 70 to 80% for APSIM respectively, wheat crop indicated a change that ranges from 80 to 89% and 62 to 84% for all five GCMs (Figure 9). Under livestock production, the estimated average production of milk exclusive of adaptation was 3,593 liters/farm for all analyses and for all cases indicates a 42% increase in average yield. The percentage of adopters due to adaptation technologies for DSSAT and APSIM in rice-wheat cropping systems would be between 92 and 93% and 93 and 94%, respectively. For DSSAT and APSIM estimated per head income with adaptation cases will be from Rs. 89 to 100 and 93 to 97 thousand and from Rs. 156 to 174 and 166 to 181 thousand per head, respectively in a year. Without and with adaptation, poverty would range between 17 and 19% and 12 and 13% respectively, for DSSAT and from 18 to 19% and 12 to 13%, respectively for APSIM (Table 6). Climatic changes in the rice-wheat cropping areas of Punjab province will have less impact on the future systems after implementing the adaptation strategies, with a large and significant impact imposed by these adaptations.


TABLE 4 Adaptation technology related to crop management used for crop models (DSSAT and PSIM) to cope with the negative impacts of climate change during mid-century (2040–2069).
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TABLE 5 Adaptation technology related to socioeconomic used for crop models (DSSAT and APSIM) to cope with the negative impacts of climate change during mid-century (2040–2069).
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FIGURE 9
 Distribution of adopters and non-adopters for all 5 GCMs (with adaptation and with trend). The percentage of adopters due to adaptation technologies for DSSAT and APSIM in rice-wheat cropping system would be between 92 and 93% and 93 and 94%, respectively. For DSSAT and APSIM estimated per head income with adaptation cases will be from Rs. 89 to 100 and 93 to 97 thousand and from Rs. 156 to 174 and 166 to 181 thousand per head respectively in a year.



TABLE 6 Projected adoption of adaptation package used in crop models for CCSM4 GCM during mid-century.
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Discussion


Opportunities in the era of climate change for agriculture
 
Scope of adaptation and mitigation strategies for sustainable agricultural production

It is essential to assess the impact of climate variability on agricultural productivity and develop adaptation strategies/technology to cope with the negative effects to ensure sustainable production. The hazardous climate change effects can be reduced by adapting climate-smart and resilient agricultural practices, which will ensure food security and sustainable agricultural production (Zafar et al., 2018; Ahmad et al., 2019; Ahmed et al., 2019b). Adaptation is the best way to handle climate variability and change as it has the potential to minimize hazardous climate change effects for sustainable production (IPCC, 2019). Innovative technologies and defensive adaptation can reduce the uncertain and harmful effects of climate on agricultural productivity.

Therefore, to survive the harmful climate change effects, the development and implementation of adaptation strategies are crucial. In developing countries, poverty, food insecurity and declined agricultural productivity are common issues, which indicate the need for mitigation and adaptation measures to sustain productivity (Clair and Lynch, 2010; Lybbert and Sumner, 2012; Mbow et al., 2014). At the national and regional level, the insurance of food security is the major criterion for the effectiveness of mitigation and adaptation. Integration of adaptation and mitigation strategies is a great challenge to promote sustainability and productivity. Climate resilient agricultural production systems can be developed and diversified with the integration of land, water, forest biodiversity, livestock, and aquaculture (Hanjra and Qureshi, 2010; Meena et al., 2019). Summary and overview of all below discussed potential opportunities are presented in Figure 10.
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FIGURE 10
 Overview of opportunities including adaptations and mitigations strategies for sustainable agriculture production system in Asia.





Reduction in GHGs emission

Reduction in GHGs emissions from agriculture under marginal conditions and production of more food are the major challenges for the development of adaptation and mitigation measures (Smith and Olesen, 2010; Garnett, 2011; Fujimori et al., 2021). Similarly, it is an immediate need to control such practices in agriculture which lead to GHGs emissions, i.e., N2O emissions from the application of chemical fertilizers, and CH4 emissions from livestock and rice production systems (Herrero et al., 2016; Allen et al., 2020). Similarly, alternate wetting and drying and rice intensification are important to reduce the GHGs emission from rice crops (Nasir et al., 2020). Carbon can be restored in soil by minimizing the tillage, reducing soil erosions, managing the acidity of the soil, and implementing crop rotation. By increasing grazing duration and rotational grazing of pastureland, sequestration of carbon can be achieved (Runkle et al., 2018). About 0.15 gigatonnes of CO2 equal to the amount of CO2 produced in 1 year globally, can be sequestered by adopting appropriate grazing measures (Henderson et al., 2015). Development of climate-resilient breeds of animals and plants with higher growth rates and lower GHGs emissions should be developed to survive under harsh climatic conditions. Focus further on innovative research and development for the development of climate-resilient breeds, especially for livestock (Thornton and Herrero, 2010; Henry et al., 2012; Phand and Pankaj, 2021).



Application of ICT and decision support system

To mitigate and adapt to the drastic effects of climate variability and change, information and communication technologies (ICTs) can also play a significant role by promoting green technologies and less energy-consuming technology (Zanamwe and Okunoye, 2013; Shafiq et al., 2014; Nizam et al., 2020). Timely provision of information from early warning systems (EWS) and automatic weather stations (AWS) on drought, floods, seasonal variability, and changing rainfall patterns can provide early warning about natural disasters and preventive measures (Meera et al., 2012; Imam et al., 2017), and it can also support farmers' efforts to minimize harmful effects on the ecosystems. Geographical information systems (GIS), wireless sensor networks (WSN), mobile technology (MT), web-based applications, satellite technology and UAV can be used to mitigate and adapt to the adverse effects of climate change (Kalas, 2009; Karanasios, 2011). Application of different climate, crop, and economic models may also help reduce the adverse effects of climate variability and change on crop production (Hoogenboom et al., 2011, 2015, 2019; Ewert et al., 2015).



Crop management and cropping system adaptations

Adaptation strategies have the potential to minimize the negative effect of climate variability by conserving water through changes in irrigation amount, timely application of irrigation water, and reliable water harvesting and conservation techniques (Zanamwe and Okunoye, 2013; Paricha et al., 2017). Crop-specific management practices like altering the sowing times (Meena et al., 2019), crop rotation, intercropping (Hassen et al., 2017; Moreira et al., 2018), and crop diversification and intensification have a significant positive contribution as adaptation strategies (Hisano et al., 2018; Degani et al., 2019). Meanwhile, replacement of fossil fuels by introducing new energy crops for sustainable production (Ruane et al., 2013) is also crucial for the sustainability of the system. Different kinds of adaptation actions (soil, water, and crop conservation, and well farm management) should be adapted in case of long-term increasing climate change and variability (Williams et al., 2019). Similarly, alteration in input use, changing fertilizer rates for increasing the quantity and quality of the produce, and introduction of drought resistant cultivars are some of the crucial adaptation approaches for sustainable production. Therefore, under uncertain environmental conditions, to ensure sustainable productivity, crops having climatic resilient genetic traits should also be introduced (Bailey-Serres et al., 2018; Raman et al., 2019). Similarly, to ensure the sound livelihood of farmers, it is important to develop resilient crop management as well as risk mitigation strategies.



Opportunities for a sustainable livestock production system

The integration of crop production, rearing of livestock and combined use of rice fields for both rice and fish production lead to enhancing the farmers' income through diversified farming (Alexander et al., 2018; Poonam et al., 2019). Similarly, variations in pasture rates and their rotation, alteration in grazing times, animal and forage species variation, and combination production of both crops and livestock are the activities related to livestock adaptation strategies (Kurukulasuriya and Rosenthal, 2003; Havlik et al., 2013). Under changing climate scenarios, sustainable production of livestock should coincide with supplementary feeds, management of livestock with a balanced diet, improved waste management methods, and integration with agroforestry (Thornton and Herrero, 2010; Renaudeau et al., 2012).



Carbon sequestration and soil management

Selection of more drought-resilient genotypes and combined plantation of hardwood and softwood species (Douglas-fir to species) are considered adaptive changes in forest management under future climate change scenarios (Kolstrom et al., 2011; Hashida and Lewis, 2019). Similarly, timber growth and harvesting patterns should be linked with rotation periods, and plantation in landscape patterns to reduce shifting and fire of forest tree species under climate-smart conditions for forest management to increase rural families' income for a sustainable agricultural ecosystem (Scherr et al., 2012). Although, conventional mitigation methods for the agriculture sector have a pivotal role in forest related strategies, some important measures are also included in which afforestation and reforestation should be increased but degradation and deforestation should be reduced and carbon sequestration can be increased (Spittlehouse, 2005; Seddon et al., 2018; Arehart et al., 2021). Carbon stock enhanced the carbon density of forest and wood products through longer rotation lengths and sustainable forest management (Rana et al., 2017; Sangareswari et al., 2018). Climate change impacts are reduced through adaptation strategies in agroforestry including tree cover outside the forests, increasing forest carbon stocks, conserving biodiversity, and reducing risks by maintaining soil health sustainability (Mbow et al., 2014; Dubey et al., 2019). Similarly, climate-smart soil management practices like reduction in grazing intensity, rotation-wise grazing, the inclusion of cover and legumes crops, agroforestry and conservation tillage, and organic amendments should also be promoted to enhance the carbon and nitrogen stocks in soil (Lal, 2007; Pineiro et al., 2010; Xiong et al., 2016; Garcia-Franco et al., 2018).



Opportunities for fisheries and aquaculture

Sustainable economic productivity of fisheries and aquaculture requires the adaptation of specific strategies, which leads to minimizing the risks at a small scale (Hanich et al., 2018). Therefore, to build up the adaptive capacity of poor rural farmers, measures should be carried out by identifying those areas where local production gets a positive response from variations in climatic conditions (Dagar and Minhas, 2016; Karmakar et al., 2018). Meanwhile, the need to build the climate-smart capacity of rural populations and other regions to mitigate the harmful impacts of climate change should be recognized. In areas which have flooded conditions and surplus water, the integration of aquaculture with agriculture in these areas provides greater advantages to saline soils through newly adapted aquaculture strategies, i.e, agroforestry (Ahmed et al., 2014; Dagar and Yadav, 2017; Suryadi, 2020). To enhance the food security and living standards of poor rural families, aquaculture and artificial stocking engage the water storage and irrigation structure (Prein, 2002; Ogello et al., 2013). In Asia, rice productivity is increased by providing nutrients by adapting rice-fish culture in which fish concertedly consume the rice stem borer (Poonam et al., 2019). Food productivity can be enhanced by the integration of pond fish culture with crop-livestock systems because it includes the utilization of residues from different systems (Prein, 2002; Ahmed et al., 2014; Dagar and Yadav, 2017; Garlock et al., 2022). It is important to compete with future challenges in the system by developing new strains which withstand high levels of salinity and poorer quality of water (Kataria and Verma, 2018; Lam et al., 2019).




Conclusion

Globally, and particularly in developing nations, variability in climatic patterns due to increased anthropogenic activity has become clear. Asia may face many problems because of changing climate, particularly in South Asian countries due to greater population, geographical location, and undeveloped technologies. The increased seasonal temperature would affect agricultural productivity adversely. Crop growth models with the assistance of climatic and economic models are helpful tools to predict climate change impacts and to formulate adaptation strategies. To respond to the adverse effects of climate change, sustainable productivity under climate-smart and resilient agriculture would be achieved by developing adaptation and mitigation strategies. AgMIP-Pakistan is a good specimen of climate-smart agriculture that would ensure crop productivity in changing climate. It is a multi-disciplinary plan of study for climate change impact assessment and development of the site and crop-specific adaptation technology to ensure food security. Adaptation technology, by modifications in crop management like sowing time and density, and nitrogen and irrigation application has the potential to enhance the overall productivity and profitability under climate change scenarios. The adaptive technology of the rice-wheat cropping system can be implemented in other regions in Asia with similar environmental conditions for sustainable crop production to ensure food security. Early warning systems and trans-disciplinary research across countries are needed to alleviate the harmful effects of climate change in vulnerable regions of Asia. Opportunities as discussed have the potential to minimize the negative effect of climate variability and change. This may include the promotion of agroforestry and mixed livestock and cropping systems, climate-smart water, soil, and energy-related technologies, climate resilient breeds for crops and livestock, and carbon sequestration to help enhance production under climate change. Similarly, the application of ICT-based technologies, EWS, AWS, and decision support systems for decision-making, precision water and nutrient management technologies, and crop insurance may be helpful for sustainable production and food security under climate change.
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Peanut is among the main oil crops in India with huge economic importance. The unpredictable rainy season during the growing time of peanuts causes waterlogging in peanut fields. Waterlogging triggers major environmental limitations that negatively affect the growth, physiology, and development of peanuts. Thus, the export and production of peanuts are severely affected by waterlogging. Therefore, the understanding of metabolic mechanisms under waterlogging is important to future water-stress tolerance breeding in peanuts. This study aimed to evaluate how peanuts responded to various waterlogging conditions in terms of their development, metabolic processes, and chlorophyll fluorescence characteristics. The evaluations were carried out at different stages of peanut variety DH-86 treated with waterlogging. The peanut plants were subjected to different waterlogging periods of 20, 40, 60, 80, and 100 days. The growth parameters including total dry mass, total leaf area, and total leaves number were calculated in all treatments. The phenomenological and specific energy fluxes and maximum photosystem II efficiency (FV/Fm) were also determined. The measurements were done statistically using PCA, G-Means clustering, and correlation analysis to explore the interaction between different physiological parameters. The waterlogging for 100 days caused a significant reduction in the total number of leaves, dry mass, and total leaf area. The most sensitive parameters are specific and phenomenological energy fluxes and Fv/Fm, which notably decreased as waterlogging duration increased. The results indicated the growth and physiological performance of the peanut cv. DH-86 was affected significantly due to waterlogging and the interaction between all these parameters in waterlogging. This research focused on how peanuts respond to waterlogging stress and provides the basis for future plant breeding efforts to improve peanut waterlogging tolerance, especially in rainy regions. This will improve the sustainability of the entire peanut industry.

KEYWORDS
  chlorophyll a fluorescence, leaf area, maximum photosystem II efficiency, oilseeds, peanut, waterlogging


Introduction

Waterlogging stress is an important abiotic factor constraining global agricultural production, with over 12% of the worldwide agricultural land being considerably affected by waterlogging stress (Zheng et al., 2021). Waterlogging is the condition when the water content of soil reaches or approaches saturation limits (Tian et al., 2020). Over time, it slowly lowers soil oxygen levels, creates hypoxia, affects several procedures of roots like absorption of nutrients and water, root growth, and transport of water from xylem to shoot, and shifts key physiological processes including carbon metabolism, growth, production, and gas exchange processes (Toral-Juárez et al., 2021). These are the results of early stomatal closure, which is driven by declines in root hydraulic conductance and concentration of ABA, which restrict photosynthetic rates, RuBisCo (ribulose-1,5-bisphosphate carboxylase/oxygenase) carboxylation rate, and water loss in plants (Loreti et al., 2016; Yamauchi et al., 2018).

Under continuous waterlogging, the photosynthetic performance of plants is reduced at the biochemical and photochemical levels, and primarily reactive oxygen species (ROS) production causes the flow of electron transfer in the photosystems to be interrupted, increasing the lipid peroxidation processes. This increases the degradation of photosynthetic pigments and causes an excessive accumulation of energy activation at the photosystem level, which can cause a more drastic reduction in the photosystem's ability to produce oxygen. (Loreti et al., 2016; Toral-Juárez et al., 2021). Waterlogging also impacts metabolic activities like plant photosynthesis. While waterlogging-sensitive plants experienced a sudden decline in photosynthetic rate, waterlogging-tolerant plants did not see as much of a reduction (Zeng et al., 2020). Additionally, the deficiency of oxygen caused by waterlogging stress triggered anaerobic respiration to supply the cell energy (Da-Silva and do Amarante, 2020). Lactic acid and ethanolic fermentation are typically two of the fermentation pathways involved in anaerobic respiration. Therefore, as indications, the enzyme activity in these fermentation pathways, such as lactate dehydrogenase (LDH) and alcohol dehydrogenase (ADH), are changed. For example, ADH and LDH will be activated to produce ATP for plants, increasing their capacity to handle the stress of waterlogging (Dennis et al., 2000; Xu et al., 2016).

During waterlogging, the expression of several genes associated with waterlogging shifted. For instance, the expression of ACC synthase 6 (ACS6), a gene involved in ethylene synthesis has changed in roots and leaves. However, the expression of ACS6 varied with the tissues of the plant being upregulated in the leaves and downregulated in the roots. Eight ethylene response factors (ERFs) were affected by waterlogging in distinct manners by the plant tissues. After waterlogging, the expression levels of numerous genes involved in cell-wall remodeling were also found in root and leaf tissues. Under waterlogging treatment, the expression of several genes was linked to aerenchyma formation (GhXTH, GhXTH1, and GhXTH3), and cell expansion (GhEXPA2) increased in the roots but decreased in the leaves. Waterlogging stress in cotton leaves reduced the expression of Chlorophyll a/b-binding (GhLHCB), a gene involved in the light-harvesting complex of photosystem II (PSII). In the leaves of waterlogged plants, two NO synthesis-related genes (GhNOS1 and GhNOS2) were significantly down-regulated. The antioxidant gene superoxide dismutase (GhCSD) was up-regulated in cotton leaves. Under waterlogging, the important low oxygen-induced genes, GhADH and GhPDC, were upregulated in both root and leaves (Zhang Y. et al., 2015).

The balance of several hormones is the basis for ensuring that plants experience appropriate physiological metabolism, growth, and development. Endogenous plant hormones are closely involved in the control of the entire life process of plants (Miransari and Smith, 2014; Wang et al., 2020). By complex signaling, the plant modulates the balance between the synthesis and transport of plant hormones and controls the response to waterlogging. In the mechanism of waterlogging tolerance, plant hormones serve as important endogenous signals (Yamauchi et al., 2020). An increase in the content of signaling agents (SA) may have a significant role in waterlogging stress tolerance. As a signaling agent, salicylic acid can cause changes in the physiological traits of waterlogged plants. Spraying exogenous SA of waterlogging can significantly increase the activity of ethanol dehydrogenase, protective enzymes like POD and CAT, and the content of proline in leaves and roots, preventing damage to leaves and root membranes and stabilizing leaves' and roots' photosynthetic capacity.

Global consumption of oilseeds and vegetable oils obtained from oil-yielding crops is increasing, especially in emerging nations where the population is booming. Dietary preferences are changing and the living standards and purchasing power of consumers are continuing to rise (Zafar et al., 2019; Xu et al., 2021). Although organic peanut oil is becoming more popular, conventional peanut oil still dominates the market with a share of over 97%. Global peanut oil sales were between 3.5 and 4.5% of the value of the 2020 worldwide market for vegetable oil. The global peanut oil market experienced a value of 3.4% from the year 2016 to 2020. Due to growing consumer awareness of its health benefits, the industry of food processing is the main factor fueling the market expansion for peanut vegetable oil. This demand has compelled important groundnut oil producers to create high-quality oil that lives up to consumers' expectations. As a multipurpose oil-seed legume, peanuts have several advantages. In addition to improving soil quality, peanut seeds have substantial economic, medical, and nutritional benefits. The active substances phenolics, flavonoids, polyphenols, and resveratrol are abundant in peanuts. Furthermore, the contribution of peanuts to biological nitrogen-fixing is very important.

Recent studies on how peanuts react to abiotic challenges such as drought, salt, heat, and waterlogging stress have been considered. In particular, the necessity of growing and consuming peanuts for human use in light of changing global climate is paramount to ensure food security (Akram et al., 2018). Previous research has shown that the photosynthetic system of waterlogged peanut leaves was disrupted, which limits its ability to absorb CO2 and decreased overall photosynthetic efficiency. The pod-filling stage was the most susceptible stage to waterlogging (Mitchell et al., 2013; Miransari and Smith, 2014; Ahmad et al., 2021; Stasnik et al., 2022). Waterlogging at this time drastically reduced the number and weight of pods per plant, which ultimately resulted in a decline in peanut productivity (Bishnoi and Krishnamoorthy, 1992; Zeng et al., 2020). Due to global warming, waterlogging constitutes an increased risk for peanut growth and development (Schiermeier, 2011). On the other hand, little is known about how peanuts react to waterlogged soil. Plants can respond in several ways depending on the severity and length of the stress. Thus, it is essential to understand the physiological changes brought on by increases in the soil water (Liu et al., 2021; Zeng et al., 2022).

This study aimed to evaluate how peanut plants respond to water availability in terms of growth and photochemical efficiency. The effects of changes in chlorophyll “a” fluorescence and leaf water potentials on growth indices including total leaf number, leaf area, total dry mass, and physiological functioning were investigated. This knowledge is essential to understanding the responses of peanut plants to waterlogging and the negative consequences of waterlogging on the physiological function of Arachis hypogaea plants, which are widely sown in Rajasthan's dry region. The significance of this research will help the expansion of the food industry which is the fastest-growing industry worldwide, especially in developing countries (Arduini et al., 2016; Masoni et al., 2016; Chen et al., 2020; Cotrozzi et al., 2021). Manufacturers are adopting and developing novel processing technologies in response to the growing demand for nutritious food and food with functional properties. Processed and convenience food sales have increased as a result of rising disposable income brought on by economic growth, especially in developing nations (Pampana et al., 2016). The market for processed foods is estimated to expand due to an increase in population and consumers' busy lifestyles. Peanut oil harbors many healthy and nutritional advantages, and the increase in the world's demand for edible oils is an excellent sign for the industry.



Materials and methods


Plant material collection, growth conditions, and waterlogging treatments

The plant material (DH-86) was collected from MPUAT, Udaipur [24°58′N, 73°71′E], and pot experiments were carried out under semi-controlled conditions in a greenhouse (Figure 1). The greenhouse experienced typical climatic conditions during the study, including 31.04°C average climatic conditions and 67.93% relative humidity. The seedlings were put in pots with sandy loam soil that was 28 cm wide by 22 cm long (05 days after seed sowing).


[image: Figure 1]
FIGURE 1
 Diagrammatic representation of the experiment.


The peanut plants underwent the following waterlogging treatments in August 2021. To sustain moisture levels at the field capacity of the soil, plants with a better supply of water were maintained as controls. In the first treatment (T1), plants were waterlogged for 20 days; in T2 for 40, in T3 for 60, in T4 for 80, and T5 for 100 days. The treatments included sustaining a daily layer of water in the pots that was 3–5 cm over the ground. The treatment was applied daily for 100 days (Figure 2). The purpose of this process was to maintain the same timing and climatic conditions for the plants. All measurements were taken at 100 days following the waterlogging-treatment application. Random biological replicates were taken for the analyses of data as per Blainey et al. (2014) and Vinson et al. (2018).


[image: Figure 2]
FIGURE 2
 Biochemical changes in peanuts under different waterlogging treatments (A) Chlorophyll content (B) Activity of superoxide dismutase (C) Catalase activity (D) GPOD activity (E) Soluble sugar content (F) Starch content. The letters are the result of post hoc test.




Measurements of growth parameters

The total leaf area (TLA), the total number of leaves (TNL), and the plants' dry mass (DM) were all measured. The area of the leaf was measured by quantifying the width and length of each fully expanded leaf and applying the given formula, as suggested by Unigarro-Muñoz et al. (2015). The TNL was determined by direct counts on the plants.

[image: image]

where:

EAF, estimate of leaf area;

length, leaf length;

width, leaf width.

The roots and stems of plants were taken individually and put in labeled paper bags for the dry mass calculation. The material was dried for 72 h in the oven set to 65°C. The leaf dry mass, stem dry mass, root dry mass, and total dry mass of the plants were then determined using a 0.01 g precision balance.



Biochemical measurements
 
Soluble sugars

About 0.5 g of the sample was extracted with 80% ethanol before being used to test the water-soluble sugars using the anthrone method. The extract was centrifuged for 30 min. The freshly made anthrone reagent was combined with the obtained supernatant. For 20 min, samples were incubated at 80°C. Utilizing a spectrophotometer, absorbance at 620 nm was measured after cooling (Arthur Thomas, 1977).



Starch content

A method based on acid hydrolysis described by McCready et al. (1950) was used to estimate starch.



Antioxidative enzyme activity

By evaluating the SOD's ability to prevent the photochemical reduction of nitro blue tetrazolium (NBT) at 560 nm, the SOD activity was evaluated using a spectrophotometer. About 100 ml of L-methionine, 100 ml of NBT, 10 ml of riboflavin, 100 ml of enzyme extract, and 2.7 ml of Na2CO3 were added to the reaction mixture (0.05 M). After being exposed to white fluorescent light for 10 min, the process was terminated by leaving the tubes in the dark for 8 min, and at 560 nm, absorbance measurements were calculated. The amount of SOD enzyme needed to achieve a 50% inhibition of the NBT reduction was defined as one unit of the SOD enzyme activity (Kumar et al., 2021).

The impact of variations in absorbance at 436 nm was determined for periods ranging from 15 s to 5.0 min and was used to calculate the GPOD activity. The reaction was started by adding H2O2 to the reaction mixture, which also included 1.0 ml of guaiacol (1.0 %) and 1.7 ml of phosphate buffer (0.05 M, pH 7.0). Unit enzyme activity was used to express the amount of enzyme required to convert the substrate in 1 min (Soni et al., 2021).

The CAT activity was determined by monitoring H2O2 consumption at 240 nm. About 120 ml of enzyme extract, 80 ml of 500 mM H2O2, and 2.8 ml of potassium phosphate buffer were used in the reaction mixture (50 mM). The quantity of enzyme required to reduce 1.0 mM of H2O2 per minute was used to define one unit of catalase activity (Singh et al., 2021).



Chlorophyll content measurement

The fresh leaves (300 mg) of all treated plants were collected. The leaves were cut into small pieces, put in a mortar with liquid nitrogen, and then ground with a pestle. The powder was transferred to a 15 ml Falcon tube, and 5.0 ml of 80% acetone was added and stirred for 15–30 min in the dark (because chlorophylls degrade under light conditions). The supernatant was transferred to a fresh centrifuge tube and stored in the dark after centrifuging the tube at 4°C for 15 min at 3,000 rpm. Steps three and four were replicated and the supernatant was added to the centrifuge tube. Spectrophotometry was used to completely combine the contents in the tube and 80% acetone was used as a blank control to determine the absorbance of chlorophyll content. The levels of chlorophyll were measured using the following formula:

[image: image]
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where V = volume of the extract (ml); W = weight of fresh leaves (g) (Arnon, 1949).




Physiological measurements
 
Chlorophyll “a” fluorescence parameters

After 100 days, all samples were dark-adapted for 1 h before the measurements. OJIP transient for fresh leaves and all measurements were taken by using a plant efficiency analyzer, Handy PEA (Hansatech Instruments, Kings Lynn, and Norfolk, U.K.). All samples (control and 20, 40, 60, 80, and 100 days of waterlogged plants) were analyzed using light of 650 nm with a light intensity of 3,000 μm photons m−2s−1 emitted by three LEDs (light-emitting diodes). The Fo and Fm were measured at 720 nm. Fo was measured at 50 μs. Other different biophysical parameters were measured by using the formula in Table 1.


TABLE 1 Chlorophyll fluorescence parameters were analyzed in the present study.

[image: Table 1]




Data analysis

For the data analysis, preparation of graphs, and measuring average or standard error, MS Excel was used. The ANOVA and post-hoc analyses were performed in IBM SPSS Statistics 28.0.0.0. All data in this study is the average of five biological replicates selected randomly from all control and treated pots. The G-Means clustering, principal component analysis, and correlation analysis were done using XLSTAT 2020.




Results


Changes in growth parameters of the plants

Waterlogging seriously hampered the growth rate and productivity of plants. In this study, the growth rate was measured as the total number of leaves, total leaf area, and dry mass of the peanut plants. All these parameters were significantly altered in all waterlogging treatments. The waterlogging condition declined the total number of leaves, total leaf area, and dry mass of peanut plants. The highest reduction was seen in 100 days of waterlogged peanut plants as compared to other waterlogging-treated plants (Table 2).


TABLE 2 The results of growth parameters under different waterlogging conditions.

[image: Table 2]



Changes in chlorophyll content

Wilting and senescence of leaves were observed in all treated plants. The level of chlorophyll decreased in all waterlogged plants. The decline in chlorophyll content was the most obvious sign of waterlogging, and it is the first indicator of damage due to waterlogging. The chlorophyll content reduced significantly from 20 to 100 days of waterlogged plants and the highest reduction was seen in 100 days of waterlogged plants. However, the plants were completely dead in 100 days of waterlogging conditions (Figure 2A).



Changes in antioxidant enzymes activity

Higher antioxidant enzyme activity was reported in all treated plants. The activity of catalase and superoxide dismutase remained constant in 20, 40, and 60 days of waterlogged plants, after that it increased. The activity of both enzymes was maximum in 100 days of waterlogged plants. The activity of GPOD was higher throughout the experiments, and it gradually increased as the waterlogging duration increased (Figures 2B–D).



Changes in starch and soluble sugar content

The productivity of the plants was measured by the presence of soluble sugar and starch content. The starch and soluble sugar were significantly reduced in all treated plants (20, 40, 60, 80, and 100 days of waterlogged plants). The starch content was reduced due to the lower assimilation of photoassimilates. The decrease in photoassimilation is associated with the lower efficiency of photosynthesis. The efficiency of photosynthesis was determined using chlorophyll fluorescence analyses, and all parameters of the photochemistry of PSII were modulated in this study (Figures 2E,F).



Changes in chlorophyll fluorescence parameters
 
Effect of waterlogging stress on fluorescence

The value of minimal fluorescence (Fo) increased gradually in waterlogged plants as compared to the control. The maximum value of Fo was found in 100 days waterlogged peanut plant. In the control, the value of Fo remained constant throughout the experiment (Figure 3A). The maximal fluorescence (Fm) declined as the waterlogging duration increased. The Fm remained the same in 40 days of waterlogged plants and then decreased gradually and in 100 days of waterlogged plants, the Fm value reached the lowest (Figure 3B). The fluorescence at j and i level (Fj) and (Fi) were also altered in peanuts under waterlogging. The Fj was reduced in plants under waterlogging conditions of 60, 80, and 100 days. On the other hand, the Fi was increased dramatically in all treated plants, and the maximum value was found in 100 days of waterlogging treated plants (Figures 3C,D). The variable to minimum fluorescence ratio (Fv/Fo) was reduced as the waterlogging duration increased in our experiments. The Fv/Fo remained the same in 20, 40, and 60 days of waterlogged plants and then declined drastically in 80 and 100 days of waterlogged plants. The Vj was decreased in all treated plants and the minimum value was reported in 100 days of waterlogged plants (Figures 4A,B).


[image: Figure 3]
FIGURE 3
 Waterlogging-induced changes in different fluorescence parameters (A) Fo (B) Fm (C) Fj (D) Fi. The letters are the result of post hoc test.



[image: Figure 4]
FIGURE 4
 Waterlogging-induced changes in (A) Fv/Fo (B) Vj. The letters are the result of post hoc test.




Effect of waterlogging on phenomenological energy fluxes

Phenomenological energy fluxes (ABS/CSm, TR/CSm, and DI/CSm) were enhanced in all treated plants as compared to the control; however, ET/CSm and RC/CSm dropped significantly in all treated plants (Figure 5). The phenomenological energy fluxes are represented as an energy pipeline leaf model in Figure 6.


[image: Figure 5]
FIGURE 5
 Waterlogging-induced changes in phenomenological energy fluxes (A) ABS/CSm (B) TR/CSm (C) ET/CSm (D) DI/CSm (E) RC/CSm. The letters are the result of post hoc test.



[image: Figure 6]
FIGURE 6
 Pipeline and membrane models of peanut chlorophyll fluorescence under different waterlogging treatments.




Effect of waterlogging on specific energy fluxes

There was a rise in specific energy fluxes (ABS/RC, TR/RC, and DI/RC) in all treated plants and a higher value was found in 100 days of waterlogged plants of peanut. However, the ET/RC was declined in waterlogged condition. The lowest value of ET/RC was found in 100 days of waterlogged plants (Figure 7). The specific energy fluxes are represented as the thylakoid membrane model in Figure 6.


[image: Figure 7]
FIGURE 7
 Waterlogging-induced changes in specific energy fluxes (A) ABS/RC (B) TR/RC (C) ET/RC (D) DI/RC. The letters are the result of post hoc test.




Effect of waterlogging on performance indices

The values of φPo and φEo declined in all waterlogging treated plants as compared to the control. However, the higher value of φDo was reported in 80 and 100 days of waterlogged plants (Figure 8). ΨO and ΨO/ (1 – ΨO) were reduced in all treated plants as compared to the control in our study indicating a lowering in plant performance. Whereas φo/(1 – φo) was decreased in 20, 40, and 60 days of waterlogged plants than control. Further, in 80 days and 100 days of waterlogged plants, the values of φo/(1 – φo) have remained the same as in control (Figure 9). Other performance indices such as PIabs and PIcsm were also lowered as compared to control in all waterlogging treated plants (Figure 9).


[image: Figure 8]
FIGURE 8
 Waterlogging-induced alteration in (A) quantum yield of photosynthesis (B) quantum yield of electron transport (C) quantum yield of dissipation. The letters are the result of post hoc test.



[image: Figure 9]
FIGURE 9
 Waterlogging induced changes in (A) Ψo (B) Ψo (1 – Ψo) (C) φo (1 – φo) (D) PIabs (E) PIcsm.




G-mean clustering and principal component analyses

In G-mean clustering, the physiological parameters Fo, Fi, TR/RC, ABS/CSm, TR/CSm, and DI/CSm were affected similarly under waterlogging conditions in peanuts. ABS/RC and DI/RC were kept in the same group because they were affected more severely on 100 days of waterlogging than on 20, 40, 60, and 80 days of waterlogging. Other groups were (1) Fm and FI, (2) Fv/Fo, (3) ET/CSm, and (4) PIabs, PIcsm, and ET/RC. These groups contain parameters that were affected similarly under waterlogging treatment (Figures 10, 11). The PCA describes the correlation between different physiological parameters and the waterlogging duration (Figure 12). The results indicate that the fluorescence parameters were affected similarly in 40 and 60 days of waterlogging and that there was a 96.01% variation found in the studied physiological parameters. The heat map of the correlation between different physiological parameters can be seen in Figure 13. Black dots show the positive correlation between the parameters under waterlogging and white dots represents the negative correlation under waterlogging. Data indicates that Fo, Fi, ABS/RC, TR/RC, DI/RC, ABS/CSm, TR/CSm, and DI/CSm are positively correlated to each other whereas Fm, Fj, Vj, Fv/Fo, ET/RC, ET/CSm, Piabs, and Picsm are positively correlated to each other.


[image: Figure 10]
FIGURE 10
 MAP classification model of G-mean clustering of different chlorophyll fluorescence parameters.



[image: Figure 11]
FIGURE 11
 Energy-fitted model of G-mean clustering of different chlorophyll fluorescence parameters.



[image: Figure 12]
FIGURE 12
 The principal component analysis with different waterlogging treatment conditions. The PCA is based on the chlorophyll fluorescence data. Arrows represent the chlorophyll fluorescence parameter on the corresponding dimensions (PC 1 and PC2), where PC 2 expressed most of the variability in the data.



[image: Figure 13]
FIGURE 13
 Heat map of correlation of chlorophyll fluorescence parameters showing the interrelationship between chlorophyll fluorescence parameters.






Discussion

Peanuts are essential raw materials for food, pharmaceutical, and other sectors due to their high protein and oil content (Zeng et al., 2022). Furthermore, peanuts are important to the growth and economy of agriculture (Latif et al., 2013). Previous studies have suggested that waterlogging led to the rotting of peanut pods, which in turn resulted in a loss of production (Bishnoi and Krishnamoorthy, 1992; Zeng et al., 2021). Increasing greenhouse gas concentrations may have caused a twofold increase in the occurrence of extreme precipitation (Smethurst and Shabala, 2003). Therefore, a detailed evaluation system must be established for cultivation and breeding to determine the peanut's waterlogging tolerance.

Waterlogging stress damaged the cells and membrane systems and deteriorated the leaves' ability to photosynthesize (Smethurst and Shabala, 2003; Irving et al., 2007; Zhang X. et al., 2015; Singh et al., 2019). Waterlogged plants are susceptible to cellular damage and may develop irreversible metabolic dysfunctions that result in cell death (Pereira et al., 2015). Soil drainage that reduced waterlogging stress actually raised oxidative stress and possibly accelerated plant damage instead of enhancing plant performance (Hossain et al., 2009).

A study by Liu et al. (2014) showed that plants may reduce the amount of photosynthetic products they consume by slowing leaf growth and reducing the number of blades to adapt to the anoxic environment imposed by waterlogging stress. During the waterlogging, the control group continued to grow healthily, and after 20–40 days, just a few leaves started to show leaf curling and slight wilting. The morphological appearance of the peanut plants was unaltered under control conditions, though soggy plants began to mildly droop and shed after 20 days. The wilting, yellowing, and leaf-shedding intensified with prolonged waterlogging.

To evaluate how well-adapted and tolerant plants are to changes in their growth environment, several chlorophyll fluorescence properties can be assessed (Kuai et al., 2015). Research suggests that plants under non-stress conditions have a more functional photosynthetic reaction center than plants under stress. The physiological signal modifies in several ways whenever plants are subjected to waterlogging.

For example, when China wingnut (Pterocarya stenoptera) and Cork oak (Quercus variabilis) were subjected to waterlogging, a notable decline in maximal quantum efficiency (Fv/Fm) was seen (Yi et al., 2006). The maximum quantum yield of PS II photochemistry (Fv/Fm) was also lowered in field beans subjected to various days of waterlogging (Pociecha et al., 2008). The PSII photochemistry of Medicago sativa was similarly influenced by waterlogging. The reduction in Fv/Fm demonstrated the susceptibility of the photosynthetic apparatus to waterlogging and the plants' inability to regenerate rubisco under adverse conditions (Smethurst et al., 2005).

The fluorescence at 50 s (open) shows the quantity of QA, the only primary accepter of quinone that has been oxidized. Moreover, it is interpreted as a symptom of irreparable photosystem II damage. Increased Fo is a marker of restricted LHC II dissociation and electron transport in all waterlogged treated plants (Kumar et al., 2020). However, the highest value of Fo, discovered in the DH-86 after 100 days of waterlogging, indicates permanent damage to the photosystem II as a result of a longer waterlogging period. All treated plants' lowered Fm reveals that the D1 protein's altered conformational shape changed the PSII electron acceptors' characteristics (Kumar et al., 2020; Singh et al., 2021; Bhatt et al., 2022). All photosynthetically active leaves may have lower PS II efficiency due to the lower value of Fm.

The chlorophyll fluorescence intensity at the J and I phase of the ChlF kinetics is denoted by the letters Fj and Fi, respectively. These time points depend on the kinetics of the photochemical reaction, which means that they may occur at different times depending on the physiological state of the plant and the settings of the experiment (levels). On the ChlF induction curve, J and I are normally considered the first and second inflection points or intermediary peaks, respectively. The physiological status of certain plants, algae, and cyanobacteria may be impacted by the abiotic stress (Clark et al., 2000; Stirbet, 2011; Grieco et al., 2015; Sunil et al., 2020) and thus the times of occurrence of these transitions will change.

The difference in Fv/Fo indicates that PS II's absorption of light energy was used to lower QA's efficiency and maybe cause vitality changes in PS II (Rao et al., 2021). It may demonstrate how plants are resistant to adverse environments (Zhang, 1999). When determining the maximum quantum yield of PSII, the parameter Fv/Fo, which accounts for simultaneous changes in Fm and Fo, is higher in the plant under waterlogging conditions than in plants retained as controls. The most delicate link in the photosynthetic electron transport chain is Fv/Fo (Mohammed et al., 2003). Either a reduction in Fv or an increase in Fo perhaps accounts for the decline in Fv/Fo. In the present study, Fo was reduced, leading to an increase in Fv/Fo (Nedbal et al., 2000). The reduced number and size of RC, which have also been reported in various plants exposed to disease and environmental stresses, is indicated by the lower value of Fv/Fo in treated leaves. This change in the rate of electron transport from PSII to the primary electron acceptors has also been reported in different plants exposed to disease and environmental stresses (Martinazzo et al., 2012; Janka et al., 2013). In plants under waterlogging, relative variable fluorescence at the J-step (2 ms) decreased. The PSII's primary quinine electron acceptor [QA-/QA (total)] fraction was measured by Vj (Strasserf et al., 1995). The findings of our investigation show that the peanut plants' electron transport at the donor side of PSII was inhibited by waterlogging.

In waterlogged plants, specific energy fluxes such as ABS/RC and TR/RC increased. The ABS/RC ratio is calculated by dividing the total photons absorbed by Chl molecules across all RCs by the total number of active RCs. This is an excellent indicator of the average functional antenna size (Tsimilli-Michael et al., 2000). The ratio of active to inactive RCs affects it, and as the number of active centers fell, the ratio of ABS/RC rose. Interestingly, a lower ratio of chlorophyll a to b led researchers to believe that the PSII antennae were larger (Lichtenthaler et al., 1982).

Despite RC being less active, it is more effective at reducing plastoquinone as shown by the higher value of specific energy flux (ABS /RC, TR/RC). Because there are fewer active RC and more QA reduction, the reoxidation of reduced QA via electron transport in an active RC is diminished, as indicated by the decline in ET/RC. The ratio of the total untrapped excitation energy dissipation from all RCs to the number of active RCs is known as DI/RC. Heat, fluorescence, and energy transfer to other systems cause dissipation. The ratios of active/inactive RCs also have an impact. The electron overloading of the PSII driven by the observed increase in antenna size under waterlogging conditions would change a certain number of active RCs into dissipative ones. By converting violaxanthin to zeaxanthin under the influence of a strong proton gradient across the thylakoid membrane (pH), these dissipative reaction centers are able to release the majority of the energy as heat (Buschmann, 1999). The increase in excitation energy dissipation (DI/RC) in the waterlogging condition compared to the control was accompanied by a rise in ABS/RC values. In all plants that had been treated for waterlogging, the phenomenological energy fluxes ABS/CSm and TR/CSm dramatically increased.

Further, the quantum yields of primary photochemistry (φPo), electron transport (φEo), and dissipation (φDo) provide relevant evidence on the activity of electron transport at the PSII acceptor sites (Strasser et al., 2004). The decline in their values reflects the reduced electron transport from the waterlogged PSII acceptor site. Performance index (PIabs) is based on energy absorption and has a lower value in plants that are flooded. The RC's total activity increases as PIabs increase due to the RC's enhanced activity. The PI creates a single multi-parametric expression from the density of RCs in the chlorophyll bed (RC/ABS), excitation energy trapping (φPo), and conversion of excitation energy to electron transport (Ψo), which are three separate functional phases of photosynthesis (Tsimilli-Michael et al., 2000; Strasser et al., 2004). More effectively than QA- is the capability of a trapped exciton to transport an electron into the electron transport chain. Because there were more active RCs and total energy usage efficiency was higher compared to the control, the PI decreased on all days when there was waterlogging.



Conclusion

According to our findings, waterlogging conditions resulted in a decrease in plant metabolic activity. Depending on the species and duration of waterlogging period, plants respond differently to waterlogging. To better recognize the different reactions of the same variety under various waterlogging durations, the effects of various waterlogging durations on the peanut DH-86 variety were evaluated in the current study. The growth rate, photosynthetic pigments, antioxidative enzyme activity, and chlorophyll fluorescence parameters of the peanut were all significantly impacted by the 100-day waterlogging, which reduced the starch and soluble sugar content (photo assimilates). Overall, our study of chlorophyll fluorescence revealed that chlorophyll biosynthesis, electron transport system, photosystem II, and performance indices are the most sensitive parameters to different waterlogging conditions in A. hypogaea.

Because of the conformational alterations in PSII, a portion of the active reaction centers were modified to operate as dissipative ones, which lowered the photosynthetic efficiency of peanut DH-86 plants. Additionally, it was discovered that lowering the TR/DI parameter resulted in a decline in the overall photosynthetic performance (PIabs) of waterlogged plants. Understanding how key crops tolerate waterlogging can also aid in the development of increased nutritional values in crops.
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Flooding entails different stressful conditions leading to low oxygen availability for respiration and as a result plants experience hypoxia. Stress imposed by hypoxia affects cellular metabolism, including the formation of toxic metabolites that dramatically reduce crop productivity. Aldehyde dehydrogenases (ALDHs) are a group of enzymes participating in various aspects of plant growth, development and stress responses. Although we have knowledge concerning the multiple functionalities of ALDHs in tolerance to various stresses, the engagement of ALDH in plant metabolism adjustment to hypoxia is poorly recognized. Therefore, we explored the ALDH gene superfamily in the model plant Arabidopsis thaliana. Genome-wide analyses revealed that 16 AtALDH genes are organized into ten families and distributed irregularly across Arabidopsis 5 chromosomes. According to evolutionary relationship studies from different plant species, the ALDH gene superfamily is highly conserved. AtALDH2 and ALDH3 are the most numerous families in plants, while ALDH18 was found to be the most distantly related. The analysis of cis-acting elements in promoters of AtALDHs indicated that AtALDHs participate in responses to light, phytohormones and abiotic stresses. Expression profile analysis derived from qRT-PCR showed the AtALDH2B7, AtALDH3H1 and AtALDH5F1 genes as the most responsive to hypoxia stress. In addition, the expression of AtALDH18B1, AtALDH18B2, AtALDH2B4, and AtALDH10A8 was highly altered during the post-hypoxia-reoxygenation phase. Taken together, we provide comprehensive functional information on the ALDH gene superfamily in Arabidopsis during hypoxia stress and highlight ALDHs as a functional element of hypoxic systemic responses. These findings might help develop a framework for application in the genetic improvement of crop plants.
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Introduction

Aldehyde dehydrogenases (ALDHs) are a group of ubiquitous enzymes involved in metabolism of both prokaryotes and eukaryotes. They can oxidize excess of aliphatic and aromatic aldehydes that are intermediates or byproducts of crucial biochemical pathways in living cells (Kirch et al., 2004; Stiti et al., 2011; Brocker et al., 2013). The enzyme catalyzes the conversion of reactive aldehydes to the corresponding non-toxic carboxylic acids with the participation of NAD(P)+. Thus, the ALDH-mediated detoxification of aldehydes may attenuate reactive compounds that provide reactive carbonyl groups, which directly interact with DNA to cause severe changes and in consequence, lead to programmed cell death. Plants and animals have many common ALDH families and many genes are highly conserved between these two evolutionarily distinct groups (Brocker et al., 2013). ALDH was shown to play an essential role in carnitine biosynthesis, gluconeogenesis, glycolysis, amino acid metabolism and other physiological processes (Marchitti et al., 2008; Tylichová et al., 2010).

In plants ALDHs represent a widespread expression that underscores their multifaceted physiological roles, which are still largely unclear, and unraveling them is currently a priority of many scientific investigations (Guo et al., 2020; Tola et al., 2021; Islam and Ghosh, 2022). ALDH proteins are found under both physiological and pathophysiological conditions in different subcellular compartments, including cytosol, mitochondria, chloroplasts, peroxisomes and microsomes (Mitsuya et al., 2009; Missihoun et al., 2011) (Huang et al., 2008; Pawłowski et al., 2017; Guo et al., 2020). The multifaceted role of ALDHs has been well documented in rice. The aldehyde detoxification activity of rice OsALDH7 was proven to maintain seed viability (Shin et al., 2009; Shen et al., 2012), while OsALDH2b was found to negatively regulate tapetal programmed cell death and be essential for male reproductive development (Xie et al., 2020). In turn, OsALDH2a potentially functions in submergence tolerance (Nakazono et al., 2000).

Most plant ALDH genes studied so far are expressed under adverse environmental conditions accompanied by oxidative stress. Thus, the ALDH-dependent scavenging activity against toxic aldehydes derived from lipid peroxidation fulfills a cytoprotective role. Induction of ALDH at various gene expression levels was documented during a wide range of stress stimuli, including heat, ultraviolet radiation, dehydration, salinity, heavy metal or aluminum stresses, excessive light exposure or anaerobic conditions (Sunkar et al., 2003; Kotchoni et al., 2006). The stress-inducible ALDH proteins are predicted to be necessary for the mechanisms of stress metabolism adjustment and long-term adaptation, since the activity can alleviate the effects of oxidative stress (Stiti et al., 2011). This could not only be due to direct aldehyde detoxification activity, but also to the ALDH contribution to the homeostasis of pyridine nucleotides which are important redox sensors in cells. As indicated by Missihoun et al. (2018), the loss of function of Arabidopsis ALDH3I1 and ALDH7B4 led to a decrease in NAD(P)H, the NAD(P)H/NAD(P) ratio and an alteration of the glutathione pools affecting the efficiency of photosynthesis in Arabidopsis. It is known that reducing equivalents such as NAD(P)H and reduced glutathione are essential for maintaining cellular redox homeostasis (Xiao and Loscalzo, 2020). Thus, widespread ALDHs may participate in stress-induced dynamic redox changes.

Flooding as one of the most serious abiotic stresses affects plant cellular metabolism leading to a dramatic reduction in crop productivity. It restricts seed germination, plant growth and development at all stages of the life cycle; however, the developmental stage of the stressed plant and its duration are crucial for the scale and extent of damage (Fukao and Bailey-Serres, 2004; León et al., 2021). The adverse effects on plant organisms may vary depending on the flooding conditions that may affect only roots (waterlogging) or both roots and shoots (partial or complete submergence) (Sasidharan et al., 2017). Plants that experience flooding undergo hypoxia until the water subsides and normoxia conditions are restored. Plant responses induced by molecular-oxygen deficiency involve changes at the transcriptomic, proteomic, metabolomic and enzyme activity levels (e.g. León et al., 2021; Wang and Komatsu, 2022). Although the root is the first organ that senses hypoxia caused by floods, a set of physiological and biochemical changes is also provoked at the leaf level (Wang and Komatsu, 2022). This is confirmed by the fact that a reduction of available oxygen results in the limited net photosynthetic rate, diminished photosynthetic electron transport rate and photosystem II photochemical efficiency, alike the inhibition of transport from roots to leaves (Liu et al., 2014).

Plants that survive or undergo transient flooding reprogram their metabolism from the hypoxia phase to post-hypoxia reoxygenation, which is accompanied by an increased generation of reactive oxygen species (ROS) creating an oxidative cellular environment (Jethva et al., 2022; Zafari et al., 2022). ALDH is recognized as an aldehyde scavenger that eliminates toxic aldehydes caused by oxidative stress, while its implication in cellular response to hypoxia was evidenced in organisms belonging to various domains of life (Mustroph et al., 2009; Hermes-Lima et al., 2015; Sun et al., 2017). However, identification of the precise participation of plant ALDH in the unique metabolic switch induced by hypoxia still requires detailed research.

In the present study, we provided a detailed genome-wide identification, comprehensive gene description, evolution and expression analysis of the ALDH gene families in Arabidopsis thaliana. By integrating these data, we uncovered the importance of ubiquitous ALDHs in molecular-oxygen deficiency conditions created by flooding. To better understand the function of AtALDHs under hypoxia and post-hypoxia recovery, its expression patterns were examined by semi-quantitative RT-PCR. Although ALDHs of many species including Arabidopsis thaliana have been well characterized (Estey et al., 2007; Gao and Han, 2009; Jimenez-Lopez et al., 2010; Shen et al., 2012; Missihoun et al., 2018), this work contributes to more focused research and applications of these multifunctional enzymes in plants exposed to flooding. It highlights ALDHs as a functional element of hypoxic systemic responses, and identifies ALDH candidates involved in a metabolic switch induced by hypoxia and post-hypoxia conditions.



Methods and materials:


Characterization and phylogenetic analysis of the ALDH superfamily in A. thaliana

To retrieve the AtALDH superfamily gene and protein sequences the TAIR (https://www.arabidopsis.org/index.jsp), NCBI (https://www.ncbi.nlm.nih.gov/) and Sol genomics network (https://solgenomics.net/) databases were used, with the obtained sequences confirmed by the Hidden Markov Model (HMM). The AtALDH gene and protein nomenclature was adopted from the TAIR database and a previous study by Kirch et al. (2004). The presence of AtALDHs glutamic acid and cysteine activity sites was confirmed using PROSITE (https://prosite.expasy.org/). Multiple sequence alignments of 163 AtALDH protein sequences from selected crop plants: Arabidopsis thaliana(16 proteins), Oryza sativa (20 proteins), Glycine max (53 proteins), Solanum lycopersicum (29 proteins), Solanum tuberosum (22 proteins) and Zea mays (23 proteins) were performed using Clustal-W with default parameters in Clusal Omega (https://www.ebi.ac.uk/Tools/msa). MEGA7’s Maximum-likelihood method with 1000 bootstrap replicates was used to calculate genetic distances and construct the phylogenetic tree, while the obtained results were visualized by iTOL (https://itol.embl.de/).



Chromosomal localization, collinearity analysis, gene structure and protein sequence analyses

The genome annotation file (GTF) containing the locations of the AtALDH genes in the genome and their structural information was extracted from the EnsemblPlants database (https://plants.ensembl.org/index.html) and TBtools (https://github.com/CJ-Chen/TBtools/releases) was used with default parameters to localize AtALDHs in chromosomal regions. Gene duplication events were analyzed using the Multiple Collinearity Scan toolkit (MCScanX) in TBtools with the default parameters. For the syntenic relationship between Arabidopsis and other plant species (O. sativa, G. max, S. lycopersicum, S. tuberosum and Z. mays) ALDHs, One step MCScanX toolkit analysis was carried out and visualized using the Dual Synsteny Plot in TBtools. Synonymous rate (dS), non-synonymous rate (dN), and evolutionary constraint (dN/dS) were calculated using the MEGA7 codon-based Z-test of selection (https://www.megasoftware.net/). The gene structure (intron/exon organization) of the AtALDH gene family was displayed by the Gene Structure Displayer Server 2.0 (http://gsds.gao-lab.org/). Conserved motifs in the protein sequences were predicted using the Multiple Expectation Maximization for Motif Elicitation program (MEME https://meme-suite.org/), with the number of motifs set at 10, while the distribution of motifs was based on “zero or one occurrence per sequence (zoops)”. Pfam (http://pfam.xfam.org/) and NCBI CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) were applied for AtALDH proteins to examine protein conserved domains and TBtools visualized obtained results.



Analysis of cis-acting regulatory elements in the promoter region of the AtALDH genes

The 1500 bp genomic DNA sequence upstream of the initiation codon (ATG) was extracted from the Eukaryotic Promoter Database (https://epd.epfl.ch/), while the obtained sequences were then submitted to the PLACE database (http://www.dna.affrc.go.jp/PLACE/signalscan.html) and PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to search for potential cis-acting regulatory elements in the promoter regions of the AtALDH genes.



Functional characterization analysis of AtALDH genes

Gene symbols of the AtALDH genes were submitted to the DAVID Bioinformatics Resources (https://david.ncifcrf.gov/home.jsp) with the default parameter and the obtained results were visualized by Hiplot (https://hiplot.com.cn).



Gene expression profile during development stage and hypoxia stress of AtALDHs

AtALDH gene expression data during development were extracted from the developmental map of the Arabidopsis eFP Browser (https://www.bioinformatics.nl/efp/cgi-bin/efpWeb.cgi). The gene expression data were downloaded as expression levels, followed by calculation with the log 10 value. The expression levels of AtALDHs were visualized using a heatmap in TBtools. For the gene expression profiles of AtALDHs under hypoxia treatments, array- and sequence-based datasets were obtained from the NCBI-GEO repository (https://www.ncbi.nlm.nih.gov/geo/) and analyzed with GEO2R with default parameters. The heatmap diagram was constructed with logFC values using TBtools.



Plant material, hypoxia stress and recovery procedure

The Arabidopsis ecotype Col-0 was used in this study. Seeds were sterilized with 1% sodium hypochlorite for 5 minutes and then rinsed at least 3 times with sterile water. The seeds were sown on peat pellets and incubated at 4°C for 72 hours in dark. Further plant growth was performed in a climate chamber (Binder, Germany) with a photoperiod of 16 h, temperature 23°C, relative humidity 70%, light intensity 180 μmol × m-2 × s-1 until ready for use.

The 4-week-old plants were submerged in sterile water tanks approximately 1 cm above peat pellets to assess expression levels of AtALDHs under hypoxic conditions, whereas untreated plants served as blank controls (0h). Arabidopsis leaves were collected at 24, 48 and 72 hours after hypoxia treatment and subsequently stored at -80°C. Further, plants that had undergone 24h hypoxia were reoxygenated to normal conditions, and samples were collected at 24 and 48 hours to analyze the gene expression during the recovery phase after hypoxia treatment.



RNA isolation, reverse transcription and qRT-PCR gene expression analysis

According to the user’s guide, total RNA from Arabidopsis leaves was extracted using the TRI reagent (Sigma-Aldrich, USA). The RevertAid First-Strand cDNA Synthesis Kit (Thermo Scientific, USA) was used to synthesize first strand cDNA. Primers for the AtALDH gene superfamily were designed by Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/), each primer sequence was tested with a blast search in the genome of Arabidopsis for specific hits and for its septicity to yield a single amplicon on 3% agarose gel. All the primers were synthesized commercially at Genomed (https://www.genomed.pl/) and listed in Supplementary Table S2. The SYBR Green PCR Master Mix (Applied Biosystems, USA) and the Quant Studio 3 Real-Time PCR system (Applied Biosystems, USA) were used to perform qRT-PCR. The reaction consisted of denaturation at 95 °C for 10 s, primer annealing at 56 °C for 20s and primer extension at 72°C for 30s. For the entire qRT-PCR reaction 55 cycles were performed. After the data were collected from the Quant Studio 3 Real-Time PCR system, the CT value was determined by the PCR Miner Program (Zhao and Fernald, 2005). The relative gene expression was calculated using the Pfaffl method (Pfaffl, 2001). Obtained results were calculated based on the reference gene Actin2 (At3g18780). All the results were based on three biological replicates and three technical replicates. The analysis of variance was conducted and the least significant differences (LSDs) between means were determined using Tukey’s test at the level of significance α=0.05.



Structural feature analysis and homology modeling of AtALDH proteins

To predict the secondary structure of AtALDH proteins, SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) was used with default parameters. N-glycosylation sites of AtALDH proteins were predicted by NetNGlyc-1.0-services (https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0). Three hypoxia responsive AtALDH proteins AtALDH2B7; AtALDH3H1; and AtALDH5F1 were selected for the homology modelling using suitable homologous templates from the PDB database (http://ncbi.nlm.nih.gov/). ALDH protein models were built by the top PDB closed template via the target-template input using the SWISS-MODEL of the ExPASy web server (https://swissmodel.expasy.org/). Additionally, the PROCHECK test was used to inspect the 3D structure of AtALDH proteins in the SAVES server (http://nihserver.mbi.ucla.edu/SAVES/).




Results


Genome-wide characterization of ALDH in A. thaliana

In total, 16 members of the ALDH superfamily are present in A. thaliana belonging to ten subfamilies (ALDH2, 3, 5, 6, 7, 10, 11, 12, 18 and 22). Among these ten subfamilies, AtALDH2 and AtALDH3 are largest in number (with three members each), while AtALDH10 and AtALDH18 have two members each, followed by one member in the rest of the subfamilies. The distribution of cysteine and glutamic activity sites was determined by PROSITE (https://prosite.expasy.org/scanprosite/). Among the 16 members of AtALDH protein, both glutamic acid and cysteine acid active sites were present in 8 proteins (AtALDH2B4, AtALDH2B7, AtALDH2C4, AtALDH5F1, AtALDH10A8, AtALDH10A9, AtALDH11A3, At ALDH22A1), whereas 2 proteins (AtALDH3H1, AtALDH7B4) had only a glutamic active site and 3 proteins had only a cysteine active site (AtALDH3I1, AtALDH6B2, AtALDH12A1). Interestingly, no active sites were observed in AtALDH3F1, AtALDH18B1, and ALDH18B2 (Figure 1). The largest protein among the AtALDH superfamily was AtALDH18B2, which length was 726aa and molecular weight was 78.88 kDa. Conversely, the smallest protein in the AtALDH superfamily was ALDH3H1, with a length of 484aa and molecular weight of 53.16 kDa.




Figure 1 | Multiple sequence alignments of the ALDH domain of all 16 AtALDH proteins. All 16 AtALDH protein sequences were analysed, the boxes represent conserved active sites for AtALDH proteins. *1 indicates a glutamic acid active site (PS00687) and *2 indicates a cysteine acid active site (PS00070).





Localization of AtALDH superfamily genes on chromosomes

The analysis of the chromosomal location of the AtALDH gene superfamily indicated that all the 16 AtALDH genes are located at 5 different chromosomes (Figure 2). Chromosomes 1 and 3 contained the greatest number of AtALDH genes, 5 AtALDH genes were located on chromosome 1 (AtALDH2B7; AtALDH3H1; AtALDH7B4; AtALDH10A8; AtALDH5F1) as well as chromosome 3 (AtALDH22A1; AtALDH2C4; AtALDH2B4; AtALDH10A9; AtALDH18B2), followed by Chromosome 2, which contained three AtALDH genes (AtALDH6B2; AtALDH11A3; AtALDH18B1). Chromosome 4 harbored two AtALDH genes (AtALDH3I1; AtALDH3F1) and chromosome 5 had only one AtALDH gene (AtALDH12A1). Interestingly, no gene duplication was found in the Arabidopsis AtALDH genes. Additionally, to further understand the evolutionary relationship of ALDH family members, collinearity analyses were conducted between A. thaliana, the model dicot and monocot crop plant species such as G. max, O. sativa, S. lycopersicum, Z. mays and S. tubersoum. A total of 10 AtALDHs (62.5%) were identified with collinearity relationships to ALDHs in other plant species, of which 9, 7, 7, 1, and 1 orthologous gene pairs were identified from A. thaliana - G. max, A. thaliana - S. lycopersicum, A. thaliana - S. tuberosum, A. thaliana - Z. mays, and A. thaliana - O. sativa, respectively (Figure 3).




Figure 2 | Chromosomal localization of ALDH genes in Arabidopsis. All 16 AtALDH genes were indicated on 5 different chromosomes of Arabidopsis with a black label. Arabidopsis chromosome length and AtALDH gene localization on chromosomes were derived from Ensemblplants (http://plants.ensembl.org/index.html).






Figure 3 | Synteny analysis of ALDH genes in Arabidopsis and other plants (G. max, O. sativa, S. lycopersicum, Z. mays and S. tuberosum). Gray lines in the background indicate collinearity blocks, whereas syntenic ALDH genes are shown as red lines.





Exon-intron structure, conserved domain, motif distribution and phylogenetic analysis of AtALDHs

A phylogenetic tree was created using the protein sequences encoded by the ALDH genes to study the evolution and phylogeny of ALDH proteins. Protein sequences of ALDH from A. thaliana (16), O. sativa (20), S. tuberosum (22), S. lycopersicum (29), Z. mays (23) and G. max (53) were utilized to construct a phylogenetic tree (Figure 4). All the proteins were grouped into 11 subfamilies (ALDH2, 3, 5, 6, 7, 9, 10, 11, 12, 18, 19, 22). Surprisingly, most proteins from the same family were grouped together regardless of the reference species; however, ALDH19 was exclusively found in S. lycopersicum. ALDH 2 and 3 constituted the largest clusters among all the crop plants in this study, whereas ALDH 5, 12, and 22 had the fewest members. To further determine the evolutionary relationships of AtALDH proteins, using the MEGA-7 a phylogenetic tree was constructed applying the maximum likelihood method. The AtALDH genes from the particular subfamily clustered together in the phylogenetic tree (Figure 5A). The analysis of exon-intron structures of the AtALDH genes (Figure 5D) revealed that all the AtALDH genes have 5’-UTR and 3’-UTR, while the length of genomic DNA ranges from 2836 bp (AtALDH2B7) to 6494 bp (AtALDH5F1). The number of exons varies between individual members; among the 16 AtALDH genes we found that AtALDH2C4 and AtALDH3F1 had the lowest number of exons (nine each), while AtALDH5F1, AtALDH18B1 and AtALDH18B2 had the highest number of exons (20 each). The subfamilies may have similar numbers of exons, which may indicate functional similarity. The ALDH10 subfamilies had equal numbers of exons.




Figure 4 | Phylogenetic analysis of ALDH superfamily proteins from various plant species. The subfamilies are highlighted in different colors. At; A. thaliana, Os; O. sativa, St; S. tuberosum, Sl; S. lycopersicum, Zm; Z. mays, Gm; G. max. The tree was constructed using the neighbor-joining method with 1000 bootstrap replications in MEGA 7.






Figure 5 | Protein sequence and gene structure analysis of ALDHs in Arabidopsis. Phylogenetic relationships, architecture of conserved protein motifs, and gene structure of AtALDH genes. (A) A phylogenetic tree was constructed based on AtALDH protein sequences, MEGA7's Maximum-likelihood method with 1000 bootstrap replicates was used to calculate genetic distances. (B) Motif composition of AtALDH proteins. The motifs, numbers 1-10, are displayed in different colored boxes. (C) Conserved domains of AtALDHs. (D) Exon-intron structure of AtALDH genes. Green boxes indicate untranslated 5’-UTR and 3’-UTR regions; yellow boxes indicate CDS regions; black lines indicate introns.



To determine the presence of conserved protein domains of ALDHs, studies were performed using NCBI-CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). As shown in Figure 5C, 10 of the 16 AtALDH proteins (AtALDH2B4, AtALDH2B7, AtALDH2C4, AtALDH5F1, AtALDH6B2, AtALDH7B4, AtALDH10A8, AtALDH10A9, AtALDH11A3 and AtALDH22A1) had Aldedh (pfam00171), while 4 of the 16 AtALDH proteins (AtALDH3H1, AtALDH3I1, AtALDH3F1 and AtALDH12A1) had an ALDH-SF domain (cl11961). AtALDH18B1 and AtALDH18B2 had the AA_kinase (pfam00696) domain.

The MEME-suite was used to analyze the conserved motifs in the AtALDH proteins and as a result 10 motifs were determined. As can be seen in Figure 5B, motifs 8, 1, 5, 9, 7, 3, 6, 10 and 2 are present in AtALDH6B2, AtALDH5F1, AtALDH10A8, AtALDH10A9, AtALDH2B4, AtALDH2B7 and AtALDH2C4. The arrangement of conserved motifs was similar in most of the AtALDH proteins, except for AtALDH12A1 and the AtALDH18 subfamily. AtALDH12A1 contained 3 motifs (1, 7 and 6), while the AtALDH18 members comprised 5 motifs (3, 7, 5, 6, and 2).



Analysis of cis-acting regulatory elements in the promoters of AtALDH genes

The PlantCARE database was used to detect the cis-acting regulatory elements (CREs) upstream 1500 bp of the Arabidopsis ALDH genes family. We identified a total number of 706 CREs in the promoter regions of the AtALDH genes (Supplementary Material S3). Based on functional categorization, the selected CREs (176) were further categorized as involved in plant development and growth, plant hormone response, light response, and stress responses (Figure 6).




Figure 6 | Distribution of cis-acting regulatory elements (CRE) in promoter sequences of AtALDH genes. The 1500 bp genomic DNA sequence upstream of the initiation codon (ATG) was extracted from the Eukaryotic Promoter Database (https://epd.epfl.ch/), potential CREs were analyzed by the PLACE database (http://www.dna.affrc.go.jp/PLACE/signalscan.html). The obtained data were visualized by PowerPoint (https://www.microsoft.com/en-us/microsoft-365/powerpoint). The yellow line indicates light responsiveness CREs; the red line indicates abiotic stress CREs; the black line indicates phytohormone responsive CREs; green line indicates plant growth and development CREs. The number in squares indicates the presence of CREs.



The identified CREs were composed of a higher proportion of light-responsive and abiotic-responsive components, as well as a larger portion of TATA-box and CAAT-box basic elements (Supplementary Material S3). Light-responsive elements ranging from 1 to 5 included AE-boxes, G-boxes, TCT-motifs, G-box, Gap-box and GA-motifs. There were also substantial numbers of ABRE elements involved in the abscisic acid (ABA) responsiveness, ranging from 1 to 8. Plant growth and development elements ranged from 1 to 5 and they were engaged in meristem expression and palisade mesophyll cell proliferation. In the abiotic stress category MBS and MYB were the main elements implicated in drought-inducibility, ranging from 1 to 2.



Functional annotation of ALDH genes in Arabidopsis

The David Functional Annotation tool was used to annotate the AtALDH genes with functional databases for the GO (gene ontology) and KEGG pathways. Figure 7A shows the results of the AtALDH genes annotated in the GO database. The AtALDH genes were divided into three categories: molecular function (MF), cell component (CC), and biological process (BP). The largest proportion of the molecular function was aldehyde dehydrogenase activity (NAD) and oxidoreductase activity. In the biological process categories the most significant proportion was distributed in the cellular aldehyde metabolic process. In the category of cell components, the highest proportion of ALDHs was distributed in the cytosol.




Figure 7 | Functional analysis of ALDH in Arabidopsis. (A) GO functional annotation results, Molecular Function (MF), Cell Component (CC), and Biological Process (BP). The horizontal axis shows the gene count of AtALDH genes, while the vertical axis represents the biological process, molecular function, and cellular component, respectively. (B) Significantly Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The horizontal axis shows the gene ratio of AtALDH genes, while the vertical axis represents the significant biological pathway. The Database for Annotation, Visualization and Integrated Discovery (https://david.ncifcrf.gov/home.jsp) was used for both GO annotation and KEGG pathway analysis of ALDH in Arabidopsis, with default parameters.



KOBAS was used to test the statistical enrichment of the KEGG pathways. Figure 7B shows the results of the AtALDH genes in 13 pathways in the KEGG database. The AtALDH genes enriched pathway in limonene and pinene degradation had the largest numbers of the AtALDH genes. Meanwhile, the other AtALDH genes enriched pathways were histidine metabolism, lysine degradation, as well as arginine and proline metabolism.



Expression analysis of AtALDH genes during development stages

All the AtALDH genes were investigated in various organs, according to the developmental map of the AtALDH genes during different stages of development: seed, flower, leaf, rosette, apex, stem, pollen, hypocotyl, root, node, and cotyledon, respectively (Figure 8). As shown, almost every member of the AtALDH family is engaged in every stage of development. However, some AtALDH genes are tissue-specific, such as ALDH2B7, which is abundantly expressed in the flower stage of 12 stamens. Similarly, AtALDH7B4 is primarily involved throughout the seed stages.




Figure 8 | The AtALDH gene expression profile during plant growth and development stages of Arabidopsis. The AtALDH gene expression profile was extracted from the Arabidopsis eFP browser (http://bar.utoronto.ca/efp//cgi-bin/efpWeb.cgi ). Regarding growth and development stages of Arabidopsis, the expression profiles of 16 AtALDH genes were investigated during different stages of development (seed, flower, leaf, rosette, apex, stem, pollen, hypocotyl, root, node, and cotyledon). The scale of figure indicates the fold change of AtALDH genes.





Expression profile of AtALDH genes under hypoxia stress

To gain further insight into the AtALDH gene responses to hypoxia stress, five microarrays available in the databases were used to identify the pattern of the AtALDH genes under multiple stages of hypoxia stress: 2h (seedling), 4h (rosette), 12h (leaves), and 48h (leaves and roots) (Figure 9). AtALDH2B4 was shown to be upregulated as hypoxia severity increased, while AtALDH2C4, AtALDH6B2, AtALDH7B4, AtALDH10A9, AtALDH12A1, AtALDH18B1 and AtALDH18B2 showed a similar trend. After 48h hypoxia treatment among all the 16 AtALDH genes AtALDH6B2 and AtALDH7B4 demonstrated the most significant upregulation, while AtALDH3F1 was shown to be the most downregulated. Importantly, expression of the selected AtALDH genes at 48h of stress in leaves and roots revealed opposing tendencies, e.g. AtALDH3F1 and AtALDH22A1 were upregulated in leaves, whereas they were downregulated in roots. This may refer to the abundance of the ALDH genes in different tissue types. Obtained results indicated that AtALDH3F1, AtALDH6B2 and AtALDH7B4 were the most hypoxia-responsive.




Figure 9 | Gene expression profiles of AtALDH genes in Arabidopsis under hypoxia stress. The microarray datasets used in this analysis are presented in coloured rectangular boxes. Five microarrays related to hypoxia stress in Arabidopsis were extracted from the GEO database (https://www.ncbi.nlm.nih.gov/geo/ ), GSE50679 (Arabidopsis seedling with 2h hypoxia treatment); GSE44344 (Arabidopsis rosette with 4h hypoxia treatment); GSE116996 (Arabidopsis leaves with 12h hypoxia treatment); GSE59719 (Arabidopsis leaves with 48h hypoxia treatment); and GSE119327 (Arabidopsis root with 48h hypoxia treatment). The scale of the graph represents the log fold change value for the AtALDH genes.





qRT-PCR analysis of AtALDH genes under hypoxia in A. thaliana leaves

Since flooding creates a natural hypoxia condition, Arabidopsis was partially submerged in water to evaluate the impact of the stress on AtALDHs in leaves. As shown in Figure 10, hypoxia at 72h caused the most significant modifications in ALDH expression. The most impressive transcript accumulation was observed in the case of AtALDH2B7, which increased almost 3.5-fold at 72h of hypoxia in comparison to the control. In general, stress conditions provoked upregulation of AtALDH2B4, AtALDH2C4, AtALDH3F1, AtALDH3H1 and AtALDH3I1. Diminished transcript accumulation was observed for AtALDH5F1. A similar tendency was observed in the case of AtALDH6B2, AtALDH7B4, AtALDH10A8, AtALDH11A3, AtALDH12A1, AtALDH18B1, AtALDH18B2 and AtALDH22A1. Interestingly, expression of AtALDH10A9 did not alter much during hypoxia.




Figure 10 | Relative gene expression of AtALDHs under hypoxia. Analyses were performed in Arabidopsis leaves of plants exposed to stress at selected time points: 0h (control), 24h, 48h, and 72h. All values represent the means of data ± SD of at least three independent experiments (n=9). Asterisks (*) indicate values that differ significantly after hypoxia treatment as compared to 0h (control) at α<0.05. The analysis of variance was conducted and the least significant differences (LSDs) between means were determined using Tukey’s test at the level of significance α=0.05.





qRT-PCR analysis of AtALDH genes under recovery phase in A. thaliana leaves

To investigate the expression pattern of the ALDH genes during post-hypoxia reoxygenation (recovery phase), Arabidopsis plants were partially submerged in water for 24h, followed by recovery for 24 h and 48 h. As shown in Figure 11, ALDH18B2 was the most upregulated gene after 48 h recovery, nearly 2-fold when compared with the control. Generally, the recovery phase led to the upregulation of ALDH2B4, ALDH2B7, ALDH3I1, ALDH7B4, ALDH10A8, ALDH10A9, ALDH11A3, ALDH18B1, ALDH18B2 and ALDH22A1. The most decreased transcript accumulation was observed for ALDH3H1 after 48h recovery, while a similar tendency was also observed in ALDH2C4, ALDH3F1, ALDH3I1, ALDH5F1, ALDH6B2, ALDH12A1 and ALDH22A1. Interestingly, the expression of the ALDH3I1 and ALDH10A9 genes was upregulated at 24 h recovery and downregulated as the recovery phase progressed to 48 h.




Figure 11 | Relative gene expression of AtALDHs under recovery phase. Analyses were performed in Arabidopsis leaves of plants recovered from 24 h hypoxia stress at selected time points: 0h (control), 24h, 48h. All values represent means of data ± SD of at least three independent experiments (n=9). Asterisks (*) indicate values that differ significantly during recovery phase as compared to the control at α<0.05, respectively. The analysis of variance was conducted and the least significant differences (LSDs) between means were determined using Tukey’s test at the level of significance α=0.05.





Homology modelling of AtALDH proteins encoded by the hypoxia responsive genes

The SOPMA (self-optimized prediction method with alignment) was employed to predict the ratio of alpha helices, extended strands, beta turns, and random coil in all the AtALDH proteins (Table S8). Among all secondary structure prediction of AtALDH proteins, the alpha helix predominates, ranging from 33.44% to 50.96%, followed by the random coil (24.66%-41.01%), extend strand (12.58%-19.60%) and beta turn (4.53%-8.90%). Meanwhile, protein glycosylation of AtALDHs was also determined in this study, as shown in Table S6. The results indicated that 13 out of 16 AtALDH proteins have N-glycosylation sites, with AtALDH18B1 having the largest number of N-glycosylation sites, i.e. 7. The derived homology models were verified using the Procheck Ramachandran plot analysis. The majority of the residues of AtALDH2B7, AtALDH3H1, and AtALDH5F1 were located in the preferred region of 93.0%, 91.8%, and 93.0%, respectively (Table S9). The homology model revealed that the overall structure of AtALDH2B7 and AtALDH5F1 was very similar in terms of common strands and helices in the Rossmann folding type (Figure 12).




Figure 12 | Three-dimensional structure analysis of the proteins encoded by three hypoxia responsive AtALDH genes. (A) AtALDH2B7; (B) AtALDH5F1; and (C) AtALDH3H1. All the structures were visualized by rainbow color from N to C terminus. Coils and smooths represent alpha helices and beta sheets, respectively.






Discussion

Aldehyde dehydrogenases are a group of enzymes involved in NAD+/NADP+ dependent conversion of various aldehydes to their non-toxic carboxylic acids (Brocker et al., 2013). Plant ALDH genes play an important role not only in seed germination and developmental stages, but also in oxidative stress responses under plant dehydration or high salinity (Guo et al., 2020; Islam et al., 2021; Islam and Ghosh, 2022). Flooding caused by excessive or persistent rainfall in a region with poorly drained soil is one of the most serious environmental stresses. According to estimates from the Food and Agriculture Organization of the United Nations (FAO), between 2008 and 2018 floods caused losses of around US$ 21 billion to agriculture in the developing countries (https://www.fao.org/resources/digital-reports/disasters-in-agriculture/en/). Flooding caused by waterlogging or submersion frequently results in hypoxia in plants. In general, hypoxia, the oxygen (O2) depletion due to water’s lower oxygen availability than that of air, disrupts metabolic processes leading in consequence to plant growth inhibition and cell death. ALDH has been recognized to be an aldehyde scavenger that eliminates toxic aldehydes induced by oxidative stress, but its involvement in unique metabolic conversions induced by hypoxia is still poorly understood. A comprehensive investigation of the ALDH superfamily genes in a model plant Arabidopsis was therefore undertaken in order to clarify the role of ALDHs in response to hypoxia stress.

In Arabidopsis a total of 16 ALDH genes have been identified, which were grouped into 10 subfamilies (Families 2, 3, 5, 6, 7, 10, 11, 12, 18 and 22). In order to evaluate the sequence resemblance and evolutionary relationships of the ALDH genes in Arabidopsis, ALDHs from five different crop plants (Solanum lycopersicum, Solanum tuberosum, Zea mays, Oryza sativa, Glycine max) were used. Phylogenetically, the ALDHs in the selected crop plants were grouped into 11 subfamilies (Families 2, 3, 5, 6, 7, 10, 11, 12, 18, 19 and 22). Interestingly, ALDH19 was found only in S. lycopersicum. Importantly, A. thaliana ALDH members were clustered together with five other crop plants into the same family. Phylogenetic analysis showed that the ALDH genes are highly conserved across the monocotyledonous and dicotyledonous plants. It implies that the plant ALDH genes evolved prior to the divergence of monocots and dicots. Previously, tandem duplication events had been recorded in O. sativa (OsALDH2C1 and OsALDH2C2; OsALDH3E1 and OsALDH3E3) (Gao and Han, 2009) and S. tuberosum (StALDH2B4, StALDH2B4, and StALDH2B6; StALDH18B1 and StALDH18B2) (Islam et al., 2021). However, no gene duplication event was found in A. thaliana, which might be due to the relatively small genome size (approximately 135MB) of A. thaliana as compared with other plants (The Arabidopsis Genome Initiative, 2000). Meanwhile, synteny analysis of ALDH genes among Arabidopsis and other plants revealed that the correlation between AtALDH genes and GmALDH genes is similar, which is significant when exploring the relationship between species and forecasting gene functions. Furthermore, the Codon-based dN/dS ratios (Table S5.) of all the AtALDH genes were less than one, which supports the evolution of AtALDH genes by purifying selection pressure during the evolutionary process. Moreover, phylogenetic analysis indicated that the AtALDH families 2, 5, 6 and 10 are the most closely related, while additionally AtALDH family 18 is the most phylogenetically distant. Due to the fact that AtALDH18B1 and AtALDH18B2 contained a completely separate conserved domain (AA kinase), it is possible that these two AtALDHs differ significantly from the other AtALDHs. Furthermore, in this study we also determined glutamic acid and cysteine acid activity sites in AtALDHs. A cysteine acid activity site is present in 10 out of 16 AtALDHs. A glutamic acid and a cysteine residue have been implicated in the catalytic activity of mammalian aldehyde dehydrogenases (Farres et al., 1995). It is worth noticing that the nitric oxide signaling through redox-based modification of protein cysteine residues known as S-nitrosylation can affect a broad range of proteins (Nakamura and Lipton, 2011; Wang et al., 2022). Thus, the presence of the cysteine acid active site in ALDH may constitute a target of nitric oxide dependent S-nitrosylation, and function as a metabolic sensor of nitric oxide signaling.

In this study we determined the cis-acting regulatory elements (CREs) in the promoter regions of the AtALDH genes. The identified CREs were found to be involved in growth and development, light, phytohormone and stress responses. We also analyzed the expression of the AtALDH genes in different organs using the publicly available database. The obtained results indicated that almost all the AtALDH genes were engaged in every stage of development (Figure 8).

Plant phytohormones play pivotal roles in stress adaptation of plants (Waadt et al., 2022). In previous studies phytohormones have been reported to regulate the expression of the ALDH genes (Wu et al., 2007). In Arabidopsis abscisic acid can regulate ALDH3 gene expression (Brocker et al., 2013). In turn, in Z. mays the phytohormone elevated ALDH22A1 gene expression (Huang et al., 2008). It was also documented that ALDH6 was upregulated in O. sativa treated with auxin and gibberellin (Oguchi et al., 2004; Marchitti et al., 2008). A recent study indicated that hypoxia stress can led to the accumulation of ethylene, which may further regulate ABA catabolism to impact plant hypoxia tolerance (Wang et al., 2021). In our study we determined that the ABA-responsive element (ABRE) was present in 14 out of 16 AtALDHs (ALDH2B7, ALDH2C4, ALDH3F1, ALDH3H1, ALDH3I1, ALDH5F1, ALDH6B2, ALDH7B4, ALDH10A8, ALDH11A3, ALDH12A1, ALDH18B1, ALDH18B2, ALDH22A1), which can be induced by ABA in Arabidopsis. These results indicate that ALDHs might play an important role in response to hypoxia stress through the regulation of ABA.

Another crucial aspect that was taken into account when searching for the AtALDHs involvement in adaptation to hypoxia stress is the hypoxia condition. In this experimental context Tsuji et al. (2003) showed that the hypoxia condition can regulate the expression of the ALDH2A in rice. Based on the analysis of the expression profile of the AtALDH genes from the microarray datasets our analysis confirmed that the hypoxia condition could regulate the expression of the AtALDH genes. Moreover, data revealed that the AtALDH genes might be differently expressed in various organs with the same stressful scenario. For example, ALDH7B4 was up-regulated in leaves, but down-regulated in roots after 48 h hypoxia stress. This finding was further supported by the GO and KEGG database annotations. Eight out of 16 AtALDH genes (ALDH11A3, ALDH10A9, ALDH3I1, ALDH3H1, ALDH18B1, ALDH7B4, ALDH10A8, ALDH2B7) have been found to be responsive to water, which also includes response to flooding and submergence in water. Plants encounter multiple challenges during hypoxia at flooding conditions. Under these circumstances the ability of plant cells to absorb CO2 for photosynthesis and O2 for respiration is severely hampered by the substantial drop in gas diffusion. Additionally, plants may experience cellular energy and glucose shortages due to the lower light availability under water (MOMMER and VISSER, 2005). Hence, plant cells switch from aerobic respiration to anaerobic fermentation, accumulating toxic metabolites such as lactic acid, acetaldehyde and ethanol, which cause further cell damage. During O2 deprivation pyruvate decarboxylase (PDC) converts pyruvate to acetaldehyde, which is metabolized by alcohol dehydrogenase (ADH) to ethanol, while regeneration of NAD+ sustains glycolysis. Ethanol production is benign owing to its rapid diffusion out of cells, whereas the intermediate acetaldehyde is toxic. Aldehyde dehydrogenase catalyzes the conversion of acetaldehyde to acetate, with the concomitant reduction of NAD+ to NADH. The mitochondrial ALDH is significantly induced by anoxia in coleoptiles of rice (Nakazono et al., 2000; Lasanthi-Kudahettige et al., 2007), in contrast to the Arabidopsis seedlings (Kürsteiner et al., 2003). ALDH activity correlates with the anaerobic germination capability of Echinochloa crus-galli under strict anoxia (Fukao et al., 2003). Under O2-limiting conditions ALDH also consumes NAD+ and may thereby limit glycolysis, whereas upon reoxygenation acetaldehyde is converted to acetate by mitochondrial ALDH that enters the tricarboxylic acid (TCA) cycle. Increasing evidence suggests that an oxidative burst resulting from the ROS production started immediately upon exposure of anaerobic plant tissues to normoxia leads to severe peroxidation of cellular components. The enzymatic scavenging of aldehydes derived from stress-related lipid peroxidation involves ALDHs. ALDHs are also engaged in a variety of other activities, such as (i) controlling secondary metabolism, particularly amino acid and retinoic acid metabolism (Zhang et al., 2012); (ii) generating osmoprotectants such as glycine betaine to protect against osmotic stress (Wani et al., 2013; Xiao and Loscalzo, 2020); and (iii) contributing to the maintenance of redox equilibrium. ALDHs also play an important role in cellular homeostasis by maintaining cellular redox equilibrium; for example, ALDHs may scavenge hydroxyl radicals via the thiol groups of their cysteine and methionine residues (Estey et al., 2007). Additionally, ALDH isozymes may contribute to the cellular antioxidant capacity by generating NAD(P)H, which is critical for the regeneration of GSH and as a direct antioxidant (Singh et al., 2013).

Although the root is the first organ that senses hypoxia caused by flooding, a set of physiological and biochemical changes are also induced in leaves. Leaves are usually fully aerobic tissues and also produce oxygen through photosynthesis. Leaves are the most variable organs in long-term adaptation to the environment. Therefore, in this study to verify AtALDH gene expression patterns under hypoxia conditions Arabidopsis plants were submerged in the water tank to assess the hypoxia effect on leaf metabolism adjustment. Obtained qRT-PCR results suggest that hypoxia for 72h provokes the most significant modifications in AtALDH gene expression (Figure 10). The expression of AtALDH2B7 and AtALDH3H1 was significantly upregulated during hypoxia and both of them were localized in the cytoplasm (Hou and Bartels, 2015). Additionally, the AtALDH5F1 gene was downregulated during hypoxia; interestingly, ALDH5F1 is mitochondrial specific (Hou and Bartels, 2015). Thus, our investigation may indicate that different AtALDH genes have different expression patterns in an organelle-specific manner. Previous research showed that in Arabidopsis the ALDH2B7 gene was expressed not only in anoxia, but also in response to drought, as evidenced by the downregulation of glycolysis and the stimulation of acetate production (Kim et al., 2017). ALDH3H1 is constitutively expressed at a low level in leaves, but is activated in response to osmotic stress and after ABA treatment in roots (Kirch et al., 2004). Notably, it results from our cis-elements analysis that AtALDH3H1 also has 6 ABRE elements in the promoter region. Plant hormones such as ethylene and ABA play crucial roles in the genetically controlled survival of plants to hypoxia under waterlogging or submergence (Phukan et al., 2016). Ethylene has been extensively characterized as a critical hormone in hypoxia-triggered responses (Geisler-Lee et al., 2010; Hartman et al., 2019; Waadt et al., 2022). Therefore, ALDH3H1 might play an essential role in regulating hypoxia responses through the regulatory network involving an interplay between ROS, ABA, and ethylene. Extended hypoxic conditions can result in decreased ATP synthesis and cytoplasmic acidosis, both of which can damage plant cells. However, plant cells may also be damaged during reoxygenation after hypoxia as a result of the formation of ROS and acetaldehyde (Tsuji et al., 2003). Hereby, the expression pattern of ALDHs under the recovery phase was also investigated in our study. During the reoxygenation, ALDH18B1, ALDH18B2, ALDH2B4 and ALDH10A8 were found to be upregulated; meanwhile, ALDH18B1, ALDH18B2 and ALDH2B4 have been reported to be localized in the mitochondria (Hou and Bartels, 2015). It should be noted that under O2-limiting conditions ALDH also consumes NAD+ and may limit glycolysis, whereas upon reoxygenation acetaldehyde is converted to acetate by mitochondrial ALDH and enters the tricarboxylic acid (TCA) cycle. ALDH10A8 is a leucoplastidial protein, which was found upregulated in response to abscisic acid, salinity, cold and oxidative stress in Arabidopsis (Missihoun et al., 2011). Compared with post-hypoxia treatment, AtALDH3H1 was downregulated, while the expression of AtALDH2B7 was not changed during reoxygenation. This implies that they are the most hypoxia-responsive ALDH genes. Additionally, the AtALDH5F1 gene was downregulated during hypoxia and reoxygenation conditions. ALDH5F1 is mitochondrial specific. In a previous study the expression of the ALDH5F1 gene was found to be regulated by waterlogging stress in sugarcane (Gomathi et al., 2015). Moreover, ALDH5 Arabidopsis mutants presented ROS over-accumulation and cell death in response to light and heat stress (Bouche et al., 2003). ALDH5 was found to participate in the γ-aminobutyrate (GABA) ‘shunt’ pathway in bacteria, plants, and animals. It worth noting that in plants the non-protein amino acid GABA is associated with pollen-pistil interactions, herbivore deterrence, oxidative stress, and hypoxia, as a its high concentration enhances plant defence or tolerance responses (Brocker et al., 2013).

Cellular function is accomplished by 3D well-folded protein structures, protein-protein and protein-ligand interactions (Jimenez-Lopez et al., 2010). In this study we identified three hypoxia responsive AtALDH genes, and the encoded proteins were homology modelled using swiss-modelling. The 3D structures of all the proteins showed the number of residues > 90% in the most favoured region as per the Ramachandran plot analysis, which suggests the high accuracy of the structure prediction. Protein glycosylation is one of the crucial components of protein structure, which regulate a range of biological activities including protein folding, signalling, stability, conformation, and cell-cell interactions (Corfield, 2017). In this study, N-glycosylation sites were recognized for all the AtALDH proteins, while 13 out of 16 AtALDHs contained N-glycosylation sites. In eukaryotic cells protein N-glycosylation is one of the most important post-translational modifications. By altering protein functions, it mediates diverse biological processes, including intercellular communication (Chen et al., 2020). The numerous functions of N-glycosylation in regulating plant stress tolerance and development were previously reported (Kaulfürst-Soboll et al., 2021). The glycosylation in multiple ways is involved in maintaining the redox homeostasis during the plant’s response to oxidative stress, including i) modification of a molecule’s antioxidant property, as in the case of flavonoids, ii) promoting the biosynthesis of its corresponding aglycone by changing its subcellular location, and iii) influencing the phytohormone translocation, signalling capacity, and downstream gene expression regulation (Behr et al., 2020). Therefore, in our study, it can be assumed that after hypoxia stress, during recovery, the ALDHs might be associated with redox-related patterns and signalling pathways for glycol-redox interplay in response to oxidative stress.



Conclusion

We characterized the ALDH genes in Arabidopsis at the whole-genome scale to provide insight into their genomic and structural organization, regulatory framework, physicochemical properties, phylogenetic and evolutionary relationships, as well as expression profiles during developmental stages and under abiotic stresses. In addition, functional validation of the ALDH genes in Arabidopsis leaves carried out by qRT-PCR analysis help indicate that the candidate genes are responsive to hypoxia and post-hypoxia reoxygenation. Thus, a future detailed characterization of the selected genes will provide comprehensive understanding of the ALDH role in mechanisms of hypoxia tolerance and post-hypoxia recovery. Notably, different patterns of ALDHs expression observed during stress and recovery phases indicated that plant ALDH is a crucial element of the oxygen-dependent metabolic switch in cells. The results broaden our knowledge on plant ALDHs and provide valuable information for future genetic improvement programs in crop plants potentially challenged by hypoxia stress. It worth noting that hypoxia in nature can also be caused both by pathogen infestation or occur sequentially with flooding events (Tang and Liu, 2021). Thus, the recognition of most potent ALDHs may provide effective defence strategies to cope also with microbes.
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Plants often suffer from hypoxic stress due to flooding caused by extreme weather. Hypoxia usually leads to restricted oxygen supply and alters metabolic patterns from aerobic to anaerobic. Cucumber roots are fragile and highly sensitive to damage from hypoxic stress. The purpose of this study was to investigate the regulatory mechanism of exogenous calcium alleviating hypoxic stress in cucumber through transcriptome and small RNAs analysis. Three treatments were performed in this paper, including untreated-control (CK), hypoxic stress (H), and hypoxic stress + exogenous calcium treatment (H + Ca2+). A large number of differentially expressed genes (DEGs) were identified, 1,463 DEGs between CK vs H, 3,399 DEGs between H vs H + Ca2+, and 5,072 DEGs between CK vs H + Ca2+, respectively. KEGG analysis of DEGs showed that exogenous calcium could activate hormone signaling pathways (ethylene, ABA, IAA and cytokinin), transcription factors (MYB, MYB-related, bHLH, bZIP, and WRKY), calcium signaling and glycolysis pathway to mitigating hypoxic stress in cucumber seedlings. Additionally, miRNA and their target genes were detected and predicted between treatments. The target genes of these miRNAs revealed that auxin, cellulose synthase, and mitochondrial ribosomal related genes (Csa2G315390, Csa6G141390, Csa4G053280, and Csa6G310480) probably play in the improvement of the hypoxic tolerance of cucumber seedlings through exogenous calcium application. In short, our data adds new information to the mechanism of exogenous calcium mitigation of hypoxic stress injury in cucumber seedlings at transcriptional and post-transcriptional levels.
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1 Introduction

In natural or artificial environments, plants are often suffering from hypoxic stress, such as flooding due to heavy rainfall and low dissolved oxygen in hydroponic culturing. The main impact of overirrigation and heavy rain is a reduction in the oxygen (O2) supply, as a result, the root systems are often subjected to hypoxic stress. This is because of the significantly lower diffusion capacity of oxygen in water than in atmosphere (Kaur et al., 2021). Plants have evolved a range of defence mechanisms to adapt to anoxic conditions (Ambros et al., 2022). These response to hypoxic stress include a numbers of physiological, metabolic and morphological changes, such as the formation of adventitious roots (ARs), the production of reactive oxygen species (ROS) and toxic end-products from glycolytic pathway (Xu et al., 2018). Phytohormones act as endogenous signaling also can be stimulated by hypoxic stress (Zaid et al., 2021). It had been demonstrated that ethylene (ET) and auxin act as key regulators of the aerenchyma formation in rice and cucumber under waterlogging (Fukao and Bailey-Serres, 2008; Qi et al., 2019). The oxygen deficit caused by flooding can affect the concertration of abscisic acid (ABA) and gibberellic acid (GA) in soybean seeds (Zhou et al., 2021). Besides, anoxic condition also can induce the stomatal closure and reduces the photosynthetic rate of plants. Plant growth and photosynthesis are injured by low oxygen stress, which will eventually affect the plant production (Shabala et al., 2014).

Cucumis sativus L. (cucumber) is an important vegetable mainly cultivated in greenhouses and other protected facilities. Under hypoxic conditions, the root system of cucumber can easily decay because of the cucumber’s strict O2 requirement and sensitiviness to hypoxia (Qi et al., 2019). To increase the plant adaptaion to hypoxic stress, breeding of new varieties or application of exogenous substances is an economically and environmentally way to improve plants hypoxic tolerance (Ahmed et al., 2013). Calcium (such as cytosolic Ca2+) plays a central role in plant signal transduction, and also acts as a signaling ion to regulate several cellular growth and development processes (Qiu et al., 2020). Various abiotic stresses can increase the concentration of Ca2+ in plants, including cold, drought, light, hypoxia and plant hormone (Kong et al., 2020; Li et al., 2022). For example, exogenous calcium can improve the plant growth (height, stem diameter and leaf thickness), increase the proline and soluble sugar contents of cherry tomato under waterlogging conditions (Liu et al., 2023). The foliar spray with CaCl2 improved the uptake of Ca2+ and antioxidants systems in Thymus vulgaris under salt stress (Zrig et al., 2021). In addition, CaCl2 treatment also could effectively regulated the activity of antioxidative enzymes and membrane lipid composition green peppers (Capsicum annuum L.) under cold stress (Zhang et al., 2021). Our previous research had found that exogenous calcium enhanced the hypoxic resistance of cucumber seedlings by mediating the photosynthesis system, respiratory metabolism enzymes, and ion transport (He et al., 2015; He et al., 2018).

In recent years, the mechanisms of corolla senescence regulatory in petunia (Wang et al., 2018a), disease resistance and fruit spine development of cucumber (Wang et al., 2018b; Liu et al., 2018) had been elucidated by high-throughput gene expression analysis of messenger RNA (mRNA) sequencing (RNA-Seq). The involvement of calcium signaling proteins in plant transcriptomic response also has been studied in Brassica oleracea (Tortosa et al., 2019). Metabolomic and transcriptomic analyses of cherry fruit exogenous calcium activated gene expression, most strongly those involved in plant-pathogen interaction, plant hormone signaling and MAPK signaling pathway (Michailidis et al., 2022). Exogenous calcium also can promote soluble sugars and anthocyanin accumulation in grapes skin by regulating transcription factors, including MYB, bHLH, NAC and bZIP (Yu et al., 2020). MiRNAs, as a group of small non-coding single-stranded RNA molecules, exert their regulatory effects by binding to complementary sequences in miRNAs to promote degradation or inhibiting the protein translation, leading to the suppression of the corresponding genes (Zhang et al., 2019). Increasing evidence demonstrate that miRNAs play important functions in plants’ abiotic stress response and defense processes by directly or indirectly regulating the expression of related resistance genes (Ma et al., 2014). Previous research found that miR858 plays a negative role in tomato anthocyanin biosynthesis, and inhibiting of the expression of MIR858 results in the accumulation of anthocyanin (Chen et al., 2018). Han et al. (2016) had identified several miRNAs that may be involved in powdery mildew resistance in Chinese wild Vitis pseudoreticulata. In cucumber, 8 common differentially expressed miRNAs were observed that responded to the high-temperature and exogenous spermidine (Spd) (Wang et al., 2018c), 7 novel miRNAs had been predicted that may be related to the response to Corynespora. cassiicola (Wang et al., 2018b).

In this research, we investigated the changes in cucumber transcriptome and miRNA under hypoxia and exogenous calcium treatment by high-throughput sequencing technology. The differentially expressed genes (DEGs) and the miRNAs that responsed to hypoxic stress and exogenous calcium in cucumber were identified, which may provide useful information and theoretical support for the further study of molecular mechanisms of cucumber hypoxic tolerance and contribute to high-quality and yield cultivation of cucumber production.



2 Materials and methods


2.1 Plant materials

Cucumber seeds (Cucumis sativus L. cv. Jinchun No. 2, sensitive to hypoxia) were washed with deionized water and then sown in two plastic trays (41 cm × 41 cm × 5 cm) containing quartz sand. The germinated cucumber seedlings were grown in a greenhouse in Shanghai (31.4°N, 121.5° E, P. R. China). The day and night temperatures of the greenhouse were maintained at 25 ± 2°C (day) and 17 ± 2°C (night), relative humidity (RH) from 75 to 90%, and maximum photosynthesis photon flux density (PPFD) of natural light about 1200 μmol m-2 s-1. After the cotyledons of seedlings had expanded, the half-strength Hoagland nutrient solution was used to irrigate the cucumber seedlings regularly. When plants had 2 fully developed leaves, cucumber seedlings were transferred into every three plastic containers (50 cm × 32 cm × 18 cm), and the containers were filled with full-strength Hoagland nutrient solution. The nutrient solutions were maintained at 20-25°C and using an air pump to keep the dissolved oxygen at 8.0 ± 0.2 mg L-1. After the third leaves were fully developed, the cucumber seedlings were treated as follows: 1) Control (CK): cucumber seedlings were cultured with full-strength Hoagland solution (containing 2 mM Ca2+) and the dissolved oxygen (DO) level was kept at 8.0 ± 0.2 mg L-1; 2) Hypoxic treatment (H): cucumber seedlings were cultured with full-strength Hoagland solution (containing 2 mM Ca2+) and the N2 gas was pumped to maintain the DO level at 1.0 ± 0.1 mg L-1; 3) Hypoxia + CaCl2 treatment (H + Ca2+): full-strength Hoagland solution was added with 4 mM CaCl2, the DO level and its control method were same as the hypoxic treatment.

Following 3d of treatment, the roots of plants under three treatments were harvested, immediately frozen in liquid nitrogen, and stored in a -80°C refrigerator for further transcriptome analysis. This experiment uses a random block design and three biological replicates for each analytical experiment of the transcriptome analyses and the quantitative real-time PCR (qRT- PCR) experiments were harvested.



2.2 High-throughput sequencing of transcriptome and small RNAs in cucumber roots

The equal amounts of cucumber roots from three treatments in three independent biological replicates were pooled and used to construct a cucumber root transcriptome library. Total RNA was isolated using a plant RNA Kit (Trizol reagent, Tiangen Technology, Co., Ltd., Beijing, China) according to the manufacturer’s protocol and the concentration of RNA was measured and followed with previously reported (Nie et al., 2015). The sRNAs (sized at 18-30nt) were separated and fragmented, and then the isolated sRNAs were added to 5’- and 3’-RNA adaptors, reverse transcription, purification, size selection, and used for High-throughput sequencing last. Both transcriptome and small RNAs were performed by using HiSeq™ 4000 sequencing system (Illumina, Inc., San Diego, CA, USA).



2.3 RNA-Seq read processing, assembly, and transcriptome sequence analysis

The raw reads were acquired from original sequencing data and the clean reads were obtained after removing low-quality (< Q20) reads, mismatches, adaptor sequences, and reads containing polyA, ployN, and polyT ends. These clean reads were then matched to the cucumber reference sequences through the software Soap2 (Li et al., 2009) and Tophat2 (Kim et al., 2013) in http://cucurbitgenomics.org. The downstream analyses were based on the alignment results of clean data.

To control the false discovery rate (FDR), differentially expressed gene (DEGs) analysis of three comparisons was performed with an adjusted P-value < 0.05 using the approach according to Benjamini et al. (2001). The |log2 fold changes (FC)| ≥ 1 and FDR ≤ 0.05 were used as filter criteria to screen the significant DEG (Audic and Claverie, 1997). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used to explore the biological function and signaling pathways of the identified significant DEGs. For GO annotation, the DEGs were searched in the NCBI database with the E < 10-5 using software BLAST (blastall 2.2.260). KEGG pathways were identified by a BLAST search of the KEGG database based on p-values and adjusted q-values pathways (Young et al., 2010).

We also used Mapman software (v3.5.1R2) to visualize and identify some gene families that may play key roles in the regulation of hypoxic metabolism of cucumber seedlings, such as hormone biosynthesis and signaling pathways, transcription factors, calcium signaling, and glycolysis pathway (Usadel et al., 2005). Genes were classified into a set of hierarchical functional categories (BINs), based on Mapman BIN from the ITAG2.4 annotation (Wang et al., 2018a). The level of significance was set at FDR < 0.05 (Fukushima et al., 2018).



2.4 Isolation, high-throughput sequencing and bioinformatic analysis of miRNA

After filtering the low-quality and contaminated sequence (adaptor, polyA, reads shorter than 18nt, readers with 5’primer or without 3’primer, readers without the insert), RNA samples were used to generate three sRNA libraries and for the further advanced analysis. Then clean reads were BLASTed against the NCBI GeneBank, Rfam (Rfam 11.0, RNA family), and MiRbase 21.0 (http://www.mirbase.org/index.shtml). The matched non-coding miRNAs including ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs), and small nuclear RNAs (snRNAs) were found and removed as more as possible. To identify known miRNAs, the specific strategies were as follows: 1) the miRNA precursor sequence must be completely compared to the MIRbase (no mismatch); 2) the comparison of mature miRNA in the MIRbase database allowed mismatch, but there was at least 16nt coverage, the coverage part without mismatch. For sequences that were not annotated to any information, we used Mireap software (http://sourceforge.net/projects/mireap/) to predict novel miRNAs. Differentially expressed miRNAs were selected according to the difference in expression |fold change=log2-ratio| > 1. miRNAs with fold changes (log2) less than 1or greater than 1, and p < 0.05 were considered to have significantly altered expression.



2.5 Prediction and annotation of target genes for miRNAs

The online software plant small RNA target server (psRNATarget; http://plant-grn.noble.org/psRNATarget/) was used to predict the potential target genes of the corresponding identified miRNAs (Dai and Zhao, 2011). GO enrichment and KEGG pathway analysis were performed through Blast2GO program to investigate the potential functions of these annotated miRNAs and their targets.



2.6 Real-time quantitative RT-PCR

Quantification was performed with a two-step reaction process: reverse transcription (RT) and PCR. Each RT reaction consisted of 0.5μg RNA, 2μl of 5 × TransScript All-in-one SuperMix for qPCR and 0.5μl of gDNA Remover, in a total volume of 10μl. Reactions were performed in a GeneAmp® PCR System 9700 (Applied Biosystems, USA) for 15 min at 42°C, 5 s at 85°C. The 10 μl RT reaction mix was then diluted × 10 in nuclease-free water and held at -20°C.

Real-time PCR was performed using LightCycler® 480 II Real-time PCR Instrument (Roche, Swiss) with 10μl PCR reaction mixture that included 1μl of cDNA, 5μl of 2×PerfectStart™ Green qPCR SuperMix, 0.2μl of forward primer, 0.2μl of reverse primer and 3.6μl of nuclease-free water. Reactions were incubated in a 384-well optical plate (Roche, Swiss) at 94°C for 30s, followed by 45 cycles of 94°C for 5s, 60°C for 30s. Each sample was run in triplicate for analysis. At the end of the PCR cycles, melting curve analysis was performed to validate the specific generation of the expected PCR product. The primer sequences were designed in the laboratory and synthesized by TsingKe Biotech based on the mRNA sequences obtained from the NCBI database, and were showed in Table 1.


Table 1 | Primers used for quantitative real-time PCR (qRT-PCR) analysis.





2.7 Statistical analysis

The data were analyzed with the SAS (version 9.2, SAS Institute, Cary, NC, USA) using Duncan’s multiple to identify differences between means (p < 0.05).




3 Result


3.1 Analysis of DEGs under different treatments

As shown in Table 2, RNA sequencing from three treatments (CK, H and H + Ca2+) generated 54,030,338, 54,029,014 and 54,028,994 raw reads, and 47,674,226, 46,884,408 and 47,108,756 clean reads, respectively. These clean reads were then mapped to the cucumber reference genome, resulting in the generation of 88.7% (CK), 87.8% (H), and 89.3% (H + Ca2+) matched reads in three treatments. A few more mapped reads from H + Ca2+ treatment indicated that some specific genes may be different expressed with exogenous calcium treatment under hypoxic stress. Further analysis revealed that 26,894,756 reads (56.41%) in CK library, 26,422,549 reads (56.40%) in H library and 25,758,445 reads (54.68%) in H + Ca2+ library were uniquely matched (Table 2).


Table 2 | Summary of DGE sequencing and mapped reads.





3.2 Identification and functional enrichment analysis of DEGs

FPKM method (|log2Ratio| ≥ 1 and FDR ≤ 0.005) were used to analyze the transcript abundance of genes from three libraries. Differential expression analysis was conducted by pairwise comparisons, a total of 1,463, 5,072, and 3,399 DEGs were identified between CK vs H, CK vs H + Ca2+, and H vs H + Ca2+, respectively (Figure 1A). Except for CK vs H, there are more downregulated DEGs in both H vs H+ Ca2+ and CK vs H+ Ca2+ than upregulated DEGs (Figures 1B, C). In CK vs H, 63.16% genes (924) were upregulated and 36.84% genes (539) were downregulated; 45.17% genes were upregulated and 54.83% genes were downregulated in CK vs H + Ca2+; 40.75% genes were upregulated and 59.25% genes were downregulated in H vs H + Ca2+. Compared with CK, hypoxic stress resulted in 924 genes upregulated and 539 genes downregulated (CK vs H). After applying exogenous calcium (H vs H + Ca2+), the number of upregulated genes increased 49.89% to 1385 and the downregulated genes increased 273.65% to 2014 (Figures 1B, C).




Figure 1 | Venn diagram of the differentially expressed genes (DEGs) in pairwise analysis. (A) total DEGs, (B) upregulated DEGs, (C) downregulated DEGs.



To better explore the functions of these identified DEGs, we executed a Gene Ontology (GO) assignment to classify transcriptomic regulation induced by hypoxia and exogenous calcium. These DEGs were annotated in three main GO categories: “biological process (BP)”, “cellular component (CC)”, and “molecular function (MF)”. The top 20 GO enrichment terms were almost the same between the three comparisons, except for the number of genes (Figures 2A-C and Supplementary table S1). The terms “catalytic activity” (GO: 0003824) and “binding” (GO: 0005488) were the major groups in the molecular function category; “metabolic process” (GO: 0008152), “cellular process” (GO: 0009987) and “single-organism process” (GO: 0044699) were the dominant groups in the biological process. For the cellular component, numbers of genes were highly enriched in “cell” (GO: 005623), “cell part” (GO: 0044464), “organelle” (GO: 0043226), and “membrane” (GO: 0016020) (Figure 2A–C).




Figure 2 | Top 20 significantly enriched GO terms of the differentially expressed genes (DEGs). (A) CK vs H (control treatment compared with hypoxic treatment), (B): CK vs H + Ca2+ (control treatment compared with hypoxia + CaCl2 treatment), (C): H vs H + Ca2+ (hypoxic treatment compared with hypoxia + CaCl2 treatment) Detailed information on each gene and its expression level is listed in Supplementary Table S1.



Under hypoxic stress (CK vs H), there are 66.4% DEGs (2,508 of 3,777) upregulated, and the ontology of BP, CC, and MF had 1,703 (45.1%), 1,168 (30.9%) and 906 (24.0%) DEGs, respectively (Figure 2A and supplementary table S1). In the comparison of CK vs H + Ca2+, 62.2% DEGs were downregulated (7,863 of 12,649), and the ontology of BP, CC, and MF had 5,801 (45.9%), 3,773 (29.8%), and 3075 (24.3%) DEGs, respectively (Figure 2B and supplementary table S2). In the H vs H + Ca2+, the 69.5% DEGs were also downregulated (5,813 of 8,365), and the ontology of BP, CC, and MF had 3,701 (44.2%), 2,655 (31.7%) and 2009 (24.0%) DEGs, respectively (Figure 2C and supplementary table S3).

For an exploration of the putative active biological pathways of the DEGs, the identified DEGs were mapped to KEGG database with a Q-value ≤ 0.05 (Figure 3 and Supplied Table S2). The dominant pathway was “metabolic pathways” (ko01100) in three comparisons (284 of 834 DEGs in CK vs H, 764 of 2901 DEGs in CK vs H+Ca2+, and 534 of 1981 DEGs in H vs H+Ca2+). The second enrichment pathway was “biosynthesis of secondary metabolism” (ko01110), it had 168, 466, and 311 DEGs in CK vs H, CK vs H+Ca2+, and H vs H+Ca2+, respectively. Moreover, under exogenous calcium (CK vs H+Ca2+) treatment, we found some pathways were significantly enriched, including “phenylpropanoid biosynthesis” (ko00940, 110 DEGs), “glycolysis/gluconeogenesis” (ko00010, 56 DEGs), “galactose metabolism” (ko00052, 41 DEGs) and “pyruvate metabolism” (ko00620, 40 DEGs).




Figure 3 | KEGG pathway enrichment analysis. The x-axis represented the rich factor, and the y-axis indicated the enriched KEGG pathway. (A) CK vs H (control treatment compared with hypoxic treatment), (B) CK vs H + Ca2+ (control treatment compared with hypoxia + CaCl2 treatment), (C) H vs H + Ca2+ (hypoxic treatment compared with hypoxia + CaCl2 treatment).





3.3 The expression of DEGs in hormone biosynthesis and signaling pathways

To understand the regulatory role of crucial DEGs in cucumber hypoxic resistance with exogenous calcium, all DEGs related to hormone signaling, transcription factors, calcium signaling, and glycolysis across these three comparisons were analyzed with Mapman software.

In the hormonal signaling pathway, the largest numbers of identified DEGs were related to the auxin and ethylene signaling pathways, followed by DEGs in the cytokinin, BA (6-benzylaminopurine signaling), SA (salicylic signaling), GA (gibberellin signaling), ABA (abscisic acid signaling) and jasmonate pathway (Figure 4). Predominantly of DEGs involved in ethylene biosynthesis and signaling pathways were upregulated through the CK vs H (81.25%, 13 out of 16), but most DEGs were downregulated (57.14%, 16 out of 28) after exogenous calcium was applied (H vs H+Ca2+). The DEGs belonged to response to stress (csa4g003620), ethylene response factors (ERFs) (csa5g167110 and csa7g375820), and ACC oxidase (csa2g000520 and csa6g511860) were found upregulated under hypoxia and downregulated under exogenous calcium treatment. Exogenous calcium treatment also increased some ERFs, such as csa2g177210, csa3g017320, csa3g135120, csa4g641590, csa2g361860 (DNA binding transcription factor) and csa1g004080 (ATP-dependent helicase) (Figure 4 and Supplementary table S3). For the auxin pathway, we identified four genes that belonged to the auxin-responsive protein family, one gene (csa7g448680) was found to be upregulated under hypoxic stress (CK vs H) and downregulated after exogenous calcium was applied (H vs H+Ca2+), the other three DEGs (csa6g092560, csa6g446320, and csa6g452710) were found upregulated under exogenous calcium treatment compared to hypoxic treatment. For the cytokinin pathway, four DEGs (csa1g589060, csa1g589070, csa2g362450, and csa5g175820) related to cytokinin oxidase (CKX) were upregulated under hypoxic stress (CK vs H) and the csa5g175820 were downregulated in H vs H+Ca2+. The exogenous calcium treatment also upregulated four DEGs involved in histidine kinases (csa6g095330 and csa6g110860) and UDP-Glycosyltransferase (csa3g743980 and csa3g745000). For the ABA pathway, hypoxic stress downregulated most identified DEGs (6 out of 9), and three DEGs were upregulated in CK vs H, including ABA 8’-hydroxylase (csa4g056600) and HVA22 (csa1g001410). (Figure 4 and Supplementary table S3). Hypoxic stress (CK vs H) significantly upregulated Jasmonate-related DEGs, including LOX1 (csa2g023880 and csa2g023890) and JAZ5 (csa3g645940). When exogenous calcium was applied, the majority of identified DEGs (14 out of 15) were downregulated, and the expression of csa2g023880 and csa2g023890 were also found to be downregulated in H vs H+Ca2+. Predominantly DEGs involved in the SA pathway were downregulated under hypoxic stress. The csa3g635870, involved in the tryptophan synthesis pathway, was upregulated in CK vs H, but downregulated under exogenous calcium treatment (H vs H+Ca2+). For GA pathway, one gene (csa2g368260) that responds to gibberellin stimulus was upregulated, and all genes were downregulated when exogenous calcium was applied (H vs H+Ca2+). For the BA pathway, the DEGs involved in sterol biosynthesis (csa4g007710) and lipid metabolic process (csa5g612880) were found upregulated under hypoxic stress (CK vs H). After applying exogenous calcium, most DEGs were downregulated compared to stress treatment (H vs H+Ca2+), two DEGs involved in the leucine-rich repeat protein kinase family (csa1g011510) and lipid metabolic process (csa7g007840) were found upregulated (Figure 4 and Supplementary table S3).




Figure 4 | Display of gene expression involved in hormone biosynthesis and signaling pathway. Significantly DEGs (log2 fold changes (FC) ≥1, FDR ≤0.05) were visualized using Mapman software and organized into functional categories (BINs). Green indicates a decrease and red an increase in gene expression (see color set scale on top right corner). Detailed information on each gene and its expression level is listed in Supplementary Table S3.





3.4 Differential expression related to transcription factors, calcium signaling and glycolysis pathway

The different expressions of specific transcription factors (TFs) under three treatments were also analyzed with Mapman. The major TFs were identified in AP2-EREBP, bHLH, bZIP, MYB, WRKY, and C2C2-CO-like (Figure 5 and Supplementary table S4). The upregulated DEGs involved in MYB, MYB-related, and C2C2-CO-like were significantly enriched under hypoxic stress. Two genes (csa2g049890 and csa2g247060) related to encoding the MYB transcription factor and one gene (csa5g610520) related to encoding B-box zinc finger family protein were upregulated in CK vs H, but downregulated in H vs H+Ca2+. In bHLH and bZIP, we found four DEGs (csa1g555600, csa2g263910, csa3g893390, and csa1g573650) upregulated in CK vs H and downregulated in H vs H+Ca2+. Two DEGs (csa2g263910 and csa4g463190) were upregulated in CK vs H and H vs H+Ca2+. For WRKYs, one gene (csa3g727990) related to JA-signaling was found downregulated under hypoxic stress (CK vs H) and was upregulated under exogenous calcium treatment (H vs H+Ca2+).




Figure 5 | Display of gene expression of transcription factors. Significantly DEGs (log2 fold changes (FC) ≥1, FDR ≤0.05) were visualized using Mapman software and organized into functional categories (BINs). Green indicates a decrease and red an increase in gene expression (see color set scale on top right corner). Detailed information on each gene and its expression level is listed in Supplementary Table S4.



There were a total of 13 calcium signaling-related DEGs identified, and 4 DEGs (csa2g336720, csa3g171210, csa3g912380, and csa4g091940) were upregulated under hypoxic stress (CK vs H). After applying the exogenous calcium, 31 DEGs were identified and 7 DEGs were found upregulated (H vs H+Ca2+). These upregulated DEGs including CDPK-related kinase1 (csa4g430830), calcium-dependent protein kinase 21 (csa6g513780) and calcium transporting ATPase (csa7g033290). For the glycolysis pathway, the majority of identified DEGs were upregulated under hypoxic stress and exogenous calcium treatment. There are four DEGs involved in encoding glyceraldehyde-3-phosphate dehydrogenase (csa1g050240), aldolase (csa3g750920), pyruvate kinase (csa5g580610), and phosphoglycerate (csa6g151120) were upregulated in CK vs H and further upregulated in H vs H + Ca2+ (Figure 6 and Supplementary table S5).




Figure 6 | Display of gene expression of calcium signaling and glycolysis. Significantly DEGs (log2 fold changes (FC) ≥1, FDR ≤0.05) were visualized using Mapman software and organized into functional categories (BINs). Green indicates a decrease and red an increase in gene expression (see color set scale on top right corner). Detailed information on each gene and its expression level is listed in Supplementary Table S5.





3.5 Identification of differentially expressed miRNAs and their targets under different treatments

We further analyzed the miRNA expression that responded to the hypoxic stress and exogenous calcium. A total of 56 known miRNAs and 30 novel miRNAs were identified to be differentially expressed and the Venn diagram showed the numbers of common and specific differentially expressed miRNAs in three comparison pairs (Figures 7A, B). Under hypoxic stress, the known miRNAs, such as miR166a-3p, miR2938, miR5568g-3p, miR6288b-3p, miR7484n, and miR8155, were upregulated and the miR164c-3p, miR166h-3p, miR2617a, miR4994-3p, miR7503, miR7545, miR7732-3p, and miR8165 were downregulated (Figure 7C, CK vs H). When exogenous calcium was applied, the known miRNAs, such as miR164c-3p, miR1869, miR2617a, miR3630-5p, miR398a-3p, and miR5236a, were upregulated and the miR2199, miR2938, miR3932b-5p, miR5568g-3p, miR6114-5p, miR6288b-3p and miR7484n were downregulated, compared to hypoxic treatment (Figure 7C, H vs H+Ca2+). As for novel miRNAs, the novel_mir_4, novel_mir_29, and novel_mir_35 were found downregulated under hypoxic stress and upregulated after using exogenous calcium. In addition, novel_mir_72, novel_mir_74, novel_mir_80, and novel_mir_81 were upregulated under hypoxic treatment and downregulated in response to exogenous calcium (Figure 7D and Supplementary table S6).




Figure 7 | Analysis of differentially expressed miRNAs of cucumber under hypoxia and hypoxia + CaCl2exogenous calcium treatment. (A) Venn diagrams for analysis of know miRNAs differentially expressed in the CK vs H, H vs H + Ca2+ and CK vs H + Ca2+ comparison. (B) Venn diagrams for analysis of novel miRNAs differentially expressed in the CK vs H, H vs H + Ca2+ and CK vs H + Ca2+ comparison. (C) Heatmap of differentially expressed known miRNAs. (D) Heatmap of differentially expressed novel miRNAs. The names of miRNA are shown in brackets. Blue indicates relatively low expression; red indicates relatively high expression. The heatmap relative value were calculate by log2 fold changes (CK/H), log2 fold changes (H/H + Ca2+) and log2 fold changes (CK/H + Ca2+), respectively.



The target genes of known and novel miRNAs were predicted to understand the biological functions of corresponding miRNAs. As shown in Table 3, several target genes of miR160a-5p were annotated as auxin response factors, the target genes of miR164c-3p encoded cellulose synthase-like protein, and the target genes of miR166m and miR2938 were related to a mitochondrial carrier protein and mitochondrial 28S ribosomal protein, respectively (Table 3 and Supplementary table S7). Some novel miRNAs were found to be involved in ubiquitin-protein ligase (novel_mir_4), beta-galactosidase (novel_mir_58), and cellulose synthase-like protein (novel_mir_81).


Table 3 | Candidate miRNA and their targets of know and novel miRNAs.





3.6 Verification of RNA-seq results with qRT-PCR

To vertify the RNA-seq data, 6 DEGs related to auxin-responsive protein family (csa7g448680), ABA signaling (csa4g618520), ethylene response factors (csa7g375820), lipoxygenase 1 (csa2g023880), bZIP (csa1g573650) and WRKY (csa3g727990) were selected and quantified by qRT-PCR (Figure 8). Overall, the qRT-PCR data were consistent with DEGs results and indicated that RNA-seq for counting transcripts reflects transcript abundance and can be used for gene expression analysis.




Figure 8 | Validation of RNA-seq data by qRT-PCR. The y-axis on the left indicates the differential expression of the gene for RNA-seq, and the y-axis on the right indicates the differential expression of the gene for qRT-PCR. cDNA analysis was performed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) amplification with specific primers designed by PRIMER 3 (Supplementary Table S8).






4 Discussion

Hypoxia, including waterlogging and flooding, is a serious abiotic stress that affects plant growth and causes yield reduction (Ambros et al., 2022). Because of the weak root system and root regeneration, cucumber seedlings are particularly sensitive to hypoxic stress (Qi et al., 2019). Nowadays, the rapid development of sequencing technology provided us with more analytical tools at the molecular level to study the regulatory mechanisms of plants in response to hypoxia (Liu et al., 2021). It is well known that the expression of genes involved in plant growth, development, biotic and abiotic stress response is regulated by transcriptional and post-transcriptional levels, and the miRNAs are usually associated with post-transcriptional regulation by cleaving mRNA transcripts or inhibiting translation (Liu et al., 2018). In this study, the transcriptomes and miRNAs of cucumber cultivar “Jinchun No.2” were analyzed to investigate the mediation mechanism of exogenous calcium to alleviate hypoxic stress. A list of differentially expressed genes and miRNAs related to hormone signaling, transcription factors, calcium signaling, and glycolysis were identified and comprehensively profiled.


4.1 The role of plants hormone signaling in the response to hypoxia and exogenous calcium

The major function of plant endogenous hormones is to regulate plant growth, development and fruit ripening, and also could improve the tolerance of the plant to environmental factors, such as hypoxic stress (Li et al., 2021). Ethylene, as a gaseous phytohormone and a signal of hypoxia, could be significantly increased by hypoxic stress in plants (Visser and Pierik, 2007) and affect the expression of genes related to ethylene synthesis, ROS-signaling, and antioxidant system, as well as promote the adventitious formation and cell wall degradation (Khan et al., 2020). On the other hand, ethylene also could improve the hypoxic tolerance of pretreated plants (Voesenek et al., 2016). In cotton, hypoxic condition stimulates the expression of ACS and ACO genes, leading to more ethylene synthesis and aerenchyma formation in hypoxia-resistant genotypes (Pan et al., 2022). Some other ethylene-related genes also have been identified under hypoxia, such as ethylene insensitive protein (EIN3) and ethylene receptor gene (ERF1) in Phalaris arundinacea (Wang et al., 2021b) and group VII Ethylene-Responsive Factors (ERF-VII) in Arabidopsis thaliana (Tang et al., 2021). Previous studies also indicated that auxin-responsive genes (IAA and SAUR) and auxin response factor genes (ARFs) participated in the process of the “auxin signaling pathway” to strengthen plant resistance to abiotic stress (Xie et al., 2020). In tomato, ethylene accumulation could induce auxin transport and accumulation in the stem, which results in the growth of new root system under flooding (Vidoz et al., 2010). Moreover, similar discoveries also have been reported in cucumber. For example, the ethylene accumulation and auxin biosynthesis in cucumber, which is mediated by upregulating CsACS1, CsACS2, and CsACO5, could promote adventitious roots (ARs) formation and enhance hypoxic tolerance under waterlogged conditions (Qi et al., 2019). These observations indicate that ethylene is often involved in the response to hypoxic stress in cucumbers along with auxin. A large number of DEGs related to ethylene and auxin pathway were observed in the current study. Under hypoxia, most DEGs involved in the ethylene signaling pathway were upregulated. Although the expression of some ACO and ERFs genes were downregulated, we also found four ERFs genes (csa2g177210, csa3g017320, csa3g135120, and csa4g641590) and some other genes were stimulated by exogenous calcium treatment (Figure 4 and Supplementary table S3). As for the auxin signaling pathway in our study, two auxin-responsive genes (SAUR-like genes) were significantly upregulated under hypoxia but five auxin-responsive genes were downregulated under hypoxia + CaCl2 treatment. Taken together, hypoxic stress could increase the expression of ethylene and auxin-related genes, and exogenous calcium could mitigate the hypoxic stress injury to cucumber seedlings by regulating the expression of these related genes (Figure 4 and Supplementary table S3).

Other plant hormones signaling pathways, such as ABA (abscisic acid signaling), GA (gibberellin signaling), SA (salicylic signaling), BA (6-benzylaminopurine signaling), cytokinin, and JA (jasmonate signaling pathway), were also significantly enriched by analyzing our transcriptome data using Mapman software. Under waterlogging or flooding, the first two stress signals involve ethylene and ROS, and then the hormonal network including ABA and GA. In the modulation of elongation growth under flooding stress, ethylene, ABA and GA usually act as a trigger, repressor, and promoter, respectively (Voesenek and Bailey-Serres, 2015). More decrease in ABA content was observed in rapidly elongating R. palustris under submergence stress, compared to that slowly elongating ecotypes (Chen et al., 2010). Three phytohormones content (ABA, IAA, and SA) in roots of S. tonkinensis seedlings showed a downward trend from 0 to 72 h in response to waterlogging stress (Chen et al., 2022). In more flooding tolerant Arabidopsis, the genes associated with ABA and ROS were found to have more activity, such as ABA REPRESSOR 1 (ABR1) (Voesenek et al., 2016). The ABA-induced ROS signaling also could activate Ca2+-permeable channels and simulate Ca2+ across the plasma membrane from internal stores (Danquah et al., 2014). We also have found many DEGs related to ABA signaling pathway were significantly upregulated by exogenous calcium in this study, including HYR1 (csa4g618520) and ABRs (csa5g352640, csa5g578990, and csa5g579000) (Figure 4 and Supplementary table S3). In the previous research of rice, the upregulation of the expression of mRNA encoding GA20ox was associated with increased concentrations of bioactive GA1 and GA4 in internode tissues (Ayano et al., 2014). A transcriptome study of soybean revealed that ABA signaling-related genes were upregulated, while GA signaling-related genes were downregulated under flooding stress. In addition, exogenous GA treatment can partially alleviate the germination of soybean seeds inhibited by flooding or hypoxia (Zhou et al., 2021). In our experiments, a majority of DEGs involved GA signaling pathway were also downregulated under hypoxic stress and exogenous calcium treatment (Figure 4 and Supplementary table S3). These results are consistent with previous studies and suggest that exogenous calcium could increase the hypoxic tolerance of cucumber seedlings through ABA and GA signaling pathways.

Previous research revealed that cytokinin can regulate the formation of parthenocarpic cucumber fruit (Wang et al., 2021a) and jasmonic acid can improve the resistance of cucumber to aphid infestation (Qi et al., 2020). Moreover, the upregulated jasmonic acid metabolism-related genes (LOX8, AOS1, AOC1, and JAR1) and downregulated cytokinin metabolism-related genes (IPT5-2, LOG1, CKX5, and ZOG2) are involved in the regulation of adventitious roots growth in wheat under waterlogged conditions (Nguyen et al., 2018). In our transcriptome data, hypoxic stress upregulated the expression of genes related to the jasmonates pathway, such as LOX1 (csa2g023880, and csa2g023890) and JAZ5 (csa3g645940), but one cytokinin synthase related gene (IPT5, csa6g237640) was downregulated. However, most of jasmonates and cytokinin pathway-related genes were downregulated under hypoxia with exogenous calcium treatment (Figure 4 and Supplementary table S3).



4.2 The role of transcription factors, calcium signaling, and glycolysis pathway in the response to hypoxia and exogenous calcium

The expression changs of transcription factors (TFs) play key roles in gene regulation and the abiotic response in plants (Licausi et al., 2011). It had been reported that the transcription factor WRKY, MYB, NAC, and bZIP partially involved in heat stress responses (Qi et al., 2021). We also had identified a large number of TFs by transcriptome data, and these differentially expressed transcription factors might affect the hypoxic resistance in cucumber.

The overexpression of spMYB in transgenic tobacco plants significantly elevated tolerance to salt and drought stress (Li et al., 2014). Liao et al. (2017) discovered that the MYB30 transcription factors, as a regulator of cytosolic free Ca2+, could positively regulate the oxidative stress response in Arabidopsis. In our experiment, we also discovered an MYB30 gene (csa1g009700) was significantly expressed under hypoxic stress, which suggested that MYB30 may regulate multi-stress responses in a variety of plants, including hypoxic stress and cucumber. Applying exogenous calcium, some MYB TFs, including MYB116 (csa1g042350), MYB84 (csa1g575180), and MYB4R1 (csa3g113280), were observed upregulated (Figure 5 and Supplementary table S4). We postulate that these MYB TFs might involve in the positive regulation of exogenous calcium in response to hypoxic stress in cucumbers. WRKY TFs families are considered to be the largest and most important family of transcription factors in plants and associate with the tolerance of various stresses, such as pests, pathogens, and hypoxia (Hsu et al., 2013). Recently studies have shown that hypoxic stress could induce the expression the WRKY12, WRKY22 and WRKY33 in Arabidopsis thaliana (Tang et al., 2021). As expected, the expression of WRKY48 (csa3g168410) and WRKY23 (csa7g407820) were found to be increased significantly under hypoxia, and exogenous calcium increased the expression of WRKY49 (csa4g296160), WRKY70 (csa3g727990), WRKY71 (csa6g139770) and WRKY75 (csa4g012390) (Figure 5 and Supplementary table S4).

Calcium signaling is very important for the regulation of stress response in plants, and the calcium influx is usually triggered by ROS signaling in response to salt, heat, drought and hypoxia (He et al., 2015; Liao et al., 2017; Ma et al., 2021). There are roughly three calcium sensors in plants to sense and transduce calcium signaling, namely calmodulin (CaM) and calmodulin-like proteins (CMLs), Ca2+-dependent protein kinases (CDPKs/CPKs), and calmodulin-dependent protein kinases (CaMKs) (Tortosa et al., 2019). Previous research showed that LlCaM3 could involve in heat resistance in lily (Lilium longiflorum) by interacting with LlWRKY39 (Ding et al., 2021). The osmoprotectant effect is another important function of calcium and had been demonstrated for a long time (Gerard, 1971). In Arabidopsis thaliana, AtCPK1 and AtCPK6 overexpression improved salt and drought tolerance, while AtCPK21 and AtCPK23 were related to the osmotic stress tolerance (Yip Delormel and Boudsocq, 2019). In this study, we identified many calcium signaling genes were upregulated under hypoxia + CaCl2 treatment, such as CaM1 (csa2g011480), CPK21 (csa6g513780), and CPK-related kinase 1(csa4g430830), compared to hypoxia treatment (Figure 6 and Supplementary table S5). The glycolysis metabolic pathway is the main way for plants to produce energy under anoxic conditions. The expression of glycolysis-related genes, including pyruvate decarboxylase (PDC), alcohol dehydrogenase (ADH), and alanine aminotransferase (AlaAT), would induce by hypoxic stress (Rocha et al., 2010; Licausi et al., 2011). The genes encoded aldolase (csa3g750920), phosphoglycerate/bisphosphoglycerate mutase (csa6g151120), phosphoenolpyruvate carboxylase (csa4g627210), and pyruvate kinase (csa5g580610) were upregulated under anoxic stress and were further upregulated after applying exogenous calcium in our study. These findings suggested exogenous calcium could alleviating the injury to cucumber caused by hypoxic stress via the calcium signaling pathway and enhancing the expression of those glycolysis-related genes.



4.3 The role of miRNAs in the response to hypoxia and exogenous calcium

Some essential and functionally important regulatory factors such as miRNAs, are most studies class of small RNA, and miRNAs can interact with their target genes to regulate plant growth, development, and stress responses (Wu et al., 2015). It has been reported some miRNAs, such as miR164d, miR167e, miR171f, and miR172c, are involved in the response to C. cassiicola in cucumber (Wang et al., 2018b). In the experiment of cucumber against powdery mildew, 156 known and 147 novel miRNAs were identified, including miR172c-3p, miR395a-3p, miR395d-3p, and miR398b-3p (Xu et al., 2020). When exogenous spermidine was used to mitigate heat stress in cucumber, 107 known and 79 novel miRNAs were observed to be differently expressed, such as miR2275-5p, miR394a, miR479b, and miR6475 (Wang et al., 2018c). In the analysis of the small RNA transcriptome of maize roots under submergence stress, 45 differentially expressed miRNAs were found, and these miRNAs were related to hormone signaling, redox homeostasis, miRNA biogenesis, and protein transport (Azahar et al., 2020). In our study, 56 known miRNAs and 30 novel miRNAs were identified, and those hypoxia-responsive miRNA families mentioned above were also found to be differently expressed in our dataset (Figure 7). For instance, the downregulation of miRNA164c-3p was consistent with a previous report about maize seedlings (Azahar et al., 2020). The report showed that some miRNAs belonging to miR164 family, such as miR164a, miR164b-5p and miR164c-5p, were down-regulated under submergence stressed. It is well known that the expression patterns of miRNAs do not always coincide with the expression patterns of target genes, so further experiment is needed to validate the functions of related genes.




5 Conclusion

Our transcriptome study highlights the effect of DEGs, miRNAs and their putative target genes associated with exogenous calcium to alleviate hypoxic stress in cucumber seedlings. The functional and signaling pathway analysis of DEGs revealed that exogenous calcium could associate with the hormone signaling pathway (ethylene, ABA, IAA, and cytokinin), transcription factors (MYB, MYB-related, bHLH, bZIP and C2C2-CO-like), calcium signaling and glycolysis pathway to mitigating hypoxic stress in cucumber seedlings. In addition, we also identified 56 known miRNAs, 30 novel miRNAs and their predicted target genes that responded to hypoxia and exogenous calcium. In summary, this work combined with the transcriptome and miRNA data will help and guide us to better understand and investigate the resistance mechanism by which exogenous calcium alleviates hypoxic stress in cucumber seedlings.
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Background

The implementation of the Millennium Forestry Plan was accompanied by growth discomfort exhibiting varying degrees of symptoms in some coniferous forests after the rainy season.





Hypothesis

High soil water content affects the underground root growth and distribution characteristics of conifers, and the above-ground parts show corresponding variability. To determine the factors contributing to the significant growth disparities among the three conifers in Xiong’an New Area after the rainy season, we conducted a study investigating the growth characteristics of conifers. This study involved analyzing the external morphology of the plants, assessing leaf pigment content, measuring the root morphological index and root vigor, as well as respiratory characteristics, to evaluate the growth attributes of their root systems in a high soil moisture environment.





Methods

In the “Millennium Forest” area of Xiong’an New Area, we selected three coniferous trees, Pinus tabuliformis, Pinus bungeana and Pinus armandii, and set up three standard sample plots for each conifer. The conifers were classified into 3 levels according to their growth performance (vigorous or suppressed), leaf condition (color change, wilting or not) and relevant grading criteria.





Results

(1) The growth of the three conifers displayed discernible differences in external morphology. Moreover, a decrease in growth condition corresponded to a reduction in crown size, ground diameter, diameter at breast height, leaf length, and new growths. (2) The root biomass, length, surface area, and root volume of conifers growing N class were significantly reduced than those of L class conifers. Conifers with a higher proportion of root systems in the 40-60 cm soil layer experienced more severe stress. (3) The significant decline in root respiration and vigor among all three conifer growth classes (M and N) suggested that the root system was undergoing anoxic stress, particularly at a soil depth of 40-60 cm where root respiration and vigor were notably reduced. (4) The persistent anoxic stress created by long-term exposure to high soil moisture content primarily impacted P. armandii to a greater extent than P. tabuliformis and P. bungeana. Additionally, the transporting and absorbing root ratios varied among conifers with differing growth conditions. The long-term high moisture environment also caused partial death of absorbing roots, which played a key role in the observed differences in growth. (5) As the soil depth increases, the soil water content increases accordingly. Plants with more root distribution in the deeper soil layers grow worse than those distributed in the top soil layers. Soil water content is related to aeration, root distribution, growth and growth of above-ground parts. The variability of root distribution and growth led to the differentiation of the growth of the above-ground part of the plant in terms of external morphology, which inhibited the overall plant growth. The results of the study provide a theoretical basis for the cultivation and management of three conifers in high soil moisture environments.
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1 Introduction

Water is essential for the growth of plants. However, if water content exceeds a certain limit, it may impede the absorption of oxygen by plant roots and negatively impact their normal growth and development, as well as their ability to absorb nutrients (Mu et al., 2022). Excessive water in soil can result in secondary stress, which can cause significant harm to plants. When there is a lack of oxygen in soil, it can adversely affect the absorption and supply of oxygen to roots, leading to anaerobic respiration and an accumulation of harmful substances like acetaldehyde and ethanol (Pai-Hsiang and Chian-Ho, 1996; Gao et al., 2022). The root system is not only vital for the growth of plants but also for their overall development. The development and extension of plant roots in soil are influenced by several factors, including water, fertilizer, air, heat, and others. For the root system to grow and develop properly, it requires the coordinated action of several factors. The distribution of plants and crop yield is significantly impacted by high soil water content, which has become a critical limiting factor due to global warming, extreme precipitation, rising groundwater levels, and unreasonable irrigation measures, among other factors. Given that the root system is in direct contact with the soil, it is particularly susceptible to environmental stress factors related to soil moisture content. Plants experience stress first and foremost in their root system, which then transfers to the shoot for exchange of materials and nutrients. The growth and nutrient levels of plants are directly influenced by the status of their root system. Therefore, studying the root system of plants in adverse environments is critical to understanding how they respond to stress and identifying ways to mitigate the detrimental effects.

The Xiong’an New Area is located in the Baiyangdian basin, with water resources totaling approximately 173 million m3, of which the proportion of underground water resources is more than 90% (Liu, 2019; Xu et al., 2019). It is a water-rich area with a high groundwater table, which leads to high soil water content in the rainy season. The goal of the “Millennium Forest” project in the Xiong’an New Area is to establish a natural forest that incorporates both landscape and recreational elements to achieve an overarching visual effect of year-round greenery, with blossoms throughout three seasons. To enhance the aesthetic quality and overall value of the forest, the percentage of evergreen trees in the area will be limited to a range of 20% to 30%. The primary evergreen trees planted in the area include Pinus tabuliformis, Pinus bungeana, Pinus armandii, Platycladus orientalis, and Sabina chinensis. Pinus armandii, belongs to the Cembra Spach sect of the genus Pinus and is characterized by its rapid growth, remarkable ability to adapt to changing environments, and ecological functions related to water and soil conservation. As such, it has become a critical species in areas that receive little rainfall, particularly in the drier regions of the western area (He et al., 2020; Yao et al., 2021). The unique Pinus bungeana is the only three-needled pine tree found in East Asia, characterized by a remarkable ability to tolerate dry conditions, thrive under direct sunlight, and grow amidst nutrient-poor soils and cold climates. Further, it has been observed that Pinus bungeana grows exceptionally well in relatively cool zones with deep, fertile, and calcium-rich soils (Guo et al., 2021; Duo and Gao, 2022). Pinus tabuliformis is a heliophilic species, preferring a cold, drought-prone, and infertile soil. It is suitable for deep, loose, and acidic soil that is well-drained and moist. It has developed roots and strong soil and water conservation ability, so it is one of the best pioneer tree species for mountain shelter forests and timber forests (Du et al., 2020; Wang, 2020).

With the implementation of the Millennium Forest Project, some coniferous forests have experienced different degrees of growth discomfort during the rainy season, which has had a great impact on the normal ecological function of the Millennium Forest. At present, there are few studies on coniferous forests in the Xiong’an New Area. Pinus tabuliformis, Pinus bungeana, and Pinus armandii, as the main conifers planted in the Xiong’an New Area, have shown an inadaptable growth phenomenon after the rainy season. We hypothesize that the higher soil moisture content in Xiong’an New Area affects the root growth and distribution of conifers, leading to differences in their above-ground growth. The aim of this study was to investigate the factors influencing the growth of conifers by assessing the external morphology, root growth status, root respiration, and overall vigor of three conifer species. The objective was to explore the reasons for growth variations in the different conifers within the Xiong’an New Area. The findings of this study provide a theoretical foundation for the selection of conifer species, the implementation of land preparation measures, and the application of mixed-species within the region. Additionally, this study offers a scientific basis for managing the “Millennium Forest” in an efficient and sustainable manner in the Xiong’an New Area.




2 Materials and methods



2.1 Experimental materials

The Located in the hinterland of Beijing, Tianjin, and Baoding, the Xiong’an New Area mostly covers the administrative areas of Xiong’an, Rongcheng, and Anxin counties in Hebei Province (including Baiyangdian Lake), with a planned area of approximately 1770 km2.The study area has a warm temperate monsoon continental climate with four distinct seasons. The annual average temperature here was 11.9 °C, the hottest monthly average temperature is 26.1 °C, the coolest monthly average temperature is -4.9 °C, the extreme maximum temperature reaches 40.9 °C, and the extreme minimum temperature is -21.5 °C. The annual sunshine is 2685 h; the annual average rainfall of 523 mm is mainly concentrated from June to September, accounting for 80%; the northerly wind has a maximum annual average wind speed of 2.1 m·s-1 throughout the year; and the frost-free period is 191 days. Low temperature, high temperature, strong wind, and rainy weather are the main limiting factors affecting the growth of tree species (Yi, 2021). The basic physical and chemical properties of soil in the study area are as follows: organic matter, 3.57 (g·kg-1); alkaline nitrogen, 125.18 (mg·kg-1); total nitrogen, 0.19 (g·kg-1); total phosphorus, 0.63 (g·kg-1); available phosphorus, 116.02 (mg·kg-1); pH 7.5 - 8.1.




2.2 Experimental design

In August 2022, three conifers (Pinus tabuliformis, Pinus bungeana, Pinus armandii) were selected from “Millennium Xiulin” aera (E116°2′19″, N38°59′40″) in the Xiong’an New Area. Then, we set three 20m×30m standard quadrats (9 quadrats in total). The plant growth of the three conifers was investigated. Some scholars took a 20% proportion of damaged leaves as the classification standard, which was then further divided into five levels (Ji et al., 2015). Other scholars took the proportion of dead leaves as the classification standard, and divided it into five levels: 0%, 0-20%, 20-50%, 50-70%, and > 70% (Meng et al., 2018). According to the growth performance (vigorous or inhibited growth), leaf status (color change, wilting or not), and grading standards of relevant researchers (Ji et al., 2015; Meng et al., 2018), a comprehensive evaluation was made by us. Plants were grouped into 3 levels following the severity of stress symptoms: L Level: vigorous growth; dark leaves; no discoloration and death. M Level: the growth was average; the leaf color was basically normal or light; slightly yellow; and the leaf mortality was less than 40%. N Level: growth is inhibited; leaves are wilted; curled or yellow; drooping; 40% ≤ leaf death. According to the stress levels (L, M, N), the 3 conifer types with different growth states were selected and numbered in 9 standard plots (each conifer type had 3 growth levels, 3 trees were selected for each level for a total of 27 trees) and we repeated the experiment 3 times. As can be seen from Table 1, the initial tree heights of P. armandii, P. bungeana and P. tabuliformis were 3.45m, 1.83m, and 1.84m respectively. Their initial crown widths were 1.71m, 1.18m, and 1.35m, respectively. Their initial ground diameters were 6.77cm, 3.73cm, and 7.23cm, respectively.


Table 1 | Basic information about the three selected conifers.






2.3 Materials and methods



2.3.1 Determination of tree growth indicators

The growth state of the sample tree was photographed. The leaf morphology was scanned by Win-RHIZO software. The new shoot and leaf length were measured with a straightedge. The tree height was measured with an SRC-1-30 quasi-continuous variable range altimeter (Harbin Optical Instrument Factory LTD, China). The diameter at breast height and the ground diameter were measured with a tape measure.




2.3.2 Determination of soil indexes

During August 2022, three sampling points were randomly chosen from the three standard coniferous sample plots. The soil layers from 0-20 cm, 20-40 cm, and 40-60 cm were collected by tapping the ring knife using a rubber hammer. The soil was excavated and evenly leveled to ensure that the soil volume matched the ring knife’s volume precisely. The ring knife soil samples were brought back to the laboratory with damping measures. Half soil samples were measured by drying method (Guo et al., 2022). The particle size was measured by a Bettersize 2000 laser particle size (Dandong Baxter Instrument Company), and the soil texture was analyzed by international texture classification. The maximum field moisture capacity and soil bulk density and porosity were measured by the ring knife method.

The rest of the soil samples were used to measure soil permeability. We removed the top cover of the ring knife with undisturbed soil samples, put it in a flat-bottom basin paved with quartz sand, and slowly injected clean water into the basin along the sidewall of the flat bottom basin. When the water surface falls below 2 mm of the upper edge of the ring knife, the injection of water was stopped. When a layer of water film appeared on the soil surface, it indicated that the soil was saturated. We covered the top cover of the ring knife that was soaked in water, removed the bottom cover, and wiped off the water on the sidewall of the ring knife with a dry towel. After 6 h of placement, the pressure gauge method was used to repeatedly measure the soil aeration inside the ring cutter 3 times, and then, the ring cutter was placed again at 40°C for 4 h (Yi, 2009). Following that, the ring knife was sealed at the top and bottom using a sealing film, and left for 6 hours before being removed for weighing to measure the aeration (Cheng et al., 2018). The above operations were repeated in turn until the ring cutter’s weight difference was within 0.1 g, and the experimental data were recorded. The soil aeration was calculated according to a formula. The correlation equation was established by taking the soil water content at different depths as the independent variable and the soil aeration coefficient as the dependent variable.




2.3.3 Determination of root index

Sampling was carried out around the trunk of the sample tree, with a radius of 20cm (Figure S1). The southeast side of the tree was selected and samples were taken from inside out, starting from A (20-40cm), B (40-60cm), C (60-80cm), D (80-100cm), E (100-120cm), F (120-140cm), G (140-160cm), H (160-180cm), and I (180-200cm), till the roots were no longer visible. The vertical depth was categorized into three layers: 0-20cm, 20-40cm, and 40-60cm. The root system was carefully extracted from the soil samples using a 0.15mm mesh and placed into self-sealing bags, which were labeled and kept refrigerated at 4°C until further analysis.

In the laboratory, the roots were washed several times with clean water, followed by the removal of all non-sample tree roots (including other plant roots). After selecting the roots, we placed them into labeled envelopes for further analysis. The Win-RHIZO software was used to measure the characteristic parameters of the fresh fine roots, including root length (Root Length, cm), root surface area (Surface Area, cm2), and root volume (Root Volume, cm3).

Various classifications of root diameters have been documented in the literature for different plant species (Wang et al., 2005; Guo et al., 2008). Gu et al. (2017) and Xie et al. (2014) defined root systems with diameters ≤ 0.5 mm and 0.5-2.0 mm as absorbing roots and transporting roots respectively, which are collectively called fine roots. Other authors (Hendrick and Pregitzer, 1993; Fogel, 1983; Fujita et al., 2021) have also reported that roots with diameters< 2 mm or< 5 mm are defined as fine roots, and some works have even reported that roots with smaller diameters, such as 0.5 mm or smaller, should be defined as fine roots (Pregitzer et al., 2002). Liu (2007) divided the roots of Pinus tabuliformis and Pinus bungeana into four levels according to their diameters (<1 mm, 1-2 mm, 2-5 mm and >5 mm). Based on the actual situation and the literatures, the diameter of root system was divided into I(<2mm), II(2-4 mm), III(4-6 mm), and IV(> 6 mm), in which ≤ 6 mm was an absorbing root and > 6mm was a transporting root. After scanning, the roots were dried at 80 °C to constant weight, and the biomass was measured.

Root respiration of fresh roots was measured by the alkali absorption method (Song et al., 2020) (Figure S2). A centrifuge tube was put into a large round bottle, and 5mL 0.4 mol·L-1 NaOH standard solution was added to a large round bottle. In total, 0.5 g of the root system was put into the large-cover centrifugal tube and covered it well. CO2 was released by root respiration sinks naturally and was absorbed by lye for 2 h at a certain temperature. The centrifuge tube was then removed. The 5 mL of saturated barium chloride solution and 2 drops of phenolphthalein (0.1ml in total) were added to a large, round bottle. Then, 0.1 mol·L-1 oxalic acid standard solution titrated the solution in the round bottle, and the amount of oxalic acid standard solution was recorded. The same method was used to perform blank titration. Root respiration was calculated as follows:

	

V1= Oxalic acid dosage for blank titration, mL; V2 = Oxalic acid dosage for sample titration, mL; C = Molar concentration of H2C2O4, mol·L-1; M = Quality of sample, Kg; t = Measured time, h.

The TTC method was used to measure root activity, with specific reference to plant physiology experimental guidance (Li and Zhang, 2016).




2.3.4 Determination of photosynthetic pigments

The contents of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids of three coniferous trees with different grading standards were determined with an acetone, ethanol, and water mixture (Hao, 2015). Three leaves (upper, middle and lower) from three parts of each tree were randomly collected. Then, the leaf samples were put into a refrigerator at 4°C and taken back to the laboratory for immediate determination. 0.1g of leaves were finely sliced and placed into the test tube. Then, 10 mL of the mixture (acetone: ethanol: water =4.5:4.5:1) was added to the test tube. The tube seal was placed in the dark overnight until the leaf filaments changed from green to white. Acetone-ethanol-water mixture (acetone: ethanol: water =4.5: 4.5: 1) was used as the control solution. The optical density of the extract at 663 nm, 645 nm, and 440 nm was determined by spectrophotometer. The contents of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid were calculated by the following formula:

	

	

	

	





2.4 Data processing

Excel and Origin were used to fit the response curve data. SPSS 18.0 data processing software was used for statistical analysis, and the least significant difference (LSD) method was used to check the significance of the difference when the P value was less than 0.05.





3 Results



3.1 Changes in soil water content and aeration at different depths

The proportion of soil particle size varied with soil depth (Figure 1A). The greatest proportion of clay content was recorded at a depth of 40-60 cm with a value of 7.25%, followed by 5.89% at 0-20 cm depth and 4.15% at 20-40 cm depth. With increasing soil depth, the proportion of silt was 29.88%, 21.38%, and 35.97%. The highest proportion of sand in the 20-40 cm soil was 74.47%, the lowest in the 40-60 cm soil was 56.78%, and the middle in the 0-20 cm soil was 64.23%. According to the soil texture, the soil in the sample plots was sandy loam. The soil water content increased with increasing soil depth(Figure 1B). At soil depths of 0-20 cm, 20-40 cm, and 40-60 cm respectively, the soil water content was measured to be 32.20%, 33.21%, and 52.09%. With increasing soil depth, the maximum field capacities of the soil were 50.94%, 41.44%, and 52.25%, respectively. The soil water content in the vertical direction accounted for 63.21%, 80.13%, and 99.69% of the field water capacity, respectively. The soil porosity was 20-40 cm > 0-20 cm > 40-60 cm at different soil depths, respectively (Figure 1C). The bulk density of 40-60 cm soil was 1.34 g·cm-3 higher than the 1.27 g·cm-3 and 1.17 g·cm-3 of the 0-20 cm and 20-40 cm soils, respectively. With increasing soil water content, soil aeration decreased (Figure 1D). At 0-20 cm, the correlation between the water content and air permeability was the lowest (R2 = 0.8543). At 20-40 cm, the correlation between water content and air permeability was R2 = 0.892. The highest correlation between soil water content and the soil permeability coefficient was found at the 40-60 cm soil depth (R2 = 0.9601).




Figure 1 | Soil propriities: (A) Soil composition; (B) Soil moisture content and field capacity; (C) Soil bulk density and porosity; (D) Relations among soil water content and permeability coefficient. Note: Different small letters in the same column meant significant difference at 0.05 level among soil depth.






3.2 Changes in phenotypic growth of the three conifers

The L-level conifers were dark green; the leaves of the M-level conifers were light green; and the leaves of the N-level conifers showed senescence, yellowing, and even wilting at the top of the leaves (Figures 2, 3). In addition, and the length of the conifers became shorter with the deterioration of tree species growth (Table 2). The leaf length of P. tabuliformis was longer than that of P. bungeana; the shortest leaf length of P. armandii needles were, in order, Pa-N< Pa-M< Pa-L, and the difference was significant (P< 0.05). The leaf lengths of N-level and L-level needles decreased by 34.68%, 30.32%, and 32.57% respectively, for P. armandii, P. tabulaeformis and P. bungeana. There was a gradual reduction in the length of shoots with the increasing severity of plant damage. Compared with Pa-N, the shoot growth of Pa-L, and Pa-M increased by 219.32% and 59.45%, respectively. Compared with Pb-N, Pb-L and Pb-M increased by 338.62% and 136.32%, respectively.




Figure 2 | Phenotype of three conifers.






Figure 3 | Leaf phenotypes of three conifers.




Table 2 | Growth phenotype of three conifers under different growth conditions.



Some conifers showed symptoms of injury (Table 2). The tree height of P. armandii and P. bungeana increased with the aggravation of damage in the M- and N- levels, while the index of crown width decreased with the aggravation of damage. The tree height and crown width of P. tabulaeformis showed that Pt-L > Pt-M > Pt-N. The diameter at breast height and the ground diameter of the three conifers exhibited a decline with the worsening of damage severity.

Different small letters in the same column meant significant difference at 0.05 level among the same tree species. The same below.




3.3 Changes in chlorophyll a, b and carotene contents of three conifers

There was a gradual decrease in the photosynthetic pigment content in the three coniferous trees with increasing stress levels. The order of chlorophyll a content from high to low was L>M>N (Table 3). Compared with the growth N-level growth, the chlorophyll a content in L-level P. armandii, P. bungeana and P. tabulaeformis increased significantly by 1.32, 0.97 and 2.34 times, respectively. Compared with the growth N level growth, the chlorophyll b content in Pa-M, Pb-M, and Pt-M increased by 5.83%, 4.64% and 2.08% respectively. The carotenoid content of the three coniferous trees under different growth conditions was significantly different. Compared with growth M-level growth, the carotenoid content of the growth N-level (Pb-N, Pa-N, Pt-N) of the three coniferous trees decreased by 23.57%, 31.05%, and 27.56%, respectively.


Table 3 | Photosynthetic pigment concentrations of three conifers.






3.4 Changes in root morphology of three conifers



3.4.1 Root biomass

Root biomass is an indicator reflecting the growth ability of the root system. A higher biomass indicates stronger nutrient and water absorption capacity of the roots. Root biomass can adapt to environmental changes, and the horizontal and vertical distribution of biomass directly reflect the distribution characteristics of the root system (Xiao et al., 2018). The horizontal range of the root distribution of P. bungeana was 20-80 cm (Figure 4A). The proportion of root biomass in Pb-L and Pb-M increased initially with the expansion of the horizontal range, but later exhibited a decline. Moreover, the root biomass of these trees significantly decreased with an increase in soil depth (Figure 4D). There was a significant upward trend in the proportion of Pb-N root biomass as the soil depth increased. However, beyond a certain soil depth, the proportion decreased notably. The proportion of root biomass in horizontal layer A of Pb-L at 20-40 cm and 40-60 cm was 15.1% and 37.85% lower than that at 0-20 cm, respectively. The proportion of root biomass in horizontal layer A of Pb-M at 20-40 cm and 40-60 cm was 28.38% and 41.29% lower than that at 0-20 cm, respectively. The proportion of root biomass in horizontal layer A of Pb-N at 20-40 cm and 40-60 cm was 47.32% and 14.07% lower than that at 0-20 cm, respectively. At the depth of 20-40 cm, the proportion of root biomass of Pb-N and Pb-L was significantly lower than that of Pb-M; at 40-60 cm, it showed a significant increasing trend (Figure 4G).




Figure 4 | Effect of high soil water content on root biomass of three conifers. Horizontal and vertical distribution of root biomass of three conifers: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis; The proportion of biomass distribution of three conifers: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis. Vertical distribution of root biomass of three conifers: (G) P. bungeana; (H) P. armandii; (I) P. tabulaeformis.



The root system of Pa-L demonstrated the most extensive distribution in the topmost soil layer, 0-20 cm from the base of the tree. Notably, even at a distance of 180-200 cm from the tree base, there remained a notable distribution of root biomass, which measured 2.1g. At a depth of 20-40 cm, the root system was 160-180 cm away from the tree body. At a depth of 40-60 cm, it was only distributed 60-80 cm away from the tree body (Figure 4B). The proportion of the root biomass of Pa-L increased first and then decreased with the expansion of the horizontal range at a depth of 0-40 cm, and it significantly decreased with increasing soil depth (Figure 4E). The expanding horizontal range was associated with a decrease in the proportion of root biomass in both Pa-M and Pa-N. The proportion of the root biomass of P. armandii at 0-20 cm decreased significantly with the deterioration of growth: 53.32%, 48.37% and 28.4% respectively (Figure 4H). At 20-40 cm, the proportion of the root biomass of Pa-L, Pa-M and Pa-N was 34.21%, 21.86%, and 31.41%, respectively, showing a significant difference. There was a significant enhancement in the proportion of P. armandii root biomass observed at a depth of 40-60 cm, which was consistent with higher growth grading of the tree. The proportion of the root biomass of Pa-M at different soil depths was as follows: 0-20 cm>40-60 cm>20-40 cm. The proportion of Pa-N’s root biomass at different soil depths was as follows: 0-20 cm<20-40 cm<40-60 cm.

The Pt-L roots were still distributed 100-120 cm away from the tree body; the root distribution range of Pt-M and Pt-N was 60-80 cm at most (Figure 4C). With increasing soil depth, the proportion of the root biomass of Pt-L gradually decreased significantly (Figure 4F). The proportion of root biomass in Pt-L showed an initial rise followed by a decline as the horizontal distance from the tree’s base increased, at a depth between 0-40 cm. At a depth of 40-60 cm, it decreased with increasing horizontal distance. At different soil depths, the proportion of the root biomass of Pt-M first increased and then decreased with increasing horizontal distance. The proportion of root biomass of Pt-M at different soil depths was as follows: 0-20 cm>40-60 cm>20-40 cm. The proportion of Pt-N’s root biomass in different soil depths was as follows: 0-20 cm<40-60 cm<20-40 cm. With an increase in horizontal distance, there was a reduction in the proportion of root biomass observed in Pt-N. The root biomass of P. tabulaeformis at different soil depths and different growth states showed significant differences (Figure 4I): Pt-M>Pt-L>Pt-N at 0-20 cm, Pt-N>Pt-L>Pt-M at 20-40 cm, and Pt-L<Pt-M<Pt-N at 40-60 cm.




3.4.2 Root length

The length of a plant’s root system is an indicator of its developmental status, absorption capacity, and ability to withstand stress. When the soil depth was 0-20 cm, the root lengths of Pb-L, Pb-M, and Pb-N in horizontal range C were 9.3%, 32.26%, and 37.27% less than those in B, respectively (Figure 5A). The root length of Pa-N increased significantly with the increase of soil depth in the A-class range, but increased first and then decreased in the C-class range (Figure 5B). The root length of Pt-L decreased with increasing soil depth. Under different soil depths, the root length of Pt-M was different from that of Pt-L: 20-40 cm< 40-60 cm<0-20 cm. The Pt-N root length in different soil depths was as follows: 0-20 cm< 40-60 cm< 20-40 cm (Figure 5C). There was a gradual reduction in the lengths of both absorbing roots and transporting roots of the three conifers, in response to increasing soil depth. There was a decrease in the lengths of both absorbing roots and transporting roots of the three coniferous trees as growth levels increased at the same soil depth. Furthermore, we found that transporting roots were longer compared to the absorbing roots. (Figures 5D–F). Root surface area also showed the same trend as root volume. The ratio of root length to Pa-L of Pa-M and Pa-N increased with the increase of soil depth; The ratio of Pt-M root length to Pt-L decreased first and then increased with the increase of soil depth, while Pt-N increased first and then decreased (Figures 5G–I).




Figure 5 | Effect of high soil water content on root length of three coniferous trees. Distribution of root length of three coniferous trees in the horizontal and vertical directions: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The vertical distribution of the length of three coniferous trees grading roots: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis. The ratio of grading root length of three coniferous trees to L-level in the vertical direction, respectively: (G) P. bungeana; (H) P. armandii; (I) P. tabulaeformis.



With the increase in soil depth, the length proportion of the transport roots and absorption roots decreased gradually for Pb-L and Pb-M (Figure 6A). The distribution of Pb-N transport root length varied with soil depth, following the pattern of 0-20 cm > 40-60 cm > 20-40 cm. The proportion of transport root length decreased significantly with the deterioration of the growth of P. armandii at the 0-20 cm depths (Figure 6B). A contrasting trend was observed in the 20-40 cm and 40-60 cm soil layers, where there was a significant increase in the proportion of transport root length. At a depth of 0-20 cm, the root length proportion of transport and absorption root of Chinese pine in different growth states was significantly different, and Pt-N was the smallest (Figure 6C).




Figure 6 | Effect of high soil water content on the proportion of root length of three conifers. The proportion distribution of root length of graded root: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The proportion of root length in vertical direction: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis.



The distribution of root system length proportions differed amongst the three coniferous trees at varying soil depths. (Figures 6D–F). When the soil depth was 0-20 cm, the root length proportion of P. bungeana, P. armandii, and P. tabulaeformis from large to small, were Pb-L>Pb-M>Pb-N, Pa-L>Pa-M>Pa-N, and Pa-M>Pa-L>Pa-N. When the soil depth was 20-40 cm, the of root length proportions of P. bungeana, P. armandii, and P. tabulaeformis, from large to small,were Pa-M>Pa-N>Pa-L, Pa-N>Pa-M>Pa-L, and Pa-N>Pa-L>Pa-M. When the soil depth was 40-60 cm, the proportion of root length of P. bungeana, P. armandii and P. tabulaeformis from large to small was: Pa-N>Pa-M>Pa-L, Pa-N>Pa-M>Pa-L, Pa-M>Pa-N>Pa-L. At different levels of stratification, the root surface area of the three coniferous trees exhibited a similar trend to that of the root length.




3.4.3 Root surface area

The root surface area of the three coniferous trees exhibited a similar pattern across different horizontal stratification levels. Pb-L and Pb-M root surface area exhibited an initial upsurge followed by a decline with expanding horizontal space. Furthermore, the root surface area displayed a gradual reduction upon an increase in soil depth (Figure 7A). The root surface area of Pb-N increased first and then decreased with the increase of horizontal direction, and decreased first and then increased with the increase of soil depth. The root surface area of Pa-L first increased and then decreased with increasing horizontal direction (Figure 7B). The root surface of Pa-M and Pa-N decreased with increasing horizontal direction. In the vertical direction, the root surface areas of Pa-L, Pa-M and Pa-N were 0-20 cm>20-40 cm>40-60 cm, 0-20 cm>40-60 cm>20-40 cm, 0-20 cm<20-40 cm<40-60 cm respectively. Under different growth conditions, the root surface area of P. tabulaeformis first increased and then decreased with increasing horizontal direction (Figure 7C). In the vertical direction, Pt-L and Pt-M in the horizontal direction A, compared with 0-20 cm, the root surface areas of 20-40 cm and 40-60 cm decreased by 11.95% and 35.14% respectively 40.51% and 33.75%. In horizontal direction A of Pt-N, the root surface areas of 20-40 cm and 40-60 cm increased by 160.53% and 100.58% respectively compared with 0-20 cm.




Figure 7 | Effect of high soil water content on root surface area of three coniferous trees. Distribution of root surface area of three coniferous trees in the horizontal and vertical directions: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The vertical distribution of the surface area of three coniferous trees grading roots: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis. The ratio of grading root surface area of three coniferous trees to L-level in the vertical direction, respectively: (G) P. bungeana; (H) P. armandii; (I) P. tabulaeformis.



With increasing growth grading at the same soil depth, the root surface area of both absorbing roots and transporting roots of the three coniferous trees underwent a substantial decrease, with the surface area of absorbing roots being lower compared to that of transporting roots (Figures 7D–F). The ratio of Pb-N root surface area to Pb-L increased with increasing soil depth; The ratio of root surface area to Pb-L of Pb-M increased first and then decreased with increasing root diameter at 0-40 cm, and the ratio of root surface area to Pb-L of Pb-N at 40-60 cm was higher than 0-40 cm (Figures 7G–I). As the soil depth increased, there was a rise in the ratio of root surface area to Pa-L in both Pa-M and Pa-N. The ratio of root surface area to Pt-L was higher at 40-60 cm soil depth than at 0-40 cm, and the ratio of root surface area to Pt-L was lower at 0-20 cm soil depth than at 20-60cm.

At a depth of 0-20 cm, Pb-L demonstrated a markedly higher proportion of transport root surface area compared to Pb-M and Pb-N (Figures 8A–C). In the 40-60 cm soil layer, the proportion of transport root surface area was Pb-N>Pb-M>Pb-L, showing a significant difference. Pa-L exhibited a significantly higher proportion of transport root surface area at a depth of 0-20 cm compared to Pa-M and Pa-N. The proportion of transport root surface area of Pa-N in 40-60 cm soil layer was significantly higher than that of Pa-L and Pa-M. At a 0-20 cm soil depth, Pt-L exhibited a notably higher proportion of absorbing root surface area as compared to Pt-M and Pt-N. The proportion of root surface area of three coniferous trees was different at different soil depths (Figures 8D–F). At a depth of 0-20 cm, the proportion of root surface area of 3 kinds of conifers were Pb-L>Pb-N>Pb-M, Pa-L>Pa-M>Pa-N, Pt-L>Pt-M>Pt-N. At the depth of 40-60 cm, the proportion of root surface area of P. bungeana, P. armandii and P. tabulaeformis of N and L grades increased by 29.41%, 191.02% and 27.89%, respectively.




Figure 8 | Effect of high soil water content on the proportion of root surface area of three conifers: The proportion distribution of root surface area of graded root: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The proportion of root surface area in vertical direction: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis.






3.4.4 Root volume

The root volume of Pb-M first increased and then decreased with an increasing horizontal range at different soil depths (Figure 9A). The root volumes of Pb-L and Pb-N first increased and then decreased with an increasing horizontal range at 0-40 cm depth and decreased gradually at 40-60 cm depth. A gradual reduction in the root volumes was observed for both Pa-M and Pa-N as the horizontal range distance increased (Figure 9B). With increasing soil depth, the root volume of Pa-L showed a downwards trend, while that of Pa-N showed a reverse trend. The root volumes of P. tabulaeformis trees first increased and then decreased with increasing horizontal range distances at different soil depths (Figure 9C). At the same level, the root volumes of Pt-L, Pt-M, and Pt-N in different soil depths were 0-20 cm>20-40 cm>40-60 cm, 0-20 cm > 40-60 cm > 20-40 cm, and 0-20 cm< 40-60 cm< 20-40 cm.




Figure 9 | Effect of high soil water content on root system volume of three coniferous trees. Distribution of root volume of three coniferous trees in the horizontal and vertical directions: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The vertical distribution of the volume of three coniferous trees grading roots: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis. The ratio of grading root volume of three coniferous trees to L-level in the vertical direction, respectively: (G) P. bungeana; (H) P. armandii; (I) P. tabulaeformis.



The volume of the transport roots of the three conifers at the same soil depths decreased significantly with the deterioration of tree growth (Figures 9D–F). The ratio of the Pb-M root volume to the Pb-L increased first and then decreased with the increase of root diameter at 0-40 cm (Figures 9G–I). The ratio of root volume to Pa-L of Pa-M and Pa-N increased with the increase of soil depth. The ratio of Pt-M root volume to Pt-L was higher than 0-40 cm at a 40-60 cm soil depth.

In the 0-20 cm soil layer, the transport root volume proportion of Pb-L was significantly higher than that of Pb-M and Pb-N (Figures 10A–C). In the 40-60 cm soil layer, the transport root volume proportion was Pb-N>Pb-M>Pb-L, showing a significant difference. The percentage of Pa-N transport root volume in the 40-60 cm soil layer was significantly higher than that of Pa-L and Pa-M. The volume proportion of transport roots and absorbing roots of Pt-N at 20-40 cm was significantly higher than that of Pt-L and Pt-M. The root volume proportions of P. armandii, P. tabulaeformis and P. bungeana under different growth conditions at 20-40 cm were Pa-L>Pa-M>Pa-N, Pt-N>Pt-L>Pt-M, Pb-L>Pb-N>Pb-M (Figures 10D–F).




Figure 10 | Effect of high soil water content on the proportion of root volume of three conifers. The proportion distribution of root volume of graded root: (A) P. bungeana; (B) P. armandii; (C) P. tabulaeformis. The proportion of root volume in vertical direction: (D) P. bungeana; (E) P. armandii; (F) P. tabulaeformis.







3.5 Changes in root activity of three conifers

Root activity is closely related to the absorption levels of water and mineral nutrients by plant roots in the environment, which directly affects the plant’s growth and material accumulation (Qian et al., 2022). Under adverse conditions, root activity is an essential physiological indicator reflecting a plant’s ability to resist stress, and it directly affects the plant’s growth conditions (Liu et al., 2023). The root activity of the three coniferous species increased first and then decreased with increasing soil depth: 20-40 cm>0-20 cm>40-60 cm (Figure 11). Root activity demonstrated a decline with not only the deterioration of conifer growth status but also with an increase in root diameter. Compared with Pb-N, the root activity of Pb-L and Pb-M increased significantly by 132.83% and 110.1%, respectively, in 40-60 cm soil layers. (Figures 11A, D). At the same root diameter, the root activities of Pb-N, Pb-M and Pb-L showed the following trend: Pb-N<Pb-M<Pb-L. The root activity of P. armandii in the vertical soil direction was 40-60 cm<0-20 cm<20-40 cm (Figures 11B, E). Compared with Pa-N, the root activity of Pa-L at 0-20 cm, 20-40 cm and 40-60 cm increased by 53.27%, 46.38% and 70.45%, respectively. The root activity of P. armandii decreased with increasing root diameter and presented the following trend: Pa-L>Pa-M>Pa-N. The root activity of P. tabulaeformis decreased with increasing root diameter and presented a trend of Pt-L>Pt-M>Pt-N (Figures 11C, F). The root activity of P. tabulaeformis in the vertical direction showed a trend of 20-40 cm > 0-20 cm > 40-60 cm in soil depths and a trend of Pt-L > Pt-M > Pt-N at the same soil depths.




Figure 11 | Effect of high soil water content on root activity of three conifers: (A) Changes in root activity in hierarchical roots of P. bungeana; (B) Changes in root activity in hierarchical roots of P. armandii; (C) Changes in root activity in hierarchical roots of P. tabulaeformis; (D) The root activity of P. bungeana hierarchical roots changed in the vertical direction of soil; (E) The root activity of P. armandii hierarchical roots changed in the vertical direction of soil; (F) The root activity of P. tabulaeformis hierarchical roots changed in the vertical direction of soil.






3.6 Changes in root respiration of three conifers

The root respiration of three coniferous trees gradually decreased with increasing root diameter, and showed the following trend at different soil depths: 20-40 cm > 0-20 cm > 40-60 cm (Figures 12A–C). The root respiration rates of the three conifers decreased gradually with increasing growth status: Pb-L>Pb-M>Pb-N, Pa-L>Pa-M>Pa-N, and Pt-L>Pt-M>Pt-N. At the same soil depths, the root respiration of three conifers under different growth conditions were significantly different. The root respiration rates were as follows: Pa-L>Pa-M>Pa-N, Pb-L>Pb-M>Pb-N, and Pt-L>Pt-M>Pt-N (Figures 12D–F). With increasing soil depth, the root respiration of the three conifers showed a trend of first rising and then declining: 20-40 cm>0-20 cm>40-60 cm. At a depth of 20-40 cm, there was a significant increase in the root respiration of Pa-L and Pa-M as compared to the other two soil layers. Compared with the other two soil layers, the root respiration rate of Pa-N decreased significantly at 40-60 cm. With increasing soil depth, the root respiration rates of Pt-N and Pt-L decreased by 47.54%, 40.86%, and 33.60%. At a 0-20 cm soil depth, Pb-L and Pb-M increased by 45.21% and 31.66% respectively, compared with Pb-N. At a 40-60 cm soil depth, the Pb-L and Pb-M root respiration rates increased by 34.31% and 18.38%, respectively, compared with Pb-N.




Figure 12 | Effect of high soil water content on root respiration of three conifers: (A) Changes in root respiration in hierarchical roots of P. bungeana; (B) Changes in root respiration in hierarchical roots of P. armandii; (C) Changes in root respiration in hierarchical roots of P. tabulaeformis; (D) The root respiration of P. bungeana hierarchical roots changed in the vertical direction of soil; (E) The root respiration of P. armandii hierarchical roots changed in the vertical direction of soil; (F) The root respiration of P. tabulaeformis hierarchical roots changed in the vertical direction of soil.







4 Discussion



4.1 Relationship between soil texture, water content, and aeration at different depths

Soil texture, namely, soil mechanical composition, refers to the relative proportion of soil particles at all levels in the soil and their sand viscosity properties (Kou et al., 2013). Lighter soil has more macroporous structures inside. Therefore, it has high water conductivity and good internal connectivity, which makes the infiltration capacity of soil water stronger (Zhang et al., 2005). Clay is a component of soil colloids and an important material basis for the formation of fertile soil structures. Consequently, clay content directly affects the coordination of many factors such as soil water, fertilizer, gas, and heat (Zhang, 1988). This is consistent with the results of this study. Compared with the surface soil, the 40-60cm soil had higher clay content, lower sand content and higher water content and poor permeability. A high surface temperature in the rainy season may lead to o the significant evaporation of surface soil water (Li et al., 2021). Moreover, the 40-60 cm soil layer was characterized by a predominant clay content in combination with a low sand content, heavy texture, and poor water infiltration capability. These factors could potentially account for the high water content observed in this soil layer (Tan et al., 2019; Wu et al., 2022). When water occupies the pores of the soil, the air in the soil is squeezed out, which may indirectly lead to the lowest permeability coefficient of 40-60cm soil. Soil surface evaporation may be higher in summer when grass plants are abundant. Thus the water consumption of 0-20cm soil on the surface is larger, and its water content is lower than that of 20-40cm soil (Shen, 2021).

Excessive soil moisture content leads to the replacement of air in the soil pores (especially O2) with water, resulting in a significantly lower diffusion rate of air in water (one-tenth that in air). Thus, due to the slow diffusion of gas in the soil and the competition between soil microorganisms and crops for residual oxygen in the soil, the O2 in the soil is rapidly reduces, and the aerobic respiration of roots is affected (Blom and Voesenek, 1996; Panozzo et al., 2019). The growth and development of peach (Wang et al., 2022), kiwifruit (Yuan et al., 2022) and willow (Yang et al., 2022) are inhibited in anoxic environments. In our experimental conditions, the three coniferous trees were in a high water content environment, which resulted in anoxia in the rhizosphere soil. Under anoxic environment, trees not only change their shape, but also initiate physiological and ecological mechanisms to alleviate the harm caused by stress. In this study, soil permeability decreased with the increase of soil water content. Additionally, Xiong’an New Area has increased rainfall in the rainy season; the groundwater level becomes high, which causes the soil to be in a high water content environment for a long time. Furthermore, the three conifers exhibit robust tolerance to drought while also demanding high levels of root respiration. Thus soil with high water content is harmful to them (Jin and Peng, 2022; Bing, 2021; Zhao et al., 2021).




4.2 Effects of high soil water content on the phenotypes of three conifers

In response to external biological or abiotic factors, plants adjust or alter their morphological structures to mitigate potential disaster (Peter and Liina, 2000). The harm of soil high humidity stress to plants is mainly caused by secondary stress caused due to excessive soil water, such as hypoxia or anoxia. In the absence of oxygen, plants undergo modifications in their morphological structures and display indications such as leaf yellowing, drooping, leaf curling, and wilting. In addition, the growth of new leaves and shoots is inhibited and senescence is accelerated (Ploschuk et al., 2018). Over time, the growth rate of plants decelerates, and they may eventually wither and die (Zhang et al., 2019). When exposed to high soil moisture environments, plants exhibit predominant signs, such as lack of leaf development, chlorophyll loss, paleness, curling, decay, and lodging (Zhang, 2019). The mulberry experiment also verified this conclusion (Rao et al., 2021). And the N-level of three conifers showed the phenomena of leaf wilting and withering. High water stress in plants can result in the production of detrimental compounds such as reactive oxygen species (ROS). These compounds can swiftly target the chloroplasts in leaves, ultimately leading to the onset of chlorosis and senescence (Yordanova et al., 2004). Another reason is that the increase in anaerobic respiration and hypoxia will lead to the excessive accumulation of carbon dioxide and toxic compounds, leading to accelerated senescence and abscission (Ou et al., 2011).




4.3 Effect of high soil water content on photosynthetic pigments of three coniferous leaves

Under soil water stress, plants undergo intensified chlorophyll degradation, leaf aging, and decreased photosynthetic performance (Ni et al., 2016; Zhang et al., 2022). Chlorophyll is a carrier for plants to absorb, transfer, and convert light energy in photosynthesis (Ning et al., 2021). Carotenoids can not only assist plants in light absorption but also act as antioxidants to remove free radicals generated in photorespiration (Cao et al., 2003). The test results showed that the high soil water content had an impact on the photosynthetic pigments of three coniferous leaves, and the contents of chlorophyll a, chlorophyll b and carotenoids in the leaves showed a downwards trend, which was similar to the previous research results of Paulownia forunei, Camelina sativa and cotton (Liu X, et al., 2020; Zhang et al., 2021; Stasnik et al., 2022). The accumulation of active oxygen in conifers during hypoxic or anoxic conditions is believed to exacerbate the peroxidation of membrane lipids found in chloroplasts. This, in turn, can inflict damage on the chlorophyll membrane system and accelerate the degradation of chlorophyll.




4.4 Effect of high soil water content on the root biomass of three conifers

Plant biomass is the most direct indicator of plant growth status and environmental adaptability. Most studies have shown that high soil moisture harms plant growth, and changes in plant biomass are the most direct reflection of adaptation to an environment. On the other hand, plant root systems are considered the earliest and most sensitive sites for injury due to hypoxia (Chen et al., 2015). It has been found that plant root biomass and root shoot ratios will decrease due to hypoxia (Guo et al., 2011). The root growth of alfalfa and soybeans is inhibited in anoxic environments, and the inhibition of root systems is strengthened with an increase in oxygen content in soil (Dong, 2011; Yan, 2013). The same conclusion was reached in this study. The root biomass, in order, of the three coniferous trees was L>M>N. The main reason was that the planting depths of M and N trees level were deep. The water content in the soil with a vertical depth of 40-60 cm was higher than at 0-40 cm, the oxygen content was lower than at 0-40 cm, and the inhibition effect on the root system was greater than at 0-40 cm. The root biomass ratio of P. bungeana showed different trends in 0-40 cm and 40-60 cm under three different growth conditions. It may be that the reduction in soil oxygen content caused a stress reaction in P. bungeana. The root biomass ratio of P. tabuliformis showed different trends in 0-40 cm and 40-60 cm under three different growth conditions. The differences in their growth may be because the oxygen stress in the deep soil was stronger than in the surface soil. A higher proportion of root biomass in deep soil layers corresponds to greater stress levels. This disproportion impedes the complete fulfillment of soil root respiration metabolism, thus diminishing the supply of water and nutrients to the ground.




4.5 Effect of high soil water content on root morphology of three coniferous trees

The soil environment as well as the function of vegetation is determined by the spatial distribution features of roots. The distribution properties of roots significantly influence the soil environment and the development of intricate above-ground components. At the same time, they are also affected by soil ecological environmental conditions. They are the link between plants and the environment, and they are especially affected by water and ventilation conditions (Song and Wang, 2007). Differences in the distribution patterns of plant root systems are not only related to biological characteristics but are also influenced by environmental factors such as nutrients, water, and space. These adaptations allow plants to stabilize their own growth and strengthen the absorption of soil nutrients and water, resulting in unique growth forms. Root length, surface area, and volume reflect the occupation of resources by root systems and the plant’s ability to absorb soil nutrients and water (Pan et al., 2022). Root morphology plays a crucial role in the absorption and utilization of water and nutrients by roots (Lynch, 1995), and can respond to changes in soil moisture to some extent (Comas et al., 2013). For example, root length, surface area, and volume are vital indicators directly related to soil moisture (Zeng et al., 2013).

In moist soil environments, roots cannot acquire ample oxygen to carry out aerobic respiration. As directly damaged organs, their morphological development is often significantly affected (Peng et al., 2020). Due to anoxic stress and high soil water content, the photosynthetic performance of the aboveground parts of the plants decreases, which leads to a reduction in the distribution ratio of photosynthate to the root system; the growth of the root system is blocked; the total amount of the root system is reduced, leading to programmed cell death; and, ultimately, the volume, length, and surface area of the root system are significantly reduced (Voesenek et al., 1989; Rubio et al., 1995; Mohd et al., 2010). Ma found that water stress significantly reduced wheat root volume, length, and surface area (Ma et al., 2020). Li’s research on alfalfa showed that water stress significantly inhibited the growth of alfalfa storage roots, and root length, volume, and surface area showed a downward trend (Li et al., 2020). However, some research results have shown that the total root length, surface area, and volume of Daphne grandiflora increased first and then decreased (Long et al., 2022). This study indicated that high soil moisture significantly hampers the growth and development of the root systems of the three conifer species. The root length, surface area, and volume trend of the three conifers was L>M>N. The root distribution range of Pa-L and Pt-L in the horizontal direction was larger than that of Pa-M, Pa-N, Pt-M, and Pt-N, indicating that the high soil water content led to the reduction in root horizontal expansion. In the horizontal direction, the roots of Pb-L, Pb-M, and Pb-N were horizontally distributed to 60-80 cm, and there was no difference in the range of horizontal distribution, indicating that the horizontal distribution range of P. bungeana roots is less affected by a high-soil-moisture-content environment. The stunted growth of the three coniferous trees is correlated with a reduction in the surface area, volume, and length of both transport and absorbing roots. Additionally, the proportion of transport roots surpassed that of absorbing roots, potentially stemming from hypoxia-induced damage, a decrease in the proportion of roots, and the decline, as well as demise, of numerous absorbing roots. These factors combine to adversely impact the overall growth and development of plants.




4.6 Effect of high soil water content on the root activity of the three conifers

Soil moisture stress primarily affects the root system, with above-ground damage symptoms being a result of secondary injuries. An essential indicator of plant root resistance is the measurement of root activity, offering a comprehensive view of the functions of root systems, including absorption, synthesis, and respiration. Cherry tomatoes (Liu C. et al., 2020) and pepper (Zhang et al., 2009) showed a trend of first increasing and then decreasing root activity in environments with high soil water content. Liu showed that the root activity of sesame seedlings in environments with high soil water content was lower than that of a control, and the root activity gradually decreased with time (Liu et al., 2001). In this experiment, the root activity of the three coniferous trees in the M-level and N-level was significantly lower than that of the experimental group in the L-level, and the root activity in different soil depths showed the following trend: 40-60 cm< 0-20 cm< 20-40 cm. This shows that the soil moisture content at depths of 0-40 cm was lower than at depths of 40-60 cm, resulting in higher soil aeration than at depths of 40-60 cm. Therefore, the root activity of coniferous trees at 0-40 cm was higher than at depths of 40-60 cm. A majority of plants exhibit a decline in root activity under high soil moisture stress, primarily driven by the accumulation of free radicals damaging the tissue cells in a hypoxic soil environment. Subsequently, anaerobic respiration acts as a roadblock, contributing to the inhibition of root activity (He et al., 2022).




4.7 Effect of high soil water content on the root respiration rates of the three conifers

High soil moisture content leading to hypoxia stress significantly curbs the aerobic respiration of plants, favoring anaerobic respiration instead (Olorunwa et al., 2022). Chen et al. (2008) believed that the respiration rate of the roots of the two sweet cherry varieties decreased in soil with long term high water content; the anaerobic respiration of the roots increased, the rate of the tricarboxylic acid cycle decreased, and the acetaldehyde and ethanol content increased, resulting in more consumption of respiratory substrates and a decrease in the respiration rate of the plant roots (Wang et al., 2009). In this experiment, the root respiration rates of the three conifers also showed a gradual downward trend. At a soil depth of 0-40 cm, soil water content was lower than at 40-60 cm and aeration was better than at 40-60 cm; thus, the root respiration rate at 40-60 cm was lower.





5 Conclusion

High soil moisture negatively impacts the physiological and biochemical functioning of plant roots, which causes a cascade of changes in plant growth and morphology. In the Xiong’an New Area, the deep-planting of certain conifers is leading to an anoxic stress situation brought on by excessive soil moisture, ultimately interfering with the normal growth and development of these conifers. Root growth in P. tabulaeformis, P. bungeana, and P. armandii was inhibited due to anoxic stress, which led to a decrease in root biomass, length, surface area, and volume and showed differences at different soil depths. The soil moisture content was found to be at higher levels in the 40-60cm depth, increasing the severity of anoxic stress. Consequently, conifers with a larger proportion of roots in this layer showed poorer growth. The three conifers exhibited reduced growth in an anoxic environment resulting from elevated soil moisture. The death of absorbing roots due to anoxia has evidently impacted the growth of plants. A downtrend was observed in the root respiration and root activity of the three conifers at growing levels M and N compared to level L. Therefore, while planting these conifers in high-moisture soil areas of China, such as the Xiong’an New Area, other options like shallow planting, terrain elevation or mixing with waterlogging resistant trees demanding considerable water could be considered. In this experiment, root growth was poor in the soil at 40-60cm depth. Therefore, shallow planting and soil topography elevation could be considered to reduce the impact of excessive soil water on the anoxic stress of plant roots. As the moisture content of shallow soil is easily influenced by water absorption by vegetation roots, mixing three types of conifers with waterlogging resistant trees with high water demands will help reduce the anoxic stress brought on by high soil moisture to the roots of conifers (Wang et al., 2012; Xie et al., 2022). Moving ahead, our research will focus on exploring various strategies to mitigate anoxic stress on the three conifers growing in environments with high-content soil moisture.
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Waterlogging constrains crop yields in many regions around the world. Despite this, key drivers of crop sensitivity to waterlogging have received little attention. Here, we compare the ability of the SWAGMAN Destiny and CERES models in simulating soil aeration index, a variable contemporaneously used to compute three distinct waterlogging indices, denoted hereafter as WI Destiny, WIASD1, and WIASD2. We then account for effects of crop growth stage and soil temperature on waterlogging impact by introducing waterlogging severity indices, WI Growth, which accommodates growth stage tolerance, and WI Plus, which accounts for both soil temperature and growth stage. We evaluate these indices using data collected in pot experiments with genotypes “Yang mai 11” and “Zheng mai 7698” that were exposed to both single and double waterlogging events. We found that WI Plus exhibited the highest correlation with yield (-0.82 to -0.86) suggesting that waterlogging indices which integrate effects of temperature and growth stage may improve projections of yield penalty elicited by waterlogging. Importantly, WI Plus not only allows insight into physiological determinants, but also lends itself to remote computation through satellite imagery. As such, this index holds promise in scalable monitoring and forecasting of crop waterlogging.
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1 Introduction

In theory, optimal plant water balance may be realized through harmony between root water absorption and leaf transpiration (Ibrahim et al., 2018). Adequate water supply is essential for healthy plant growth, but when the soil becomes saturated, potentially resulting in plant waterlogging stress (Singhal et al., 2022). Soil waterlogging can manifest in agricultural fields for various reasons, such as excessive rainfall or irrigation, inadequate soil drainage, rising or perched water tables and lateral surface or subsurface flows (Liu et al., 2021). This can deplete oxygen levels within soil pores, leading to diminished growth, senescence and, in severe cases, crop mortality (Githui et al., 2022). Waterlogging can also indirectly impact on growth via soil mineral nitrogen, organic matter and carbon, as well as soil microbiota (Phelan et al., 2015; Rawnsley et al., 2019; Sándor et al., 2020).

The middle and lower reaches of the Yangtze River region are among China’s primary wheat production zones, but they are also severely afflicted by waterlogging (Wan et al., 2022). Around 41% of total arable land area in this region grapples with waterlogging, significantly hampering the consistency and stability of crop yields (Hu, 2023). Investigating the impact of waterlogging, particularly hypoxia stress, on wheat growth and yield is crucial, together with how waterlogging may be amplified or interplay with other crop stresses, such as extreme heat, that may occur later in the growing season (Langworthy et al., 2018; Harrison, 2021).

Two approaches are typically employed to assess the extent of crop waterlogging. The first relies on soil groundwater depth, often computed in crop models using algorithms pertaining to cumulative excess groundwater depth (SEW30) (Kanwar et al., 1988; Qian et al., 2015) and consecutive suppression days of waterlogging (CSDI) (Evans and Skaggs, 1993). This method primarily elucidates the impact of groundwater and surface water on crop waterlogging stress, yet does not allow other waterlogging pathways to be captured, such as waterlogging triggered by excessive irrigation (Liu et al., 2020). Conversely, the second category is grounded upon occurrence of climatic elements, which then allows computation of indices such as the waterlogged day index (Guo et al., 2016) and wetland day index (Zhang et al., 2019). Such parameters ignore the multifaceted and integrated effects of soil type, topography and hydrology. Although remote sensing may potentially furnish insights into such factors at the regional scale (Shahpari et al., 2021), their availability to practitioners at present is limited.

The period from March to April in the middle and lower reaches of the Yangtze River region typically witnesses total precipitation from 300 to 400 mm, constituting 30% to 40% of the annual rainfall. This timeframe coincides with critical nutritional and reproductive growth stages of wheat crops, and is often punctuated by frequent flood events (Gao et al., 2020). Although wheat has three distinct waterlogging stress responses (tolerant, inhibitory, and adaptive phases) (Shaw and Meyer, 2015), recurring episodes of waterlogging stress can significantly inhibit growth and yields, especially when high-intensity waterlogging coincides with extreme weather fluctuations. This explains why many models perform well with waterlogging stress under experimental conditions, but fall short of accurately predicting outcomes under field conditions (Shaw et al., 2013; Harrison et al., 2019).

Broadly, two approaches are employed to simulate waterlogging in crop models. The first calculates the Stress Day Index (SDI) based on groundwater table depth, as exemplified by DRAINMOD (Skaggs, 2018). However, this approach overlooks genotypic differences in crops, considering only groundwater and surface water, rendering it unsuitable for addressing waterlogging stemming from overirrigation. The second method computes hypoxic stress as a function of soil moisture. Notable examples include CROPR (Qian et al., 2017), SWAGMAN Destiny (Meyer et al., 1996), and the Agricultural Production Systems Simulator (APSIM) (Asseng et al., 1998; Liu et al., 2021). Shaw and Meyer (2015) showed that yield reductions were 6% higher at 65% air-filled pore space compared to 10%, leading to their proposal of three stages for simulating plant responses to waterlogging damage. Their hypoxic stress factor accounts for waterlogging duration and crop tolerance, making it applicable to damage caused by excessive irrigation and facilitating more precise quantitative damage analysis (Shaw et al., 2013). The Crop Estimation through Resource and Environment Synthesis (CERES) model, commonly used for predicting crop growth and yield, has been enhanced by Lizaso et al., who successfully integrated low oxygen (anaerobic) stress factors into the CERES-Wheat model (Lizaso and Ritchie, 1997).

The objectives of this study were thus to quantify waterlogging by integrating computations from both the SWAGMAN Destiny and CERES models. Specifically, we develop five wheat waterlogging injured indices: WIASD2 and WIASD1 were conceptualized as adaptations of the CERES model (Lizaso and Ritchie, 1997), WI Destiny was derived from the SWAGMAN Destiny model, WI Growth introduces differences in waterlogging tolerance across crop growth stages (following WI Destiny), while WI Plus considers the influence of soil temperature in addition to WI Growth. To assess the accuracy of these indicators, we conducted pot experiments with winter wheat (involving single or double flooding) using local genotypes (“Yang mai 11” and “Zheng mai 7698”). By analyzing relationships between our WIs and yield, we provide insight into how integrated physiological determinants impact on crop yield.




2 Material and methods



2.1 Plant material and experimental design

The study region is located in the Jianghan Plain, Hubei Province, China, characterized by a subtropical monsoon climate. The region’s primary crops include rice, wheat, rapeseed, and cotton. Two wheat varieties were employed in the experiments: the waterlog-resistant Yang mai 11 (referred to as Y) and the waterlog-unresistant Zheng mai 7698 (referred to as Z) (Yu et al., 2014). The soil used in the pot experiment was selected from paddy soil, which is a typical cultivated soil in the middle and lower reaches of the Yangtze River (Gao et al., 2020).

The winter wheat pot experiment with waterlogging spanned from November 2020 to May 2022 and was conducted at the open field experimental site of the College of Agriculture, Yangtze University (longitude 112°08’, latitude 30°21’). This two-year experiment utilized storage boxes measuring 60 cm in length, 45 cm in width, and 35 cm in height, arranged in a randomized complete block design.

The soil’s basic physicochemical properties were as follows: pH value of 7.85, total nitrogen content of 1.19 g/kg, total phosphorus content of 0.77 g/kg, total potassium content of 10.45 g/kg, organic matter content of 15.84 g/kg, alkaline nitrogen content of 58.44 mg/kg, effective phosphorus content of 31.12 mg/kg, and available potassium content of 106.09 mg/kg. Wheat was sown on November 3, 2020, with each box receiving a mixture of 17.78g/kg of compound fertilizer (N: P2O5:K2O=15:15:15), 0.89g/kg of KCl, and 3.94g/kg of urea before sowing. At the tillering stage on January 25, 2022, urea was applied at a rate of 4.17 g/kg.

During the experiment, single waterlogging treatments lasting for 5 days, 12 days, and 20 days were administered on March 21 and April 8 in 2021 (or 2022). Following a 10-day interval, a second round of waterlogging treatments for the same durations (i.e., double waterlogging treatments) was applied to the potted plants in multiple boxes. Waterlogging was manually induced by irrigating with marked buckets to maintain soil moisture content at over 90% of the maximum field water-holding capacity. The criterion for waterlogging stress was maintaining a water level 5 centimeters above the soil surface. Daily irrigation volumes (in liters) for each box were meticulously recorded.

The experiment adopted a randomized block design involving continuous irrigation treatments during two critical periods: from tillering to flowering (March 21st to April 7th, denoted as B) and from flowering to maturity (April 8th to May 8th, denoted as Y), which corresponds to the crucial water requirement period for wheat. The experiment included three different durations of irrigation (5 days, 12 days, 20 days) and two types of irrigation treatments (single continuous waterlogging and double continuous waterlogging), resulting in a total of 72 treatments. Each treatment was replicated three times, with an additional six control boxes. Protective rows were established around the experiment using boxes without irrigation, featuring either the “Yang mai 11” variety or the “Zheng mai 7698” variety. The control boxes were positioned at the center. In total, the experiment encompassed 120 boxes.




2.2 Measurement indexes and methods

Soil Moisture: soil volumetric water content was assessed using an EM50 soil moisture measurement device connected to an EC-5 soil moisture sensor. The water content probe was inserted into the soil at a depth of 5-6cm. Observations were conducted daily from 8:00 to 20:00, with measurements taken at hourly intervals. The daily soil volumetric moisture content was calculated as the average of the 24-hour observation period.

Soil Temperature: Temperature data recorded using a fiber optic oxygen meter (PreSens Microx4, Germany Regensburg) with the measuring part inserted 5-6 cm into the soil. Then take the average as the daily average soil temperature.

Yield Measurement: At maturity (May 8), winter wheat from all boxes was harvested. The harvested wheat was threshed, sun-dried, and subsequently winnowed to remove impurities and empty grains. The total weight of the dried grains was then measured.

Meteorological Elements: The experimental station was equipped with a HOBO automatic weather station (HOBO Micro-Weather Station) that automatically recorded daily rainfall and other meteorological data.




2.3 Calculation method of wheat waterlogging injured index

WIDestiny takes into account the combined effects of waterlogging duration and soil moisture on the root system. WIASD1 and WIASD2 are improvements made by Lizaso, J. I. et al. to the CERES model, where the growth stage is divided into 1-9 phases (Lizaso and Ritchie, 1997). However, this method has only been validated in research on the impact of waterlogging on maize growth and development, and there is no relevant verification for wheat.

Crop sensitivity to waterlogging stress is heavily dependent on the developmental stage at which waterlogging occurs (Liu et al., 2023). As such, considering the lack of research on waterlogging tolerance during different growth stages in WIDestiny, we have made modifications by using a sigmoid function to simulate the differences in waterlogging tolerance. This has led us to construct a new index called WIGrowth.

Constant critical values (0.65) have frequently been applied to represent oxygen stress (Barber et al., 2004; Leão et al., 2006), but constants are unlikely to be sufficient for any proxy. In the SWAGMAN Destiny model, the critical values for oxygen stress are likely to be inappropriate and must change with different soil types, varied temperature, organic matter content, soil depth and plant characteristics. Among them, the main factor is soil temperature (Bartholomeus et al., 2008). Therefore, based on WIGrowth, we have incorporated soil temperature and made improvements to the critical water filled pore space (CritWFPS=0.65), resulting in a revised index called WIPlus. The improvement of the SWAGMAN Destiny model is shown in Figure 1.




Figure 1 | Sequence diagram of the components required to compute WI Destiny in SWAGMAN destiny (Old WI) and its refinement (Improved WI). WI Growth primarily involved the addition of the weight coefficient for the growth period (Coefi). WI Plus incorporated the Soil Temperature (Tsoil) and the Weight coefficient of growth period (Coefi).





2.3.1 Calculating waterlogging injured index from SWAGMAN Destiny model (WIDestiny)

In the SWAGMAN Destiny model, the calculation process for total influence factors of soil aeration index on roots involves several steps (Figure 1). Firstly, it is calculated the soil pore water content (WFPS) by obtaining the daily water content of the soil surfaces (SW). Then, the characteristic parameter (Aerf) of the effect of low oxygen on the root system was calculated. Finally, combining the characteristic parameters (Aerf) with the duration of continuous waterlogging (Dtime) to calculate the overall impact factor of low oxygen on root systems (Laf), providing a comprehensive assessment of the degree of impact of low oxygen stress on roots. The calculation process is as follows:

(1) Characteristic Parameters of hypoxia’s impact on root function (Aerf)

The first step is to calculate the relative amount of pore space filled with water (Aerf) within the soil. This is a zero to unity factor where zero indicates the soil pores are completely full of water (the soil is saturated) and one indicates there is no water in the soil pores (the soil is oven dry). Aerf is calculated (Shaw et al., 2013) as:



Where



Where, WFPS is water filled pore space at soil water content; SW is Volumetric soil water content (cm3water cm-3soil); BD is Bulk density of dry soil (g/cm-3), and in accordance with the actual soil bulk density measured in pot experiments, it is taken as 1.4 g·cm-3; The general soil particle density falls within the range of 2.6 to 2.8 g/cm3, and here it is taken as 2.7 g/cm3.

The critical water filled pore space (CritWFPS) is set to 0.65. Doran et al. found that respiratory activity of microbial function in soils decreased when the water filled pore space increased to a value above 0.65 (Doran et al., 1990).

(2) Number of days waterlogged (Dtime)

When the average daily soil pore water content (CritWFPS) is greater than 0.65, it is defined that wheat is affected by waterlogging on that day. If the average daily soil pore water content (CritWFPS) is less than 0.65, then wheat is in a normal state with a continuous waterlogging duration of 0 days. Due to the delayed response of the root system to waterlogging damage, it is set that the damage will only affect the crop’s root system after 3 days, and the impact remains unchanged after 60 days (Shaw and Meyer, 2015). The calculation formula is as follows (Hu, 2023):



Where Dtime,i represents the duration of waterlogging on the i-th day; WFPS,i is the WFPS of the i-th day;

(3) Overall impact factor of hypoxia on root function (Laf)

The overall impact function of waterlogging on the root system is a comprehensive consideration of the effects of soil moisture and duration of waterlogging. The Laf value is a characteristic factor ranging from 0 to 1. A value closer to 1 indicates a greater impact of waterlogging on the root system of winter wheat, while a value closer to 0 indicates a lesser impact of waterlogging on the root system of winter wheat. its calculation formula is represented as (Shaw et al., 2013):



(4) Calculation of Waterlogging Index (WIDestiny).

In the SWAGMAN Destiny model, Laf represents the simulated daily impact of waterlogging on winter wheat. Considering the small magnitude of values, it is multiplied by 1000 for scaling purposes. The daily impact function of wheat is averaged throughout the entire growing season to calculate the Waterlogging Index (WIDestiny) for the entire crop cycle.






2.3.2 Calculating waterlogging injured index from CERES model (WIASD1 and WIASD2)

Jones et al. proposed a model to predict root growth that includes soil constraints affecting root growth (Jones et al., 1991). The model uses the fraction of water filled pore space as an aeration index to affect, root attributes such as rooting depth, branching and senescence.

(1) Soil aeration index

Aeration indexes are calculated in terms of soil porosity since oxygen diffusion depends on the air-filled pore space. According to formula (2), the water-filled porosity (WFPS) is calculated.

The water-filled pore space at saturation is assumed to have a maximum value (XWWFPS) of 0.93 to account for trapped air in the soil profile. Whenever the water-filled pore space (WFPSi) in a soil layer is larger than a critical value (CWFPS), a layer aeration factor (LAFi) was calculated as (Lizaso and Ritchie, 1997):



where CWFPS is equal to 0.45 and LAFi cannot be larger than 1. When a layer with WFPS of 0.9 or larger limits the aeration of lower layers. The Whole Rhizosphere Aeration Factor (WRAF) for the entire root zone is calculated by integrating all soil layers using root density as the weighting factor. The formula is as follows (Lizaso and Ritchie, 1997):



Where RKVi is the root length density for each soil layer. The soil in the root layer is divided into n layers. WRAF is a dimensionless unit ranging from 0 to 1, where a value closer to 1 indicates good soil aeration, while a value closer to 0 indicates severe root oxygen stress. Two dimensionless aeration stress indexes, ASD and ASD2, were calculated using WRAF to simulate the cumulative aeration status experienced by the plant.

The two dimensionless aeration stress indexes (ASD1 and ASD2) are calculated using the following formulas (Lizaso and Ritchie, 1997):



  is an integer variable (1 to 9) identifying the phenological stage of the crop.



k is the coefficient of growth stage. During the vegetative growth stage,k =0.8 when   > 4.0 and k=0.1 when  <4.0. During the remainder of the season, k=0.5.

(2) Calculation of   and  The average ASD value for each day of the entire growth season of winter wheat is calculated to obtain the waterlogging index of the whole reproductive period. The calculation formula is as follows:








2.3.3 Calculation of waterlogging injured index for growth stage (WIGrowth)

Modify Equation (4) by introducing the impact function of the growth stage. The calculation process is as follows:





Where   refers to formula (1).   refers to formula (3).   is the reaction weight coefficient of winter wheat to waterlogging during different growth stages, which ranges from 0 to 1. The impact of winter flooding on winter wheat is generally not significant during the overwintering period, with a small   value. The coefficient increases during the vegetative growth period, and reaches its maximum during the reproductive growth period, following an “S”-shaped curve pattern (Shaw and Meyer, 2015). Therefore, to simulate this characteristic using the sigmoid function, the formula is as follows (Hu, 2023):



Where i represents the number of days from November 30th of the previous year. During the period from winter wheat sowing to November 30th, winter wheat is in its seedling stage, and it is assumed that waterlogging has no impact on its growth, therefore the   value is 0. The curve showing the variation of   with date can be obtained by calculating according to equation (14), as shown in Figure 2.




Figure 2 | The weighting coefficient (Coef) for winter wheat waterlogging damage.






2.3.4 New waterlogging injured index (WIPlus)

We modify the value of CritWFPS in Eq. (1), keeping the other processes unchanged, and calculate the new waterlogging injured index (WIPlus).

The format of the relative increase ratio Dsoil of root respiration at soil temperature Tsoil (°C) is following (Amthor, 2000):



D10 is the relative increase ratio at a temperature increase of 10°C, equals 2.0 (Lloyd and Taylor, 1994).

According to the above formula, the critical value of the water filled pore space ( ) at which   = 0.65 can be modified as follows:



After replacing   in equation (1) with   and combining it with Eq. (12) to calculate  .






3 Results and analysis



3.1 The impact of waterlogging duration on the rate of increase or decrease in wheat yield

The study analyzed the impact of single or double continuous waterlogging during two different growth stages (jointing stage to heading stage, B period; or heading stage to maturity stage, Y period) on the yield of two wheat varieties, “Yang mai 11” and “Zheng mai 7698”. The duration of waterlogging was calculated using formula (3), and the relationship between waterlogging duration and wheat yield rate is shown in Figure 3. It can be observed from the figure that there is a highly significant correlation (p<0.01) between the number of days of waterlogging and the wheat yield rate. The correlation coefficients were -0.85 (“Yang mai 11”, single continuous waterlogging), -0.79 (“Yang mai 11”, double continuous waterlogging), -0.93 (“Zheng mai 7698”, single continuous waterlogging), and -0.67 (“Zheng mai 7698”, double continuous waterlogging). This means that the longer the duration of waterlogging, the lower the wheat yield rate.




Figure 3 | The relationship between the length of waterlogging and the rate of increase or decrease in wheat yield under different waterlogging treatments [ “a.Yang mai 11” and “b.Zheng mai 7698”]. **represented extremely significant correlation (P<0.01).



The linear simulation curves of the rate of increase or decrease in yield in relation to the duration of waterlogging show significant differences between single continuous waterlogging and double continuous waterlogging treatments. The slope of the curve for the single continuous waterlogging treatment is greater than that of the double continuous waterlogging treatment, indicating that the rate of yield increase/decrease of wheat is also influenced by the number of waterlogging events. When the duration of waterlogging is the same, the rate of yield increase/decrease of wheat during the Y period is significantly lower than that during the B period. The impact of single continuous waterlogging treatment on the rate of increase or decrease in wheat yield during the Y period is more pronounced for both “Yang mai 11” and “Zheng mai 7698” varieties compared to the double continuous waterlogging treatment.

Although there is a highly significant negative linear correlation between the duration of waterlogging and the rate of increase or decrease in wheat yield, using only the duration of waterlogging is not sufficient to represent the extent of crop waterlogging. The parameters of the linear simulation curve are evidently related to the duration of continuous waterlogging, the number of waterlogging events, and the varieties affected by waterlogging.




3.2 The relationship between five WI indices and wheat yield

Under all treatments,the relationship between the five Wl indices and the relative yield of two wheat varieties is shown in Figure 4 (“Yang mai 11”) and Figure 5 (“Zheng mai 7698”). From the graph, we can observe that the fitted curves between the WI indices and relative yield of wheat exhibit a clear upward trend initially, reaching a certain point before showing a downward trend. We refer to the ascending stage as the first stage and the descending stage as the second stage, with the WI value at the inflection point referred to as the threshold.




Figure 4 | Fitted curves of five WI indices with the relative yields of “Yang mai 11”.






Figure 5 | Fitted curves of five WI indices with the relative yields of “Zheng mai 7698”.



The fitted curves of the five WI indices with wheat yield can reflect the tolerance of wheat varieties to waterlogging. The variety “Yang mai 11” exhibits strong tolerance to waterlogging, while “Zheng mai 7698” is not tolerant. In the second stage, the fitted curves between the five WI indices and the yield of “Zheng mai 7698” show a steeper slope compared to the fitted curves between the same indices and the yield of “Yang mai 11”. This means that under the same intensity of waterlogging stress, the decrease in yield for “Zheng mai 7698” is significantly greater than that for “Yang mai 11”.

(1) In the First Stage

From Table 1, it can be seen that in both wheat varieties, the five indices show a positive correlation with the relative yield of wheat, indicating that larger WI values correspond to higher yields. The order of correlation coefficients is as follows: 0.71> 0.70> 0.66> 0.53> 0.50, which corresponds to WI Plus > WI Growth> WI Destiny> WIASD2> WIASD1 (“Yang mai11”); 0.88> 0.87> 0.86> 0.63> 0.55, which corresponds to WI Growth>WI Destiny >WI Plus >WIASD2>WIASD1(“Zheng mai 7698”). Additionally, the results of fitting WI Growth, WI Destiny, and WI Plus with the yield of “Zheng mai 7698” all reach a highly significant level (p< 0.01), with respective ‘r’ values of 0.88, 0.87, and 0.86. WI Growth, WI Plus, and WI Destiny show significant fits with the yield of “Yang mai 11” (p< 0.05) with respective ‘r’ values of 0.70, 0.66, and 0.66.


Table 1 | The simulation of the five WI and the relative yields of Wheat in the First Stage.



In the first stage, the effect of the three indexes of WI Plus, WI Growth and WI Destiny were better than that of WIASD1 and WIASD2.

(2) In the Second Stage

According to Table 2, the fitting results of the five WI indices with the relative yield of both wheat varieties reach a highly significant level of 0.01.


Table 2 | The simulation of the five WI and the relative yields of Wheat in the Second Stage.



The five indices show a negative correlation with the relative yield of both wheat varieties, indicating that larger WI values are associated with more severe waterlogging and lower wheat yields. The order of the absolute correlation coefficients (|r|) is as follows: 0.82 > 0.77 > 0.73 > 0.56 > 0.52, corresponding to WI Plus > WI Growth > WI Destiny >WIASD2>WIASD1 (“Yang mai 11”); 0.86 > 0.85 > 0.82 > 0.73 > 0.72, corresponding to WI Plus >WIASD2>WIASD1> WI Growth > WI Destiny (“Zheng mai 7698”). WI Plus reflects the waterlogging severity of wheat better, and it has the highest R and |r| values, regardless of whether it is for “Zheng mai 7698” or “Yang mai 11”.

WIASD1 and WIASD2 show a good correlation with the yield curve of “Zheng mai 7698”, second only to WI Plus, while their correlation with the yield curve of “Yang mai 11” is the lowest. Upon comparison, it is found that the order of correlation between WI Plus, WI Growth and WI Destiny with the yield curve of both varieties is WI Plus > WI Growth > WI Destiny.

In conclusion, the use of low oxygen stress as the waterlogging index (WI) can quantitatively characterize the degree of waterlogging in winter wheat. The improved WI Plus, which takes into account soil temperature and growth stage, better reflects the waterlogging severity of wheat.




3.3 Validation of the accuracy of the improved index (WI Plus and WI Growth)

We used the experimental data of soil moisture, temperature, and growth period in 2021 to calculate the values of WI Destiny, WI Growth, and WI Plus for 2021. Then we calculated the predicted yields by bringing the three WI values into the equations in Tables 1, 2. Compared with the observed yield, it was found that the improved WI Plus index provided more accurate predictions for the yield of two wheat varieties (Figure 6).




Figure 6 | Comparison of observed (Observed) and simulated (Sim). The left is “Yang mai 11”, and the right is “Zheng mai 7698”. R2 represents the coefficient of determination, and RMSE represents the Root Mean Squared Error.







4 Discussion

The middle and lower reaches of the Yangtze River region are the main wheat-growing areas in China. They are greatly influenced by the subtropical monsoon climate. In the months of March and April each year, extensive waterlogging occurs, and water stress can lead to a decrease in wheat yield or even complete crop failure (Ghobadi et al., 2017). This study has established five WI indices and analyzed them through pot experiments on two wheat varieties, “Yang mai 11” and “Zheng mai 7698,” under different waterlogging treatments.

Among the four waterlogging treatments, there is a strong negative correlation between the duration of waterlogging and the wheat yield increment/decrement rate. In other words, the longer the waterlogging period, the lower the wheat yield increment/decrement rate. When comparing the effects of waterlogging during the jointing stage and the booting stage on wheat yield increment/decrement rate, it was found that waterlogging during the booting stage had a greater impact on wheat yield compared to the jointing stage, which is consistent with the findings of Ghobadi et al. Additionally, the study discovered that, under the same duration of waterlogging, the slope of the yield increment/decrement curve for a single waterlogging treatment was greater than that of the curve for two waterlogging treatments. This could be attributed to the adaptive phase that occurs when the waterlogging duration reaches a critical point (5 days) in wheat growth, where the crop gradually adapts and recovers normal growth. This includes processes such as stomatal regulation, physiological metabolism adjustment, root adaptation, and nutrient regulation to cope with the impact of waterlogged conditions. During this phase, wheat relies on self-regulation and adaptive capacity to withstand the stress caused by waterlogging and maintain growth and yield (Shaw and Meyer, 2015). Therefore, although there is a strong negative correlation between the duration of waterlogging and the wheat yield increment/decrement rate, the linear simulation curve parameters of the waterlogging duration and wheat yield increment/decrement rate are significantly influenced by factors such as the waterlogging period, frequency, and wheat variety. Using only the duration of waterlogging as a universal characteristic to represent the degree of waterlogging in wheat is not highly applicable.

It has been found through research that there is a correlation between the five WI indices and wheat yield. Before reaching the threshold, the fitting curve of the five WI indices and wheat yield shows an upward trend, indicating that a higher WI value corresponds to a higher wheat yield. However, once the threshold is exceeded, the curve starts to decline, and an increase in WI value will lead to a decrease in wheat yield. In the second stage of the fitting curve, the five WI indices show the following characteristics in relation to wheat yield: for the “Zheng mai 7698” variety, the curve’s slope relating to the WI index and yield is greater than that of the “Yang mai 11” variety. This indicates that the “Yang mai 11” variety has stronger tolerance to waterlogging, while the “Zheng mai 7698” variety is less capable of withstanding waterlogged conditions, which is consistent with the findings of Yu J J and others (Yu et al., 2014). Therefore, it can be seen that the WI indices are influenced by the tolerance of the variety to waterlogging, although the present study did not consider the tolerance of different varieties. However, the WI indices can reflect the level of waterlogging tolerance among different wheat varieties.

Many studies have shown a positive correlation between soil respiration and temperature (Lloyd and Taylor, 1994; Das and Paul, 2015). Considering the influence of temperature on soil oxygen content under waterlogged conditions where oxygen diffusion is restricted, the commonly used fixed oxygen threshold may not be suitable. Experimental results on wheat also indicate that the improved WI Plus is more suitable for quantitatively analyzing the impact of low oxygen stress on wheat yield. The threshold for WI Plus is 14.9, where WI Plus ≤ 14.9 (“Zheng mai 7698”) and ≤ 10.8 (“Yang mai 11”) show a positive correlation between WI Plus and wheat yield, indicating that the wheat is not waterlogged. When WI Plus > 14.9 (“Zheng mai 7698”) and > 10.8 (“Yang mai 11”), there is a negative correlation between WI Plus and wheat yield, indicating that wheat is affected by waterlogging, and a higher WI value indicates more severe waterlogging.

This study calculates the soil aeration index based on soil volumetric water content and constructs the WI index using characteristic values of wheat root responses to low oxygen (anoxic) stress, making it applicable in general. Additionally, advancements in remote sensing technology, particularly satellite remote sensing, have shown that soil moisture can be measured using various remote sensing techniques (Wang et al., 2022). Firstly, spectral pictures of wheat planting regions may be collected using high-resolution remote sensing equipment carried by satellites or drones. Secondly, we can preprocess the collected images, including radiation calibration, atmospheric correction, geocoding, and other steps, to eliminate noise and distortion in the images and ensure the accuracy of the data. Thirdly, using image processing technology, extract features related to wheat waterlogging, such as soil temperature and soil moisture content. Finally, the relevant feature quantities were brought into the exponential model of this study, and evaluated and verified through yield data. This can achieve a wider range of wheat stain monitoring. However, its practical application is limited by factors such as insufficient temporal resolution, difficulty in extracting characteristic quantities of waterlogging, and large computational load. Therefore, in the application process, these factors need to be fully considered, and these effects can be reduced through optimization methods.

Currently, there are three remote sensing methods commonly used for soil moisture retrieval: optical remote sensing, thermal infrared remote sensing, and microwave remote sensing. Among them, microwave remote sensing is unaffected by various meteorological conditions and has strong cloud penetration capability. Radar backscatter coefficients are sensitive to changes in soil moisture (Li et al., 2020; Wang et al., 2022). For example, Xiong Q X., et al. used Sentinel-1A data to extract soil surface relative moisture content data. Then, combined with the precipitation index in the previous period, they used the Kalman filter interpolation method to obtain daily soil moisture information in the observation area. In addition, remote sensing technology can also obtain soil temperature information (Xiong et al., 2021). This provides more opportunities for the widespread application of the WI index in monitoring waterlogging. However, since this experiment was conducted in pots, there is minimal vertical variation in soil volumetric water content, which significantly differs from field moisture characteristics. If the results are further applied in field conditions, it would be an area for future improvement.




5 Conclusions

Using only the duration of waterlogging cannot quantitatively reflect the severity of wheat waterlogging. It is also related to factors such as the tolerance of wheat varieties and the frequency of waterlogging events. Furthermore, the WI index can be applied to assess waterlogging damage under excessive irrigation conditions and can also reflect the impact of multiple waterlogging events on wheat yield. Comparing WI Destiny, WI Growth, WI ASD1 and WI ASD2, the improved WI plus shows better performance. When WI plus is ≤14.9 (“Zheng mai 7698”) or ≤10.8 (“Yang mai 11”), wheat does not experience waterlogging. When WI plus is >14.9 (“Zheng mai 7698”) or >10.8 (“Yang mai 11”), wheat experiences waterlogging.
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The rising cost of transplanting rice has made direct seeding an affordable alternative for rice establishment, particularly in Africa. However, direct seeding, while cost-effective, faces crop establishment challenges due to flooding. Uncontrolled water, driven by erratic rains in low-lying areas or uneven fields, limit germination. Rice possesses the unique ability of anaerobic germination, enabling it to sprout and emerge in oxygen-deprived conditions. Understanding rice’s response to anaerobic stress during germination is crucial for resilience breeding. Africa, although relying on direct seeding, has made limited progress in addressing flooding during germination compared to Asia. Anaerobic stress tolerance ensures successful crop emergence even in oxygen-limited environments and can help suppress weeds, a significant challenge in direct-seeded rice cultivation. This study aims to contribute by screening for potential rice donors exhibiting anaerobic stress tolerance. We screened 200 rice genotypes at Sokoine University of Agriculture (SUA) in Morogoro, Tanzania, primarily focusing on landraces with untapped potential. Using an alpha lattice design, we conducted two anaerobic experiments in September and October 2022, adding 7 cm of standing water immediately after dry seeding for flooded and maintaining a 2 cm water level after germination in the control for duration of 21 days. We identified potential donors based on selection index computed from genomic estimated breeding values (GEBVs) using eight variables: germination at 14 DAS, germination at 21 DAS, seedling height at 14 DAS, seedling height at 21 DAS, shoot dry matter at 21 DAS, root dry matter at 21 DAS, culm diameter at 21 DAS, and root length at 21DAS. Ten genotypes emerged as the most promising, exhibiting at least 70% germination in floodwater at 21 DAS and greater selection indices. These genotypes were like: Afaa Mwanza 1/159, Rojomena 271/10, Kubwa Jinga, Wahiwahi, Magongo ya Wayungu, Mpaka wa Bibi, Mwangaza, Tarabinzona, IB126-Bug 2013A, and Kanamalia with respective percentages of 75, 74, 71, 86, 75, 80, 71, 80, 70, and 73. These findings contribute to global efforts to mitigate the impacts of flooding during germination. These donors, will be potential to enrich the gene pool for anaerobic germination, providing valuable resources for breeding for flooding tolerance.
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Introduction

Flooding poses a significant threat to rice cultivation in lowland areas, impacting crop germination, growth and yield significantly (Septiningsih et al., 2009). Various forms of flooding stress, such as flooding during germination, submergence during the vegetative stage, prolonged water stagnation, deepwater conditions, and floating, are common challenges faced by rice farmers (Ismail et al., 2012). In Africa, where a considerable portion of rice cultivation relies on direct seeding, the issue of poor germination due to flooding is particularly devastating (Kuya et al., 2019). This problem is exacerbated by unpredictable weather patterns, including irregular rainfall, which affects nearly 38% of the African rice cultivation area, primarily rainfed lowlands (Diagne et al., 2013). Farmers in Africa predominantly opt for direct seeding due to its convenience in terms of crop establishment, labour efficiency, and cost-effectiveness for water management (Kuya et al., 2019). However, this practice is highly susceptible to early floods, which create an anaerobic environment that disrupts the typical aerobic ATP production necessary for germination (Hartman et al., 2020). Under anaerobic conditions, ATP production is significantly reduced, hindering normal germination and robust seedling emergence. Nevertheless, certain rice cultivars have evolved unique adaptations that exhibit relative higher starch metabolism to fuel embryo growth and coleoptile elongation under these low-oxygen conditions (Pucciariello, 2020).

Limited information is available regarding anaerobic germination within the African context, with only a handful of studies shedding light on this aspect of rice cultivation in Africa. Notably, Agbeleye et al. (2019) screened nearly 2000 O. glaberrima accessions using a 10 cm water depth at the Africa Rice Center research station, situated at the International Institute of Tropical Agriculture (IITA) in Ibadan, Nigeria. This study successfully identified TOG 5980, TOG 5485, TOG 5505, TOG 16704, and TOG 8347 as promising breeding resources with significant survival rates under anaerobic conditions. Another study by Asante et al. (2021) contributed to this field by identifying five genotypes, namely OBOLO, ART68-12-1-1-B-B, ART64-31-1-1-B-B, CRI-1-21-5-12, and CRI-Enapa, which exhibited at least 70% survival when subjected to screening in 10 cm water depth, out of a pool of 100 rice genotypes. While reports on anaerobic germination in Africa remain scarce, it is worth noting that this area of study has seen more comprehensive exploration on a global scale, particularly in Asia. Numerous experiments have been conducted, encompassing assessments of cultivar survival during germination, coleoptile elongation, and the identification of quantitative trait loci (QTLs).




Top of Form

Jiang et al. (2004) identified five QTLs (qAG-1, qAG-2, qAG-5a, qAG-5b, and qAG-7) associated with anaerobic germination using recombinant inbred lines (RILs) derived from a cross between Kinmaze (japonica) and DV85 (indica). Moreover, Jiang et al. (2006) expanded on this by uncovering two QTLs (qAG-5 and qAG-11) related to anoxia tolerance using F2 populations of USSR5 and N22. Angaji (2008) furthered our knowledge by evaluating 150 BC2F2 progenies of Khaiyan and IR64. His study observed a continuous distribution of germination ranging from 0 to 68%, identifying four QTLs (qAG-1, qAG-2, qAG-11, and qAG-12) contributing to 12% to 29.24% of the phenotypic variation. Angaji et al. (2010) screened over 8000 rice accessions and revealed several cultivars with significant survival including Khaiyan, Khao Hlan On, Cody, Dholamon 64-3, Liu-Tiao-Nuo, Ma-Zhan Red, Sossoka, Kaolack, Kalongchi, and Nanhi. Notably, Khao Hlan On was further studied through crossing with IR64. Through QTL analysis on their BC2F2, five QTLs responsible for flooding tolerance, with qAG-9-2 having the most substantial effect, accounting for 33.5% of the variation. Septiningsih et al. (2013) delved into QTL mapping with F2:3 families of Ma Zhan Red and IR42, leading to the discovery of several QTLs (qAG-2, qAG-5, qAG-6, qAG-7.1, qAG-7.2, qAG-7.3, qAG-9, and qAG-12) governing AG tolerance. Among these QTLs, qAG-7.1 contributed the most, explaining 31.7% of the phenotypic variation.

Similarly, Baltazar et al. (2014) observed survival rates ranging from 3% to 90% using 300 F2:3 lines resulting from a cross between IR64 and Nanhi. A major QTL (qAG-7) was identified on chromosome 7, accounting for 22.3% of the phenotypic variation. Kim and Reinke (2018) revealed three QTLs (qAG-1a, qAG-1b, and qAG-8) linked to anaerobic germination from a population following a cross between Tai Nguyen and Anda. Baltazar et al. (2019) identified four AG-conferring QTLs (qAG3, qAG7.1, qAG7.2, and qAG7.3) through genotyping 190 F2:3 lines from IR64/Kharsu 80A, displaying a phenotypic variance ranging from 8.1% to 12.6%. Recently, Yang et al. (2022) pinpointed OsTPP1, a candidate gene located in locus 3 of chromosome 2, using RILs derived from a cross H335 and CHA-1 with significant upregulation during anoxia in tolerant lines. A significant milestone thus far has been the identification and cloning of the trehalose-6-phosphate phosphatase gene, OsTTP7, from the major QTL qAG-9-2 (Kretzschmar et al., 2015). This gene plays a vital role in sugar regulation, promoting germinating embryo growth and coleoptile elongation, ultimately leading to successful crop establishment. The emphasis on coleoptile elongation has emerged as a crucial determinant for rice survival under flooding and is essential for screening (Ismail et al., 2012; Hsu and Tung, 2015; Zhang et al., 2017; Kuya et al., 2019; Pucciariello, 2020; Su et al., 2021; Thapa et al., 2022).

Tanzania, one of the largest rice producers in Africa and second only to Madagascar in the Eastern, Central, and Southern African region (Boniphace et al., 2015), extensively relies on direct seeding for rice cultivation. The country plays a vital role as a food supplier, even catering to neighbouring nations (Andreoni et al., 2021). Regrettably, Tanzania is prone to flooding, particularly in its low-lying rice cultivation regions, which account for a substantial 71% of rice cultivation (URT, 2019). Despite its significant contribution, rice productivity in Tanzania remains low, averaging 2.3 tons per hectare (URT, 2021), and significantly lower during severe weather events. Major rice-growing valleys experience a further drop in productivity, falling to less than 2 tons per hectare in the face of unexpected erratic rainfall and floods (Kwesiga et al., 2019). Several surveys have highlighted the escalating risks of flooding in Tanzania’s rainfed lowlands, posing a threat to the country’s food security (Balama et al., 2013; Mugula and Mkuna, 2016; Brüssow et al., 2019; Ires, 2021). Remarkably, none of these studies have reported any screening aimed at assessing flooding tolerance, including anaerobic germination, within the dominant direct seeding system. Consequently, to unravel the intricacies of anaerobic germination and make a meaningful contribution to both African and global research in this field, continuous screening of diverse germplasm is deemed crucial to identify robust donors. Therefore, our study endeavours to make this contribution to this field by identifying new donors from an untapped population.






Materials and methods




Characteristics of the study site

The screening experiments were conducted in September and October 2022 in the screenhouse at the Sokoine University of Agriculture (SUA) crop museum in Morogoro, Tanzania. To maintain suitable conditions, fans and shade nets were installed in the screenhouse to partially control temperature and prevent water overheating. Daily air and water temperature measurements were taken at 7:00 AM and 1:00 PM (Supplementary Figure S1A, B). The screen house was equipped with tap water, which had a pH reading of 6.93 and an electrical conductivity (EC) of 0.08 mS/cm, as measured using a HI991301 Multimeter. The soil used was obtained from the SUA model training farm, located at coordinates 6°50’35.68272’’S and 37°39’7.65324’’E, and its characteristics are detailed in Supplementary Table S1.





Germplasm

The study consisted a total of 200 test genotypes, predominantly comprising landraces (104), lines (61), and improved varieties (35). These genetic materials were primarily sourced from the International Rice Research Institute (IRRI) centers in Dakawa and Burundi, with a few obtained directly from rice farmers in Tanzania’s rice-growing regions (Table S2). Additionally, IRRI Headquarters contributed eight checks, categorized as tolerant, including Ciherang Sub 1 AG1, Khao Hlan On, Ma Zhan Red, Ciherang Sub1 AG1 AG2, and susceptible, such as IR64, Swarna Sub1, FR 13A, and Ciherang Sub1. To clarify the source, we included accession numbers for the formally recognized and catalogued genotypes in the International Rice Genebank Collection (IRGC), Genetic Stocks Oryza (GSOR) collection and West Africa Rice Breeding (WAB). Unfortunately, the majority of the germplasm consists of traditional landraces primarily known to local farmers. Consequently, only the formally recognized genotypes are presented with both accession numbers and accession names, while the rest are listed with accession names only.





Phenotyping for tolerance to anaerobic stress during germination

Phenotyping for tolerance to anaerobic stress during germination was conducted following the 2021 IRRI Phenotyping protocols for abiotic stress tolerance in rice (https://books.google.co.uk/books?id=dwMlEAAAQBAJ), with some minor modifications in screening structures, flood water level, and data collection.

To ensure reliable results, two experiments were conducted in the same screenhouse, one in September and another in October, using a 14 x 16 alpha lattice design. Each experiment included flooded and control (aerobic/non-flooded) setups as per the recommended protocol. Instead of using concrete tables as specified in the protocol, we used plastic crates (60 x 40 x 30 cm) capable of retaining water. Two replications were established, each consisting of 16 plastic crates. Each genotype (entry) appeared once within each replication, except for the checks, which were randomly replicated three times.

We filled and levelled sieved soil up to 10 cm in plastic crates. Each genotype was represented by two rows of sown seeds, with each row containing 15 dry seeds. This adjustment was made to accommodate the limited space available, as the protocol recommended a minimum of 17 dry seeds per row. Seeds were sown at a depth of 0.5 cm, labeled, and covered. The distance between rows of the same genotype was 1.5 cm, and for rows of different genotypes, it was 2.5 cm. Each plastic crate accommodated 14 entries.

After seeding, water was carefully added to each crate to reach a 7 cm level from the soil surface, although the  level was lower than the protocol recommendation of 10 cm. This water level was maintained for 21 days in the flooded setup. In the control setup, the soil was moistened to allow germination, and then a 2 cm water level above the ground was maintained for 21 days.





Data collection

Initially, we recorded the initial number of seeds sown for each genotype immediately after seeding, as well as the number of surviving seedlings 14 and 21 days after seeding. This latter measurement, termed ‘number of seeds germinated’ in this study, referred to those seedlings that emerged above the water surface. Percentage germination (survival) served as the primary determinant for identifying flood-tolerant cultivars, and it was calculated using the formula: Percentage Germination = (number of seeds germinated per entry/total seeds sown per entry) * 100.

However, in an effort to enrich the identification of vigorous flood-tolerant donors, we expanded our data collection to include additional growth parameters. These parameters encompassed seedling height (cm), which was measured 14 and 21 days after seeding using a standard ruler. Furthermore, we assessed root length (cm) and culm diameter (mm), measuring them 21 days after sowing using a standard ruler and a digital Vernier caliper, respectively. To complete the assessment, we harvested sampled seedlings and subjected them to drying at 70°C for three days, yielding measurements of shoot dry matter (g) and root dry matter (g), which were then weighed.





Sample collection and genotyping

To obtain DNA samples for genotyping, rice seeds were pre-germinated for three days and then transplanted into trays filled with a nutrient solution for 21 days of growth. Leaf samples, crucial for DNA extraction, were collected using a 6 mm diameter leaf puncher, with four leaf discs taken from each rice genotype, selected from young, healthy leaves. Subsequently, the leaf discs were freeze-dried in preparation for DNA extraction and genotyping. Genotyping was conducted using the 1k-RiCA (1k Rice Custom Amplicon Assay), a designed assay based on Illumina’s TruSeq Custom Amplicon 384 Index Kit technology (Arbelaez et al., 2019). This assay includes one thousand strategically selected Single Nucleotide Polymorphisms (SNPs) from the Cornell_6K_Array_Infinium_Rice and the 3,000 rice genomes datasets (Thomson et al., 2017; Wang et al., 2018). It is an economical method for amplification and sequencing, known for its outstanding precision and efficiency, particularly in populations of the indica subspecies. Furthermore, this assay enhances genomic predictions. The genotyping process was carried out by AgriPlex Genomics in Cleveland, Ohio, United States of America, using the plexseq method following the plexseq workflow, which includes assay design and genotype calling. All SNPs were genotyped across the samples simultaneously. Subsequently, SNP analysis was performed using a Custom SNP-calling Pipeline to identify the variants, which were then aligned to the reference Nipponbare rice genome MSU7 version (Kawahara et al., 2013).





Analysis workflow

The data quality was assessed by subjecting them to the Bonferroni test, which helped detect and remove outliers. Phenotypic data, genotypic marker data, and QTL data were formatted to facilitate straightforward analysis. The analysis involved single experiment analysis (SEA), and multi-environment experiment (MEA) analysis using LMMsolver in R package (Boer and van Rossum, 2021).

For single experiment analysis, cleaned phenotypic data was used to produce the best linear unbiased predictions (BLUPs) for each trait in each experiment using a linear mixed model of y = β0 + β1 * r + u + b + ϵ.

Where:

y is the response variable,

β0 is the intercept,

β1 is the coefficient associated with the fixed effect of replications,

r is the fixed effect variable for replications,

u represents the random effect variable for genotype,

b represents the fixed effect variable for blocks within replications,

ϵ is the residual term that captures the unexplained variation.

The data from experiment 1 and 2 for anaerobic conditions were analysed together similar to the analysis across aerobic conditions and BLUPs were calculated in each environment. Similarly, the MEA analysis used data from the single experiments in the two environments to produce BLUPs for each trait in each genotype using a model of y = β0 + β1 * E + β2 * r + β3 * B + u + ϵ.

Where:

y is the response variable,

β0 is the intercept,

E is the fixed effect variable for the two environments,

β1 is the coefficient associated with the fixed effect of the environment,

r is the fixed effect variable for the replications,

β2 is the coefficient associated with the fixed effect of the replication,

B is the fixed effect variable for the blocks within replications,

β3 is the coefficient associated with the fixed effect of the block,

u represents the random effect variable for genotype,

ϵ is the error term.

Subsequently, cleaned genotypic marker data were analyzed to generate the genomic relationship matrix (GRM) (Endelman, 2011). Genomic estimated breeding values (GEBVs) were generated based on genetic evaluations incorporating the SEA and GRM. Additionally, phenotypic correlations were assessed using Pearson correlation coefficient and heritability was calculated as ratio of genetic variance to total variance using ASRelm. Finally, selection indices were calculated using the GEBVs and the weighted values for each trait. The index consolidated the GEBVs of all traits for a genotype into a single value, assigning weights based on their relative importance for anaerobic germination (Ceron-Rojas and Crossa, 2018). Similar weights were used for selection under aerobic and anaerobic conditions. The scales were specified as: (a) % germination 14 DAS: 10; (b) % germination 21 DAS: 8; (c) seedling height 14 DAS: 5; (d) seedling height 21 DAS: 4; (e) shoot dry matter 21 DAS: 7; (f) root dry matter 21 DAS: 4; (g) culm diameter 21 DAS: 3; and (h) root length: 5.

Therefore, the selection of high-surviving genotypes was based on the selection index across all measured traits and germination (BLUPs) 21 days after sowing (DAS). The selection criteria applied were summarized as follows: Selection of tolerant genotypes to anaerobic conditions: Genotypes with the highest selection index ≥ 25 and germination 21 DAS ≥ 70%. Selection of the best-performing genotypes under aerobic conditions: Genotypes with the highest selection index ≥ 25 and germination 21 DAS ≥ 80%. Selection of the best-performing genotypes across experiments (anaerobic-aerobic): Genotypes with the highest selection index ≥ 25 and germination 21 DAS ≥ 80%.





The use of genomic estimated breeding values and selection index

The study employed Genomic Estimated Breeding Values (GEBVs) to identify robust donor lines. Unlike the more common Genome-Wide Association Study (GWAS), which typically requires a larger number of Single Nucleotide Polymorphisms (SNPs) and focuses on a few significant GWAS peaks, our approach utilized a limited number of markers. This allowed us to comprehensively assess the overall value of each line as potential parents. To enhance the selection process, we calculated a selection index for each genotype, incorporating eight traits with predefined weights (relative economic weights) assigned to each trait. This was done using an equation adapted from Pešek and Baker (1969), given as:   where, “I” is the selection index, bi is the weight for the i-th trait, and xi is the phenotypic value of the i-th trait. These weights were primarily based on each trait’s contribution to anaerobic stress tolerance. The most critical traits, percentage germination (survival) at 14 and 21 days after seeding (DAS), received the highest weights. These traits are commonly used as key indicators for selecting lines adapted to anaerobic stress (Septiningsih et al., 2013; Baltazar et al., 2019; IRRI, 2021). Following these, shoot dry matter received a relatively high weight, followed by seedling height at 14 DAS, which had a weight similar to that of root length. Seedling height at 21 DAS and root dry matter were assigned equal weights, while culm diameter received the lowest weight.






Results




Genotypic scores and genomic predictions

The 208 rice genotypes subjected to genotyping passed the quality control threshold, surpassing a 66% pass rate and achieving a successful call rate of 93.9%. The sample mean heterozygosity was 2.3%, while poor data for samples and markers was 1.4% and 7.9% respectively. However, the identification of variants harbouring AG1, a QTL known for conferring tolerance to anaerobic stress during germination and included in 1K RiCA, was limited due to its low coverage. The call rate for the AG1 QTL, indicating QTL absence, was 36.1%, while the uncall rate reached 64.9%. The study observed that none of the test genotypes scored as positive for AG1 QTL availability. Notably, the high-performing genotypes that exhibited tolerance to flooding stress in this study were predominantly uncalled for AG1 QTL. Moreover, the study observed a wide range of Genomic Estimated Breeding Values (GEBVs) for the traits assessed among the cultivars under flooded conditions. This diversity greatly facilitated the selection process (Table S3). For germination 14 DAS, GEBVs ranged from -4.98 to 74.58%, while germination 21 DAS showed values between 9.77 and 87.91%. Seedling height at 14 DAS displayed variations from 10.78 to 21.98 cm, and at 21 DAS, it ranged from 19.46 to 40.98 cm. Culm diameter exhibited GEBVs from 1.65 to 1.68 mm, root length from 5.09 to 7.35 cm, shoot dry matter from 0.01 to 0.04 g, and root dry matter from 0.003 to 0.01 g.





Phenotypic performance

There was a wide variation in germination rates among the screened rice genotypes under anaerobic conditions, ranging from 0% to 100%. In contrast, most rice genotypes under control conditions exhibited nearly 100% germination. In Experiment 1, the germination rate at 14 days after seeding (DAS) was 98.2% under control conditions but dropped significantly to 29.2% under anaerobic conditions. Notably, several genotypes, including Mpaka wa Bibi, Kanamalia, Tarabinzona, and Wahiwahi, exhibited strong early emergence with germination rates of 74.1%, 76.9%, 82.1%, and 86%, respectively. Among the checks, the known tolerant check, Ciherang Sub1 AG1 AG2, displayed higher germination rates compared to other checks (Table S4). In Experiment 2, the aerobic germination rate was 98.4%, while the anaerobic germination rate was slightly lower at 31.1%. Germination rates increased at 21 DAS under anaerobic conditions compared to 14 DAS. In Experiment 1, seedling emergence increased from 29.2% at 14 DAS to 59.8% at 21 DAS, indicating a 30.6% increase. In Experiment 2, seedling emergence increased from 31.1% at 14 DAS to 47.5% at 21 DAS, indicating a 16.4% increase. Control (aerobic) conditions maintained consistent germination rates of 98.2% and 98.4% at 14 and 21 days after seeding, respectively. Overall, the anaerobic experiments displayed an emergence rate of 29.4% at 14 DAS, significantly lower than the control with 98.3%. Some specific genotypes, including BG90-2, IR117842-11-1RGA-1RGA-1RGA-2, IR15T1302, TXD 307, and Yunyin, failed to emerge from the water at 14 days after seeding. At 21 DAS, seedling emergence in the anaerobic experiments was 53.7%, compared to 98.4% in the non-flooded condition. Germination rates ranged from 14.4% to 85.9% in the flooded condition, while in the control condition, they ranged from 54.5% to 100% (Figure 1). Additionally, some outstanding germination was displayed by Wahiwahi, Tarabinzona, and Mpaka wa Bibi. Wahiwahi attained the highest germination rate of 86% under flooding stress, followed by Tarabinzona and Mpaka wa Bibi, each with 80% germination at 21 DAS. These genotypes outperformed the tolerant check Ciherang Sub1 AG1 AG2, which had a germination rate of 79%.




Figure 1 | Germination response of rice cultivars to anaerobic stress compared to aerobic condition using BLUPs. DAS indicates days after seeding, and BLUPs stands for best linear unbiased predictions.



Other traits, including seedling height, root length, shoot dry matter, root dry matter, and culm diameter, were also significantly affected by the anaerobic condition. In Anaerobic Experiment 1, the average seedling height at 14 DAS was 13.4 cm lower than that in the control, which had a seedling height of 25.9 cm. In Experiment 2, seedling height was 17.6 cm lower in the flooded environment compared to the control, which had a height of 31.6 cm. At 21 days after seeding, seedling heights in the anaerobic experiments remained lower compared to their respective control setups. The average seedling height in the anaerobic experiments was 15.6 cm and 32.4 cm at 14 and 21 DAS, respectively, while their controls had heights of 28.8 cm and 44.1 cm. Root growth in the anaerobic experiments was restricted, with a length of 6.5 cm under anaerobic conditions compared to 9.0 cm in non-flooded conditions. Seedling dry matter, including shoot and root dry matter, was lower in the anaerobic experiments compared to the dry matter in their control setups. In the anaerobic experiments, the average shoot dry matter was 0.025 g, while it was 0.071 g in the control. The average root dry matter was 0.071 g in the anaerobic experiments, whereas the control setups had 0.014 g. Additionally, culm diameter was also affected by floods, displaying an average diameter of 1.7 mm compared to 2.7 mm in the aerated environments. Detailed information regarding phenotypic performance is provided in Table 1.


Table 1 | Overall summary for Phenotypic Performance of Rice Genotypes for Various Traits under Anaerobic Conditions Compared to Control (Aerobic) Conditions.







Association of traits

A very strong positive correlation was evident between germination at 14 days after seeding (DAS) and germination at 21 DAS, irrespective of whether the conditions were flooded or under control (Figure 2). Additionally, significant positive correlations observed between traits such as germination at 14 DAS and seedling height at 21 DAS (r = 0.615) in flooded conditions, as well as between seedling height at 14 DAS and 21 DAS (r = 0.615) in control conditions. In contrast, the correlation between culm diameter and other traits appeared generally weak, indicating a limited relationship between culm diameter and the other recorded traits.




Figure 2 | Phenotypic correlations of traits under anaerobic and control experiments. (A) Phenotypic correlations of traits for anaerobic experiments. (B) Phenotypic correlations of traits for aerobic (control) experiments. DAS indicates days after seeding.







Broad sense heritability

The study revealed high heritability for germination, seedling height, and shoot dry matter, even in the presence of flooding stress. The trait with the highest heritability (H2 = 0.71) was germination 14 days after seeding, which was consistently maintained in both experiments 1 and 2 (Table 2). Seedling height at 21 days after seeding, germination at 21 days after seeding, and shoot dry matter also displayed relatively high heritability. However, certain traits such as root length, culm diameter, and root dry matter exhibited low heritability. Notably, among all the recorded traits, root length displayed the lowest heritability.


Table 2 | Broad Sense Heritability for studied traits in anaerobic stress conditions.







Effects of anaerobic stress on germination and growth of direct-seeded rice

The effects of anaerobic stress on the germination and growth of direct-seeded rice were assessed by comparing the anaerobic (flooded) condition with a control condition (non-flooded or aerobic). The effects of the stress on various traits were quantified as percentage reduction (Figure 3). Overall, the anaerobic stress had severe effects on certain traits, particularly germination 14 days after seeding (DAS), shoot dry matter, and root dry matter compared to the control condition. In contrast, lesser effects were observed for traits such as seedling height 21 DAS and root length. Notably, parameters like germination and seedling height were significantly affected at 14 DAS than 21 DAS.




Figure 3 | Quantification of the effects of flooding on germination and growth of direct-seeded rice. DAS indicates days after seeding. Dry matter values were converted from grams (g) to milligrams (mg) for improved visualization of the graph.







Selection of donors adapted to anaerobic stress during germination

Ten test entries have emerged as promising candidates for anaerobic stress adaptation during germination, primarily due to their robust selection index. These entries not only exhibited substantial best linear unbiased predictions (BLUPs) for germination percentage at 21 days after seeding (DAS) but also displayed vigorous emergence in flooded conditions, maintaining a survival rate of at least 70 (Table 3). Interestingly, our study revealed exceptional performance in both aerobic and aerobic-anaerobic conditions, with thirteen genotypes excelling in the former and seventeen entries displaying remarkable performance across environments, despite the primary focus of our study being anaerobic stress tolerance. These genotypes displayed the largest selection index values and consistently achieved germination percentages of no less than 80% at 21 DAS. For a more comprehensive overview of the genomic estimated breeding values (GEBVs) and selection indices of all 208 genotypes, refer to Table S4. In contrast, among the checks employed in our study, Ciherang Sub1 AG1 AG2 stood out with the highest germination percentage of 79% when seeded under flooded conditions at 21 DAS. It’s worth noting that the germination rates of the other checks fell below the 70% threshold. Consequently, Ciherang Sub1 AG1 AG2 was the sole known check among our selections that exhibited robust germination performance.


Table 3 | List of potential donors best suited under anaerobic stress during germination.








Discussion




Variation in performance

Anaerobic germination is a unique characteristic of rice seeds that allows the initiation of the germination process and subsequent emergence despite unfavourable flooding stress (Ghosal et al., 2019; Panda and Barik, 2021). This study observed diverse responses of genotypes to anaerobic stress during germination and early seedling growth. Genotype-specific responses to oxygen deficiency during the germination stage have also been reported by Ray et al. (2016), suggesting the importance of varying responses for the selection of tolerant lines. Tolerant genotypes that survive under limited oxygen conditions are considered potential candidates for anaerobic germination (Ray et al., 2016). Maintaining a relatively high metabolism has been identified as advantageous for surviving anaerobiosis (Ismail et al., 2009). Therefore, tolerant cultivars had increased expression of α-amylase triggered by low sugar levels, unlike intolerant cultivars (Ismail et al., 2012). Rice varieties tolerant to anaerobic stress generally exhibit higher sugar levels, while susceptible cultivars tend to have higher starch concentrations and lower sugar (Mondal et al., 2020).

In this study, the 10 potential genotypes identified exhibited significantly higher survival rates under limited oxygen conditions, characterized by increased germination, seedling growth, and biomass accumulation compared to other genotypes. Partheeban et al. (2017) also reported greater seedling vigor in highly tolerant cultivars compared to moderate and susceptible ones under anaerobic stress. Furthermore, Mondal et al. (2020) found that genotypes tolerant to anaerobic stress displayed higher amylase activities, resulting in increased germination and subsequent seedling growth. Therefore, these genotypes hold significant potential as donors in breeding for anaerobic stress tolerance.

The strong positive correlation between germination at 14 and 21 days after sowing (DAS) underscores the critical role of early emergence at 14 DAS in mitigating flooding stress and promoting successful establishment. Early germination tightly correlates with rapid seedling growth, exemplified by the strong association between seedling height at 21 DAS and emergence at 14 DAS. These findings underscore the significance of early germination and growth in mitigating the impacts of flooding. Ismail et al., 2009 observed robust establishment of tolerant rice under limited oxygen conditions due to vigorous early growth. In contrast, this study observed limited relationships between culm diameter and other studied traits, irrespective of the growing conditions. These findings imply that culm diameter is not significantly linked to changes in other traits during the early stages of germination. Furthermore, weak correlations were observed between root traits and other characteristics, particularly under anaerobic conditions. This aligns with the fact that root growth is severely constrained during flooding, as the plant directs its energy towards seedling emergence to access oxygen more efficiently. This prioritization of starch breakdown for coleoptile elongation, facilitating oxygen uptake, comes at the expense of root development. (Singh et al., 2017; Pucciariello, 2020; Hirano et al., 2023).

To enhance breeding efforts, heritability plays a crucial role that cannot be overlooked (Roy and Shil, 2020). Heritability quantifies the extent to which a trait can be inherited by offspring (Ajmera et al., 2017). The success and efficiency of breeding programs take into account not only genetic variations and genetic advancement but also heritability (Abebe et al., 2017; Adhikari et al., 2018). Hence, in this study, having prior knowledge of trait heritability is imperative. Several key traits essential for anaerobic germination, such as germination rate, seedling height, and shoot dry matter, exhibited high heritability, suggesting their potential for successful improvement. As pointed out by Demeke et al. (2022), traits with higher heritability play a significant role in determining the potential for population enhancement. Conversely, traits like root length, culm diameter, and root dry matter displayed lower to medium heritability, indicating a lesser genetic influence on these rice characteristics during flooding stress.





Germination stage oxygen deficiency and associated impacts

Under flooding stress, oxygen diffusion is severely hindered, making it difficult for normal aerobic respiration to occur (Ma et al., 2020). The lack of oxygen becomes lethal for rice survival. However, certain rice cultivars can successfully establish themselves under low or no oxygen conditions (Ray et al., 2016). There are variations among genotypes in terms of flooding tolerance, which suggests their potential for rice establishment during anaerobic stress. In this study, variations among genotypes in germination under submergence stress were observed, with some exhibiting very low survival rates while others showed high emergence. Different cultivars respond differently to oxygen deficits, with some unable to survive and others displaying varying degrees of tolerance (Angaji et al., 2010; Thapa et al., 2022). Moreover, all the traits assessed in this study were largely affected by floods compared to the control condition. Submerged seeds experienced delayed seedling emergence, which could be attributed to interference with metabolism under anaerobic stress, resulting in low energy production. Magneschi and Perata (2009) highlighted that only 2 ATP molecules are produced from 1 molecule of glucose under anaerobic conditions, while nearly 38 molecules of ATP are produced under normal conditions. With such limited energy supply to germinating seeds, even emergence is compromised. Similarly, under restricted oxygen conditions, the normal process of root respiration is altered, affecting nutrient uptake and seedling growth (Miro and Ismail, 2013). Hartman et al. (2020) also emphasized that low energy generation due to oxygen deficit during flooding stress leads to reduced crop survival and growth.





Candidate genotypes for flooding tolerance

Tolerant cultivars are in high demand due to their ability to maintain high germination rates and successfully overcome stress (Chamara et al., 2018). It’s impressive that the observed variation in performance among the screened rice genotypes resulted in the identification of some outstanding cultivars. Among them, Wahiwahi, Tarabinzona, and Mpaka wa Bibi displayed vigorous seedling emergence. The known anaerobic stress-tolerant check, Ciherang Sub1 AG1 AG2 (Mondal et al., 2020), exhibited slightly lower germination rates than the three genotypes. Moreover, out of the ten genotypes identified as tolerant, five were landraces. These included Kubwa Jinga, Wahiwahi, Magongo ya Wayungu, Mpaka wa Bibi, and Kanamalia. Miro and Ismail (2013) found that landraces are better adapted to flooding stress compared to modern cultivars. Mohanapriya et al. (2022) observed robust crop establishment and vigor of traditional landraces under oxygen-limited conditions. Additionally, Barik et al. (2019) noted the great potential of utilizing landraces to adapt to anaerobic stress in direct-seeded rice. Therefore, the results of this study provide a breakthrough of great importance in advancing our understanding of anaerobic germination.






Conclusion

Successful crop establishment of rice under low or no oxygen conditions is crucial, as it enhances resilience in flood-prone areas. In this study, we observed significant variation in germination and growth attributes, underscoring their importance for selection. Notably, we identified Afaa Mwanza 1/159, Rojomena 271/10, Kubwa Jinga, Wahiwahi, Magongo ya Wayungu, Mpaka wa Bibi, Mwangaza, Tarabinzona, IB126-Bug 2013A, and Kanamalia as candidates tolerant to anaerobic stress. Some genotypes, like Tarabinzona, Mpaka wa Bibi, and Wahiwahi, exhibited the highest survival rates and germination slightly greater than the best tolerant check, Ciherang Sub1 AG1 AG2. These resources for breeding were characterized by vigorous phenotypic emergence, selected in complement with genomic value. As a result, researchers can use these valuable resources for QTL mapping with biparental or multi-parent populations. The results contribute to the limited African knowledge on flooding tolerance and are likely to strengthen efforts in resilience breeding. Therefore, the identified genotypes’ tolerance to anaerobic stress holds global significance, given the current challenging weather dynamics.
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Mungbean [Vigna radiata var. radiata (L.) Wilczek] production in Asia is detrimentally affected by transient soil waterlogging caused by unseasonal and increasingly frequent extreme precipitation events. While mungbean exhibits sensitivity to waterlogging, there has been insufficient exploration of germplasm for waterlogging tolerance, as well as limited investigation into the genetic basis for tolerance to identify valuable loci. This research investigated the diversity of transient waterlogging tolerance in a mini−core germplasm collection of mungbean and identified candidate genes for adaptive traits of interest using genome−wide association studies (GWAS) at two critical stages of growth: germination and seedling stage (i.e., once the first trifoliate leaf had fully−expanded). In a temperature−controlled glasshouse, 292 genotypes were screened for tolerance after (i) 4 days of waterlogging followed by 7 days of recovery at the germination stage and (ii) 8 days of waterlogging followed by 7 days of recovery at the seedling stage. Tolerance was measured against drained controls. GWAS was conducted using 3,522 high−quality DArTseq−derived SNPs, revealing five significant associations with five phenotypic traits indicating improved tolerance. Waterlogging tolerance was positively correlated with the formation of adventitious roots and higher dry masses. FGGY carbohydrate kinase domain−containing protein was identified as a candidate gene for adventitious rooting and mRNA-uncharacterized LOC111241851, Caffeoyl-CoA O-methyltransferase At4g26220 and MORC family CW-type zinc finger protein 3 and zinc finger protein 2B genes for shoot, root, and total dry matter production. Moderate to high broad−sense heritability was exhibited for all phenotypic traits, including seed emergence (81%), adventitious rooting (56%), shoot dry mass (81%), root dry mass (79%) and SPAD chlorophyll content (70%). The heritability estimates, marker−trait associations, and identification of sources of waterlogging tolerant germplasm from this study demonstrate high potential for marker−assisted selection of tolerance traits to accelerate breeding of climate−resilient mungbean varieties.




Keywords: mungbean mini-core collection, waterlogging, GWAS, tolerance traits, candidate genes, heritability





Introduction

Mungbean (Vigna radiata (L.) R. Wilczek var. radiata) is a major subtropical short−season pulse crop in Asia and other parts of the world. The species is native to the Indo−Burma region (Jain and Mehra, 1978) where it is widely cultivated, with India and Myanmar each supplying about 30% of annual global production, followed by China (16%) and Indonesia (5%) (Nair and Schreinemachers, 2020). Within these countries, mungbean is a vital source of nutritional food for poor and anaemic women and children (Nair et al., 2012). Additionally, the crop is of tremendous importance to smallholder farming families due to the income it provides as a cash crop and the agronomic value it provides to cropping systems. For example, mungbean can increase the productivity of subsequent rice crops by up to 8% because it fixes soil nitrogen through symbiosis and helps to break pest and disease cycles (Weinberger, 2003). Due to these combined benefits, mungbean is widely grown in both upland and lowland farming systems in Asia (Islam et al., 1993; Herridge et al., 2019). In upland ecosystems of Southeast and South Asia, mungbean is grown as an intercrop with other legumes, such as pigeonpea (Cajanus cajan L.), oilseeds [sesame (Sesamum indicum L.) or groundnut (Arachis hypogaea L.)] or cereal crops [sorghum (Sorghum bicolor L.) and maize (Zea mays L.)] in pre-monsoon and monsoon seasons (Islam et al., 1993; Herridge et al., 2019). In lowland ecosystems, mungbean is adopted as a relay crop, broadcast onto the standing rice crop 7–10 days before harvest or dibbled manually after harvest (Gupta et al., 2016).

The global area sown to mungbean has increased from 4.6 to 7.3 million ha, with production and productivity increasing from 2.3 to 5.3 million tonnes and 500 to 721 kg ha–1 (Hartman et al., 1993; Nair and Schreinemachers, 2020). However, it is yet to reach its genetic yield potential (Douglas et al., 2020), with abiotic stresses caused by extreme weather events challenging crop productivity (Oshunsanya et al., 2019). Increased waterlogging has devastated crop production in some parts of the world and is becoming increasingly problematic due to a high frequency of unseasonal rainfall events (IPCC, 2021). For example, 69−year average annual weather data from Barisal, Bangladesh, indicates that the cumulative frequency of heavy rainfall is challenging farmers to find an optimum sowing time for mungbean after a T-Aman rice crop (unpublished ACIAR annual finding, June 2018). The Food and Agricultural Organisation estimates that waterlogging, as a result of high frequency of unseasonal rainfall, has been found to be destructive to agricultural production, based on the findings of 78 natural disasters in 48 regions (Food and Agriculture Organization of the United Nations, 2015). Floods and soil waterlogging significantly contributed to a reduction of $21 billion in crop and livestock losses between 2008 and 2018 (FAO, 2021). Thus, increased occurrences of soil waterlogging have become a major abiotic stress associated with global climate change.

Waterlogging can occur at any stage of plant development in rainfed and irrigated cropping systems due to irregular rainfall patterns (Setter and Waters, 2003). However, excess soil water immediately before or after rice harvest makes germination a particularly vulnerable developmental stage for the succeeding relay crops, and poor crop establishment is documented in both field and glasshouse experiments for different legumes in such conditions (Zaman et al., 2018). For examples, this type of waterlogging stress has been observed in the following legume relay crops grown after rice, including field pea (Pisum sativum L.), lentil (Lens culinaris L.), grass pea (Lathyrus sativus L.), and soybean (Glycine max L.), in countries in South, Southeast and East Asia, including Bangladesh, India, Nepal, Pakistan and Japan (Araki, 2006; Malik et al., 2015; Zaman et al., 2018). Established crops also face critical challenges. Islam et al. (2008) reported that waterlogging of mungbean crops damages roots, reduces leaf chlorophyll content, and ultimately decreases grain yield. In addition, the oxygen deprivation in the rhizosphere due to transient soil waterlogging reduces the N2 fixation activity of root nodules in mungbean (Singh and Singh, 2011; Kyu et al., 2021) and soybean (Suematsu et al., 2017), which limits the capacity of the crops to provide soil improvement benefits. This ultimately compromises one of the important sustainable agricultural benefits of growing mungbean and other legume crops. Unfortunately, the increased frequency and severity of extreme weather events, such as flooding, due to climate change mean that mungbean crops will be more likely to experience transient waterlogging in lowland systems in future, which will greatly reduce production (Rötter et al., 2012; Rötter et al., 2013).

One solution to mitigate the detrimental impacts of excessive soil moisture in Asia is to breed new varieties of mungbean with genetic tolerance to transient waterlogging stress. Successfully accomplishing this, however, firstly requires a solid understanding of (i) how much phenotypic variation exists for transient waterlogging stress tolerance, (ii) the strategies tolerant mungbean plants use in response to stress, and (iii) the genetic control of these adaptive responses. The degree of tolerance to waterlogging in plants depends on the stage of growth (VanToai et al., 1994), plant growth habit, and the duration of stress (Greenway et al., 1994). Mungbean is susceptible to transient soil waterlogging throughout its life cycle (Nair et al., 2012), but is especially vulnerable during early growth (Tickoo et al., 2006; Douglas et al., 2020). Some varietal differences in mungbean response to transient waterlogging at the late vegetative stage have been reported (Bagga et al., 1984; Ahmed et al., 2002; Islam et al., 2007, 2008). However, characterisation of broader phenotypic diversity in transient waterlogging tolerance in mungbean has not been conducted, nor has exploration of the genetic basis for tolerance. Systematic screening of a wide range of germplasm is therefore needed to identify genetic diversity and genetic loci, particularly during early development when crops are most susceptible.

Genetic variation for waterlogging tolerance has been studied in other legume crops, including soybean (Shannon et al., 2005; Suematsu et al., 2017), common bean (Phaseolus vulgaris L.) (Soltani et al., 2017) and pigeonpea (Krishnamurthy et al., 2012; Sultana et al., 2012) using large sets of germplasm from different origins, including core and mini−core collections. Such collections contain genetically diverse germplasm that can be used for comprehensive studies of intraspecific variation using genome−wide association studies (GWAS) and can be subsequently exploited to develop climate−resilient genotypes with biotic and abiotic stress tolerance (Upadhyaya et al., 2008). GWAS has superior resolution mapping power, using mass recombination events from numerous meiotic events throughout the germplasm’s evolutionary history to characterise several alleles concurrently in diploid (Zhao et al., 2007) and polyploid (Breseghello and Sorrells, 2006) crops.

Mungbean is an orphan crop; however, recent efforts have developed genetic and genomic resources for whole−genome scan studies, such as GWAS. Kang et al. (2014) constructed the first draft genome sequence of mungbean to facilitate genomic research. In addition, the World Vegetable Center (WorldVeg) has created a mungbean mini−core germplasm collection representing genetic resources from more than 6,700 accessions based on genotypic and phenotypic traits (Schafleitner et al., 2015). From this mini−core collection, useful lines and candidate genes have been identified for numerous traits, such as hypocotyl pigmentation and maturation under abnormally hot weather and different photoperiods (Sokolkova et al., 2020), seed coat lustre (Breria et al., 2019), salinity tolerance at germination (Breria et al., 2020), seed size (Akhtar et al., 2021) and favourable root traits for heat and drought stress resistance (Aski et al., 2021). However, transient waterlogging tolerance is notably absent from this list.

We hypothesised that the mungbean mini−core collection contains functional genetic variation for transient waterlogging tolerance. To this end, we conducted the first screen of the WorldVeg mungbean mini−core collection for genotypic variation in response to transient waterlogging stress at the germination and seedling stages with the aim of identifying sources of tolerant germplasm and as a precursor to better understanding the genetic regulation of tolerance in this legume.





Materials and methods




Plant material

A set of 292 mini−core collection mungbean genotypes from nine regions was assayed separately for transient waterlogging response at two critical stages of growth: germination and seedling stages. The mini−core collection was developed by WorldVeg (Schafleitner et al., 2015) (Supplementary Table 1) and seed was obtained from The Department of Agriculture and Fisheries, Queensland. For practicality, the genotypes were randomly assigned to two cohorts for germination screening and three cohorts for seedling stage screening. Eight check genotypes (BARIM−3, BARIM−6, Celera II−AU, Jade−AU, VI 2173, VI 2537, VI 4069, VI 4954) were replicated five times in each cohort at the germination stage, and once in each cohort at the seedling stage due to limited space. The selection of these check genotypes was based on criteria focusing on emergence, adventitious root formation, and the maintenance of shoot and root growth during and after waterlogging treatment.





Methods




Experimental conditions

The experiments were conducted in a temperature−controlled glasshouse at The University of Western Australia (UWA), Crawley, Western Australia (31° 59’ S, 115° 49’ E) from May to June 2019 (germination stage) and September to December 2019 (seedling stage). The temperature in the glasshouse ranged from 21 ± 4°C (night) to 32 ± 3°C (day) with 10 h 45 min of daylight (1,150–1,627 µmol m–2 s–1) on average. The seeds were sown in the same red−brown sandy clay loam (Calcic Haploxeralf) used for waterlogging studies in pea (Pisum sativum L.) (Zaman et al., 2018), grass pea (Lathyrus sativus L.) (Wiraguna et al., 2020) and mungbean and blackgram (Vigna mungo L.) (Kyu et al., 2021), which was oven−dried before sieving in a 2 mm soil sieving machine.





Experimental design

All experiments were in a split−plot design with three replications. Within replicates a spatial row–column blocking design was used to control variation to improve the precision of treatment comparisons. Stress treatment (waterlogging vs. drained control) was the main plot factor with genotype in the sub−plots. A pot was considered an experimental unit. The optimal transient soil waterlogging duration to identify variation in waterlogging response for the main factor was four days at the germination stage and eight days at the seedling stage (Kyu et al., 2021).





Germination stage screening

The screening procedures for waterlogging and data recording were consistent with our previous findings (Kyu et al., 2021). Briefly, before sowing, seeds were surface−sterilised with 1% commercial bleach for 1 min and rinsed with deionised water four times. P−Pickel T liquid fungicide [Thiram (360 g L–1) + Thiabendazole (200 g L–1)] was applied at 300 mL 100 kg–1 seed. Twenty seeds of each genotype were sown per pot at 10 mm depth and covered with soil. Pots were 0.8 L (90 × 90 × 180 mm) with drainage holes (~10 mm) in the base, covered with filter paper to avoid soil loss prior to filling the pots with 100 g gravel, followed by 1 kg soil. Following potting, all pots were placed in 60 L plastic tanks and kept at 80% field capacity for 2 days before sowing. Twelve platinum electrodes—six each for drained and waterlogged pots—were placed at 100 mm depth to monitor soil redox potential (Zaman et al., 2018).

Immediately after sowing, the waterlogging treatment was imposed by adding deionised (DI) water to fill the 60 L tanks up to the level of the soil surface. The soil water table was retained at the soil surface level throughout the waterlogging treatment by adding additional DI water to the tanks as required. Drained control pots were kept at 80% field capacity by adding DI water directly to the pots as required. After 4 days of waterlogging, treated pots were relocated into free−draining plastic tanks to record emergence and seedling growth during recovery. The 80% field capacity was maintained in the recovery pots by adding additional DI water as required.

Soil redox potential was measured daily with platinum electrodes (Pt) and an Ag–AgCl reference electrode using a handheld Digital Multimeter (Fluke 114, Everett, Washington, USA). Redox values were calculated according to the method by Patrick et al. (1996). After 7 days of recovery, germinated seedlings were gently washed from the soil with tap water for measurements. Waterlogged and drained control pots were harvested on the same day.

At harvest, seedlings with at least one trifoliate leaf were counted as fully grown emerged plants. After plant washing, harvested plants were separated into shoots and roots and oven−dried at 60 °C for 3 days to measure dry mass.





Seedling stage screening

For seedling screening, the experimental pots were free−draining 4 L plastic pots (145 × 145 × 220 mm). Drainage holes (15 mm) were covered with filter paper before filling with 500 g gravel followed by 4 kg sieved dry soil. The pots were placed in 60 L plastic tanks (10 per tank) and retained at 80% field capacity two days prior to sowing. Each pot received 40 mg kg–1 dihydrogen ammonium phosphate [(NH4) (H2PO4)] based on the soil analysis (Supplementary Table 2). The sterilised seeds were placed on 55 mm diameter Grade 1 Whatman filter paper in a 55 mm diameter Petri dish and incubated overnight in a temperature−controlled room (25°C). The next day, six germinated seeds were placed at 30 mm depth. The seeds were inoculated with Group I mungbean Rhizobium strain CB 1015 (New Edge Microbial, New South Wales, Australia) and then covered with 2 mm sieved dry soil. Each pot was thinned to two seedlings with similar vigour 4 days after emergence. Waterlogging was imposed 15 days after sowing (DAS), when the first trifoliate leaf had opened fully, maintaining the soil water table 10 mm above the topsoil surface. The drained controlled pots were maintained at 80% field water capacity. Twelve Pt electrodes—six in waterlogged and six in drained control pots—were placed at 100 mm depth in randomly selected pots of each waterlogged and drained soil to measure soil redox potential. After 8 days of waterlogging, the waterlogged pots were drained to observe plant growth during 7 days of recovery, with the experiment terminating at 30 DAS.

SPAD chlorophyll content was measured immediately after the waterlogging period on the first trifoliate leaves (23 DAS) of waterlogged and drained control plants with a handheld Minolta SPAD 502 (Konica−Minolta, Japan). At harvest, the soil was removed from the roots of each plant with tap water before phenotyping for four agronomic traits: shoot, root and total dry mass and adventitious root formation. The number of adventitious roots was counted. Shoots and roots were separated, oven−dried at 60°C for 3 days and then weighed.






Statistical analysis of phenotypic data

Analyses of variance (ANOVA) of check genotypes and mini−core collection genotypes were undertaken in a split−split plot design to understand the homogeneity among cohorts and the effect of different cohorts on check genotypes, treatments, and their interactions. Further, best linear unbiased predictors were determined for block effects using Genstat 21st edition (VSN International, UK). Tables were constructed using spatial analysis of row–column design according to linear mixed models (REML: restricted maximum likelihood) at each growth stage. The predicted means of REML were analysed to estimate genetic diversity parameters: mean, minimum, maximum, standard deviation, skewness, and kurtosis. Variance components due to genotype (σ2g), error (σ2e) and broad−sense heritability (H2) for each trait were estimated with RStudio 4.1 (Falconer and Mackay, 2005; Schmidt et al., 2019). A frequency distribution of variation for the traits of interest (expressed as % of control) was undertaken. A one−way ANOVA was performed to assess the relationship between geographic region of origin and phenotypic responses. Pearson’s correlation, regression, and principal component analyses (PCA) of quantitative trait data were carried out in GENSTAT 21st edition to explore the relationships between variables under waterlogging and control conditions.





Genomic by sequencing

Identification of Single nucleotide polymorphism (SNP) markers for the mungbean mini-core collection was done by Diversity Array Technology (DArT) P/L, Australia (http://www.diversityarrays.com) using the mungbean genome sequence, Vardi_ver6 (Kang et al., 2014) as a reference, resulting in 24,870 raw SNPs.





SNP marker filtering and genome-wide linkage decay

The raw SNP dataset was subjected to stringent quality filtering using the dartR v2.7.2 package (Gruber et al., 2018; Mijangos et al., 2022) in R v4.2.2 software (R Core Team, 2022). Loci that did not map to physical locations on chromosomes within the mungbean reference genome (6,330 SNPs) were excluded from further analyses. In addition, 15,018 SNPs with monomorphic loci, call rates of <0.95 and minor allele frequency (MAF) of <0.05 were removed. A total of 3,522 high−quality SNPs remained for genetic analyses after filtering (Supplementary Table 3). The filtered SNPs were distributed unevenly across the 11 mungbean chromosomes (Supplementary Table 4), with an average density per chromosome of one SNP per 91.5 Kb. The filtered SNPs had an average heterozygosity proportion of 0.22. The pairwise linkage disequilibrium (LD) between the 3,522 high-quality SNPs was estimated by allele frequency correlations (r2) using TASSEL software (V5.1.0) (Bradbury et al., 2007; Tao et al., 2013). LD decay was estimated by fitting a smooth spline of averaged r2 over physical distance in R software. The LD decay distance was calculated at the distance where the average r2 decreased to half its maximum value (Hill and Weir, 1988; Remington et al., 2001).





Population structure analysis

The population structure of the mini−core genotypes was analysed using the filtered SNP set in STRUCTURE 2.3.4 (Pritchard et al., 2010). STRUCTURE performs a Bayesian model−based clustering approach applying Markov Chain Monte Carlo (MCMC) estimation (Porras-Hurtado et al., 2013). Nine K values (K=2:10) with five replicated runs each were analysed. The burn−in period was set at 5,000 with 10,000 MCMC replications. The admixture model was chosen as the ancestry model assumption. The subpopulation (K) values obtained from STRUCTURE were mined by STRUCTURE Harvester (Earl and von Holdt, 2011). The most likely structure value was determined using the non−parametric Wilcoxon test. A threshold of non−admixed individuals was set at a Q matrix value ≥70%. Admixed individuals were classified as having Q matrix values <70%.

Principal Component Analysis (PCA) was conducted using the dartR package in R software. PCs that individually accounted for >10% of the total observed variation were plotted to reveal population structure.

Finally, the evolutionary history of the mini−core was inferred using the neighbour−joining method (Saitou and Nei, 1987). A bootstrap consensus phylogenetic tree inferred from 100 replicates (Felsenstein, 1985a) was chosen to best represent the evolutionary history of the taxa analysed (Felsenstein, 1985b).The optimal tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood method (Tamura et al., 2004), with the number of base substitutions per site as units. The analysis involved 292 nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option) of the final data. Evolutionary analyses were conducted in MEGA11 (Stecher et al., 2020; Tamura et al., 2021).





Genome-wide association studies and candidate gene prediction

GWAS analyses were undertaken with the R package Genomic Association and Prediction Integrated Tool, GAPIT version 3 (Lipka et al., 2012; Wang and Zhang, 2021). The analyses were performed using 3,522 high−quality filtered SNP markers and phenotypic data expressed as a reduction rate (i.e. % of control) for emergence, shoot, root, and total dry mass, and SPAD chlorophyll content. The reduction rate transformation of phenotype data was necessary so that genetic responses to transient waterlogging stress could be analysed, rather than genetic variation underlying inherent agronomic performance, which would be detected using the original phenotypes under waterlogged and controlled conditions. Unadjusted phenotype data were used for adventitious root formation, however, as there were no adventitious roots in their drained−controlled pots.

Multiple statistical models were tested per trait, including: (i) general linear model (GLM, Price et al., 2006), (ii) mixed linear model (MLM, Yu et al., 2006), (iii) compression MLM (CMLM, Zhang et al., 2010), (iv) fixed and random model circulating probability unification (FarmCPU; Liu et al., 2016) and (v) Bayesian−information and Linkage−disequilibrium Iteratively Nested Keyway (BLINK; Huang et al., 2019). The most appropriate GWAS statistical model was identified by inspecting the quantile−quantile (Q−Q plots) and Manhattan plots. BLINK was deemed the most reliable of the five statistical models tested as it had the least evidence of P−value inflation and was therefore selected for use in the final analyses.

Significant marker−trait associations were identified using three different criteria, including: (i) a GWAS threshold P−value equal to 1/m, where m represents the number of genotype markers analysed (Wang et al., 2012; Borrego-Benjumea et al., 2021); (ii) an FDR (false discovery rate) threshold; and (iii) a Bonferroni threshold, equal to 0.01/n, where n represents the number of genotype markers analysed. Manhattan plots illustrated the significance of markers associated with the measured traits (Figures 1, 2). All annotated genes in the Vradiata_ver6 reference genome assembly (Kang et al., 2014) that were within average genome−wide LD decay distance of significantly associated SNP markers were identified as candidate genes for the corresponding putative transient waterlogging tolerance loci. Information on candidate gene ontology was sourced from Ensembl (plants.ensembl.org), AmiGO gene Ontology (amigo.geneontology.org) and UniProtKB (www.uniprot.org).




Figure 1 | Frequency distribution for the variation in six traits in 292 mungbean mini−core collection genotypes. Data represent the per cent reduction compared with its control. Unadjusted phenotype data were used for adventitious root formation as there were no adventitious roots in their drained-controlled pots. At the germination stage: (A) seedling emergence, and at the seedling stage: (B) shoot dry mass, (C) root dry mass, (D) total dry mass, (E) adventitious root number, and (F) SPAD chlorophyll content on the first trifoliate leaves. Data for seedling emergence were recorded for seeds exposed to 4 days of soil waterlogging followed by 7 days of recovery. Shoot, root and total dry mass, and adventitious root number were recorded for seedlings (15 DAS) exposed to waterlogging for 8 days followed by 7 days of recovery. SPAD chlorophyll content was measured at the end of waterlogging treatment (23 DAS).






Figure 2 | Correlation heatmaps for traits of interest. (A) germination stage: evaluated after 4 days of waterlogging and 7 days of recovery, (B) seedling stage: evaluated after 8 days of waterlogging from 15 days and 7 days of recovery. Evaluated traits: emergence (EM), shoot dry mass (SDM), root dry mass (RDM), total dry mass (TDM), number of adventitious roots (AR), SPAD chlorophyll content on the first trifoliate leaves (SPAD) at 23 DAS. Values within each cell are Pearson’s correlation coefficient. Significant correlations are indicated by orange and red cells. The blue and green cells indicate significant negative correlations.








Results




Effect of transient waterlogging on soil redox potential

Soil redox potential was greatly reduced in the waterlogged treatments, indicating that oxygen had been depleted from the soil. Such hypoxic/anoxic conditions are experienced in the field as a result of waterlogging and affect crop growth by preventing aerobic cellular respiration in root tissues, which is required to generate sufficient energy for root growth and functioning (i.e. absorption and transport of water and nutrients to the shoot). At the germination stage, drained pots had a stable soil redox potential (400 ± 32 mV) throughout the experimental period. In contrast, in the waterlogged pots, the soil redox potential declined gradually to 208 ± 10 mV after 4 days of waterlogging, where it remained for 3 days before gradually increasing during the recovery period, reaching the drained control value at 10 DAS (Supplementary Figure 1A).

At the seedling stage, the drained pots had a stable soil redox potential (440 ± 19 mV) from the first day of waterlogging (15 DAS) to harvest (30 DAS). In contrast, the soil redox potential of the waterlogged pots gradually decreased, reaching its lowest point 220 ± 15 mV after 3 days of waterlogging (18 DAS) before gradually increasing to 250 ± 35 mV by the end of the waterlogging treatment (23 DAS) and reaching the control level after 6 days of recovery (Supplementary Figure 1B).





Germination stage screening




Check genotypes

Check genotypes in the two cohorts [Cohort I (C−I) and Cohort II (C−II)] were analysed to understand the impact of phenotyping the mini−core collection in two separate cohorts for practicality reasons. Significant effects were detected for check genotypes (Gen), the transient waterlogging treatment (Treat) and their interaction (Treat × Gen and Treat × Gen × Cohort) for all traits, including emergence (%) and shoot, root, and total dry mass (all P ≤ 0.01; Supplementary Table 5). As the genotypic response to transient waterlogging was significantly greater than the cohort effect for the Treat x Gen x Cohort interactions (all P ≤ 0.01; Supplementary Table 5), data from the two cohorts were combined for analysis of all traits. Among the check genotypes, VI 4069 had the highest emergence (62%), followed by Celera II−AU (46%), VI 2537 (46%), VI 4954 (45%), and VI 2173 (38%), while BARIM−3, BARIM−6 and Jade−AU were the most susceptible (~20%) to waterlogging (Supplementary Figure 2).





Mini-core collection genotypes

Emergence and dry mass accumulation traits were significantly affected by Gen, Treat, and Treat × Gen interaction effects (P < 0.001 for all traits; Table 1). Transient waterlogging treatment had the greatest impact amongst the variables and reduced emergence by an average of 52% relative to the drained control. However, genetic effects were also prominent and a wide range of genetic variation was observed in the mini-core collection (Supplementary Table 6; Figure 1A), particularly for emergence (ranging from 0 – 90% under stress conditions) and root and total dry mass (ranging from 0 – 0.4 g and 0 – 1.1 g under stress conditions, respectively). As expected, seedling emergence under transient waterlogging was moderately correlated with the shoot dry mass (0.58), root dry mass (0.56) and total dry mass (0.61) (Figure 2A). All traits exhibited high broad-sense heritability: 81% for emergence, 83% for shoot dry mass, and 71% for root dry mass (Supplementary Table 6). Similarly, principal component loadings of seedling emergence under transient waterlogging correlated highly with shoot, root, and total dry mass (Supplementary Table 7). The three principal components had Eigenvalues of 3.14 (PC1), 1.05 (PC2) and 0.57 (PC3), accounting for 63% (PC1), 21% (PC2) and 11% (PC3) of total variability at germination.


Table 1 | Analysis of restricted maximum likelihood (REML) of the mungbean mini-core population screened at the germination stage for emergence (%) and shoot, root, and total dry mass.



This study revealed that the tolerance of germplasm to transient waterlogging stress, as reflected by all traits except for root dry mass, significantly varied amongst contrasting geographic regions of origin (all P ≤ 0.01; Supplementary Table 8). However, this analysis was highly unbalanced, with 64% of genotypes from South Asia, 20% from Southwest Asia and 6.8% from Southeast Asia (Supplementary Table 1). Nonetheless, genotypes from South Asia and Oceanic Pacific had the highest emergence (51%, 50%) compared with those from Europe (29%) and Africa (35%).






Seedling stage screening




Check genotypes

As with the previous germination growth stage, check genotypes were analysed to gauge homogeneity between the three phenotyping cohorts [cohort I (C−I), cohort II (C−II) and cohort III (C−III)]. Significant differences occurred between Gen, Treat, and Cohort variables, plus the Treat × Gen and Treat × Cohort interactions for all traits, but not for the Gen × Cohort or Treat × Gen × Cohort interactions (Supplementary Table 9). As the genotypic response to waterlogging was considerably greater than the cohort effect in the Gen × Cohort interaction, data from the three cohorts were once again combined for further analysis.

Transient waterlogging at the seedling stage caused notable reductions in shoot and root growth (P < 0.001) amongst the check genotypes. The extent of this biomass reduction varied substantially between genotypes (Supplementary Figures 3A, B). For example, smaller (yet statically significant, P< 0.001) reductions in root and shoot dry masses were observed in VI 2173, VI 2537, Jade−AU, and VI 4954, in contrast to genotypes such as Celera II−AU and BARIM−3, which experienced reduction up to three−fold for these traits. In terms of adventitious root development under transient waterlogging stress, Jade−AU and VI 4954 produced the largest number of new adventitious roots (20 roots on average), including surface roots, while BARIM−3 produced the least (8 roots on average) (Supplementary Figure 3C).





Mini−core collection genotypes

Effects of Gen, Treat, and the interaction of these two variables (i.e. Gen × Treat) significantly differed for all traits examined during the seedling growth stage, including dry mass (shoot, root, and total), adventitious root number, and SPAD chlorophyll content (all P < 0.001). Interestingly, Gen effects were stronger than the Treat or Treat × Gen effects for shoot, root, and total dry mass traits, whereas Treat had greater impact on adventitious root formation and SPAD chlorophyll content (refer to Wald statistics in Table 2).


Table 2 | Analysis of restricted maximum likelihood (REML) of the mini-core collection genotypes screened in three cohorts at the seedling stage for shoot, root and total dry mass, adventitious root number and SPAD chlorophyll content.



A wide range of phenotypic responses were observed in response to transient waterlogging during this growth stage, indicating substantial variation in genetic stress tolerance within the mini−core collection. On average, transient soil waterlogging decreased shoot, root, and total dry mass by 50% after 8 days of stress compared to the drained controls (Supplementary Table 6). However, the overall ranges for dry mass were quite extensive. For example, reductions in root dry mass as small as 7−8% were observed in 2 genotypes (AGG325698 and AGG325738) while 22 genotypes reported reductions as large as 70−93% (Figure 1). Similarly, a wide range of phenotypic variation existed for SPAD chlorophyll content in the first trifoliate leaves by the end of the recovery period (i.e. 23 DAS; Supplementary Table 6; Figure 1F), although the average reduction was quite substantial (70%) relative to the drained controls (Supplementary Table 6). All four traits (dry masses and SPAD chlorophyll content) were highly heritable with values ranging from 70% to 81% (Supplementary Table 6). Strong positive correlations were present as expected between the dry mass traits under transient waterlogging stress (ranging from 0.77 – 0.97), but SPAD chlorophyll content was very weakly negatively correlated with all other traits (Figure 2B).

The majority (140 out of 292) of mini-core collection rapidly produced adventitious roots in the hypocotyl region near the soil surface. No adventitious rooting was observed in any of the drained control pots. The number of adventitious roots produced was somewhat consistent amongst those genotypes producing these root structures, with 133 genotypes producing 11–15 adventitious roots, which was similar to the overall average of 12 adventitious roots per genotype (Supplementary Table 6; Figure 1E). However, seven genotypes produced >20 adventitious roots (AGG325560, AGG325593, AGG325634, AGG325733, AGG32514, AGG325718, AGG325726). Overall, the formation of these root structures appeared to be moderately correlated with shoot dry mass (0.57), root dry mass (0.58) and total dry mass (0.61) (Figure 2B).

Additionally, the trait of adventitious root formation appeared to have moderate heritability of 56% (Supplementary Table 6), although this was the lowest reported for all traits at either growth stage. Some adventitious roots grew along the surface of the soil and visual observation identified nodules on some of these, but they were not measured.

In the PCA analysis, the first three components accounted for 87% of the total variation in the data (39% PC1, 30% PC2 and 17% PC3) (Supplementary Table 7). The individual contributions to total variance were highest for adventitious root numbers in PC1 and PC2 (0.62 and 0.76). However, for PC1, SPAD chlorophyll content had a negative contribution (–0.68), while it had a positive contribution in PC3 (0.57).






Genetic diversity, population structure and LD analysis

The STRUCTURE analysis revealed the presence of three distinct subpopulations (Figure 3A) comprising 97 genotypes, 46 genotypes and 149 genotypes, respectively. These subpopulations neatly resolved into distinct groups in the PCA, in which the first two PCs explained 28.36% of the total observed variation (Figure 3B). Furthermore, the phylogenetic tree also identified three major clusters. The three clusters did not correspond to the geographic regions of origin: South Asian genotypes were found across the entire population but predominantly in subpopulation 1. Genotypes from Africa, East Asia, Europe, Mexico, Oceanic Pacific, Southeast Asia, and Southwest Asia were in subpopulation 3 (Figure 4).




Figure 3 | Population structure of 292 mungbean mini-core genotypes: (A) Classification of three populations using structure 2.3.4. The optimal number of clusters (k=3) is estimated based on the absolute value of the second-order rate of change in the likelihood distribution. Each vertical bar represents a single accession, and the length of each bar represents the proportion contributed by each population. The colour code indicates the distribution of mini-core genotypes to different populations: subpopulation 1 (red), subpopulation 2 (green) and subpopulation 3 (blue). (B) Genetic association of three subpopulations of mini-core collection genotypes based on 3,522 markers developed from DArT sequencing, revealed by a principal component analysis (PCA).






Figure 4 | Diversity of mungbean mini-core collection genotypes. Neighbour-joining tree analysis of 292 mungbean mini core genotypes: 186 from South Asia, 57 from Southwest Asia, 20 from Southeast Asia, seven from Ocean Pacific, five from East Asia, two from Europe, two from Africa, two from South America and 11 of unknown origin. The analysis was based on a bootstrap consensus phylogenetic tree inferred from 100 replicates to represent the evolutionary history of the taxa analysed.



Using a threshold r2 value of 0.1, genome−wide LD was found to decay at 328,518 bp (Figure 5). This distance exceeded the average distance between SNPs on all chromosomes (Supplementary Table 4), indicating that the 3,522 filtered SNPs (MAF ≤ 0.05) were adequate for GWAS in the current study.




Figure 5 | The LD decay was estimated from single-nucleotide polymorphism (SNP) genotypes of 292 mungbean mini-core collection genotypes. The curve represents the average LD of 11 chromosomes of the mini core population. The LD decay at r2 = 0.1 with ~328 Kb.







GWAS and candidate gene discovery

A total of five SNPs on chromosomes 1, 7, 8, and 11 (Table 3) were associated with transient waterlogging tolerance at the seedling stage. Adventitious root formation was associated with a SNP (SNP_1424) located on chromosome 7 within an exon of an FGGY carbohydrate kinase domain-containing protein gene (Figure 6A; Table 3). Furthermore, several plausible candidate genes were identified within the LD decay distance of significant SNP associations for the traits of adventitious root formation (Supplementary Table 10).




Figure 6 | Manhattan diagrams of genome−wide association mapping results for mungbean mini-core collection at the seedling stage: (A) adventitious root formation, (B) shoot dry mass, (C) root dry mass, (D) total dry mass and (E) SPAD chlorophyll content. The x-axis indicates the SNP location along the 11 mungbean chromosomes, while the y-axis represents –log10(p) for the p-value of the marker-trait association. The red horizontal line represents the genome-wide significant SNPs threshold of p-values = 5 × 10-8. The blue horizontal line denotes the 5% Bonferroni-corrected threshold for 3,522 markers.




Table 3 | Significantly associated SNPs and corresponding candidate genes for waterlogging-tolerant traits identified through GWAS.



The shoot dry mass trait was associated with a genomic region on chromosome 1 (SNP_1721) containing mRNA-uncharacterised protein LOC111241851 (Figure 6B; Table 3). The root dry mass trait was associated with the coding sequence of Caffeoyl-CoA O-methyltransferase At4g26220, also referred to as AtCCoAOMT (Figure 6C; Table 3). Meanwhile the total dry mass of mungbean plants under waterlogged condition was associated with the MORC family CW-type zinc finger protein 3 and zinc finger protein 2B (Figure 6D; Table 3). Finally, the SPAD chlorophyll content on the first trifoliate leaves was associated with a SNP (SNP_2963) located on chromosome 8 (Figure 6E; Table 3) within an exon of an 3−oxoacyl−[acyl-carrier-protein] synthase, mitochondrial, gene. FAR1−RELATED SEQUENCE 5−like and alcohol dehydrogenase class−3 were among other candidate genes observed within LD decay distance of the SNP (Supplementary Table 11). The current study did not identify the significant association between DArT-seq markers and the phenotypic traits of emergence.






Discussion

This study represents the first report of genomic variation for transient soil waterlogging tolerance in a diverse collection of mungbean germplasm and contributes to a broader understanding of transient waterlogging tolerance in pulses. The pot−based screening methodology (Kyu et al., 2021) was adopted to create uniform hypoxic conditions, identifying variation in waterlogging tolerance within the mungbean mini−core germplasm collection at the germination and seedling growth stages. All traits of interest related to waterlogging stress tolerance and recovery (including emergence; adventitious root formation; shoot, root, and total dry mass; and SPAD chlorophyll content of leaves) exhibited a wide range of phenotypes. The high broad-sense heritability estimates for each of these traits indicates that this variation is largely due to genetic effects and demonstrates the possibility of selecting for waterlogging tolerance during breeding of climate−resilient mungbean cultivars. Furthermore, we identified multiple genotypes within the mini−core collection that may be used as parental donors for transient waterlogging stress tolerance loci in breeding due to their high emergence (AGG325612, AGG325667, AGG325523), production of root dry mass (AGG325758, AGG325732, AGG325695, AGG325734, AGG325761), and development of large numbers of adaptative adventitious roots (AGG325560, AGG325593, AGG325733, AGG325634, AGG325718, AGG325514, AGG325726) during transient waterlogging. While the majority of these valuable genotypes are of South Asian origin, the discovery of two genotypes from African and Oceanic Pacific origins demonstrates the potential of discovering adaptive genetics (including potentially unique loci) from multiple regions and reinforces the value of broad germplasm screening in pre−breeding research.

Understanding the strategies used by a species to cope with transient waterlogging stress and identifying genetic variation associated with transient waterlogging tolerance traits are prerequisites to breed for tolerance. Considerable variation in waterlogging tolerance exists within and between grain legume species. For example, faba bean (Vicia faba L.) produces adventitious roots and aerenchyma (increasing root porosity by 9%); thus, it is more tolerant to short-term waterlogging than yellow lupin (Lupinus luteus L.), grass pea, narrow-leaf lupin (Lupinus angustifolius L.), chickpea (Cicer arietinum L.) and lentil (Lens culinaris Med. subsp. culinaris) (Solaiman et al., 2007). Limited research has explored the mechanisms for tolerance in mungbean to date, and studies that have been conducted have largely explored coping strategies during reproductive development (Van Haeften et al., 2023). Here, we have examined how the species responds to stress during earlier stages of growth.

We confirmed that mungbean seeds do not germinate during transient waterlogging, and that variation in transient waterlogging tolerance was related to maintaining seed viability under hypoxia and subsequent emergence on the release of hypoxia. Tolerant genotypes (i.e. AGG325523, AGG325612, AGG325667) had similar emergence percentages to the drained controls after removing the stress, but sensitive genotypes (i.e. AGG325528, AGG325569, AGG325491) failed to emerge and died (Supplementary Table 12), similar to barley germplasm screened for waterlogging tolerance (Takeda and Fukuyama, 1987). In other legumes, such as soybean, waterlogging tolerance is related to the thickness of the seed aleurone layer, with tolerant genotypes absorbing water more slowly than sensitive genotypes (Tian et al., 2005; Sato et al., 2019). Moreover, Powell and Matthews (1979) reported that pea seeds rapidly absorbed water under soil waterlogging, but the inhibited respiration rate decreased the formation of adenosine triphosphate (ATP) (Johnson et al., 1989), resulting in poor seed viability and germination.

At the seedling stage, transient waterlogging stress reduced shoot and root relative growth (% of control) and SPAD chlorophyll content in mungbean. In response to the stress, tolerant germplasm produced adventitious roots primarily in the hypocotyl region (Figure 7), as rapidly as 2–4 days after the onset of transient waterlogging, including some of which grew along the surface of the soil. As a result, genotypes that formed adventitious roots in response to transient waterlogging had higher root and shoot dry mass and SPAD chlorophyll content than genotypes that did not form such new roots (Supplementary Table 13). Adventitious root formation is a significant trait in many waterlogging− and flood−tolerant plant species (Jackson and Armstrong, 1999), including soybean (Valliyodan et al., 2014; Kim et al., 2015), common bean (Soltani et al., 2018), cotton (Zhang et al., 2021), barley (Borrego-Benjumea et al., 2021) and wild maize (teosinte) (Mano et al., 2005). In contrast to the primary root system that has limited capacity for gas exchange at depth under waterlogged conditions, newly formed adventitious roots avoid hypoxia/anoxia due to their location above the soil, at the soil surface, and/or at shallow soil depths, and thereby enhance the overall uptake of oxygen into the root system (Gonin et al., 2019). Additionally, they contain aerenchyma (i.e. spongy tissues that act as internal channels for oxygen transport) and may also have specialised structures called radial oxygen loss (ROL) barriers that minimize the loss of oxygen to the rhizosphere and efficiently direct it across and along the roots to the meristematic tissues (Yamauchi et al., 2018). Consequently, adventitious roots are able to compensate, at least to some extent, for the impaired function of the primary root system and enable plants to continue acquiring water and nutrients (Colmer and Greenway, 2011; Voesenek and Bailey-Serres, 2013; Steffens and Rasmussen, 2016), which contributes to plant survival under stress. In addition to differences in adventitious roots, a range of phenotypic variation was observed more generally for root systems; some genotypes had short taproots and a limited number of lateral roots (i.e. AGG325470, AGG325474, AGG325479).




Figure 7 | Mungbean (cv. Jade−AU) root development under waterlogged and drained control conditions: (A) formation of adventitious roots in mungbean seedlings in response to 8 days of transient soil waterlogging, and (B) root development under drained control conditions. Note the presence of new white adventitious roots on the waterlogged plants.



Several studies have recently identified genetic loci and candidate genes associated with waterlogging tolerance in model pulses. In common bean, GWAS analysis using ~150 K SNPs identified candidate genomic regions at Pv08/1.6 Mb and Pv02/41 Mb relating to physiological responses of germination rate and root weight under waterlogging (Soltani et al., 2017). These two regions were also identified in soybean QTLs for waterlogging tolerance, indicating that they might control the evolutionary pathway for stress tolerance in pulses. Ye et al. (2018) reported that dominant alleles at qWT_Gm03 controlled waterlogging tolerance at the vegetative stage in soybean. However, beyond these findings, it is unclear which genetic pathways contribute to waterlogging tolerance in pulses (Soltani et al., 2017).

The inheritance of waterlogging tolerance in mungbean was dissected in this study by marker−trait associations for the first time. This was made possible by the recent development of new genetic and genomic resources for mungbean, including a reference genome assembly (Kang et al., 2014) and DArTseq markers for a mini−core germplasm collection (Schafleitner et al., 2015). One of the main advantages of GWAS is that it can assess greater genetic/allelic diversity for a species using a natural population than is possible using bi−parental populations for linkage mapping (Korte and Farlow, 2013). In addition, historical recombination events within natural populations can provide greater mapping resolution than achieved using genetic populations in linkage mapping, provided that low levels of linkage disequilibrium (i.e., small LD decay distances) exist in the GWAS mapping population and a large number of genetic markers (saturating the entire genome) are used (Korte and Farlow, 2013).

At the germination stage, we unfortunately did not identify any genomic regions associated with emergence after four days of transient waterlogging, despite this trait having strong heritability. The reason for this is very likely to be the small number of SNPs used in our analysis due to stringent quality filtering. Given the strong heritability we observed (H2 = 0.81), we suspect it very likely that strong associations would be found in the mini-core collection of mungbean germplasm in future studies that are able to utilise higher densities of markers, for example, derived through whole genome resequencing.

At the seedling stage, a number of candidate genes were identified within five associated genomic regions. Although more genetic associations are very likely to be found in future studies employing higher densities of molecular markers, the identified genomic regions and associated markers identified in this study will be valuable as an initial foundation for isolating transient waterlogging tolerance genes to improve mungbean breeding. Additionally, the corresponding candidate genes may enhance our understanding of potential strategies and genetic pathways that provide waterlogging tolerance in mungbean (Supplementary Tables 10, 11).

The GWAS analysis revealed that adventitious root formation under waterlogging stress was possibly associated with FGGY carbohydrate kinase domain−containing. Interestingly, this suggests a link between carbohydrate metabolism and adventitious root development during transient waterlogging, in addition to the shift in metabolism from aerobic to anaerobic pathways and the availability of soluble sugars during low oxygen stress (Bailey-Serres and Voesenek, 2010). In sorghum seedlings, the FGGY carbohydrate kinase family shares the same phylogenetic nodes with plant−growth−promoting rhizobacteria (PGPR), including several phytobeneficial and desired traits such as increased production during biotic or abiotic stress (Etesami and Maheshwari, 2018). Further investigations of the biological function(s) in plants of FGGY are needed (Singh et al., 2017) and, as highlighted here, should include the potential link to adventitious rooting during waterlogging stress in mungbean. Several other plausible candidate genes related to abiotic stress were also identified for this trait, however, and should similarly be explored further (Supplementary Table 10). For example, AAA−ATP At5g57480 has novel ATPase activity that is associated with the formation of hypocotyl-derived adventitious roots in cucumber (Xu et al., 2018).

We identified that Caffeoyl-CoA O-methyltransferase At4g26220, also referred to as AtCCoAOMT, is associated with the root dry mass for the waterlogging tolerance in mungbean. GO annotations indicate that AtCCoAOMT enables O-methyltransferase activity (Burge et al., 2012) and S-adenosylmethionine-dependent methyltransferase activity (Tang et al., 2019). The AtCCoAOMT protein is an enzyme active in the phenylpropanoid pathway within plants, which is integral to the production of various secondary metabolites, including lignin, flavonoids, and phytoalexins, all of which serve vital functions in plant defense, structural integrity, and response to environmental stressors. Lignin, in particular, is essential for maintaining cell structure and enhancing resistance to both biotic and abiotic stresses (Bhuiyan et al., 2009; Weng et al., 2010; Srivastava et al., 2015). O-Methylation plays a key role in lignin biosynthesis, stress tolerance, and disease resistance in plants (Lam et al., 2007). The O-methyltransferase genes exhibit diverse responses to environmental stresses and developmental processes, including salt stress and fibre development in cotton (Hafeez et al., 2021), lodging resistance and feedstock quality associated with lignin content in wheat (Nguyen et al., 2016), and putative roles in development and stress tolerance such as low temperature, hormone, and drought stress in peanut (Cai et al., 2023).

Our GWAS analysis revealed that the total dry mass of mungbean plants under waterlogged condition is associated with the genes encoding MORC family CW-type zinc finger protein 3 and zinc finger protein 2B (Table 3). Recent studies reported that microrchidia (MORC) proteins are a family of evolutionarily conserved GHKL-type ATPases involved in chromatin compaction and gene silencing. Furthermore, the MORC-mediated repression of gene expression is particularly important under conditions of stress (Zhong et al., 2023). The ORC proteins also act downstream of DNA methylation to suppress gene expression and are also involved in plant immunity — protecting plants against potential pathogens by interacting with plant resistance proteins (Kang et al., 2008; Moissiard et al., 2012). Additionally, GO annotations indicate that MORC family CW-type zinc finger protein 3 and zinc finger protein 2B proteins are located in the nucleus and enable ATP hydrolysis (Tang et al., 2019) and zinc ion binding activities (Burge et al., 2012). Enabling of ATP hydrolysis and zinc ion binding activities in plants under waterlogged stress involved complex molecular mechanisms that help plants cope with adverse environmental conditions. ATP hydrolysis activity and zinc ion binding play crucial roles in plant adaptation to abiotic stress by providing energy for cellular processes, maintaining ion homeostasis, regulating enzyme activity, and enhancing antioxidant defense mechanisms (Li et al., 2022). Understanding the interplay between ATP hydrolysis and zinc ion binding could provide insights into the molecular mechanisms underlying plant responses to waterlogging stress and inform strategies for improving plant resilience and productivity in waterlogged conditions.

In the current study, an OXSM gene that encodes a 3−oxoacyl−[acyl−carrier−protein] synthase mitochondrial protein and beta-ketoacyl synthetase (Table 3) was identified as a possible candidate gene related to leaf chlorophyll content during transient waterlogging. There are three isoforms of ketoacyl−[acp] synthase, namely KASI, KASII, and KASIII. In Arabidopsis, a T−DNA insertion mutant, KASI showed multiple morphological defects, including chlorotic and curly leaves, reduced fertility, and semi−dwarfism, demonstrating pleiotropic effects of FA synthesis on plant growth (Wu and Xue, 2010). The current study observed chlorotic, curly leaves and semi−dwarf plants in the waterlogging treatment. However, further studies are needed to confirm what type of ketoacyl−[acp] synthase is involved in the tolerance of mungbean to transient waterlogging stress, especially in the chlorophyll content and photosynthesis pathway. Other proteins within the estimated LD length include regulating plant immunity (Supplementary Table 11).

In summary, this study has identified useful phenotypic variation for transient waterlogging-tolerance traits within the mungbean mini−core germplasm collection and has contributed to an improved understanding of the genetic control of waterlogging tolerance during germination and seedling development. Together, these findings provide new insights into the significance of transient waterlogging tolerance traits in mungbean, such as adventitious root formation, and genomic regions and candidate genes associated with transient waterlogging tolerance. Further studies are required to validate these results and to determine the correlation between the temperature−controlled glass house condition in this study and field conditions.





Conclusion

The genetic diversity for transient waterlogging tolerance in the mungbean mini−core collection was explored under controlled conditions during germination and seedling growth stages using GWAS. Efficient screening methodology helped discriminate between susceptible and tolerant germplasm and identify key traits related to tolerance, such as the formation of adventitious roots in response to experiencing transient waterlogging. Thirty−seven genotypes were identified as being tolerant at both developmental stages, with 20 (7%) genotypes being tolerant at germination and 17 (6%) genotypes at the seedling stage. These genotypes could be used as donors for waterlogging tolerance in breeding programs and enable the development of new varieties with favourable combinations of alleles at both stages of plant development. Nevertheless, the genomic associations and corresponding candidate genes identified through GWAS in this study strengthen our understanding of the genetic mechanisms underlying transient waterlogging tolerance in mungbean. Furthermore, the significantly associated SNPs may be used to design robust molecular markers for future marker-assisted breeding of climate−resilient cultivars that can withstand waterlogging. This will be imperative for mitigating the detrimental effects of waterlogging stress on crops and reducing losses for mungbean growers.
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Supplementary Figure 1 | Soil redox potential during (A) germination stage, (B) seedling stage in the mini-core collection genotypes under waterlogged (WL) and drained (Control) conditions. At germination, WL was imposed immediately after sowing for 4 days, followed by 7 days of recovery, with the experiment terminating at 11 DAS. At the seedling stage, WL was imposed at 15 DAS, followed by 7 days of recovery, with the experiment terminating at 30 DAS. The arrows indicate the first day of waterlogging and the first day of recovery after the end of the WL treatment. The data are means of six soil redox potential for each treatment in each cohort. Vertical bars represent standard errors ( ± SE) of the mean.

Supplementary Figure 2 | Effect of transient waterlogging (WL) at the germination stage on the emergence (%) of eight check genotypes from the mungbean mini-core collection screened in two cohorts [Cohort I (C-I) and Cohort II (C-II)]. The check genotypes were replicated five times in each cohort. WL was imposed immediately after sowing for 4 days, followed by 7 days of recovery, with the experiment terminating at 11 DAS. The data are means for each genotype in each treatment; vertical bars represent standard errors ( ± SE) and least significant differences (LSD) at P = 0.05 for genotype.

Supplementary Figure 3 | Effect of transient waterlogging (WL) on (A) shoot dry mass, (B) root dry mass, and (C) adventitious root formation of eight check genotypes from the mungbean mini-core collection screened under transient waterlogging in three cohorts [C-I, C-II, C-III] at the seedling stage. WL was imposed at 15 DAS, followed by 7 days of recovery, with the experiment terminating at 30 DAS. The data are means for each genotype in each treatment; vertical bars represent standard errors ( ± SE) and LSD at P = 0.05 for genotype.
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Genotype Cond Selection Index Germination percentage AS Remarks

Afaa Mwanza 1/159 Anaerobic 46 75 Entry
Ciherang Subl AG1 AG2 Anaerobic 43 79 Check
Rojomena 271/10 Anaerobic 31 74 Entry
Kubwa jinga Anaerobic 30 71 Entry
‘Wahiwahi Anaerobic 28 86 Entry
Magongo ya Wayungu | Anaerobic 28 75 Entry
Mpaka wa bibi Anaerobic 26 80 Entry
Mwangaza Anaerobic 26 71 Entry
Tarabinzona Anaerobic 25 80 Entry
1B126-Bug 2013a Anaerobic 25 70 Entry
| Kanamalia Anaerobic 25 73 Entry
Iron Aerobic 116.59 92 Entry
Mwangaza Aerobic 78.65 95 Entry
IR15T1302 Aerobic 50.82 97 Entry
Tunduru Aerobic 50.70 100 Entry
Ciherang Subl AG1 » Aerobic 45.51 100 Check
Line-8A-2 Aerobic 3761 100 Entry
NERICA 2 Aerobic 36.96 100 Entry
Afaa melela Aerobic 33.61 100 Entry
IR16T1339 Aerobic 3297 95 Entry
Lunyuki Aerobic 3232 100 Entry
Mbega Aerobic 3030 100 Entry
NERICA 4 Aerobic 29.00 100 Entry
Line-18-Niwurl Aerobic 28.83 100 Entry
Kaling’anaula Aerobic 28.12 100 Entry
Swarna Subl Aerobic 27.54 100 Check
Afaa Mwanza 1/159 Across 56 84 Entry
Ciherang Subl AG1 AG2 Across 54 85 Check
Kanamalia Across 41 82 Entry
Rojomena 271/10 Across 39 83 Entry
Kaling’anaula Across 39 80 Entry
Chimdima Across 36 81 Entry
Pishori-Brown Across 34 81 Entry
Gigante Across 33 82 Entry
Tarabinzona Across. 28 84 Entry
Faya dume 3 Across 28 82 Entry
Faya dume 1 Across 26 83 Entry
Tosa Across 26 81 Entry
Magongo ya Wayungu Across 25 83 Entry
Ringa Across 25 81 Entry
Mpaka wa bibi Across 25 84 Entry
1B126-Bug 2013a Across 25 81 Entry
Kivuli Across 25 80 Entry
Mzungu Across 25 81 Entry

Exceptional results for aerobic condition and across aerobic-anaerobic environments are also included. The selection was based on a selection index generated from GEBV's (Genomic Estimated
Breeding Values) for multiple traits and BLUPs (Best Linear Unbiased Predictions) for germination 21 DAS (days after seeding), as described in the methodology.
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Anaerobic Anaerobic

Traits Experiment 1 Experiment 2
Germination (14DAS)-(%) 0.71 0.71
Germination (21DAS)-(%) 0.61 0.69
Seedling height (14DAS)-(cm) 0.57 0.42
Seedling height (21DAS)-(cm) 0.67 0.7
Culm diameter -(mm) 031 0.48
Root length-(cm) 0.26 0.46
Shoot dry matter-(g) 0.59 0.53
Root dry matter-(g) 0.48 0.44

DAS indicates days after seeding.
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S.no. Waterlogging treatment Total number of leaflets (TNL) Total leaf area TDM of plants

20 days JEEST 151 243%2
2 40 days 10£1 151 186742
3 60 days 071 121 16,69 +2
4 80 days 061 101 1247 £2
5. 100 days 031 071 94342
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Economic indicators

Mean farm net returns (million Rs./farm/year)
Per capita income (thousand Rs./person/year)

Poverty rate (%)

Projected adoption rate = 69.3%

‘Without adaptation ‘With adaptation
L1 129
100 uz
166 16

Projected adoption rate = 70%
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Time averaged relative yield (r) of GCM

Crop Crop Model CCSM4 GFDL-ESM2M HadGEM2-ES MIROC5 MPI-ESM-MR Mean

Rice DSSAT 0.90 072 095 087 079 0385
APSIM 083 0.80 080 083 085 082

Wheat DSSAT 093 083 083 080 085 082
APSIM 0.90 0.90 090 091 091 090

ed mean of simulated past yield.

aged mean of simulated future
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Sr. # Variable Direction of change % change
Rice Wheat

1 Nitrogen/hectare (Kg)  Increase 1525
2 Sowingdensity (Plant/m2) Increase 1530
3 Imigation Decrease 1525
4 Sowingdates Decrease Sdays 15days
5 Overall productivity Increase 55 60

Percentage change (% change) shows the percentage of farmers using the crop
management practices related to crop models to reduce the adverse effects of
climate change.
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Sr. # Variable Direction of change % change

Rice Wheat

1 Average houschold persons Increase 0 4
2 Non-agricultural income  Increase 40 40
3 Priceof output Increase 6 70
4 Variable production cost  Increase 5550

Percentage change (% change) shows the percentage of farmers using the socioeconomic
technology related to crop models to reduce the adverse effects of climate change.
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Countries Rice ‘Wheat

China —12t0+12 ~10to+14
Philippines ~10to+4 —10to+4
Thailand —10to+4 —10to+4
Rest of SE Asia ~10to+4 ~10to+4
Bangladesh —10to+4 —10to+4
India —15t0 +4 —10to +4
Pakistan ~15t0+4 ~10to+4
Rest $ Asia —15t0+4 ~10t0+4

Source: Gouldson et al. (2016), Asseng et al. (2019), Chow et al. (2019), Degani et al.
(2019, Sanz-Cobena et al. (2019), and Suryadi (2020).

Minus sign (-) indicates the decrease in productivity while positive sign (+) indicates
increase in productivity.
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FDR
adjusted Protein name of candidate gene
P-values

Position

(bp)

Adventitious roots number

SNP_1424 LOC106768660 | 7 GlA 14922869 10406 597 00227 000369 018 097 FGGY carbohydrate kinase domain-containing protein
Shoot dry mass

SNP_I721 Loci2asst | 1 TIC 4402474 ‘680005 68 00189 0239 037 10 mRNA-uncharacterized LOCI11241851

Root dry mass

SNP_1620 L0C106767922 | 7 G/A 52673662 451605 451 00244 0159 018 096 probable caffeoyl-CoA O-methyltransferase Atig26220

Total dry mass

SNP_3814 Lociogss 1 G - sneos | 72 o6tz | 0250 o |10 MORC family CW-type zinc finger protein 3 and zinc finger
protein 2B

SPAD chlorophyll content

SNP_2963 LOCI06770822 | 8 ar 20831249 96408 701 00591 00033 024 10 3-0x0acyl-[acyl-carrier-protein] synthase, mitochondrial

Chrom represents Chromosome,

FDR represents False Discovery Rate and MAF represents Minor Allclic Frequency.
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Variable Source of variation Genotype Treatment t X Genotype

Total dry mass (g) nd.f* 291 1 291
d.d.f 1258 1258 1258
‘Wald statistic 1409.1 1302.8 296.3
F statistic 4.8 1302.8 10
Fpr <0.001 <0.001 <0.001
Shoot dry mass (g) ‘Wald statistic 1211.26 1032.57 270.72
F statistic 4.1 1032.6 0.9
Fpr <0.001 <0.001 <0.001
Root dry mass (g) ‘Wald statistic | 1651.04 1320.04 354.3
F statistic 57 1320.0 12
Fpr <0.001 <0.001 <0.001
Adventitious root number ‘Wald statistic 662.06 6513.08 664.34
F statistic 23 6513.1 23
Fpr <0.001 <0.001 <0.001
SPAD chlorophyll content ‘Wald statistic 942.58 4532.3 538.6
F statistic 32 4532.3 538.6
Fpr <0.001 <0.001 <0.001

*numerator degrees of freedom.
**denominator degrees of freedom.
The cohort data were combined and analysed to explore the genetic variation.
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Variable Source of variati Genotype Treatmen Treatment X Genotype
nd.f* 291 1 291
dd.f* 1384 1384 1384
Emergence (%) ‘Wald statistic 2760.63 9671.48 1803.99
F statistic 949 9671.48 6.2
Fpr <0.001 <0.001 <0.001
Total dry mass (g) Wald statistic 3710.12 8570.59 2463.24
F statistic 1275 8570.59 8.46
Fpr <0.001 <0.001 <0.001
Shoot dry mass (g) ‘Wald statistic 2757.35 9565.41 1826.80
F statistic 948 9565.41 6.28
Fopr <0.001 <0.001 <0.001
Root dry mass (g) ‘Wald statistic 1659.37 3497.50 1330.06
F statistic 57 34975 4.57
Fopr <0.001 <0.001 <0.001

“numerator degrees of freedom.
**denominator degrees of freedom.
The screening was undertaken in two cohorts, with the data combined and analysed to explore genetic variation in mungbean.
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(A) Waterlogged condition (B) Drained control condition
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RNA name Sequence of miRNA etg rget gene annotati
miR160a-5p UGCCUGGCUCCCUGUAUGCCA Csa2G315390 auxin response factor 17
Csa6G141390 auxin response factor 18-like
Csa6G405890 auxin response factor 18-like
Csa6G445210 auxin response factor 18
miR164c-3p CAUGUGCUCUUCUUCUCCAAC CsadG007600 uncharacterized protein
Csad4G053280 cellulose synthase-like protein
miR166a-3p UCGGACCAGGCUUCAUUCCCC Csa6G141360 homeobox-leucine zipper protein REVOLUTA isoform X2
Csa6G525430 homeobox-leucine zipper protein ATHB-14-like
Csa7G452940 homeobox-leucine zipper protein ATHB-15 isoform X2
CsalG538230 homeobox-leucine zipper protein ATHB-14-like
miR166m UCGGACCAGGCUUCAUUCCCU Csa3G895630 homeobox-leucine zipper protein
Csa5G576830 mitochondrial carrier protein
miR168a-5p UCGCUUGGUGCAGGUCGGGAA CsalG031900 eukaryotic translation initiation factor 2¢
miR2617a CGAGUGUGAGCAUGCCUGUU CsalG569300 268 protease regulatory subunit 6A homolog
miR2938 AUCUUCUGAGAAGGGUUCGAG Csa6G310480 mitochondrial 28S ribosomal protein $29-like protein
miR394a UUGGCAUUCUGUCCACCUCC Csa5G184300 probable methyltransferase PMT11
Csa6G087700 F-box only protein 6 isoform X1
miR4994-3p UAAUUCUAGAGCUAAUACA Csa3G733920 gamma-glutamyl phosphate reductase
miR7503 AGACCGAUAGCGAACAAGUAGA Csa6G239680 transcript antisense to ribosomal RNA protein
miR8155 UAUCCUGGCUGCGGAACCA Csa6G518120 homeodomain-like transcription factor superfamily protein
Csa6G521090 60S ribosomal protein 132
novel_mir_4 CACGUGCUCCCUUUCUCCAAC Csa6G538730 ubiquitin-protein ligase
novel_mir_10 UUCAAGAAAGCUGUGGGAGA CsalG032490 kelch repeat-containing F-box family protein
novel_mir_32 UCAGUAGGAACGAUACAAUCA Csal1G002780 HAD-superfamily hydrolase
novel_mir_36 UUCAUGGGUCUCUGUUUUUAG Csa4G003750 pectinesterase inhibitor
Csa5G152810 mitogen-activated protein kinase 4
novel_mir_58 UAAGAGCUUCGAUAGUAACAUG CsalG597710 beta-galactosidase
novel_mir_81 CAUGUGCUCUUCUUCUCCAAC Csa4G007600 putative uncharacterized protein NEF1-2

Csa4G053280 cellulose synthase-like protein
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Count Q20 (%) Percent(%) Count Q20 (%) Percent (%) Count Q20 (%) Percent (%)

Raw reads 54,030,338 95.25 54,029,014 95.07 54,028,994 95.02

Clean reads 47,674,226 97.14 46,884,408 97.17 47,108,756 97.15

Total mapped 88.7 | [ 87.8 | 89.3
<=5bp mismatch 5,812,243 12.19 5,697,747 12.16 5,671,732 12.04
unique match 26,894,756 ‘ 56.41 26,422,549 ‘ 56.40 25,758,445 54.68

multi-position match 353,190 0.74 315,396 0.67 37,4223 0.79
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Gene id Gene Forward primer (5'-3’) Reverse primer (3'-5’)
csa7g448680 TIAA CACAGTCTATGTTGGTAAGTCAC ACGACTTATCAACCAACTCT
csadg618520 ABA ATCAAGCTTCCCAATGACA AAGCGTATAGATTTACCCTCG
csa7g375820 Ethylene GTGGAACAATGATCACAATCAG ‘ ACATCGTCTCTTCGGC
5228023880 LOX 1 CTTGACCCAAATGTTTATGGGA ACTCACCTCATCAACCGTAA
csalg573650 bzIp GAAACTGAACCGGAGCG CTTGATTTCTACGGCGTTTG

csa3g727990 WRKY CTTTGATCGAAGAAAAGCAGC GATTCTGGTGAGTAGATCTTGG
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Waterlogging has impacts on the growth of:
-cucumber (Olorunwa et al., 2022)

- wheat (Ma et al., 2022)

- peanut (Sharma et al. 2022)

- conifer trees (Ran et al., 2023).

In rice the most susceptible stages are germination and seedling, but:
- coleoptile can acquire atmospheric oxygen (Shiono et al., 2022)

- donors to enrich the rice gene pool exist (Mwakyusa et al., 2023).

Transcriptional responses and candidate genes
were elucidated in:

_ Molecular pathways - Arabidopis thaliana (Guan et al., 2022)
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Styrax tonkinensis (Chen et al., 2022)

(iii)

- Models have potential in forecasting the effects of
waterlogging on wheat (Xu et al., 2023).

- Yield losses in rice and wheat are predicted due to
climate change (Habib-ur-Rahaman et al., 2022).

- Melatonin application has potential in protecting
plants from waterlogging (Hassan et al., 2022).
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ha)  perspike weight (g)

2015-2016 wo 522.3a 34.9a 36.92 6235.6a
w3 510.6a 33.8a 3652 6005.4a
we 515.7a 32.00 33.20 5049.0b
wo 509.6a 30.80 30.40 4344.2

2016-2017 wo 560.2a 3272 3722 6201.2a
w3 555.2a 31.7a 35.3a 5939.4a
we 555.3a 30.1b 32.80 5012.7b
w9 542.4a 30.00 30.40 4483.60

Averaged wo 541.3a 33.82 37.1a 6218.4a

across two wa 532.9a 3282 35.92 5972.4a

years we 535.52 3110 33.00 5030.80
w9 526.0a 30.40 30.4¢ 44139

Different lowercase letters i the same column indicate significant differences among
treatments (p<0.05).
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variety Five Waterlogging Index

Simulation curves

W pius y=-0.0035x+1.1863 0.67 -0.82*

WI Growth y=-0.0094x+1.1814 0.59 -0.77%

Yang mai 11 WI Desting y=-0.0081x+1.1547 0.53 -0.73%
WI asp2 y=-0.0024x+1.1046 031 -0.56%

WI asp1 y=-0.0024x+1.0663 0.27 -0.52%

W piug y=-0.0053x+1.3051 0.74 -0.86*

WI asp2 y=-0.0073x+1.3356 0.72 -0.85%

Zheng mai 7698 WI asp1 y=-0.0081x+1.2543 0.68 -0.82%
WI Growh y=-0.0141x+1.3165 0.53 -0.73%

WI bestiny y=-0.015x+1.3356 0.52 -0.72%

**represented extremely significant correlation(P<0.01). *represented significant correlation(P<0.05). The same as follow.
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variety Five Waterlog

Simulation curves

WI pigs y=0.0274x+0.9947 051 071%

WI Growth y=0.0455x+1.0334 048 070"

Yang mai 11 WI pegting y=0.0392x+1.043 044 0.66*
WI asp2 y=0.021x+0.8548 029 053

WI asp1 y=0.0341x+0.9077 025 050

WI Growin y=0.0388x+0.9879 077 0.88*

WI Destiny y=0.0361x+0.9913 075 0.87

Zheng mai 7698 WI pis y=0.0204x+0.954 073 0.86*
WI asp2 y=0.0267x+0.7294 039 063

WI asp1 y=0.0361x+0.8468 031 055

**represented extremely significant correlation (P<0.01). *represented significant correlation (P<0.05).

. The same as follow.
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Crops Stress MT Effects References
conditions application
Soybean 30% field 100 uM MT application improved the photosynthesis and reduced the ABA, MDA, and Imran et al.,
capacity HoOp accumulation by triggering the activities of APX, CAT, POD, and SOD 2021b
Coffee 40% field 100 pM MT reduced the chlorophyll degradation, MDA accumulation, electrolyte Cherono et al.,
capacity leakage by increasing the activities of CAT and SOD. Moreover, MT suppressed 2021
the expression of chlorophyll degradation gene PAO and upregulated the gene
AREB encoding ABA-responsive element-binding protein
Maize 40% field 100 pM MT application increased biomass production by reducing the ROS production Ahmad et al.,
capacity and increasing the photosynthetic activity and activities of APX, CAT, and POD 2019
and accumulation of soluble proteins and proline
Moringa oleifera Drought stress 150 pM Foliar application of MT improved moringa’s growth, yield, and quality by Sadak et al.,
was imposed enhancing the photosynthetic pigments, phenolic contents, IAA accumulation 2020
by skipping and reducing the MDA and ROS accumulation by increasing the APX, CAT, and
irrigation at 45 SOD activities
and 60 days
after sowing
Flax 50% field 7.5 mM MT application improved the growth, yield, photosynthetic activities, IAA Sadak et al.,
capacity contents, soluble sugars, free amino acids, and activities of CAT and POD 2020
Wheat 40% field 500 M MT improved the photosynthetic rate, efficiency of PS-II, water holding capacity, Zhang et al.,
capacity and activities of APX, DHAR, GPX, GST, and genes expression of these 2017a
antioxidant enzymes
Alfalfa Drought stress 10 uM MT application reduced the MDA contents ROS production and increased the Antoniou et al.,
was imposed activities of APX, CAT, GR, and SOD and genes expression 2017
by withholding
irrigation for
seven 7 days
Maize Drought stress 100 uM MT application improved the photosynthetic activities, stomatal conductance, Ye etal., 2016

was imposed
by withholding
irrigation for

7 days

turgor potential and reduced the MDA and HoO» by increasing anti-oxidant
activities
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Crops Stress MT Effects References
conditions application
Pistachio —4°C 0.5 uM MT supplementation reduced the H202 and MDA accumulation, electrolyte Barand et al.,
leakage, chlorophyll degradation, and activities of APX and GSH 2020
Tea —5°C 100 uM MT foliar spray improved the photosynthetic rate of chlorophyll contents and Lietal, 2018
reduced the ROS accumulation by increasing the anti-oxidant activities and
redox homeostasis
Tomato Day/night 100 uM The application of MT reduced the damage to photosynthetic apparatus, Yang et al.,
temperature of increased electron transport, the efficiency of PS-1 and PS-Il, and protected the 2018
15/6°C membranes from the cold-induced oxidative harms
Rice 12°C 100 pM MT alleviated the ROS and MDA accumulation and increased the Han et al., 2017
photosynthetic activity, the efficiency of PS-II, and increased the actions of both
enzymatic and non-enzymatic anti-oxidants
Tomato 4°C 100 pM MT reduced the MDA contents, EL, and increased the activities of antioxidant Ding et al.,
enzymes and cold-responsive genes 2017
Barley 4/2°C 10 mM MT application increased the endogenous MT and increased the Lietal., 2016b
day/night photosynthetic efficiency, electron transport, and activities of anti-oxidants
temperature
Bermuda grass 4°C 100 uM MT treatment enhanced the photosynthetic fluorescence parameters and Huetal, 2016
increased carbohydrates and amino acids’ accumulation
Wheat Day/night 1mM MT application increased the photosynthetic activities, RuBisCO expression, Turk et al.,
temperature of accumulation of soluble proteins, carbohydrates, and proline and reduced the 2014

5/2°C

MDA and ROS accumulation
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Crops Salinity stress MT Effects References
application

Cotton 150 mM 20 uM MT supplementation enhanced germination, hypocotyl length, endogenous MT, Chen et al.,
and regulated the ABA and GA synthesis by mediating the expression of these 2021
hormonal-related genes

Soybean 100 mM 0.10 mM MT supply increased the chlorophyll synthesis and PS-II activity, upregulated Alharbi et al.,
the anti-oxidant defence system and glyoxalase functioning, and reduced MDA 2021
accumulation, electrolyte leakage, and lipoxygenase activity

Sugar beet 600 mM 100 pM MT application improved the seedling growth, root yield, sugar contents, Zhang et al.,
chlorophyll contents, the efficiency of PS-II, and increased the H-pump 2021a
activities, Na™ efflux, KT influx, anti-oxidant activities, and reduced HyoOo
accumulation

Cucumber 150 mM 300 pM MT application improved photosynthetic efficiency, reduced accumulation of Zhang et al.,
MDA and ROS, and increased the expression of antioxidant genes 2020a

Rice 150 mM 200 pM MT pre-treatment enhanced the seedling biomass production K*/Na™ ratio, Yan et al., 2020
reduced the electrolyte leakage, and increased the activity of nitric oxide
synthase (NOS). Moreover, MT also increased the polyamine contents,
endogenous MT contents, H-pumps, K* influx, and Na* efflux activities

Tomato 150 mM 150 uM The exogenous MT reduced the ROS production maintained the functioning of Yin et al., 2019
PS-Il, and increased the scavenging of ROS by stimulating antioxidant enzymes

Oat 150 mM 100 pM MT application reduced the Hp O, and MDA accumulation and increased the Gaoetal.,
chlorophyll contents, leaf area, APX, CAT, POS, and SOD upregulated the gene 2019
expression

Wheat 100 mM 1uM MT supplementation improved biomass production, IAA content, Keetal., 2018

photosynthetic efficiency, chlorophyll contents, endogenous MT and polyamine
contents, and decreased the HoO»
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Sample Raw reads Raw bases Clean reads Clean bases Valid bases (%) Q30 (%) GC (%)

Oh1 47.18M 7.08G 46.58M 6.62G 93.48 95.35 46.07
0Oh2 45.60M 6.84G 45.01M 6.42G 93.85 95.39 46.25
0h3 49.32M 7.40G 48.60M 6.92G 93.51 95.27 46.57
9h1 46.73M 7.01G 46.13M 6.57G 93.75 95.51 46.54
9h2 44.33M 6.65G 43.21M 6.12G 91.96 94.79 46.00
9h3 47.14M 7.07G 45.78M 6.46G 91.38 94.65 45.75
24h1 47.16M 7.07G 46.00M 6.53G 92.33 94.88 46.19
24h2 48.04M 7.21G 47.32M 6.73G 93.33 95.09 46.62
24h3 48.74M 7.31G 48.08M 6.83G 93.46 95.12 46.48
72h1 44.44M 6.67G 43.50M 6.17G 92.62 94.88 45.94
72h2 48.28M 7.24G 47.49M 6.76G 93.40 94.94 45.55

72h3 47.63M 7.16G 46.52M 6.60G 92.32 94.87 45.54
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Term All >500 bp >1,000 bp N50 Total length Max length Min length Average length

Unigene 84,601 47,770 26,066 1,507 81,389,823 11,108 301 962.04
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Sample

Oh1
0Oh2
0h3

9h2

9h3

24h1
24h2
24h3
72h1
72h2
72h3

Total reads

46576668 (100.00%
45008924 (100.00%
48601426 (100.00%
46128342 (100.00%
43206426 (100.00%
45777808 (100.00%
46093996 (100.00%
47320162 (100.00%
48026740 (100.00%
43588700 (100.00%
47488924 (100.00%
46516460 (100.00%

Total mapped reads

40390325 (8
39308111 (
41599984 (85.59%
40932792 (88.74%
38086045 (88.15%
40509829 (88.49%

(

(

(

(:

(:

(

6.72%)
)

)

)

)

)
41332633 (89.67%)
)

)

)

)

)

87.33%

42197354 (89.17%
42736667 (88.99%
37280136 (85.583%
41279867 (86.93%
39978725 (85.95%

Multiple mapped

12023736 (25.81%)
11186912 (24.85%)
11062895 (22.76%)
13658621 (29.61%)
12824137 (29.68%)
13111183 (28.64%)
13734400 (29.80%)
13952885 (29.49%)
14102307 (29.36%)
12415326 (28.48%)
13424842 (28.27%)
13103239 (28.17%)

Uniquely mapped

28366589 (60.90%)
28121199 (62.48%)
30537089 (62.83%)
27274171 (69.13%)
25261908 (58.47%)
27398646 (59.85%)
27598233 (59.87%)
28244469 (59.69%)
28634360 (59.62%)
24864810 (57.04%)
27855025 (58.66%)
26875486 (57.78%)

Reads mapped in proper pairs

37672110 (80.88%)
36813420 (81.79%)
38995002 (80.23%)
38184968 (82.78%)
35496800 (82.16%)
37840932 (82.66%)
38580490 (83.70%)
39361940 (83.18%)
39851508 (82.98%)
34804146 (79.85%)
38504860 (81.08%)
37292532 (80.17%)
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Phytohormones ACC ABA 1AA SA

ACC 1 —0.973" —0.940" —0.973"
ABA —0.973* 1 0.982™ 0.950™
IAA —0.940" 0.982* 1 0.957*
SA —0.973" 0.950™ 0.957* 1

**Indicate significant differences (p < 0.01) among the phytohormones.
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Crops Stress MT Effects References
conditions application
Spinach Cd and arsenic 100 uM The application of MT alleviated the Cd and As toxicity, increased the biomass Asif et al., 2020
stress of production chlorophyll contents, and reduced lipid peroxidation by increasing
150 mg/kg the activities of CAT, POD, and SOD activities
Wheat Chromium 2mM MT application improved the growth, biomass production, leaf water status, Seleiman et al.,
stress decreased the electrolyte leakage, MDA, and HoO» accumulation, and reduced 2020
100 mg/kg the Cr uptake and accumulation
Tomato 50 uM Nickel 100 pM MT application improved growth, photosynthetic efficiency, chlorophyll Jahan et al.,
stress contents, decreased the HoO» contents Ni accumulation, and upregulated the 2020
gene expression of different antioxidants (SOD, CAT, APX, GR, GST, MDHAR,
and DHAR)
Cucumber 30 pM lead 150 uM MT supplementation increased the leaf area, chlorophyll contents, Wu et al., 2019
stress photosynthetic rates, stomatal conductance, transpiration rate, the efficiency of
PS-Il under Cd stress
Wheat 200 mM Cd 50 mM MT significantly improved the growth, reduced the MDA and HoO» contents, Niet al., 2018
stress and increased the activities of APX, CAT, GSH, POD, and SOD
Watermelon 50 mg/L The application of MT increased the chlorophyll contents, photosynthetic Nawaz et al.,
vanadium activities, CAT and SOD activities and reduced the MDA and HyO» 2018
stress accumulation by regulating the MT biosynthesis genes expression for APX,
POD, and SOD
Tobacco 15 pM lead 200 uM MT pre-treatment protected the DNA from lead-induced oxidative damage, Kobylifiska
stress increased antioxidant activities, and reduced cell death etal, 2017
Tomato 100 mM Cd 500 M MT increased the H*-ATPase activity; antioxidant activities and reduced the Cd Hasan et al.,
stress accumulation leaves 2015
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Plant species

Salt stress
Cotton

Cotton

Maize
Drought stress
Maize

Rice

Rapeseed
Cold stress
Tea

Rice
Cucumber
Heat stress
Soybean
Wheat

Tomato

Metal stress
Strawberry

Tea

Bermuda grass

Stress conditions

100 mM
150 mM
150 mM

40% field capacity
Irrigation was withhold
35-40% field capacity

4°C
12°C
10°C

42°C
40°C
42°C

Cd 300 mM
As 25 pM
Pb 2000 mg kg~

MT application

200 pM
200 pM
20 M

150 WM
100 uM

100 uM
150 pM
500 uM

100 uM
100 uM
100 uM

200 uM
100 uM
100 uM

Effect on anti-oxidant

4+ APX and POD
4+ APX, CAT, POD, and SOD
4+ APX, GR, GPX, POD, and SOD

1 APX, CAT, POD, and SOD
1 APX, GPX, and POD
1 AsA, APX, CAT, GSH, POD, and SOD

1 APX, AsA, CAT, GSH, POD, and SOD
1 CAT, GSH, and SOD
1 CAT, GR, POD, and SOD

1 AsA, CAT, and SOD
1 APX, CAT, POD, and SOD
1 APX, CAT, POD, GR, and MDHAR

1 APX, CAT, POD, and SOD
1 APX, CAT, POD, and SOD
1 AsA, APX, CAT, GT, POD, and SOD
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Crop species

Tomato

Alfalfa

Switch grass

Tomato

Tobacco

Arabidopsis

Arabidopsis

Genes

SICOMT1

MsSNAT

OAANAT;
OHIOMT

OHIOMT

MZASMT 1

TaCOMT

WSNATT

Stress

Salt stress

Cadmium
stress

Salt stress

Drought stress

Salt stress

Drought stress

Salt tolerance

Characteristics

The over-expression of SICOMT1 genes enhanced the crop growth, biomass
production, proline contents and reduced the Ho O, contents by increasing the
activities of SOD

The increase in expression of MsSNAT increased the endogenous MT, root
length, chlorophyll contents and decreased the H,O» accumulation Cd
accumulation in plant roots

The increase in genes expression increased the plant height, stress growth,
proline contents, leaf water status, and decreased MDA accumulation,
electrolyte leakage, and Na™ accumulation

The overexpression of oHIOMT increased the drought tolerance and decreased
the leaf wilting and dehydration rate

The over-expression of the MzASMT 1 gene increased the MT contents, plant
height, biomass production, leaf water status, chlorophyll contents, proline
accumulation, and reduced the MDA contents by increasing activities of
anti-oxidants

Over-expression of TaCOMT increased GA and IAA accumulation, decreased
ABA accumulation, increased endogenous MT accumulation

The over-expression of VWSNATT increased the endogenous MT contents,
reduced leaf wilting, increased germination and biomass production, and
decreased the MDA and H,O» accumulation

References

Liu et al., 2019

Guetal, 2017

Huang et al.,
2017

Wang et al.,
2014

Zhuang et al.,
2020

Yang et al.,
2019

Wu et al.,
2021b





OPS/images/fpls-13-944308/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-902694/fpls-13-902694-t004.jpg
Crops Heat stress MT Effects References
application

Wheat 40°C 100 pM MT application reduced oxidative damages by lowering the TBARS and H>O» Igbal et al.,
contents and photosynthetic efficacy through enhanced activities of 2021
anti-oxidants

Tomato 42°C 10 uM Exogenous MT increased the chlorophyll fluorescence, electron transport, Jahan et al.,
efficacy of PS-1 and PS-II 2021

Wheat 42°C 100 pM MT reduced the MDA and H2O» accumulation and increased proline contents, Buttar et al.,
and activities of APX, CAT, POD, SOD, and GSH and expression of 2020
stress-responsive genes (TaMYB80, TaWRKY26, and TaWRKY39)

Tomato 42°C 100 pM MT reduced the heat-induced oxidative stress, lowered the MDA contents, and Jahan et al.,
enhanced the anti-oxidants spermidine and spermine contents and activities 2019

Rice 40.6°C 200 pM MT alleviated the heat-induced damages to photosynthesis chlorophyll and Barman et al.,
improved the photosynthetic rate by enhancing the anti-oxidant activities 2019

Kiwifruit 45°C 200 pM MT pre-treatment ameliorates the head-induced damages by reducing the Liang et al.,
H>O5 contents and increasing the proline accumulation, activities, AsA, CAT, 2018
POD, SOD, DHAR, and MDHAR, and expression of glutathione S-transferase
(GST) genes

Ryegrass 38/33°C 10 uM MT supplementation reduced the HS-induced leaf senescence. It increased Zhang et al.,

(day/night) plant height, biomass production, chlorophyll contents, photosynthetic rates, 2017a

maintained the membrane stability, increased the CK contents, and decreased
the ABA contents

Tomato 40°C 10 uM MT supplementation increased the endogenous MT contents, expression of Xu et al., 2016

HSPs, chlorophyll contents and reduced the electrolyte leakage





