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Editorial on the Research Topic
 Plant-water relations for sustainable agriculture




Ongoing climate change causes unprecedented challenges for agriculture. The modern farmer requires advanced knowledge about plant stress physiology to avoid losses in crop production and quality. This Research Topic on “Plant water relations for Sustainable Agriculture” provides advanced understanding of the mechanisms and responses of crops to water stress by drought and waterlogging.

Crop performance depends on a successful coordination of physiological, anatomical, molecular and morphological processes at root, stem, and leaf level. In this issue, Gervais et al. conducted a large screening study of potato drought stress performance. Authors found differences in tuber yield between drought tolerant and susceptible genotypes and an increase in water use efficiency (WUE) by 2–3-fold in more drought tolerant genotypes. Similarly, Martínez et al. identified differences in physiological performance and productivity in response to soil water availability (i.e., full irrigation and rainfed conditions) among several potato varieties. They found that water stress negatively affects tuber size distribution, reducing overall production by 50–60%. In an effort to improve the selection of drought tolerant rice genotypes, Mahreen et al. combined morpho-physiological and biochemical approaches with infrared thermal imaging technology. Using reliable, fast, and non-destructive technology may accelerate the selection of drought tolerant genotypes in breeding programs. Zheng et al. shows that improving root morphological traits and alleviating root senescence during mid-grain filling are important characteristics that could be used in wheat breeding programs targeting high yield and water use efficiency. For different maize hybrids, Alam et al. reported on the effect of different levels of drought stress on kernel water relations and filling in a tropical environment. On a molecular level, the study of Liang et al. points toward a better understanding of metabolic pathways for improving water management. The authors present a detailed metabolomic depiction of the importance of soil arbuscular mycorrhizal fungi that enhances drought tolerance in trifoliate orange. Similarly, and also in trifoliate orange, Cheng et al. studied the effect of arbuscular mycorrhizal fungi in regulating H+-ATPase activity and gene expression. They showed that inoculated plants exhibit greater photosynthetic rate, stomatal conductance, and better root characteristics than non-mycorrhizal plants. In contrast, Liu D. et al. reported on problems of water stress by flooding in peanut. The authors used proteomics analysis, and found different metabolic mechanisms that affect the accumulation of toxic substances and enhance anaerobic respiration activity of enzymes. Together, this knowledge facilitates the selection of crop genotypes with improved drought tolerance and the development of sustainable irrigation practices.

Irrigation strategies should be informed by key aspects of plant hydraulics. In this issue, Luo et al. presents a leaf hydraulics model that captures spatiotemporal changes of water potential and flow rates in monocotyledonous and dicotyledonous leaves. The authors point to a substantial contribution of leaf capacitance and resistances that should be acknowledged when interpreting leaf hydraulics in the context of water management on a field scale. For horticultural trees, Sheridan and Nackley used traditional plant hydraulic methods to investigate their desiccation during prolonged cold storage. Their results provide key information to nurseries for improving plant management.

Crop water requirements change daily and annually based on environmental conditions. The pressure chamber provides a tool for measuring plant water status in a cost-effective and robust way. For olive trees, Shackel et al. presents a large data set on stem water potentials and vapor pressure deficit collected over multiple years. The authors established a reference baseline for olives that will allow growers to utilize plant-based irrigation management at olive orchard level. On a related topic, Zhang et al. shows how vapor pressure deficit affects photosynthetic carbon dioxide uptake in a process mediated by foliar abscisic acid content in tomato. This study provides basic information related to the complex water relations at leaf level and how they affect whole plant water relations. Measurements of soil moisture can serve as an indirect indicator of plant water status. Niu et al. used a specific water system to maintain a stable soil moisture level, improving water use efficiency in maize subjected to short-term soil water stress.

For crop production, the meaning of “drought” can be many-fold, but our goal must be to identify ways to maintain production under water-limiting conditions while protecting water as one of our most important natural resources. On this, management becomes crucial, for example, Liu R. et al. presents data that shows that alternate partial root-zone drip nitrogen fertigation improves water use efficiency while reducing the loss of residual nitrate in the soil profile. Also, data presented in this issue shows that specific soil management, such as subsoiling plus organic fertilization, improves water use efficiency by positively impacting soil structure (Yang et al.). The design of orchards with the focus placed in water savings requires key physiological information. Selecting grapevine drought tolerant rootstocks is a complex decision for viticulturists. Villalobos-Soublett et al. present data from naturalized grapevine rootstocks from arid regions of Chile that allows to adapt vineyards to regions with low water availability while maintaining adequate physiological performance for crop production. Stress management at field level requires understanding of key physiological signals of stress such as the balance between reactive oxygen species (ROS) and the antioxidative system (AOS) in plants. Rane et al. provides a thorough review of the role of ROS–AOS relation that ultimately affect photosynthetic efficiency and growth in dryland agricultural crop plants.

Under a fast-changing environment, it is clear that the modern farmer is challenged to make appropriate decisions. This issue highlights that an advanced understanding of crop performance can improve the decision-making process, at least in part. Also, this issue highlights how diverse and multi-layered research in the plant water relations community is to find best solutions to secure crop performance and yield under conditions of water stress. The future will provide extreme challenges for agriculture with water availability as the main driver.
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A feature of arbuscular mycorrhiza is enhanced drought tolerance of host plants, although it is unclear whether host H+-ATPase activity and gene expression are involved in the physiological process. The present study aimed to investigate the effects of an arbuscular mycorrhizal fungus (AMF), Funneliformis mosseae, on H+-ATPase activity, and gene expression of trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS), together with the changes in leaf gas exchange, root morphology, soil pH value, and ammonium content. Soil drought treatment dramatically increased H+-ATPase activity of leaf and root, and AMF inoculation further strengthened the increased effect. A plasma membrane (PM) H+-ATPase gene of trifoliate orange, PtAHA2 (MW239123), was cloned. The PtAHA2 expression was induced by mycorrhization in leaves and roots and also up-regulated by drought treatment in leaves of AMF-inoculated seedlings and in roots of AMF- and non-AMF-inoculated seedlings. And, the induced expression of PtAHA2 under mycorrhization was more prominent under DS than under WW. Mycorrhizal plants also showed greater photosynthetic rate, stomatal conductance, intercellular CO2 concentration, and transpiration rate and better root volume and diameter than non-mycorrhizal plants under DS. AMF inoculation significantly increased leaf and root ammonium content, especially under DS, whereas it dramatically reduced soil pH value. In addition, H+-ATPase activity was significantly positively correlated with ammonium contents in leaves and roots, and root H+-ATPase activity was significantly negatively correlated with soil pH value. Our results concluded that AMF stimulated H+-ATPase activity and PtAHA2 gene expression in response to DS, which resulted in great nutrient (e.g., ammonium) uptake and root growth, as well as low soil pH microenvironment.

Keywords: citrus, H+-ATPase, mycorrhiza, proton pump, water deficit


INTRODUCTION

Drought is one of the most serious environmental stresses, which severely restrains the growth and productivity of crop by destroying various physiological and biochemical processes such as nutrient absorption, photosynthesis, and cell metabolism (Zhang et al., 2020). As the initial site of damage after stress, changes in cell membrane structure negatively affect transport of various inorganic ions (Yoshida, 1991). Studies have demonstrated that cells regulated ion balances by changing the transmembrane transport of both ions and small molecules to maintain cell osmotic pressure under drought stress (DS) (Mak et al., 2014). Therefore, it is of profound significance to evaluate the transmembrane transport of key ions for revealing the mechanism of plants in response to DS.

Plasma membrane (PM) H+-ATPase is a kind of main membrane proteins widely existing in plant organelles (Małgorzata et al., 2018). Based on an electrical gradient inside and outside, H+ enters and exits the cell PM providing a driving force for the transport of small molecules, which is associated with mineral nutrient (NH4+) absorption, metabolite discharge, cytoplasmic pH regulation, cell growth, and stomata opening (Gaxiola et al., 2007). According to the “acid” growth theory, plant growth requires acidification of the cell wall space, and such acidification is derived by H+ effluxes of PM H+-ATPase, indicating that the H+ efflux is regulated by the proton pump, and thus, the acidification of the cell wall is important for root elongation (Staal et al., 2011). Similarly, optimal primary root growth and root hair development also require PM H+-ATPase to finely regulate H+ secretion of root tips (Haruta and Sussman, 2012). In Arabidopsis, a total of 11 PM H+-ATPase genes are identified and defined as AHA1–AHA11 (Arabidopsis PM H+-ATPase isoforms) (Palmgren, 2001). Among these isoforms, AHA2 is a housekeeping gene expressed at high levels and is the predominant proton pump in plant roots, contributing to the pH homeostasis and root growth and development (Młodziñska et al., 2014).

Arbuscular mycorrhizal fungi (AMF) form symbiotic association with roots of most terrestrial plants. Host plants transfer carbohydrates to AMF for mycelial growth and spore development; on the other hand, mycorrhizal hyphae enable to absorb nutrients from the soil to the host, thus promoting plant growth and nutrient acquisition (Aggarwal et al., 2011). It has been reported that AMF increased water absorption, nutrient absorption, photosynthesis, root structure, antioxidant defense systems, polyamine and fatty acid homeostasis, osmotic adjustment, aquaporin expression, soil structure, and hormone balance to resist soil water deficit (Wu et al., 2013, 2019; Fernández-Lizarazo and Moreno-Fonseca, 2016; He et al., 2020; Zou et al., 2020). These reactions are the result of a combination of nutritional, physical, and cellular effects. In addition, studies have shown that hyphal H+ effluxes and spores growth rate were stimulated during the presymbiotic development of Gigaspora margarita, which is related to phosphorus and sucrose deficiency (Ramos et al., 2008b). And, in the symbiosis of maize and mycorrhizal fungi, the H+ pump activity of the host plant was differently regulated by AMF (Ramos et al., 2009). Liu et al. (2020) reported that the tomato AM-specific H+-ATPase, SIHA8, was evolutionarily conserved in maintaining arbuscule development. In tobacco, Gianinazzi-Pearson et al. (2000) reported the expression of H+-ATPase located in cortical parenchyma of AMF-colonized cells only. In addition, two P-type HA genes GmHA5 and GmPMA1 were encoded in Glomus mosseae (Ferrol et al., 2000; Requena et al., 2003). However, the relationship between AMF and PM H+-ATPase gene (especially AHA2) expressions of host plants under water deficit is not yet known.

Here, we hypothesized that AMF potentially regulated PM H+-ATPase activity and AHA2 gene expression under DS, thus promoting root growth and nutrient (NH4+) acquisition to tolerate soil drought. To confirm the above hypothesis, trifoliate orange (Poncirus trifoliata L. Raf., a drought-sensitive citrus rootstock) was selected and inoculated with an AMF Funneliformis mosseae. Leaf gas exchange, root morphology, H+-ATPase activity and AHA2 gene expression in leaf and root, soil pH value, and ammonium content of trifoliate orange were determined under well-watered (WW) and DS.



MATERIALS AND METHODS


Experimental Design

The experiment was a completely random design with two soil water regimes (WW and DS) and two AMF inoculations (+AMF and -AMF). Each treatment had eight replicates, in a total of 32 pots (three seedlings per pot).



Mycorrhizal Fungal Inoculants

Funneliformis mosseae (Nicol. and Gerd.) C. Walker & A. Schüβler [BGC XJ02] was selected. The arbuscular mycorrhizal fungal strain was provided by the Bank of Glomales in China (BGC) and propagated with white clover as its host for 3 months under greenhouse and potted conditions. At harvest time, the shoot of the white clover was removed, and roots and growth substrates were collected as the mycorrhizal inoculants, which contained the fungal spores (22 spores/g), sporocarps, mycorrhizal hyphae, and colonized roots.



Plant Culture

The four-leaf-old trifoliate orange seedling that was grown in autoclaved sand in an incubator at 26°C was transferred into a 1.4-L plastic pot containing 1.2 kg of autoclaved soil and sand (5:3, vol/vol). The soil properties had been described in detail in Cheng et al. (2021). At the time of transplanting the seedlings, 100 g of mycorrhizal inoculums was applied into trifoliate orange seedlings as the AMF treatment. The non-AMF treatment received 100 g autoclaved (0.11 MPa, 121°C, 1.5 h) mycorrhizal inoculums plus 2-mL filtrates (25-μm filters) of inoculums.

Before soil drought began, potted soil water maintained 75% maximum field water-holding capacity (corresponding to WW) by weighing the pots every day. After 11 weeks, half of the mycorrhizal and non-mycorrhizal plants were exposed to the 55% maximum field water-holding capacity (corresponding to DS) for 8 weeks, and the other half was continued to grow in soil with WW status for 8 weeks. Thereafter, these treated seedlings were harvested. During the experiment, positions of the pots were swapped weekly to reduce the environmental impact. The plants were grown in a greenhouse from March 24 to August 5, 2019, where the day/night temperature was 28°C/21°C, relative humidity 68%, and photon flux density 880 μmol/m2 per second.



Determination of Leaf Gas Exchange

On a sunny morning from 9:00 to 11:00 am before the plants were harvested, leaf gas exchange was determined using a Li-6400 Portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, United States) in the fully extended leaf. Photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci), transpiration rate (Tr), and leaf temperature were recorded after steady state of gas exchange.



Determination of Root Mycorrhizal Colonization and Root Morphology

Root mycorrhizas were stained by 0.05% trypan blue as described by Phillips and Hayman (1970). Root mycorrhizal colonization degree was assessed as the percentage of root lengths colonized by mycorrhizal fungi against total observed root lengths. The intact roots were carefully scanned by the Epson Perfection V700 Photo Dual Lens System (J221A, Seiko Epson Corporation, Jakarta, Indonesia), and then the obtained root figures were analyzed with a WinRHIZO professional software (Regent Instruments Inc., Quebec, Canada) for root area, volume, and average diameter.



Determination of H+-ATPase Activity in Leaf and Root

The activity of H+-ATPase in leaf and root was determined by the enzyme-linked immunosorbent assay (ELISA). A 0.3-g fresh plant sample was ground under liquid nitrogen, incubated with phosphate buffer (pH 7.4), and centrifuged at 8,000g for 30 min. The supernatant was collected, and the H+-ATPase activity was assayed by the H+-ATPase ELISA kits (ml73629, Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) according to the user’s guide.



Polymerase Chain Reaction Amplification and Sequence Analysis of PtAHA2 (a PM H+-ATPase Gene)

Based on the known AHA2 (Arabidopsis PM H+-ATPase isoform 2) gene sequence (AT4G30190) in Arabidopsis thaliana and the BLAST result of sweet orange genome1, a pair of primers (F: 5′-CCCAACAAGCTAGAA GAGAAAAAG-3′; R: 5′-CGCGAGTAATGTTTTTTCCTTCTG-3′) were designed with the most homologous gene sequence (Cs4g03700.1) for open reading frame amplification.

Total RNA was extracted and purified from leaves and roots of trifoliate orange seedlings with the EASY spin Plus plant RNA kit (RN 38, Aidlab Biotecnolohies Co., Ltd., Beijing, China). After determining the concentration and purity of the isolated RNA by spectrophotometers at 260 and 280 nm, the RNA was reverse-transcribed into cDNA using the kit PrimeScriptTM RT reagent kit with a gDNA eraser (PK02006, TaKaRa Bio. Inc., Tokyo, Japan). The polymerase chain reaction (PCR) amplification was initiated using the Planta max super-fidelity DNA polymerase kit (Vazyme Biotech Co., Ltd., Nanjing, China) and recovered the destination fragment by the universal DNA purification kit (TianGen Biotech Beijing Co., Ltd., Beijing, China). The pEASY®-Blunt Zero Cloning Kit (Beijing TransGene Biotech Co., Ltd., Beijing, China) was used for the ligation and transformation of the target fragment. Afterward, it was screened on LB plates coated with kanamycin, and positive clones were isolated by PCR for sequencing. DNAMAN5.2.2 (Lynnon Biosoft, Quebec, Canada) and MEGA 72 were used to analyze the sequence alignment and the phylogenetic tree analysis, respectively.



Relative Expressions of PtAHA2

The primer was designed based on the predicted PM PtAHA gene sequence. Accumulation of transcript was measured by quantitative real-time PCR (Light Cycler480 System, Roche Diagnostics, Switzerland) using the TB Green premix ExTM TaqII for fluorescence quantitative analysis. Gene-specific primer sequences of PtAHA2 gene were as follows: F: 5′-GATGGTAAATGGAGTGAGGAAGAAG-3′; R: 5′-GGATTTTTGGTGACAGGAAGAGAT T-3′. The β-actin gene (Cs1g05000; forward: 5′-CCGACCGTATGAGCAAGGAAA-3′; reverse: 5′-TTCCTGTGGACAATGGATGGA-3′) was used as the housekeeping gene. The expression level of PtAHA2 was normalized to the expression level of non-AMF plants exposed to WW. The 2–ΔΔCT method was used to calculate the relative quantification (Livak and Schmittgen, 2001).



Determination of Soil pH Value

A 10-g air-dried soil sample through 2-mm sieves was mixed with 25 mL distilled water without CO2 (soil:water = 1:2.5) and shaken well with a magnetic stirrer. After 30 min, the pH value of the supernatant was determined using a pH meter (pH828+, Smart Sensor, Dongguan, China) after precalibration.



Determination of Ammonium Content in Leaf and Root

Ammonium content in leaf and root was determined by the ninhydrin method described by Tang (1999). A 0.5-g fresh sample was ground with 5 mL of 10% acetic acid and filtered. Afterward, 2-mL filtrate was mixed with 3 mL of the ninhydrin reagent (C9H4O3⋅H2O)and 0.1 mL of 1% ascorbic acid solution at 100°C for 15 min. After cooling, the absorbance of the solution was determined at 580 nm.



Statistical Analysis

All the data were analyzed with the analysis of variation according to SAS software (SAS Institute, Inc., Cary, NC, United States), and significant differences between treatments were compared by the Duncan multiple-range tests at p = 0.05 level. The Pearson correlation coefficient between two specified variables was analyzed with SAS software.




RESULTS


Changes in Root Mycorrhizal Colonization and Root Morphology

Mycorrhizal fungal colonization was not found in the roots of uninoculated plants, whereas the root mycorrhizal colonization rate of the inoculated plants was 46.91% ± 1.86% under WW and 34.11% ± 7.10% under DS, respectively. The DS treatment significantly reduced root mycorrhizal colonization, compared with the WW treatment. Drought treatment also inhibited root morphology to a certain extent, and F. mosseae inoculation partly mitigated the inhibitive effect (Figures 1A–C). Compared with non-AMF treatment, AMF inoculation increased root average diameter and volume, respectively, by 23.53 and 119.78% under WW and by 15.87 and 172.11% under DS, respectively (Figures 1A,C). Mycorrhizal fungal treatment did not significantly affect root surface area, regardless of soil water regimes (Figure 1B).
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FIGURE 1. Effects of Funneliformis mosseae on root average diameter (A), root surface area (B), and root volume (C) of trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS). Data (means ± SD, n = 4) followed by different letters above the bars indicate significant differences (P < 0.05) between treatments.




Changes in Leaf Gas Exchange

Drought treatment significantly decreased leaf Pn, gs, Ci, and Tr, compared with WW treatment (Table 1). Compared with non-mycorrhizal fungal plants, F. mosseae–inoculated plants recorded significantly higher leaf Pn, gs, Ci, and Tr by 118.80, 237.93, 45.61, and 237.70% under WW and by 141.15, 103.49, 60.70, and 134.04% under DS, respectively. In addition, leaf temperature was markedly reduced by F. mosseae inoculation by 1.67% under WW only.


TABLE 1. Effects of Funneliformis mosseae on leaf gas exchange of trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS).

[image: Table 1]


Changes in Leaf and Root H+-ATPase Activity

Soil drought treatment significantly increased H+-ATPase activity in leaf and root, irrespective of AMF inoculation or not (Figure 2). On the other hand, AMF colonization distinctly enhanced H+-ATPase activity in leaf by 27.37 and 26.06% and in root by 22.14 and 22.61% under WW and DS conditions, respectively, compared with non-AMF colonization.
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FIGURE 2. Effects of Funneliformis mosseae on leaf and root H+-ATP activities of trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS). Data (means ± SD, n = 4) followed by different letters above the bars indicate significant differences (P < 0.05) between treatments.




Sequence Analyses of PtAHA2

A total of 2,965 bp in PM H+-ATPase gene (PtAHA2) encoding 885 amino acids were cloned from trifoliate orange, based on sweet orange database and homologous cloning. A GenBank accession number of PtAHA2 was MW239123. The sequencing of the PtAHA2 showed that the protein sequence homology between trifoliate orange and sweet orange was 99.66% by DNAMAN (Supplementary Material 1), suggesting that trifoliate orange has a high homology with sweet orange. In addition, multiple sequence alignment indicated that the sequence homology of PtAHA2 proteins with other AHA2 families was 83.72% (Figure 3), indicating that HA2-type proteins have high sequence conservation. Based on the phylogenetic tree analysis of PtAHA2, five H+-ATPase genes in Arabidopsis (AtAHA2, AtAHA6, AtAHA7, AtAHA4, and AtAHA10) and five H+-ATPase genes in Oryza sativa (OsAHA7, OsAHA6, OsAHA8, OsAHA1, and OsAHA9) from families I to V by MEGA 7, PtAHA2 belonged to subfamily I, which was clustered with OsAHA7 and AtAHA2 (Supplementary Material 2).
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FIGURE 3. Sequence alignments of PtAHA2 with HA2 proteins from other plants. AHA2: Arabidopsis thaliana; CsHA2: Cucumis sativus; LHA2: Lycopersicon esculentum; MxHA2: Malus xiaojinensis; OSA2: Oryza sativa; PPA2: Prunus persica; VHA2: Vicia faba; PtAHA2: Poncirus trifoliata.




Changes in PtAHA2 Gene Expression

Compared with WW treatment, DS treatment did not affect the PtAHA2 expression in leaves of non-mycorrhizal plants, while it induced the expression of PtAHA2 in leaves of mycorrhizal seedlings and in roots of mycorrhizal and non-mycorrhizal seedlings (Figure 4). Moreover, the expression of PtAHA2 in roots was relatively higher than in leaves. In addition, leaf and root PtAHA2 gene expression was increased under mycorrhization by 1.62- and 9.50-fold under WW and by 5.62- and 20.92-fold under DS, respectively.


[image: image]

FIGURE 4. Effects of Funneliformis mosseae on relative expression of leaf (A) and root (B) plasma membrane H+-ATPase gene PtAHA2 in trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS). Data (means ± SD, n = 3) followed by different letters above the bars indicate significant differences (P < 0.05) between treatments.




Changes in Soil pH Value

Soil pH value was affected by mycorrhization, but not soil drought treatment (Figure 5). Compared with non-AMF inoculation, AMF inoculation significantly reduced soil pH value by 12.04 and 14.67% under WW and DS, respectively.
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FIGURE 5. Effects of Funneliformis mosseae on soil pH value in trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS). Data (means ± SD, n = 4) followed by different letters above the bars indicate significant differences (P < 0.05) between treatment.




Changes in Leaf and Root Ammonium Content

Leaf and root ammonium contents were not significantly affected by soil DS treatment, irrespective of mycorrhizal and non-mycorrhizal plants (Figure 6). AMF colonization significantly enhanced the absorption of ammonium in leaf and root by 26.79 and 43.33% under DS, respectively, compared with non-AMF colonization. Under WW, AMF-inoculated plants recorded 17.65% significantly higher leaf ammonium content than non-AMF-inoculated plants, although no significant difference in root ammonium content was found between AMF- and non-AMF-inoculated plants.


[image: image]

FIGURE 6. Effects of Funneliformis mosseae on leaf and root ammonium contents in trifoliate orange (Poncirus trifoliata) seedlings subjected to well-watered (WW) and drought stress (DS). Data (means ± SD, n = 4) followed by different letters above the bars indicate significant differences (P < 0.05) between treatment.




Correlation Studies

Based on the correlation analysis between H+-ATPase and selective variables, we found that leaf H+-ATPase activity was significantly (P < 0.01) positively correlated with leaf ammonium content (Figure 7A). Root H+-ATPase activity was significantly (P < 0.05) positively correlated with root ammonium content (Figure 7B) and negatively (P < 0.01) correlated with soil pH value (Figure 7C).
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FIGURE 7. Linear regression between H+-ATPase activity and ammonium content in leaf (A) and root (B) and between root H+-ATPase activity and soil pH value (C) (n = 16).





DISCUSSION

Earlier studies showed that mycorrhizal plants had greater leaf gas exchange capacity than non-mycorrhizal plants subjected to abiotic stress (e.g., DS and salt stress) (Porcel and Ruiz-Lozano, 2004; Xiong et al., 2007; Augé et al., 2015). Our study also confirmed that Pn, gs, Ci, and Tr of mycorrhizal trifoliate orange seedlings were significantly higher than that of non-mycorrhizal seedlings under both WW and DS, implying that mycorrhizal symbiosis has the ability to improve leaf gas exchange of the host under DS. As a result, mycorrhizal plants might produce more carbohydrates for the growth of both the host and the mycorrhizal fungus and also stimulate the transport of water exposed to DS (Hadian-Deljou et al., 2020). In addition, H+-ATPase genes such as AHA2 were highly expressed in guard cells of Arabidopsis for stomatal opening (Ueno et al., 2005). Overexpression of AHA2 in guard cells of Arabidopsis could manipulate stomatal opening, thereby improving plant growth (Wang et al., 2014). In the present study, we concluded that the up-regulated expression of PtAHA2 in leaf by mycorrhization may be associated with better leaf gas exchange of mycorrhizal plants, especially stomatal opening under DS.

Plant roots contact the soil directly to respond to environmental stress (Ingrain and Malamy, 2010; Franco et al., 2011). The present results showed that the inoculation of F. mosseae substantially improved root average diameter and volume under both WW and DS, compared with the non-AMF inoculation. Analogous results have been reported by Zou et al. (2017) in trifoliate orange. It is documented that PM AHA2 is very important for root growth and development, as shown by shorter and lower primary and lateral root length in aha2 mutant lines of A. thaliana versus wild-type plants (Młodziñska et al., 2014). Hence, under WW and DS, F. mosseae inoculation induced the activity and gene expression of PtAHA2 in roots, which potentially stimulates the growth of primary and lateral root, resulting in greater root volume in mycorrhizal plants. As shown in this study, the rhizosphere of mycorrhizal trifoliate orange plants had a low pH environment (Figure 7), and indoleacetic acid can be protonized to expand the membrane for transport into the cells, thereby accelerating root growth (Petrasek and Friml, 2009). Therefore, mycorrhizal plants have strong adaptability by optimizing the root morphology to potentially mitigate drought damage (Chu et al., 2014).

In this study, we observed that soil drought treatment dramatically increased leaf and root H+-ATPase activity in AM and non-AM plants, indicating that trifoliate orange seedlings could rapidly adapt to soil drought environment by enhancing the activity of H+-ATPase in leaf and root. Furthermore, mycorrhizal trifoliate orange seedlings recorded significantly higher H+-ATPase activity in leaf and root under both WW and DS conditions, suggesting that H+-ATPase activity of trifoliate orange could be induced by AMF.

The PM H+-ATPase is a large gene family that exhibits expression overlap and functional redundancy, but AHA1 and AHA2 are highly expressed in almost all tissues and organs (Haruta et al., 2010). Studies by Haruta et al. (2010) showed that single knockout of AHA1 or AHA2 did not represent an obvious phenotype, but double knockout is lethal. In our study, PtAHA2 expression was higher in roots than in leaves, possibly because AHA2 had a strong signal in epidermal and cortex cells of roots, as well as in phloem, xylem, and root hairs (Gianinazzi-Pearson et al., 2000; Fuglsang et al., 2007). The PtAHA2 expression was induced by soil drought, especially in roots. The AMF-inoculated seedlings recorded dramatically higher expression of PtAHA2 gene in leaf and root than the non-AMF-inoculated seedlings. And the induced expression of PtAHA2 under mycorrhization was more prominent under DS than under WW. Thus, PtAHA2 showed an AMF-specific expression profile. Liu et al. (2016) also analyzed the relative transcript of levels of four tomato H+-ATPase (HA) genes (SlHA1, SlHA2, SlHA4, and SlHA8) and found that SlHA1 and SlHA4 in leaf and root were not affected by mycorrhization, SlHA2 was up-regulated by mycorrhization only in root, and SlHA8 was expressed in root and activated by mycorrhization. This implied that plant HA expression could be regulated by mycorrhization, dependent on host plants and HA homologous genes. Further work should analyze the expression of HA genes in both host plants and mycorrhizal fungi (e.g., GmHA5 and GmPMA1) in response to DS, which is cooperative or competitive.

In our study, we found lower soil pH value in rhizosphere of mycorrhizal plants versus non-mycorrhizal plant, regardless of soil water regimes. Additionally, soil pH value was significantly negatively correlated with root H+-ATPase activity, because H+-ATPase releases protons into rhizosphere, resulting in a low pH environment (Chen et al., 2017). Acidic rhizosphere under environmental stress conditions is important to the nutrient availability in soil (Ramos et al., 2008a). The H+ electrochemical gradient generated by H+-ATPase provides driving forces for nutrients and solutes on the symbiotic membranes and participates in nutrient transfer (Garry et al., 2007). Liu et al. (2020) further analyzed the SlHA8 expression in tomato and found that the SlHA8 expression was essential for arbuscule development and symbiotic N uptake. In tobacco, H+-ATPase gene was expressed in AMF-colonized cortical cells only (Gianinazzi-Pearson et al., 2000). In Medicago truncatula, a ha1-2 mutant was isolated and impaired in arbuscule development, but not in root colonization of Rhizophagus irregularis (Krajinski et al., 2014). The AMF-induced HA gene was mainly localized in arbuscule-containing cells, where it is the nutrient unloading interface between AMF and hosts. When H+ ions are released into rhizosphere, plants also absorb ammonium ions into the root to maintain the charge balance (Motte and Beeckman, 2020). Our study also showed that the inoculation with F. mosseae dramatically improved ammonium content in leaf under WW and DS and in root under DS, as compared with non-AMF inoculation. Moreover, H+-ATPase activity was significantly positively correlated with ammonium content. Sun et al. (1999) observed that the activation of the proton pump in mycorrhizal hyphae under drought conditions regulated the rhizospheric microenvironment, resulting in inorganic ions accumulation in the soil. Therefore, the increase of ammonium ions in mycorrhizal plants is related to the induced expression of host H+-ATP gene by mycorrhizal fungi, in addition to mycorrhizal hyphal absorption (Johansen et al., 2010).



CONCLUSION

In short, we cloned a H+-ATPase gene of trifoliate orange, PtAHA2, which is evolutionarily conserved. The PtAHA2 expression distinctly increased under mycorrhization and soil DS, along with higher H+-ATPase activity in AM plants versus non-AM plants. The increase in PtAHA2 gene expression and H+-ATPase activity under mycorrhization was closely associated with root growth (e.g., root volume and average diameter), nutrient acquisition (ammonium), and leaf gas exchange (e.g., stomatal conductance), which are critical for enhanced drought tolerance of plants. Further analysis of mycorrhiza-specific PtAHA2 on mycorrhizal plants by molecular techniques such as gene knockout and screening for upstream transcription factors can help us understand the function of PtAHA2 in response to mycorrhization and DS.
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One of the main factors limiting the productivity of potatoes (Solanum tuberosum L.) is water stress. Two irrigation systems: full irrigation (I) and rainfed conditions (R), were compared over the growing seasons from 2012–13 to 2019–20. The evaluated varieties were Desiree, Karú-INIA, Patagonia-INIA, Puyehue-INIA, Yagana-INIA, Yaike, and Porvenir. This study determined (i) the yield and tuber size distribution, (ii) their relationship between productivity and environmental conditions, and (iii) the most drought-tolerant varieties based on drought tolerance indices. Nine indices including yield index (YI), tolerance index (TOL), mean productivity (MP), geometric mean productivity (GMP), harmonic mean (Harm), stress tolerance index (STI), harmonic mean productivity (HMP), yield reduction (Yr), and stress susceptible index (SSI) were calculated by using tuber yield under I and R conditions. Tuber yield under R conditions decreased by 27 and 34%. However, the highest yield under R conditions occurred in years with more precipitation between 60 and 120 days after planting (DAP; ±60 mm). Under R conditions, the varieties Porvenir, Patagonia-INIA, Yaike, and Puyehue-INIA showed more tolerance to water stress. Water stress negatively affected tuber size distribution, reducing the production of tubers with size >65 mm by 50–60%. The best indices to study drought tolerance were TOL, MP, GMP, Harm, STI, and HMP. This study suggests that in southern Chile, an area with big yield potential, typically cultivated as rainfed, with cool temperate climate conditions and favorable soil properties for potatoes, as Andisols, available rainfall is still a constraint for yield. Therefore, using more water stress-tolerant varieties and providing supplementary irrigation between 60 and 120 DAP are critical to optimize yield and avoid the failure of the crop in years with remarkably low precipitations, which will be more pronounced in the future according to weather trends. These results exemplify how much we can lose in productivity in rainfed conditions even in one of the most favorable areas for growing potatoes in the world and how risky this situation can be for the performance of the potato farms in the future.
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INTRODUCTION

The potato (Solanum tuberosum L.) is the fourth most important cultivar worldwide, with a global annual yield of 370 Mt, with 17.3 million ha under cultivation (FAOSTAT, 2020). One of the main factors limiting the productivity of potato production is the need for more effective water management (Fleisher et al., 2015). Plants differ in their capacity to use water efficiently. The mechanisms responsible for regulating plant water use remain only partially understood. Mbava et al. (2020) identified three important factors that account for differences in water use efficiency (WUE): (i) carbon-fixing or C4 plants make more efficient use of water than do C3 plants, (ii) plants in warm, humid climates make more efficient use of water than plants in cold climates, and (iii) soil texture has a significant effect on water retention, clay soils facilitating better WUE than silty soils. Like C3 plants, potatoes make less efficient water use, because of which their productivity varies significantly owing to differences in climate, irrigation, and soil management, with better yields when the availability of water and light are not limiting factors (Zhao et al., 2012; Mi et al., 2015; Mbava et al., 2020). Several authors have shown that water stress affects physiological mechanisms, which can be genotype-dependent. The most severe effects of water stress on potatoes are differences in stolon, tuber formation, yield, and tuber size distribution (Monneveux et al., 2013; Yuan et al., 2013; Aliche et al., 2019, 2020; Gouveia et al., 2019).

Stress factors like drought and excess UV radiation that negatively affect plant yield will be more common in the coming decades due to climate change (Wang and Frei, 2011; Gregory and Marshall, 2012). Environmental stress because of decreased precipitation and changes in temperature affect potato yields, especially in dry regions (Aliche et al., 2019). Although the productivity of irrigated agricultural systems in semiarid areas has increased, water scarcity and the cost of irrigation limit the expansion of these systems (Mbava et al., 2020). Fang and Xiong (2015) argued that plants can be divided into four categories in terms of drought resistance: drought avoidance, drought tolerance, drought escape, and drought recovery. Of these, drought avoidance and drought tolerance are the main survival mechanisms. Zhang et al. (2018) described drought avoidance as the capacity to increase the root/shoot ratio to improve water absorption and close the stomata to reduce transpiration, while the mechanism of drought tolerance is related to the physiological parameters of osmotic adjustment.

To assess genotype responses to water stress, we used indices based on plant resistance or susceptibility. Based on mathematic relationships, selection parameters were used to identify genotypes with high yield potentials under favorable or stressful conditions (Mardeh et al., 2006), as well as genotypes tolerant to high altitudes (Noerwijati and Budiono, 2015), saline soils (Krishnamurthy et al., 2016; Jamshidi and Javanmard, 2018), and contrasting water availability conditions (El-Hendawy et al., 2017; Choudhary et al., 2018). According to Fernandez (1993), genotypes can be divided into four categories based on their associated yields: (1) genotypes with high yields under conditions with or without stress, (2) genotypes with high yields under conditions without stress, (3) genotypes with high yields under stressful conditions, and (4) genotypes with low yields under either condition.

Around 16% of agricultural production in Chile corresponds to potato production (41.268 ha), of which 70% is concentrated in the center-south of this surface area (2018–19, INE). Moreover, a high percentage of this area is dominated by soils derived from volcanic materials, accounting for 50–60%, which is important for agriculture (Valle et al., 2018). Owing to their andic properties, these soils are different from other soils because of their high soil organic carbon and nutrients content, low bulk density, and capacity to store water (Valle et al., 2018; Clunes et al., 2021). Studying the connections between yields, soil and climate shed light on drought resistance mechanisms. The objectives of this study were to assess seven potato varieties (S. tuberosum L.) under conditions of irrigation and rainfed in a medium-term trial to determine: (i) the yield and tuber size distribution, (ii) their relationship between productivity and environmental conditions during their development, and (iii) the most water stress-tolerant varieties using drought-tolerant indices in volcanic ash soils.



MATERIALS AND METHODS


Site Description and Field Experiment

Seven potato varieties (S. tuberosum L.) were selected to study their water stress tolerance during the 2012–13 to 2019–20 seasons (except for the 2013–14 season) at the Instituto de Investigaciones Agropecuarias (INIA Remehue) in Osorno, Chile (40°35'S, 73°12'W, 72 m.a.s.l.). The selected varieties, except for Desiree (1962, the Netherlands), had been released by INIA: Yagana-INIA (1983), Karú-INIA (2002), Patagonia-INIA (2009), Puyehue-INIA (2011), Yaike (2019), and Porvenir (2019). Due to an institutional decision, the varieties released from 2019 do not have the suffix of INIA, as the case of Yaike and Porvenir. Desiree and Karú-INIA were originally included but were stopped after five seasons (2017–18) to include new genotypes. Porvenir was included in season 2014–15, completing six seasons.

The soil was volcanic in origin, an Andisol of the Osorno series, classified as a Typic Hapludand [Centro de Información de Recursos Naturales (CIREN), 2003], textural class: silty loam, characterized by a high level of phosphorous retention and low bulk density (Valle et al., 2015). To determine soil physical properties, undisturbed soil cores (diameter 5 cm, height 5 cm) were collected in 10 cm increments to 100 cm depth, with three replicates. At the Bromatology Laboratory of INIA Remehue, the cylinders were weighed and dried in an oven at 105°C for 24 h to determine the water content of the soil, based on which the bulk density and porosity were calculated. Colors in the soil profile were identified with the Munsell Soil Color System (Munsell, 2009).

The experiment was carried out with a split-plot randomized design with three replicates; the irrigated (I) condition and rainfed (R) condition were assigned to the main plot and the varieties to the subplots. The size of each subplot was 4.5 m in length by 3 m in width (13.5 m2 in total area), and the planting pattern was 0.75 m between rows × 0.33 between plants. In the I condition, drip irrigation was homogenously applied after emergence during the crop cycle. The total quantity of water received by the crop cycle over the seven seasons varied between 450 and 600 mm based on climatic conditions. After 1 week from emergence, all plots in the I condition were irrigated weekly with 37.5–50 mm of water. This amount is considered to be enough to satisfy the crop evapotranspiration estimated during the crop cycle. The R condition (no irrigation applied) was included to represent water-limited conditions for the crop, which considered the rainfall during the growing season. The plots were fertilized with 120 kg of N ha−1, 350 kg of P2O5 ha−1, and 160 kg of K2O ha−1. The duration of the phenological development was between 130 and 150 days. This coincides with the usual crop management in the area, conditioned by the climate requiring potatoes to be harvested before the end of March.



Climatic, Crop Evaluations, and Drought Tolerance Indices

Climatic measurements were taken every day at the experimental station during the period from seeding to harvest. To adjust the determined crop coefficients for a potato to site-specific climatic conditions, a heating unit-based Growing Degree Days (GDD) (McMaster and Wilhelm, 1997), which was calculated with the equation below:

[image: image]

where Σ is the number of days from emergence to harvest; Tmax is the highest temperature; and Tmin is the lowest temperature. The monthly accumulated data for the GDD were considered at a Tbase of 4°C as the minimum temperature for potato growth (Ahmadvand et al., 2009). Accumulated precipitation, average temperature, and solar radiation at 60 and between 60 and 90, and 90 and 120 days after planting (DAP) were also considered. Weather data (daily maximum and minimum air temperature, precipitation, and solar radiation) were obtained from an automatic weather station at the experimental station at INIA Remehue.

The following yield traits were systematically collected at the harvest date in two internal rows in each subplot, each 4.5 m in length (6.75 m2 in total area): yield of marketable tubers (>65 mm size), the yield of seed tubers (25–65 mm size) and non-marketable tubers (<25 mm size). In Chile, the seed tuber size to be marketed is regulated by the SAG (The Agricultural and Livestock Service) certification standard. The assessments were conducted in each experimental unit when 70% of the plant leaves were yellowish in color.

Various drought tolerance indices were calculated to estimate the stability in yield under I and R conditions: yield index (YI), tolerance index (TOL), mean productivity (MP), geometric mean productivity (GMP), harmonic mean (HARM), stress tolerance index (STI), harmonic mean productivity (HMP), yield reduction (Yr), and the stress susceptibility index (SSI). The formulas for these indices are presented in Table 1.



TABLE 1. Description of the drought tolerance indices based on tuber yield.
[image: Table1]



Statistical Analysis

An ANOVA with a split-plot randomized into a three-block design was used to assess the effects of treatments on crop productivity. Means were tested using the Tukey method at a significance level of p < 0.05. Regression analyses were performed to assess the associations between variables. Relationships between analyzed variables were established through principal components analysis (PCA) and correlation coefficients (p > 0.05) using the Infostat statistical analysis software (Di Rienzo et al., 2009).




RESULTS


Environmental Conditions and Tuber Yield

The physical properties of volcanic soils in the study area showed low bulk density (0.75 ± 0.04 Mg ha−1) and high porosity (67% ± 1.5) in the soil profile (Table 2). The study found decreasing trend of accumulated rainfall during the potato growing season across the last 42 years (Figure 1). The less frequency of accumulated rainfall higher than 400 mm during the growing season is associated with accumulated rainfall lower than 300 mm. Moreover, the average rainfall in the last 4 decades has decreased around 25% in the last 10 years. Figure 2 showed that this decreasing rainfall was more intense during the flowering stage. During the experiment (2012–13 to 2019–20), the accumulated rainfall during the growing season was 242.4 mm (Figure 3). The ambient temperature was 20.5°C, and the mean daily solar radiation was 19.8 Mj m−2. Around 42% of rainfall took place in the first 2 months after the planting date. Around 24% (58 mm) occurred between January and February, the tuber-filling and maturation period (flowering to ripening stage) when the average temperature was 23.1°C. Radiation was 22.1 Mj m−2 (Figure 3).



TABLE 2. Physical properties of soil profile of the field experiment.
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FIGURE 1. Long-term accumulated rainfall amount during the potato growing season from 1977/78 to 2019/20 in the study area. Each red point represents de average rainfall amount during the last 10 years.


[image: Figure 2]

FIGURE 2. Long-term accumulated rainfall amount in different growth stages of potato: (A) Emergence, (B) Tuberization, (C) Flowering, and (D) Ripening from seasons 1977/78 to 2019/20. Each data represent the accumulated rainfall amount during the phenologic stage.


[image: Figure 3]

FIGURE 3. Mean monthly rainfall, temperature, and solar radiation distribution during development stage in potato (2012–13 to 2019–20). Data were provided by the Agrometeorology Network at INIA Remehue. Error bars indicate SE.


The average yield of the seven varieties during this period under I conditions was 84 Mg ha−1, while the average yield under R conditions was 58 Mg ha−1 (Figure 4). The varieties with higher productive potential under I conditions were Porvenir, Patagonia-INIA, Yaike, and Puyehue-INIA, with average yields of 100, 97, 89, and 84 Mg ha−1, respectively; in contrast, the varieties Karú-INIA, Yagana-INIA, and Desiree had less productive potential with average yields of 71, 73, and 69 Mg ha−1, respectively. Under R conditions, the varieties with more productive potential were Porvenir, Patagonia-INIA, Puyehue-INIA, and Yaike, with average yields of 69, 65, 60, and 59 Mg ha−1, respectively. In contrast, the varieties with less productive potential were Karú-INIA, Yagana-INIA, and Desiree, with average yields of 52, 52, and 47 Mg ha−1, respectively.

[image: Figure 4]

FIGURE 4. Temporal tuber yield of seven potato varieties under irrigation and rainfed conditions from 2012–13 to 2018–19 season. Desiree and Porvenir with five and six seasons, respectively. Error bars indicate SE. I, irrigation condition; R, rainfed condition.


Figure 5 shows the temporal relationship between tuber yield under R conditions and rainfall at 0–60, 60–90, and 90–120 DAP. As can be seen, tuber yield increased in years with higher rainfall in the period 90–120 DAP (±60 mm), as occurred in years 2016 (season 2016–17) and 2019 (season 2019–20). GDD4 was similar from one season to another (Figure 6), except the 2014–15 season, which registered the lowest values during the period 90–120 DAP (935) and was also the year with the low tuber yield and precipitation during the same period (Figure 5). Figure 7 shows that when the accumulated rainfall during the crop development exceeded 350 mm, the reduction of tuber yield under rainfed conditions is by 10%. However, when the accumulated rainfall was less than 200 mm, tuber yield decreased by more than 35%.

[image: Figure 5]

FIGURE 5. Temporal relationship between potato tuber yield under rainfed conditions and rainfall at 60, 90, and 120 days after planting (DAP), from the 2012–13 to 2019–20 season. 60 DAP: 0–60 days, 90 DAP:60–90 days, and 120 DAP: 90–120 days.
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FIGURE 6. Temporal relationship between potato tuber yield and GDD4 at 60, 90, and 120 DAP, from the 2012–13 to 2019–20 season under rainfed conditions. 60 DAP: 0–60 days, 90 DAP:60–90 days, and 120 DAP: 90–120 days.


[image: Figure 7]

FIGURE 7. Percentage of reduction of the yield under rainfed conditions compared to irrigated plots concerning the accumulated precipitation during the growing season between 2012–12 and 2019–20 seasons.




Stress Indices and Their Correlations With Tuber Yield

A PCA was applied to obtain a visual representation of the correlation between the yields of the varieties and the stress tolerance indices. The biplot analysis shown in Figure 8 indicates that PC1 and PC2 explain 88.3% of the total variation and that most of this percentage is accounted for by PC1 (65.6%). There was a strong positive correlation between TOL, MP, GMP, Harm, STI, and HMPF (r = >0.92), indicating that these indices are very similar for drought selection. Besides, a weak correlation between YI, Yr, and SSI and the stress indices mentioned before (Table 3). The biplot indicates the association between the stress tolerance indices and varieties in productivity and drought tolerance. The varieties Porvenir, Patagonia-INIA, Yaike, and Puyehue-INIA, indicate a close positive relationship between TOL, MP, GMP, HARM, STI, and HMP as most productive and tolerant to drought conditions. In contrast, Desiree, Yagana-INIA, and Karú-INIA are on the opposite end of the PCA, which indicates that these varieties have negative effects on the dependence of the selection indices, which indicates low productivity and more sensitivity to drought conditions. No associations were found between the indices Yr, SSI, and YI and any of the varieties used in this study, which suggests that these indices are not useful for selecting genotypes or varieties studied under contrasting environmental conditions.

[image: Figure 8]

FIGURE 8. Biplot of the potato varieties under study over different stress tolerance indices under irrigation and rainfed conditions between the 2012–2013 and 2019–2020 seasons.




TABLE 3. The correlation coefficient between drought stress conditions and drought tolerance indices between 2012–13 and 2019–20.
[image: Table3]

In Figure 9, the graphs of the average yields of the different varieties in the function of the environmental index (the average yield of all varieties in each environment, considering as an environment the combination of the year and the irrigation or rainfed condition, Table 4) show that the varieties Porvenir and Patagonia-INIA have the highest adjusted regression curves, which indicates that these varieties are more tolerant to water deficits and had higher yields over the years of the study and the distinct climatic conditions. This, in turn, indicates that these varieties have higher stress tolerance indices and a good response to improved conditions with irrigation. Coincidentally, the yield regression curve in the context of the environmental indices of varieties Desiree and Karú-INIA, which were less correlated with the drought tolerance index and showed had the lowest curves (Figure 9).

[image: Figure 9]

FIGURE 9. Relationship between yield and environmental index for seven potato varieties.




TABLE 4. Environmental index (average yield of seven varieties) per year for irrigated and rainfed conditions.
[image: Table4]

The regression between the environmental index and the number of tubers did not result in a significant relationship, indicating that this yield component was not affected by the effects of the irrigated and rainfed conditions in this agroclimatic context (Table 5). In contrast, there was a significant relationship between the average weight of the tubers of all the varieties and the environmental index (p < 0.0001), with determination coefficients similar to those between the environmental index and yield, indicating that the tuber weight component was affected by differences in water availability.



TABLE 5. Coefficients of the regression between yield and environmental index for seven potato varieties.
[image: Table5]



Drought Effects on the Tuber Size Distribution

The previous results showed that yield was reduced under water limiting conditions depending on the drought severity. However, tuber size was the most affected under water limiting conditions in the different varieties. Figure 10 shows the average yield for the tuber size distribution of seed (25–65 mm) and marketable tubers (>65 mm) over the years of the study under both conditions (irrigation and rainfed). Drought stress significantly reduced the marketable tubers (>65 mm) by 50–60%. However, under irrigation, not all the varieties were marketable, like Yagana-INIA and Yaike, which are more productive for tuber seed production. The results also indicated that with irrigation, the productivity of Patagonia-INIA and Porvenir differs depending on the tuber size distribution. At the same time, Patagonia-INIA has a higher marketable production by 73%, for Porvenir was by 59%.

[image: Figure 10]

FIGURE 10. Average tuber size distribution of seven potato varieties under irrigation and rainfed conditions from 2012–14 to 2019–20. (A) Yield of marketable tubers: > 65 mm. (B) Yield of seed tubers (25–65 mm). Error bars indicate SE (p < 0.05).





DISCUSSION


Tuber Yield Productivity Under Irrigation vs. Rainfed Conditions

The results of the medium-term trial showed the responses of the seven high-yield varieties to water deficit (Figure 4), indicating that some varieties are more tolerant to water stress than others. Therefore, variability for drought tolerance is affected differently between cultivars (Aliche et al., 2019). However, it was observed that irrigation can increase yield in these soils by 30% (Figure 4). Although Andisols are characterized by the capacity to store and transport water, air, and nutrients, which maximizes plant yield (Valle et al., 2018), the physical properties of the soil capacity (air and water) are sensitive to management practices (Ordoñez et al., 2018), which the limits of storage and transport of water will depend on the pore system (Clunes et al., 2021). Water availability is limiting in the potato growing season in this region, despite the ability of soils to store moisture. Therefore, rainfall during the growing season is pivotal for yield, even in these cool temperate areas with favorable soils for potatoes (Liang et al., 2020). In addition, extremely high soil temperatures and low water content disfavor tuber formation (Liang et al., 2020). Even short periods of water stress can significantly reduce tuber yield, as was observed in our study (Zhang et al., 2018). Comparing yields under irrigation vs. rainfed conditions over seven seasons, the varieties Patagonia-INIA, Puyehue-INIA, Yagana-INIA, and Yaike registered differences in yields of 220, 168, 149, and 210 Mg ha−1, respectively. Over five and six seasons, the varieties Desiree and Karú-INIA registered differences in yields of 110 and 118 Mg ha−1, respectively, while the last variety to be released to the market, Porvenir, registered a difference of 186 Mg ha−1 over six seasons. This not only demonstrates that water deficits significantly affect tuber growth and development (Karam et al., 2014; Ambrosone et al., 2016) but can also cause the loss of yields for one or two seasons over the medium-term. This was observed with the yields of Patagonia-INIA, Yaike, and Puyehue-INIA, which registered accumulated yields of 677, 624, and 591 Mg ha−1, respectively under irrigation. In comparison, Patagonia-INIA reached 601 Mg ha−1 over six seasons (Figure 4). Figure 3 shows that the lowest precipitation levels occurred in January and February, which typically follow flowering in this region. By this time, the number of tubers has already been fixed. Still, during this period, tubers acquire their final weight, which concurs with the environmental index and explains the differences in yields under irrigation and rainfed conditions. The results in a yield of high productive varieties by 7 years indicate an important limiting for yield in no irrigated crops, even considering that south of Chile is an area with big yield potential for potatoes where this species is typically grown in drylands. Data of accumulated rainfall during the potato growing season during the last 40 years (Figures 1, 2) show a tendency to lower amounts from past to present. Therefore, potato improvement for drought tolerance and implementation of irrigation systems in this crop is essential to obtain marketable yields and avoid the risk of failure of the crop in years with low precipitation. The situation will probably be more pronounced in the future, given the trends in the last decades (Raymundo et al., 2014; Aliche et al., 2019; Hill et al., 2021). These results exemplify how much we can lose in productivity in dryland conditions even in one of the most favorable areas for growing potatoes globally and how risky this situation can be for the performance of the potato farms in the future.



Effects of Drought Conditions on Tuber Yield

Drought conditions lead to a reduction in total tuber yield and marketable yield (Figure 10). The yields of the potato varieties increased under conditions of water stress when there was precipitation exceeded 60 mm in the first 90–120 DAP (Figure 5), which indicates that the important phenological stages and types of varieties should be considered before applying deficit irrigation to maximize productivity (Martínez-Romero et al., 2019). Karam et al. (2014) observed that water deficits during tuber development in semiarid climates can reduce yields by 12%, while water deficits during tuber filling decreased yields by 42%. As observed in Figure 10, the effect of drought during the tuber-filling period reduces tuber size distribution and tuber yield (Aliche et al., 2018). Yagana-INIA and Yaike were more productive for tuber seed production across the years of study. Aliche et al. (2019) indicate that cultivars that make more tubers than they can bulk during the growing season would distribute smaller sizes, especially under rainfed conditions.

The highest yields under the I conditions compared to the R conditions occurred in the 2014–15 season (Figure 4) and coincided with the lowest rainfall and GDD4 at 90 DAP, and 120 DAP (Figures 5, 6) occurred during the tuber-filling period. This could also be associated with the warmest temperature (23°C) and highest levels of solar radiation, 24.3 (Mj m−2), in January (Figure 3). Van Harsselaar et al. (2021) mentioned that tuber growth is inhibited under combined drought and heat stress, with elevated temperatures of 30°C during the day. Timlin et al. (2006) indicated that the supply of photosynthates to tuber decreases with higher temperatures since the optimum temperature for biomass accumulation in potato is 20°C (Monneveux et al., 2013; Liang et al., 2020). Moreover, drought on tuberization reduces tuber formation and has a strong effect on tuber yield (Aliche et al., 2018). However, although the climatic conditions, especially precipitation, varied during the phenological period of the crop and during the years of the study, the accumulations of GDD4 were similar in the study area (Figure 6). Similar values were observed with the variety Desiree in a Mediterranean climate, indicating a weak correlation between yield and exposure of the plant to GDD (Danieli et al., 2018). Finally, the stress tolerance indices confirmed which varieties are best and least adapted to water deficit. The variables which contributed more positively to PC1 were GMP, HARM, MP, HMP, and TOL, which indicated an association between these indices and the general adaptability of the varieties to stressful environments. The varieties Porvenir, Patagonia-INIA, and Yaike, were the most adaptable (Figure 8; Table 3) and had the best drought tolerance indices. This confirms that these indices identify genotypes with high yield potential and tolerance to water stress. The GMP was the best-adapted index to assess relative yield (Mohammed and Kadhem, 2017). SSI, Yr, and YI are probably only useful to identify genotypes that behave well under stressful conditions but are not appropriate to identify genotypes that respond to improvements in environmental conditions. Krishnamurthy et al. (2016) indicated that SSI often fails to identify genotypes with high yields and stress tolerance potentials. Thus, Nikneshan et al. (2019) have also indicated that SSI, Yr, and YI work best when the changes in the yield of the genotype are lower and more stable over time.




CONCLUSION

The results in terms of yield-high varieties by 7 years indicate an important limiting in non-irrigated tuber yield, which decreased by 27 and 34% under rainfed conditions. However, tuber size distribution was the most affected under water limiting conditions, significantly reducing the marketable tubers (>65 mm) by 50–60%. The varieties Porvenir, Patagonia-INIA, and Yaike, had higher yields under conditions of irrigation and rainfed. However, it was observed that the varieties had high yields under water stress conditions when precipitation of more than 60 mm occurred between 60 and 120 DAP. The best indices to study drought tolerance were TOL, MP, GMP, Harm, STI, and HMP. Our study suggests that even in cool temperate areas with favorable soil properties for potatoes, as Andisols, low rainfall can produce a serious constraint for productivity. Therefore, combining varieties with more water stress tolerance and providing supplementary irrigation during the dry period can optimize the yield under rainfed conditions.
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Drought poses a major challenge to the production of potatoes worldwide. Climate change is predicted to further aggravate this challenge by intensifying potato crop exposure to increased drought severity and frequency. There is an ongoing effort to adapt our production systems of potatoes through the development of drought-tolerant cultivars that are appropriately engineered for the changing environment. The breeding of drought-tolerant cultivars can be approached through the identification of drought-related physiological and biochemical traits and their deployment in new potato cultivars. Thus, the main objective of this study was to develop a method to identify and characterize the drought-tolerant potato genotypes and the related key traits. To achieve this objective, first we studied 56 potato genotypes including 54 cultivars and 2 advanced breeding lines to assess drought tolerance in terms of tuber yield in the greenhouse experiment. Drought differentially reduced tuber yield in all genotypes. Based on their capacity to maintain percent tuber yield under drought relative to their well-watered controls, potato genotypes differed in their ability to tolerate drought. We then selected six genotypes, Bannock Russet, Nipigon, Onaway, Denali, Fundy, and Russet Norkotah, with distinct yield responses to drought to further examine the physiological and biochemical traits governing drought tolerance. The drought-induced reduction in tuber yield was only 15–20% for Bannock Russet and Nipigon, 44–47% for Onaway and Denali, and 83–91% for Fundy and Russet Norkotah. The tolerant genotypes, Bannock Russet and Nipigon, exhibited about a 2–3-fold increase in instantaneous water-use efficiency (WUE) under drought as compared with their well-watered controls. This stimulation was about 1.8–2-fold for moderately tolerant genotypes, Onaway and Denali, and only 1.5-fold for sensitive genotypes, Fundy, and Russet Norkotah. The differential stimulation of instantaneous WUE of tolerant and moderately tolerant genotypes vs. sensitive genotypes was accounted for by the differential suppression of the rates of photosynthesis, stomatal conductance, and transpiration rates across genotypes. Potato genotypes varied in their response to leaf protein content under drought. We suggest that the rates of photosynthesis, instantaneous WUE, and leaf protein content can be used as the selection criteria for the drought-tolerant potato genotypes.
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INTRODUCTION

Potato ranks the first highest produced non-cereal food crops and the fourth highest produced crop after wheat, corn, and rice worldwide (FAOSTAT, 2019). It is cultivated in over 100 countries, and the global production of potatoes was estimated to be 370 million tons in 2019, feeding over a billion people worldwide. Potato is considered to be a healthy source of carbohydrates, dietary fiber, protein, vitamins, antioxidants, and minerals (Beals, 2019). Hence, enhancing the productivity of potato crops can contribute to fulfilling the nutritional requirements of the rising population (Birch et al., 2012). Potato is mainly cultivated for its tuber, which is mainly composed of carbohydrates generated through photosynthesis in the source leaves. The photosynthetic end product, i.e., sucrose, is transported from source leaves to the stolon where it is converted to starch, leading to tuber initiation and growth (Aliche et al., 2020). The effective coordination among these processes is crucial for tuber growth and productivity. The shallow root system of potatoes makes this crop one of the most drought-sensitive species (Zarzynska et al., 2017). Drought strongly inhibits key physiological and biochemical processes, leading to poor plant performance and tuber yield loss. The magnitude of this loss, however, mostly depends on the duration and severity of drought episodes as well as plant growth stage and cultivar (Evers et al., 2010; Stark et al., 2013; Aliche et al., 2018; Plich et al., 2020; Hill et al., 2021). Drought during the early growth stage is considered to be the most harmful as it substantially reduces total leaf area, reduces photosynthetic rates, and assimilates partitioning to tubers leading to poor tuber initiation, bulking, and tuber yield (Evers et al., 2010; Obidiegwu et al., 2015). Drought during tuberization leads to fewer stolon per stem, reflected by lower tuber number and yield (Eiasu et al., 2007). If potato plants experience drought during the tuber bulking stage, they will produce fewer and smaller-sized tubers. Nevertheless, it has been suggested that the initiation of stolon and the formation of tuber are the most critical stages of drought stress (Aliche et al., 2020). The reduction in tuber yield under drought is suggested to be mainly associated with the inhibition of photosynthesis (Plich et al., 2020). The drought-induced stomatal closure, which is aimed at reducing the transpiration water loss and conserving plant water status, also restricts CO2 diffusion in the leaf making the Calvin cycle CO2 substrate-limited (Pinheiro and Chaves, 2011; Dahal et al., 2014, Aliche et al., 2020). This may result in the accumulation of ATP and NADPH since their rates of generation by the photosynthetic electron transport chain exceeds their utilization by the Calvin cycle. Consequently, there is an energy imbalance in the chloroplast level that favors the generation of reactive oxygen species leading to oxidative stress and damage of cell components. Thus, plants experience both stomatal and biochemical limitations of photosynthesis in response to drought stress (Lawlor and Tezara, 2009; Pinheiro and Chaves, 2011; Dahal et al., 2015; Dahal and Vanlerberghe, 2017).

Potato plants employ various strategies at the molecular, biochemical, physiological, and whole plant levels to cope with drought stress (Boguszewska-Mańkowska et al., 2018, Dahal et al., 2019). At molecular and genomic levels, drought tolerance has been conferred by the expression of various stress-related genes that encode proteins including transcription factors and enzymes involved in drought stress tolerance (Shinozaki and Yamaguchi-Shinozaki, 2007). The products of drought-related genes play a key role in stimulating initial stress response and in inducing stress tolerance at the cellular level. Drought stress initiates the synthesis and deprotonation of abscisic acid (ABA), a well-known phytohormone (Yao et al., 2018). ABA serves as signaling molecules that induce the expression of several stress-related genes including those involved in closing stomata (Cutler et al., 2010). Drought-related genes are believed to be governed through both ABA-dependent and ABA-independent mechanisms (Takahashi et al., 2018). Although the application of exogenous ABA has confirmed the ABA-induced expression of stress-related genes, several drought-induced genes are insensitive to exogenous ABA application. The ability of the cultivars to tolerate drought stress is considered to be governed by upregulation of the expression of chloroplast-localized antioxidants and molecular chaperones (Vasquez-Robinet et al., 2008). It has been reported that the drought-tolerant capacity of potato cultivars is conferred with the induction of the expression of the dehydration-responsive element-binding protein (DREB1A) regulons (Kasuga et al., 1999; Kudo et al., 2017). For instance, the transgenic potato genotypes overexpressing AtDREB1a exhibited an improved drought tolerance in comparison with wild type (Watanabe et al., 2011; Movahedi et al., 2012). Pino et al. (2013) compared ScCBFI transgenic potato with non-transgenic lines. Their study suggested an improved drought tolerance in ScCBFI transgenic lines as indicated by improved overall plant performance and extensive root development following drought stress (Pino et al., 2013).

At the biochemical level, potato plants display an increased accumulation of compatible solutes in response to drought stress (Chen and Murata, 2008; Evers et al., 2010; Sprenger et al., 2016). These solutes have been believed to decrease the leaf water potential without affecting turgor pressure. As a result, leaf cells are capable of taking up more water from the soil to maintain leaf water status and survive drought. For instance, the elevated accumulation of sugar alcohol (Vasquez-Robinet et al., 2008) and proline levels (Sprenger et al., 2016) has been observed in potato leaves following drought stress. In another study, the increased accumulation of glycine betaine has been reported in higher plants in response to drought, salinity, and low-temperature stress (Rontein et al., 2002). Using transgenic potato genotypes overexpressing betaine aldehyde dehydrogenase—an enzyme required in the biosynthesis of glycine betaine—Zhang et al. (2011) reported improved drought stress tolerance in potatoes.

At the whole plant and physiological levels, potato plants improve instantaneous WUE by minimizing transpiration water loss and concomitantly conserving leaf water status through the decrease in stomatal conductance, leaf number, and leaf area (Liu et al., 2005; Coleman, 2008; Albiski et al., 2012; Ierna and Mauromicale, 2020; Kassaye et al., 2020). However, the associated cost of improved WUE is a reduction in photosynthetic leaf surface area, resulting in a negative impact on carbohydrate synthesis. The leaf develops hair and turns to a narrower size to lessen the light absorbance and prevent photooxidative damage. A few studies have revealed that potato cultivars exhibit an increase in root/shoot ratio due to the extensive and large root architecture in response to drought stress (Zarzynska et al., 2017; Boguszewska-Mańkowska et al., 2020). The drought tolerance has also been conferred to enhanced water and nutrient uptake efficiency as a result of higher root/plant biomass ratio following drought stress (Wishart et al., 2013; Villordon et al., 2014; Zarzynska et al., 2017; Boguszewska-Mańkowska et al., 2020). Studying five potato cultivars subjected to drought stress, Zarzynska et al. (2017) revealed a correlation between tuber yield to root length and area. Their study suggested that potato cultivars tend to improve drought tolerance with deeper root length and larger root systems. In another study, Banik et al. (2016) reported that severe drought treatment following the drought acclimation cycles reduced leaf wilting, induced thicker cuticular layers, and increased open stomata compared with plants without acclimation treatment. Consequently, potato plants acclimated to mild drought stress exhibited reduced yield losses as compared with non-acclimated controls (Banik et al., 2016).

Research on intensive potato breeding is primarily centered on selecting the drought-resistant cultivars by considering indicators at the whole plant and leaf levels such as yield, plant phenotype, leaf morphology, and leaf water content, with less effort at the physiological and biochemical levels. Although the regulation of the physiological and biochemical traits is critical for drought survival, only a few studies have attempted to integrate changes observed at the leaf and whole plant levels with those at the physiological and biochemical levels during drought. Thus, the main objectives of this study were to develop a method to (1) identify and characterize the drought-tolerant potato genotypes and (2) identify the physiological and biochemical traits governing drought tolerance in potatoes.



MATERIALS AND METHODS


Growth Conditions and Tuber Yield

This study used 56 potato genotypes, including 54 commercial cultivars and 2 advanced breeding lines. Experiments were carried out in the greenhouse at the Fredericton Research and Development Centre, Fredericton, Canada, during 2018 and 2021. Plants were grown in 6-inch clay pots containing a general-purpose growing medium with 4 parts soil (Promix BX; Premier Horticulture) and 1 part vermiculite. The plants were grown at a photosynthetic photon flux density (PPFD) of 300 ± 60 μmol photons/m2/s, 50 ± 5% relative humidity, at a 16-h photoperiod, and at day/night temperature regimes of 22/16°C. The temperature, relative humidity, irradiance level, and photoperiod in each chamber were computer-controlled, monitored, and recorded continuously. The plants were watered to field capacity every day including nutrient supplementation every second day. The nutrients were provided by using 20-20-20 nitrogen–phosphorus–potassium (NPK) fertilizer, and Fe, Mn, Zn, Cu, B, Mo, EDTA supplements (Plant Products Co., Ltd., Brampton, Ontario, Canada). After 5 weeks, a drought treatment was applied to some plants by withholding water for up to 13 days and rewatered for recovery and tuber yield. Tubers were harvested from both well-watered and drought-stressed plants of 56 genotypes at their maturity, and tuber weight and number were recorded.



Physiological and Biochemical Measurements/Analyses

Out of the 56 potato genotypes, 6 cultivars (i.e., Russet Burbank, Nipigon, Onaway, Denali, Fundy, and Russet Norkotah) with distinct responses to drought stress with respect to tuber yield were further studied for the physiological and biochemical characteristics as described in the following sections. All physiological and biochemical measurements and analyses were subsequently performed on a single fully expanded terminal leaflet (at the third position from the top) of control 5-week-old well-watered plants or drought-stressed plants (analyzed after 6–13 days of withholding watering).



Photosynthesis and Chlorophyll a (Chl a) Fluorescence Measurements

The rates of photosynthesis were measured on the fully expanded terminal leaflets (at the third position from the top) of each genotype under both well-watered and drought conditions by using the LI-COR 6400 portable IR CO2 gas analyzer (LI-6400 XRT Portable Photosynthesis System; LI-COR Biosciences, Lincoln, NE, USA) at saturating light (1,600 PPFD). In addition, stomatal conductance and leaf transpiration rates were measured simultaneously with the measurements of CO2 gas exchange. Leaf instantaneous water-use efficiency (WUE) was calculated as the rate of CO2 assimilation divided by the rates of transpiration (A/T). The chlorophyll a (Chl a) fluorescence was measured simultaneously with CO2 gas exchange on the fully expanded terminal leaflets using an LI-COR 6400. All the measurements of Chl a fluorescence were carried out by using the standard fluorescence leaf chamber (2 cm2). Prior to the fluorescence measurements, the leaflets were dark-adapted for 20 min. The minimum fluorescence (Fo) and maximal fluorescence (Fm) in the dark-adapted leaf and the minimum fluorescence (F′o), maximal fluorescence (F′m), and steady-state fluorescence (Fs) in the light-adapted leaf were determined as previously described (Maxwell and Johnson, 2000). The parameters of Chl a fluorescence were calculated using the following equations:

i) Maximal quantum yield of photosystem II (PSII) = Fv/Fm (Maxwell and Johnson, 2000).

ii) Linear electron transport rates (ETRs) through PSII = (ΦPSII) (PPFD) (0.84) (0.5), where ΦPSII represents the operating efficiency of PSII (Baker et al., 2007).

iii) Non-photochemical quenching (NPQ), a measure of heat dissipation of excess light energy = (Fm – F′m)/F′m (Maxwell and Johnson, 2000).



Determination of Total Leaf Protein

We estimated the total leaf protein to assess the effects of drought stress on leaf protein content. After each measurement of CO2 gas exchange, the fully expanded terminal leaflets from well-watered and drought-stressed plants were harvested, immediately frozen in liquid N2, and stored at −80°C. The frozen leaf samples were ground into a fine powder using liquid N2 in a mortar and pestle. About 30–35 mg of ground leaf samples were added to 800 μl of cold (4°C) extraction buffer containing 1 M Tris–HCl (pH 6.8), 10% (w/v) SDS, 15% (w/v) sucrose, and 0.5 M DTT. The samples were vortexed briefly, solubilized at 70°C for 10 min, and centrifuged to remove debris. Total leaf protein concentrations of the supernatant were quantified using a modified Lowry method (Larson et al., 1986). While quantifying the total leaf protein content, the addition of 1 μg of bovine serum albumin (Invitrogen, Carlsbad, CA, USA) in the extraction buffer was used as an internal standard.



Other Analyses

Leaf water status was determined by measuring the relative water content (RWC) of terminal leaflets. Five disks were taken from each terminal leaflet, and fresh weight (FW) was taken immediately. The leaf disks were then immersed in water overnight, and turgid weight (TW) was measured. Finally, leaf dry weight (DW) was determined following oven-drying of the leaf disks for 72 h at 70°C. RWC was calculated as RWC = (FW – DW)/(TW – DW). Total chlorophyll, Chl a, and chlorophyll b (Chl b) were determined according to the study of Arnon (1949) using leaf samples that had been snap-frozen in liquid N2.



Statistical Analysis

The experiments were replicated three times. Thus, the data for all measurements and biochemical analyses were the averages of three replicates. The statistical analyses were performed using ANOVA in Prism 7.0 (GraphPad Software). Significant differences of the means between well-watered and drought-stressed plants within each cultivar were compared at the 5% significance level (P ≤ 0.05).




RESULTS


Effects of Drought Stress on Tuber Yield and Number

The 56 potato genotypes, including 54 commercial cultivars grown under well-watered conditions for 5 weeks were subjected to water stress for 6 days followed by re-watering until the harvesting of the tubers. Under well-watered conditions, potato genotypes exhibited differences in tuber yield (data not shown). Drought stress significantly inhibited tuber yield in all genotypes; however, the reduction in tuber yield varied across the genotypes. Table 1 shows the percentage of tuber yield and number for drought-stressed potato genotypes relative to their well-watered counterparts. Drought stress had minimal effects on tuber yield for Bannock Russet (85% of well-watered controls) and had a maximum for Dundord and F11007 (4% of well-watered controls) (Table 1). The drought-induced reduction in tuber yield was associated with decreases in total tuber number for the majority of the potato genotypes under drought (Table 1). However, the ability of the potato genotypes to maintain higher tuber yield under drought was not associated with its capacity to maintain more tubers (Table 1). To further examine the physiological and biochemical regulations of potato drought tolerance, we chose six cultivars, namely, Bannock Russet, Nipigon, Onaway, Denali, Fundy, and Russet Norkotah, with distinct response to drought stress in terms of tuber yield (Table 1). Henceforth, we will only present the results observed for these six potato genotypes. The drought-induced reduction in tuber yield was only 15–20% for Bannock Russet and Nipigon, 44–47% for Onaway and Denali, and 83–91% for Fundy and Russet Norkotah (Figure 1A). Based on the differential capacity of these genotypes to maintain tuber yield under drought, we will hereafter use the terms “drought-tolerant genotypes” for Bannock Russet and Nipigon, “moderately tolerant genotypes” for Onaway and Denali, and “susceptible genotypes” for Fundy and Russet Norkotah. Drought significantly reduced the total tuber number in all genotypes irrespective of their capacity to maintain the differential tuber yield under drought (Figure 1B). To determine whether the differences in tuber yield across potato genotypes under drought stress were due to the differences in plant water content, we measured leaf RWC. Under well-watered conditions, we observed a comparable RWC of 80–87% in all genotypes (Figure 2). Drought decreased the RWC by about 25–35% in all potato genotypes, while the RWC under drought was similar in all genotypes. This suggested that the differences in tuber yield across potato genotypes under drought stress were not associated with the differences in RWC but rather associated with the differences in the physiological and biochemical phenomena.


Table 1. Relative tuber yield and number for drought-stressed plants relative to their well-watered controls (%).
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FIGURE 1. Tuber yield (A) and tuber number (B) (per plant) of six potato genotypes grown under well-watered and drought conditions. Tubers were harvested from both well-watered and drought-stressed plants at their maturity. The data represent the averages of three experiments ± SE. Significant differences of the means between well-watered and drought-stressed plants within each cultivar are indicated by the symbol * (P ≤ 0.05).
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FIGURE 2. Leaf relative water content (RWC) of six potato genotypes grown under well-watered and drought conditions. RWC was estimated on the fully expanded terminal leaflets of 5-week-old well-watered plants or drought-stressed plants (analyzed after 6 days of withholding watering). The data represent the averages of three experiments ± SE. Significant differences of the means between well-watered and drought-stressed plants within each cultivar are indicated by the symbol * (P ≤ 0.05).




Effects of Drought Stress on Rates of Photosynthesis and Fluorescence Parameters

Gas exchange rates and Chl a fluorescence were measured simultaneously to characterize the photosynthesis of the potato genotypes. Under well-watered conditions, the rates of photosynthesis (A) varied across the genotypes ranging from ~12 to 20 μmol/m2/s (Table 2). Drought stress substantially reduced A in all genotypes, such that A was ~2.4–5.6 μmol/m2/s among the genotypes under drought (Table 2). This precludes the previous notion that the ability of potato plants to tolerate drought and thus maintain tuber yield is associated with their capacity to maintain higher A under drought (Plich et al., 2020). In vivo Chl a fluorescence was monitored in combination with the CO2 gas exchange to estimate (1) the maximum photochemical efficiency of PSII in the dark-adapted state (Fv/Fm), a measure of plant stress condition, (2) the photosynthetic ETRs through PSII, and (3) NPQ, the capacity to dissipate energy as heat. We observed minimal differences across genotypes in the maximum photochemical efficiency of PSII in the dark-adapted state (Fv/Fm) in well-watered plants (Table 2). Drought stress decreased Fv/Fm in all genotypes, but there were minimal differences across genotypes subject to drought (Table 2). The reduced Fv/Fm suggests that all plants were experiencing stress under drought. Minimal differences were noted across genotypes for ETR in either well-watered or drought-stressed plants, although the ETR was considerably lower by 45–65% in drought-stressed plants as compared with their well-watered controls (Table 2). The NPQ varied across genotypes under well-watered conditions (Table 2). Drought stress substantially increased NPQ by 1.2–5-fold in all genotypes. The differences in NPQ across genotypes observed under well-watered conditions were further magnified under drought (Table 2).


Table 2. Effects of drought stress on photosynthetic and fluorescence characteristics of six potato genotypes grown under well-watered and drought conditions.
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Effects of Drought Stress on Instantaneous Water-Use Efficiency, Transpiration, and Stomatal Conductance (gs)

All six genotypes exhibited comparable instantaneous WUE of 6.2–8.7 μmol/mol under well-watered conditions (Figure 3A). Drought stress differentially stimulated WUE in all genotypes. The tolerant genotypes, Bannock Russet and Nipigon, exhibited about a 2–3-fold increase in WUE under drought conditions as compared with well-watered controls (Figure 3A). This stimulation was about 1.8–2-fold for moderately tolerant genotypes, Onaway and Denali, and only 1.5-fold for sensitive genotypes, Fundy and Russet Norkotah, when compared with their well-watered controls (Figure 3A). The differential stimulation of instantaneous WUE of tolerant and moderately tolerant genotypes vs. sensitive genotypes was associated with the differential suppression of the rates of transpiration (Figure 3B) and photosynthesis (Table 2) across these genotypes. The rates of transpiration are determined by stomatal aperture size, stomatal density, and opening and closing of stomatal pores, known as stomatal conductance (gs). In this study, we measured only the stomatal conductance. Drought stress significantly suppressed stomatal conductance in all genotypes (Figure 3C). However, this reduction varied across genotypes such that drought-induced reduction in gs was about 80–90% for tolerant genotypes, Bannock Russet and Nipigon, 70–80% for moderately tolerant genotypes, Onaway and Denali, and 50% for sensitive genotypes, Fundy and Russet Norkotah, when compared with their well-watered controls (Figure 3C).


[image: Figure 3]
FIGURE 3. Effects of drought stress on instantaneous water use efficiency (A), transpiration rates (B), and stomatal conductance (C) of six potato genotypes. The measurements were performed on the fully expanded terminal leaflets of 5-week-old well-watered plants or drought-stressed plants (analyzed after 6 days of withholding watering). The data represent the averages of three experiments ± SE. Significant differences of the means between well-watered and drought-stressed plants within each cultivar are indicated by the symbol * (P ≤ 0.05).




Effects of Drought Stress on Leaf Protein and Chlorophyll Content

When measured on a leaf area basis, we observed a comparable leaf protein content of 12–18 g/m2 leaf area in all six genotypes tested when grown under well-watered conditions (Figure 4). Drought-stressed Bannock Russet and Nipigon exhibited about a 25% increase in total leaf protein content whereas Onaway and Denali exhibited about a 15% increase in the total leaf protein content when compared with their well-watered controls (Figure 4). In contrast, drought-stressed Fundy and Russet Norkotah exhibited about a 25% reduction in total leaf protein content relative to their well-watered controls (Figure 4). The different stimulation of leaf protein content under drought stress would further magnify when corrected on a chlorophyll basis in tolerant and moderately tolerant genotypes (data not shown). For instance, the protein/chlorophyll ratio (protein/Chl) increased by 2–4-fold for tolerant and moderately tolerant genotypes under drought conditions as compared with their well-watered controls (Table 2). However, there was a minimal change in the protein/Chl ratio for sensitive genotypes under drought vs. well-watered conditions (Table 2).
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FIGURE 4. Leaf protein content of six potato genotypes grown under well-watered and drought conditions. Leaf protein content was estimated on the fully expanded terminal leaflets of 5-week-old well-watered plants or drought-stressed plants (analyzed after 6 days of withholding watering). The data represent the averages of three experiments ± SE. Significant differences of the means between well-watered and drought-stressed plants within each cultivar are indicated by the symbol * (P ≤ 0.05).





DISCUSSION

Plants experience drought stress when they receive insufficient water than their actual demand. The effects of drought stress may range from disruption in the molecular and biochemical functions at the cellular level to the physiological and morphological functions at the leaf and whole plant levels (Shinozaki and Yamaguchi-Shinozaki, 2007). Potato plants use several strategies at the physiological, biochemical, and molecular levels to combat drought stress (Boguszewska-Mańkowska et al., 2018; Dahal et al., 2019). These strategies enable plants either to maintain water potential by escaping the drought or to develop the adaptation mechanisms to tolerate lower water potential.

In this study, we used 56 potato genotypes including commercial cultivars to assess their tolerance to drought stress. Based on their capacity to maintain tuber yield under drought, potato genotypes differed in their ability to tolerate drought stress (Table 1). To further examine the drought tolerance mechanisms, we selected six genotypes, namely, Bannock Russet, Nipigon, Onaway, Denali, Fundy, and Russet Norkotah, with diverse response to drought tolerance based on tuber yield (Table 1, Figure 1A). We measured leaf RWC to determine whether the ability of plants to maintain tuber yield under drought is governed either by drought avoidance or by adaptation mechanism to tolerate lower water potential. The comparable leaf RWC across genotypes under drought stress (Figure 2) suggests that the ability of the potato genotypes Bannock Russet and Nipigon to tolerate drought was not associated with drought avoidance but rather associated with the physiological and biochemical tolerance mechanisms to lower water potential.

One of the important physiological strategies used by plants to survive drought stress is the improvement in WUE (Liu et al., 2005; Coleman, 2008; Albiski et al., 2012; Ierna and Mauromicale, 2020; Kassaye et al., 2020). The tolerant genotypes, Bannock Russet and Nipigon, exhibited a substantial increase in instantaneous WUE than did moderately tolerant genotypes, Onaway and Denali, and the sensitive genotypes, Fundy and Russet Norkotah, under drought (Figure 3A). Consistent with previous findings, our study revealed that the capacity of potato genotypes to enhance WUE under drought stress is reflected in their ability to tolerate drought stress. The differential stimulation of instantaneous WUE of tolerant and moderately tolerant genotypes vs. sensitive genotypes was accounted for by the differential suppression of stomatal conductance and concomitantly transpiration rates across genotypes (Figures 3B,C). Another strategy that plants employ following drought stress is a considerable increase in the drought-related proteins (Shinozaki and Yamaguchi-Shinozaki, 2007). Drought induces the expression of numerous stress-related genes that encode proteins including transcription factors and enzymes involved in drought stress tolerance (Shinozaki and Yamaguchi-Shinozaki, 2007). For instance, the ability of potato plants to tolerate drought stress is believed to be governed by upregulation of DREB1A regulons (Movahedi et al., 2012, Pino et al., 2013). In this study, the tolerant genotypes, Bannock Russet and Nipigon, exhibited a considerable increase in leaf proteins relative to moderately tolerant and susceptible genotypes following drought stress (Figure 4). The differential stimulation of leaf protein content under drought stress will further magnify when corrected on a chlorophyll basis in tolerant and moderately tolerant genotypes. Future study needs to be focused on the identification of proteins that are upregulated following drought treatment to advance our understanding of molecular mechanisms governing drought tolerance.

Photosynthesis converts CO2 to carbohydrates in the presence of light energy and with the help of photosynthetic pigments, mainly chlorophylls. The carbohydrate is then translocated to the stolons for tuber initiation and growth. Hence, an enhancement in tuber yield can be expected through the stimulation of photosynthetic carbon fixation and their translocation to stolon. In this study, the drought-induced reduction in tuber yield was mainly related to the strong perturbation of photosynthesis (Table 2). However, the reduction in the rates of photosynthesis was similar in all genotypes, regardless of their differential tolerance ability to drought. Therefore, unlike previous findings (Plich et al., 2020), our current study suggests that the ability of the potato genotypes, Bannock Russet and Nipigon, to tolerate drought stress is not associated with the maintenance of photosynthesis under drought as compared with sensitive genotypes. Future research needs to confirm whether the differential ability of potato genotypes to maintain tuber yield under drought is due to the differences in the carbohydrate translocation to the stolon. The reduced Fv/Fm following drought stress indicates that all plants were experiencing stress under drought, which was also mirrored by decreased photosynthesis (Table 2). Consequently, all potato genotypes dissipated energy, excess of that used by photosynthesis, through enhanced NPQ under drought (Table 2). The precise mechanism that activates NPQ under drought is the area of further research.

The production of potatoes is constrained by frequent and severe drought episodes (Obidiegwu et al., 2015). Improving the productivity of potatoes under such suboptimal growth conditions is important to achieve the nutritional demand of an increasing population. Understanding the stress-related physiological, biochemical, and molecular processes is crucial to develop the screening procedures for selecting potato cultivars that can better adapt to drought. The elucidation of such processes may offer new insights into the identification of specific characteristics that may be useful in breeding new cultivars aimed at maintaining or even enhancing potato yield under the changing climate. Our current study has revealed that leaf protein content, instantaneous WUE, stomatal conductance, and transpiration rates can be used as the screening criteria for selecting the drought-tolerant potato genotypes. We suggest that future research needs to be concentrated on the identification and characterization of signaling molecules and target genes governing drought tolerance and tuber yield potential.
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Peanut is an important oil and economic crop in China. The rainy season (April–June) in the downstream Yangtze River in China always leads to waterlogging, which seriously affects plant growth and development. Therefore, understanding the metabolic mechanisms under waterlogging stress is important for future waterlogging tolerance breeding in peanut. In this study, waterlogging treatment was carried out in two different peanut cultivars [Zhonghua 4 (ZH4) and Xianghua08 (XH08)] with different waterlogging tolerance. The data-independent acquisition (DIA) technique was used to quantitatively identify the differentially accumulated proteins (DAPs) between two different cultivars. Meanwhile, the functions of DAPs were predicted, and the interactions between the hub DAPs were analyzed. As a result, a total of 6,441 DAPs were identified in ZH4 and its control, of which 49 and 88 DAPs were upregulated and downregulated under waterlogging stress, respectively, while in XH08, a total of 6,285 DAPs were identified, including 123 upregulated and 114 downregulated proteins, respectively. The hub DAPs unique to the waterlogging-tolerant cultivar XH08 were related to malate metabolism and synthesis, and the utilization of the glyoxylic acid cycle, such as L-lactate dehydrogenase, NAD+-dependent malic enzyme, aspartate aminotransferase, and glutamate dehydrogenase. In agreement with the DIA results, the alcohol dehydrogenase and malate dehydrogenase activities in XH08 were more active than ZH4 under waterlogging stress, and lactate dehydrogenase activity in XH08 was prolonged, suggesting that XH08 could better tolerate waterlogging stress by using various carbon sources to obtain energy, such as enhancing the activity of anaerobic respiration enzymes, catalyzing malate metabolism and the glyoxylic acid cycle, and thus alleviating the accumulation of toxic substances. This study provides insight into the mechanisms in response to waterlogging stress in peanuts and lays a foundation for future molecular breeding targeting in the improvement of peanut waterlogging tolerance, especially in rainy area, and will enhance the sustainable development in the entire peanut industry.

Keywords: data-independent acquisition, malate metabolism, data-dependent acquisition, differentially accumulated proteins, protein-protein interaction, anaerobic respiration enzymes


INTRODUCTION

Excessive water in the soil will reduce the rate of gas exchange between the soil and the atmosphere, thus affecting plant growth and development (Andrade et al., 2018; Garcia et al., 2020). Under waterlogging conditions, the oxygen level continues to decrease, but CO2, H2S, CH4, and ethylene continue to accumulate (Kögel-Knabner et al., 2010), which seriously breaks the gas balance and causes a hypoxic or even anoxic environment, reducing the soil reduction potential and affecting the conversion of mineral elements (Ghashghaie et al., 2015). For example, an anoxic environment inhibits aerobic nitrification and nitrifying bacterial activity, resulting in the reduction of nitrate to N2 and nutrient loss (Walker et al., 2018). In addition, sulfate is easily reduced to H2S under waterlogging condition, reducing the absorption of sulfur by plants and causing toxicity to plants (Pezeshki and DeLaune, 2012). Waterlogging also reduces oxidized compounds, such as Fe2+ and Mn4+, raising up the concentration level of Fe and Mn beyond the nutritional requirements in plants (Khabaz-Saberi et al., 2006; Khabaz-Saberi and Rengel, 2010).

The plant morphology will also be adversely affected under waterlogging stress. The anoxic environment usually decreases leaf resistivity, increases cell electrolyte leakage, and destroys the filtering function of cell membrane. In addition, the chlorophyll level and its synthetic rate were reduced, leading to leaf yellowing and wilting, accelerating the leaf shedding rate, promoting leaf senescence, and hindering the formation of new leaves (Zheng et al., 2009). Waterlogging stress also inhibits root growth, reduces root hair, and decays root tips (Xuewen et al., 2014). In order to adapt to this condition, adventitious roots were formed in large quantities and became the main components of the root system under waterlogging stress, thus expanding the absorption area of plants, improving the absorption and transportation of oxygen, and therefore giving the cells a higher mitotic ability and physiological activity (Zou et al., 2010). Another adaptation in plants under waterlogging stress is to facilitate the accumulation of ethylene concentration (Kim et al., 2018; Zhao et al., 2018), which leads to an increase in cellulase activity, thus resulting in the separation and collapse of root tip cortical cells and the formation of aerenchyma (a gas channel composed of specific cells that can transport oxygen to the root system and alleviate the pressure of oxygen deficiency) (Wang et al., 2016). This adaptation strategy helps maintain the normal physiological metabolism of root cells.

Waterlogging also affects metabolic processes, such as photosynthesis in plants. Under waterlogging stress, the photosynthetic rate in waterlogging-tolerant plants did not change too much, while it dropped rapidly in waterlogging-sensitive plants (Zeng et al., 2020). In addition, waterlogging stress leads to oxygen shortage, which will trigger anaerobic respiration to provide cell energy (da Silva and do Amarante, 2020). Anaerobic respiration usually includes two fermentation pathways: lactic acid and ethanol fermentation. Thus, the enzymes involved in these fermentation pathways, such as lactate dehydrogenase (LDH) and alcohol dehydrogenase (ADH), are changed accordingly as indicators. For example, ADH and LDH will be activated to provide plants with ATP to improve the ability of plants to cope with waterlogging stress (Dennis et al., 2000; Xu et al., 2016).

Most previous studies mainly focused on the effects of waterlogging stress on plant morphology, physiology, dry matter accumulation and distribution, crop yield, and quality characteristics. Few studies have been conducted to unveil the molecular mechanisms under waterlogging stress in peanut. We therefore undertook a quantitative proteomics study to provide a comprehensive understanding of peanut roots in response to waterlogging stress. A number of techniques and strategies can be used for quantitative proteomics study, among which isotopic labeling (e.g., iTRAQ, SILAC, or TMT) and label-free methods are the two techniques with highest popularity (Jylhä et al., 2018). The isotopic labeling strategy relies on binding-specific isobaric labels to peptides for relative quantification of proteins, but it limits the number of different experimental groups (usually only 4–8 samples; Ross et al., 2004; Choe et al., 2012). Data-dependent acquisition (DDA) is often used in iTRAQ, which cannot be applied to large-scale trials due to high cost, setup complexity, and incomplete selection of peptides (Jylhä et al., 2018). However, the sequential windowed acquisition of all theoretical fragment ion mass spectra (SWATH) is a data-independent acquisition (DIA) technique that can overcome this difficulty. SWATH is label-free and not limited to the number of experimental groups, allowing for flexible comparisons and potential savings (Gillet et al., 2012). In addition, SWATH obtains ion spectra containing all the fragments from all the precursor ions within the predefined mass-to-charge (m/z) range (Gillet et al., 2012). The independent datasets obtained from DIA can be re-examined if the library used in the downstream analyses is updated (Jylhä et al., 2018).

In the current study, DIA technique is used to quantitatively analyze the differentially accumulated proteins (DAPs) between two peanut cultivars with different waterlogging tolerance: Xianghua08 (XH08, waterlogging-tolerant) and Zhonghua 4 (ZH4, waterlogging-sensitive). In addition, the effects of waterlogging stress on the relative respiratory enzymes and root morphology were observed and compared between two cultivars. This study provided a theoretical basis for future waterlogging tolerance breeding in peanut and will be of great significance for the sustainable development of the peanut industry.



MATERIALS AND METHODS


Plant Materials and Waterlogging Treatment

The tested peanut cultivars, including waterlogging-sensitive cultivar ZH4 and the waterlogging-tolerant cultivar XH08, were bred by the Arid Land Crops Research Institute of Hunan Agricultural University (Changsha, Hunan). Stainless steel brackets filled with clean fine quartz sand were placed in the PVC basins with a diameter of 20 cm and height of 3 cm, and one seed was sown in each basin in 3 cm depth, with each cultivar replicating three times. When the seedlings germinated to the stage of four leaves and one heart, the flooding treatment was carried out to maintain a flooding depth of 1 cm for different duration time (3, 6, 9, 12, and 15 days). The control group was irrigated normally. The light and dark conditions were alternated with 14-h daylight time and 10-h dark conditions. The temperature was set to 25°C (daylight) and 20°C (night), respectively.



Plant Root Microscopy and Determination of Enzymatic Activities

After waterlogging treatment, paraffin sections of main roots of two cultivars and their controls were made, and the microstructure of the root tissue was observed. The taproots of peanut cultivars (ZH4 and XH08) and their controls were collected for the determination of LDH, ADH, and malate dehydrogenase (MDH) activities as follows: 0.1 g taproot samples of waterlogging-treated cultivars and their control samples were weighed after 12 days and 15 days of waterlogging treatment with each group replicating three times. The supernatants were homogenized on an ice bath with 1 ml of 0.1 M PBS buffer, followed by centrifugation under 4°C at 15,000 rpm for 20 min. The wavelength of the ultraviolet spectrophotometer was set to 340 nm (zero adjustment of ultrapure water). The activities of LDH, ADH, and MDH in peanut taproots were determined using the LDH assay kit (A020-1), the ADH assay kit (A083-2-1), and the MDH assay kit (A021-2-1; Nanjing Jiancheng Bioengineering Research Institute) following the manufacturer’s instructions. Exploring changes in enzymatic activities aimed to determine the time point at which the root samples would be collected for the following quantitative proteomics analyses. The collected root samples were immediately frozen in −80°C for further use.



Protein Extraction and Digestion

Proteomic sequencing was performed by the Beijing Genome Institute (Shenzhen, China). The collected peanut roots were first ground using 5-mm magnetic beads, and proteins were extracted using lysis buffer 3 (10 mm Tris–HCl, pH 8.0, 100 mm NaCl, 1 mm EDTA, 0.5 mm EGTA, 0.1% sodium deoxycholate, and 0.5% sodium N-lauroyl sarcosine), with PMSF (protease inhibitor), EDTA, and dithiothreitol (DTT) added to a final concentration of 1 mm, 2 mm, and 10 mm, respectively. The mixture was ground using a tissue grinder for 2 min (power = 50 Hz, time = 120 s), followed by centrifugation at 25,000 g under 4°C for 20 min. After the removal of the supernatant, 10 mm DTT was added, and the mixture was heated at 56°C for 1 h. Iodoacetamide (55 mm) was then added to the mixture and incubated in the dark for 45 min. The protein was precipitated with four volumes of cold acetone for 2 h at −20°C. This step was repeated 2–3 times until the supernatant turned to be transparent. After centrifugation at 25,000 g under 4°C for 20 min, the precipitation was redissolved in lysis buffer 3 and ground using tissue grinder for 2 min (power = 50 Hz, time = 120 s), followed by centrifugation at 25,000 g under 4°C for 20 min. The supernatant was retained for protein quantification using the Bradford method (Kruger, 2009), and the extracted proteins were separated using SDS-PAGE. After electrophoresis, the solution was stained in Coomassie Brilliant Blue for 2 h, followed by decolorization using the decolorizing solution (40% ethanol and 10% acetic acid) for 3–5 times.

Each protein sample (~100 μg protein) was digested twice using trypsin at a 1:40 trypsin-to-protein ratio at 37°C for 4 h, followed by another round at 37°C for 8 h. After trypsin digestion, the peptides were desalted using a Strata-X column (Phenomenex, Los Angeles, United States) and vacuum dried.



HPLC Fractionation and LC MS/MS Under Both DDA and DIA Modes

The peptide samples were fractionated using high-pH reversed-phase high-performance liquid chromatography by using the Gemini C18 column (5 μm, 4.6 mm × 250 mm). Briefly, peptides were first separated with a gradient of 5 to 95% acetonitrile (pH 9.8) over 60 min. Next, they were combined into 10 fractions and freeze-dried by vacuum centrifugation. The dried peptide samples were redissolved with mobile phase A (2% ACN, 0.1% FA) and centrifuged at 20,000 g for 10 min, and the supernatant was retained for MS analysis. LC–MS/MS was carried out in the ultimate 3,000 UHPLC (Thermo scientific, United States). The sample was first enriched and desalted using a trap column and then connected to a self-contained C18 column (150 μm inner diameter, 1.8 μm column material particle size, 25 cm column length) in series. Separation was carried out at a flow rate of 500 nl/min through the following concentration gradient: 0–5 min, 5% mobile phase B (98% ACN, 0.1%). Mobile phase B increased linearly from 5 to 35% from 5 to 160 min, increased from 35 to 80% over 160–170 min, and then increased to 80% over 170–175 min, and finally decreased to 5% over 176–180 min. Afterward, the peptides were injected into a nanoESI ion source followed by a tandem mass spectrometer for both DDA and DIA analyses.


Data-Dependent Acquisition Mass Spectrometry

The separated peptides were ionized by the nanoESI source and injected into a Q-Exactive HF tandem mass spectrometer (Thermo Fisher Scientific, San Jose, CA) under DDA mode. Briefly, intact peptides were detected in the Orbitrap at a resolution of 60,000 with a MS range of 350–1,500 m/z for full scan. The 20 most intense precursor ions per survey scan were selected for higher-energy collisional dissociation (HCD) fragmentation, and the resulting fragments were analyzed with the Orbitrap at a resolution of 15,000 with a fixed mass of 100 m/z. The MS was operated between MS scan and MS/MS scan with the dynamic exclusion time of 30s. The automatic gain control (AGC) was set as 3E6 for level 1 and 1E5 for level 2.



Data-Independent Acquisition Mass Spectrometry

Another batch of separated peptides was injected into the Q-Exactive HF tandem mass spectrometer (Thermo Fisher Scientific, San Jose, CA) under DIA mode. Briefly, intact peptides were detected in the Orbitrap at a resolution of 120,000 with a MS range of 350–1,500 m/z for full scan, followed by the division of 40 windows for fragmentation and signal acquisition. The fragmentation mode was HCD, and ion fragments were detected with Orbitrap. The dynamic exclusion time was set to 30 s. The AGC was set as follows: 3E6 for level 1 and 1E5 for level 2.




Database Search

The Andromeda engine implemented in MaxQuant was used to process DDA data obtained from the machine.1 Spectronaut was then used to construct a spectrum library and complete the data deconvolution. The mProphet algorithm was used to complete the data analysis and quality control. Based on the UniProt protein databases, GO, COG/KOG and KEGG pathway annotations were conducted. MSstats software was used to preprocess the data and make comparisons among different group sets. The threshold of significance level for DAPs was set at fold change (FC) ≥ 2 and p < 0.05. Finally, enrichment analysis and subcellular localization analysis were performed for DAPs, and protein-protein interaction (PPI) analysis was conducted using STRING database for the functional classification of DAPs.



Data Analysis

SPSS software (v19.0, IBM Corp., Armonk, NY) was used to analyze different respiratory enzymatic activities between two cultivars and their controls. Origin 2019 software was used to draw bar charts and dot charts. The volcano diagram of DAPs between two peanut cultivars and their controls (| log2FC | ≥ 1 Magi, p < 0.05) was depicted using EXCEL, and the KEGG pathway enrichment bubble diagram was generated by R (R Development Core Team, 2010). The key nodes of DAPs with a confidence score over 500 in the PPI interaction network were selected, and the MCC algorithm implemented in the cytoHubba was used to analyze and identify the hub DAPs using the Cytoscape software (Paul Shannon et al., 1971). The top 100 DAPs with highest confidence levels were used to draw the PPI interaction network diagram.




RESULTS


Effects of Waterlogging Stress on the Morphology of Peanut Taproots

Plant roots are responsible for nutrient and water transportation. When external conditions change, plants adapt to the environment by changing root morphological structure. As shown in Figure 1A, after 22 days of waterlogging treatment, the roots of two cultivars became dark brown and rotten, and the growth and development of main roots in controls were better than the treated cultivars. The hypocotyl (Figure 1B) of ZH4 generated obvious adventitious roots, while the epicotyl (Figure 1C) of XH08 generated obvious adventitious roots.
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FIGURE 1. Morphological differences between two treated peanut cultivars and their controls. (A) The peanut taproots of treated and the control groups after 22 days of waterlogging treatment. Left two samples were treated ones, and the right one was control sample; (B) the peanut hypocotyl produced adventitious roots in Zhonghua 4 (ZH4) after 22 days waterlogging treatment; and (C) the peanut epicotyl produced adventitious roots in Xianghua08 (XH08) after 22 days of waterlogging treatment.


After 3 days of waterlogging treatment, there was no significant difference in the root growth between ZH4 and XH08, and no ventilatory tissue was found. However, after waterlogging for 6 days, most of the cortical parenchyma cells in ZH4 taproots were dissociated to form ventilatory tissue, while the cortical parenchyma cells in XH08 enlarged and deformed without dissociation, and no obvious ventilatory tissues were formed (Figures 2A,B). After 9 days of waterlogging, the xylem in both cultivars showed irregular distribution and a large number of parenchyma cells were damaged. However, the amount of XH08 ventilatory tissue increased without the damage of the cell wall (Figures 2C,D).

[image: Figure 2]

FIGURE 2. The root tissue micrographs (aerenchyma) of the main roots in two peanut cultivars after waterlogging for 6 days and 9 days. (A) Root microscopic map of ZH4 after 6 days of waterlogging treatment; (B) root tissue microscopic map of XH08 after 6 days of waterlogging treatment; (C) root microscopic map of ZH4 after 9 days of waterlogging treatment; and (D) root microscopic map of XH08 after 9 days pf waterlogging treatment.




Functional Analysis of DAPs in Different Peanut Cultivars Under Waterlogging Stress


The DAPs Induced by Waterlogging Stress

Quantitative proteomic analysis of two peanut cultivars with different waterlogging tolerance was carried out by the DIA technique. The analysis of significant DAPs between the treatment and control samples is shown in a volcanic map (Figure 3). As shown in Figure 3A, a total of 6,441 DAPs were identified between the treated ZH4 and its control group, of which 49 DAPs were significantly upregulated and 88 DAPs were significantly downregulated (| log2FC | ≥ 1, p < 0.05). As shown in Figure 3B, a total of 6,285 DAPs were identified between the treated XH08 and its controls, of which 123 and 114 DAPs were significantly upregulated and downregulated, respectively (| log2FC | ≥ 1, p < 0.05). Among these DAPs, a total of 156 and 56 specifically existed in XH08 and ZH4, respectively (Figure 4), and 81 DAPs shared between two cultivars. In brief, the number of significant DAPs in the waterlogging-tolerant cultivar XH08 was higher than the sensitive cultivar ZH4.
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FIGURE 3. Volcano map of differentially accumulated proteins (DAPs) in two different peanut cultivars after 12 days of waterlogging treatment. (A) Volcano map of DAPs between ZH4 and its control group after 12 days of waterlogging treatment. (B) Volcano map of DAPs between XH08 and its controls after 12 days of waterlogging treatment.


[image: Figure 4]

FIGURE 4. The Venn diagram indicating a comparison of DAPs between XH08 and ZH4.




KEGG Pathway Enrichment Analysis

The DAPs related to waterlogging in two peanut cultivars were enriched by KEGG pathway enrichment analysis (Figure 5). According to the significance of waterlogging-related DAP enrichment in the signaling pathway, the waterlogging-related DAPs in ZH4 were mainly enriched in the following six metabolic pathways (the number of DAPs enriched in each signaling pathway is in parentheses; Figure 5A): glycolysis/gluconeogenesis (16), secondary metabolites (37), fructose and mannose metabolism (6), metabolic pathways (52), pentose phosphate pathway (6), and amino acid biosynthesis (13). The waterlogging-related DAPs in XH08 were mainly enriched in the following six metabolic pathways (Figure 5B): glycolysis/gluconeogenesis (22), carbon fixation in photosynthetic organisms (11), carbon metabolism (22), secondary metabolites (56), amino acid biosynthesis (20), and fatty acid degradation (9). In brief, the main enriched signaling pathways shared between ZH4 and XH08 included metabolic pathways, secondary metabolites, glycolysis/gluconeogenesis, carbon metabolism, amino acid biosynthesis, and phenylpropanoid biosynthesis. The relative up- and downregulated KEGG pathways of the DAPs in both XH08 and ZH4 were indicated in Figure 6, indicating that although the trends in upregulated KEGG pathways were similar between two cultivars, more DAPs were downregulated across KEGG pathways in XH08 than ZH4.
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FIGURE 5. The KEGG signaling pathways of DAPs in two different peanut cultivars were enriched by a bubble map after 12 days of waterlogging treatment. (A) Bubble map of the significantly enriched KEGG pathways of DAPs in ZH4 and its controls after 12 days of waterlogging treatment. (B) Bubble map of DAPs in KEGG pathways between XH08 and its control samples after 12 days of waterlogging treatment.
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FIGURE 6. The up- and downregulated DAPs in two peanut cultivars and their controls. (A) Up- and downregulated KEGG pathways of DAPs in ZH4 and its controls; (B) up- and downregulated KEGG pathways of DAPs in XH08 and its controls.




Hub DAP PPI Interaction Network Analysis

The key nodes with the confidence score over 500 in the PPI interaction network were selected, and the MCC algorithm of the Cytoscape software cytoHubba was used to find the hub DAPs (Figure 6). The number of key DAPs (i.e., PPI interaction network key nodes) in XH08 and the number of interactions between key DAPs were higher than ZH4 (Figure 7). The hub DAPs related to waterlogging in ZH4 mainly included T2B9M0, A0A444YP93, A0A444YY24, and A0A445B9L1 (Table 1; Figure 7A). In addition, A0A444YYU4, A0A444XSI4, A0A445BU22, A0A445CFH7, A0A444Y8U1, and A0A445B0R4 also played important roles in response to waterlogging stress, while the only different hub DAP in XH08 from ZH4 was A0A444Y0J8 (Table 1; Figure 7B). Compared to ZH4, the DAPs, such as A0A444WVT0, A0A445AX60, A0A444ZM03, A0A445B4C1, A0A444X6X2, and A0A445ARZ8, played a key role in the physiological process of XH08 under waterlogging stress (Table 1; Figure 7C). Under waterlogging stress, the common hub DAPs between XH08 and ZH4 mainly included the enzymes related to glycolysis pathway, such as enolase, fructose-bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase, ATP-dependent 6-phosphofructokinase, and pyruvate kinase, while the unique hub DAPs in XH08 mainly included malate metabolism, such as L-lactate dehydrogenase, NAD+-dependent malic enzyme, aspartate aminotransferase, and glutamate dehydrogenase as well as the enzymes related to glyoxylic acid cycle. Details of hub DAPs and the corresponding functional predictions between two peanut cultivars are shown in Table 1.
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FIGURE 7. The protein-protein interaction (PPI) network interaction map of the differentially accumulated proteins (DAPs) in two peanut cultivars after 12 days of waterlogging treatment. (A) PPI interaction network map of hub DAPs between ZH4 and its control group after 12 days of waterlogging treatment; (B) PPI interaction network map of hub DAPs in XH08 and its control group after 12 days of waterlogging treatment; (C) PPI interaction network map of hub DAPs between XH08 and ZH4 subjected to waterlogging treatment.




TABLE 1. The hub DAPs (confidence score ≥ 500) in the interaction network between XH08, ZH4, and their control groups.
[image: Table1]




Effects of Waterlogging Stress on Enzymatic Activities in Two Peanut Cultivars

The activities of LDH, ADH, and MDH in the main roots of two peanut cultivars were measured after waterlogging treatment for 3, 6, 9, 12, and 15 days, respectively, and the change of enzymatic activities across waterlogging treatment was analyzed (Tables 2 and 3; Figure 8). The LDH activity of the main roots of ZH4 and XH08 increased slightly slow from 3 to 6 days. However, a sharp increase was observed after treatment for 6 days and reached to a peak on the ninth day in ZH4, while the LDH activity in XH08 continued to increase until reaching a peak on the twelfth day. The LDH activity of in two cultivars showed a downward trend from 12 to 15 days, and a sharper decrease was observed in XH08 than ZH4. However, the ADH activity in both cultivars continuously increased and reached a peak until twelfth day, with the decrease in XH08 being greater than ZH4. Unlike the above two enzymes, the MDH activity in ZH4 and XH08 continuously dropped from 3 to 15 days.



TABLE 2. Enzymatic activities of LDH, ADH, and MDH in XH08 and ZH4 treated with waterlogging for 3, 6, 9, 12, and 15 days (U mg−1 FW).
[image: Table2]



TABLE 3. ANOVA analysis of the enzymatic activities (U mg−1 FW) of ADH and LDH in XH08 and ZH4 treated with and without waterlogging after 12 days.
[image: Table3]
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FIGURE 8. The activities of LDH, alcohol dehydrogenase (ADH), and malate dehydrogenase (MDH) in two peanut cultivars treated with waterlogging for 12 and 15 days. (A) The activities of the LDH enzyme in XH08 and ZH4 after waterlogging treatment for 3, 6, 9, 12, and 15 days; (B) the activities of the ADH enzyme in XH08 and ZH4 after waterlogging treatment for 3, 6, 9, 12, and 15 days; (C) the activities of the MDH enzyme in XH08 and ZH4 after waterlogging treatment for 3, 6, 9, 12, and 15 days.


Based on the above results, both ADH and LDH activities reached to a peak at the twelfth day in XH08. At this point of time, the activities of ADH and LDH in both treated cultivars were significantly higher than control groups (Figure 9), with the p-value between treated XH08 and its controls in both ADH and LDH activities smaller than 0.001 and the value of p between treated ZH4 and its controls in ADH and LDH smaller than 0.05 and 0.01, respectively.
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FIGURE 9. The difference in the activities of ADH and LDH (U mg−1 FW) in two different peanut cultivars after 12 days of waterlogging treatment. (A) The difference in ADH activity (U mg−1 FW) between ZH4 and XH08 after 12 days of waterlogging treatment. (B) The difference in LDH activity after 12 days of waterlogging treatment between ZH4 and XH08 (*p < 0.05; **p < 0.01; ***p < 0.001).





DISCUSSION

It was found that the production of adventitious roots is an important way for plants to adapt to waterlogging stress. In order to easily obtain oxygen from the environment to maintain normal physiological functions, most of the adventitious roots grow at the base of the stem, on the surface of water or on the surface of soil rich in oxygen after waterlogging stress (Xu et al., 2017). In our study, after 22 days of waterlogging treatment, obvious adventitious roots were grown on both the epicotyl and hypocotyls of main roots in treated peanut cultivars (Figure 1). In previous studies, researchers found that under waterlogging stress, plant root parenchyma cells usually died or dissolved to form lytic aerated tissue, which was convenient to transport oxygen from aboveground parts to roots in the soil to maintain the normal physiological functions (Yamauchi et al., 2018; Peng et al., 2020). In agreement with the above findings, our study also found that the dissociation of parenchyma cells from the cortex in ZH4 began to form aerenchyma slightly earlier than XH08 (Figure 2), and as the waterlogging treatment time increased, a large number of parenchyma cell walls were damaged, and it was difficult to maintain normal morphology. However, the aerenchyma in XH08, a waterlogging-tolerant cultivar, appeared later, resulting in normal cell wall (Figure 2).

The KEGG pathway analysis (Figure 5) showed that waterlogging-related DAPs in two peanut cultivars were both significantly enriched in the glycolysis/gluconeogenesis signaling pathway, and the PPI interaction analysis showed that the common function of hub DAPs in two cultivars was also related to the biosynthesis of glycolysis-related enzymes, such as enolase, fructose-bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase, ATP-dependent 6-phosphofructokinase, and pyruvate kinase. Therefore, it is inferred that waterlogging stress induced an anoxic environment and resulted in the anaerobic respiration in peanut root cells to provide energy for life activities through the glycolysis process.

Other than the glycolysis process, the PPI interaction analysis of hub DAPs (Figure 7) also showed that waterlogging stress could lead to lactic acid and ethanol fermentation in treated plants. For example, the unique hub DAPs in XH08 were mainly related to lactic acid fermentation, such as L-lactate dehydrogenase, NAD+-dependent malic enzyme, aspartate aminotransferase, and glutamate dehydrogenase as well as the enzymes related to malic acid metabolism and the glyoxylic acid cycle. In agreement with these, the activities of ADH and LDH in treated cultivars were higher than the control groups (Figure 8), suggesting that other than glycolysis process, waterlogging stress induced anaerobic fermentation pathways, including lactic acid and alcohol fermentation (Wu et al., 2020). Lactic acid fermentation produces lactic acid, which would decrease cytosolic pH, thus inhibiting the LDH activity but activating ADH activity, which, as a result, lead to the transition from lactic acid fermentation to alcoholic fermentation (Dennis et al., 2000; An et al., 2016; Famiani et al., 2016; Wu et al., 2020; Pan et al., 2021). However, in waterlogging-tolerant plants, alcohol fermentation is more active than lactic acid fermentation (Dennis et al., 2000; Famiani et al., 2016; Wu et al., 2020; Pan et al., 2021), leading to slow accumulation of lactic acid and slow drop in cytosolic pH, and as a result, prolonged activity of LDH. These can be inferred from Figures 8A,B, 9, in which the ADH activity in XH08 was always higher than ZH4, while the LDH activity of XH08 extended 3 more days than ZH4 until 12 days after waterlogging treatment. It was reasonable to infer that the waterlogging-tolerant cultivar (XH08) had a more active ethanol fermentation activity, which slow down the accumulation of lactate, and therefore extended the lactic acid fermentation compared to the non-tolerant cultivar (ZH4).

Other than ADH and LDH, the MDH activity in XH08 was also more active than ZH4 throughout the waterlogging treatment process (Figure 8C). Coincidently, the expression of NAD+-dependent malic enzymes in hub DAP in mitochondria unique to XH08 was upregulated in the treated plants (Table 1). This coincided with the previous findings that NAD+-dependent malase could catalyze the decarboxylation of malate to pyruvate in the mitochondria, where the oxidation from malate to CO2 and NADH appears without going through glycolysis process to generate pyruvate (Famiani et al., 2016; Sun et al., 2019). Driscoll and Finan (1993) also found that NAD+-dependent malic enzymes produced by Rhizobium meliloti were necessary for symbiotic nitrogen fixation (Driscoll and Finan, 1993). Therefore, it is reasonable to infer that the waterlogging-tolerant cultivar might facilitate malic acid metabolism to accumulate pyruvate, producing energy to maintain normal physiological metabolism. It may also facilitate the symbiotic nitrogen fixation in soil microorganisms.



CONCLUSION

Most previous studies mainly focused on the effects of waterlogging stress on plant morphology, physiology, dry matter accumulation and distribution, crop yield, and quality characteristics. Unveiling the molecular mechanisms under waterlogging stress will provide guidance for the future targeted peanut breeding. The current study found that ADH and MDH in XH08 were more active than ZH4, and the activity of LDH was prolonged in XH08 than ZH4, indicating that ethanol fermentation might be the primary anaerobic fermentation pathway in waterlogging-tolerant cultivar. In addition to anaerobic fermentation to provide energy, the waterlogging-tolerant cultivar might also rely on other metabolic pathways, such as malic acid metabolism to generate pyruvate to alleviate the energy shortage under waterlogging stress. This study enriched the current peanut genomics and proteomics resources, which will provide a foundation for future molecular breeding and genetic engineering in breeding for waterlogging-tolerant peanut cultivars.
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Soil water deficit seriously affects crop production, and soil arbuscular mycorrhizal fungi (AMF) enhance drought tolerance in crops by unclear mechanisms. Our study aimed to analyze changes in non-targeted metabolomics in roots of trifoliate orange (Poncirus trifoliata) seedlings under well-watered and soil drought after inoculation with Rhizophagus intraradices, with a focus on terpenoid profile. Root mycorrhizal fungal colonization varied from 70% under soil drought to 85% under soil well-watered, and shoot and root biomass was increased by AMF inoculation, independent of soil water regimes. A total of 643 secondary metabolites in roots were examined, and 210 and 105 differential metabolites were regulated by mycorrhizal fungi under normal water and drought stress, along with 88 and 17 metabolites being up-and down-regulated under drought conditions, respectively. KEGG annotation analysis of differential metabolites showed 38 and 36 metabolic pathways by mycorrhizal inoculation under normal water and drought stress conditions, respectively. Among them, 33 metabolic pathways for mycorrhization under drought stress included purine metabolism, pyrimidine metabolism, alanine, aspartate and glutamate metabolism, etc. We also identified 10 terpenoid substances, namely albiflorin, artemisinin (−)-camphor, capsanthin, β-caryophyllene, limonin, phytol, roseoside, sweroside, and α-terpineol. AMF colonization triggered the decline of almost all differential terpenoids, except for β-caryophyllene, which was up-regulated by mycorrhizas under drought, suggesting potential increase in volatile organic compounds to initiate plant defense responses. This study provided an overview of AMF-induced metabolites and metabolic pathways in plants under drought, focusing on the terpenoid profile.

Keywords: citrus, metabolite, mycorrhiza, terpenoid, water stress


INTRODUCTION

Crops are often subjected to abiotic stresses in the process of the growth and development, while abiotic stress also activates relevant functional genes and metabolic pathways to mitigate the stress damage of crops (Giordano et al., 2021). Plant stress regulation is a complex network, and it is difficult to fully analyze the responsive mechanisms of plants to stress by studying a single gene or metabolic pathway alone (Li et al., 2017; Yang et al., 2021). Metabolomics is a powerful tool to assess the whole change of organisms at the metabolite level (Alseekh et al., 2018) and also is essential for understanding the chemical signals during plant growth and development (Carrera et al., 2021). In the analysis of metabolomics, metabolites are small molecules that are formed and/or altered during metabolisms, and changes of metabolite profiles can establish a close relationship between genotype and phenotype and also reveal the plant–environment interaction comprehensively and systematically (Bernardo et al., 2019; Carrera et al., 2021).

Arbuscular mycorrhizal fungi (AMF), subphylum Glomeromycotina of the phylum Mucoromycota, are the most widely distributed mycorrhizal fungi in soil, and can colonize the root of host plants to establish arbuscular mycorrhizal symbionts (Kokkoris et al., 2020). Mycorrhizal fungi establish a well-developed network of extraradical mycelium outside the root system, which is directly involved in water and nutrient uptake and therefore responds to various environmental stresses including drought (Meng et al., 2020; Malhi et al., 2021). AMF-induced enhancement of drought tolerance is involved in many metabolic processes, such as proline, indoleacetic acid, polyamines, fatty acids, aquaporins, antioxidant defense system, H+-ATPase, rhizospheric microenvironment, and so on (Wu et al., 2019; He et al., 2020; Khalil and El-Ansary, 2020; Sheteiwy et al., 2021; Zou et al., 2021; Cheng et al., 2021a,b,c). Metabolomics analysis has been applied to reveal mycorrhiza-associated metabolite changes following AMF inoculation (Rivero et al., 2015). However, very few studies have attempted to use metabolomics tool to analyze metabolite changes caused by AMF inoculation under abiotic stress (e.g., drought and salinity) conditions (Rivero et al., 2018; Bernardo et al., 2019; Yang et al., 2020). For example, Yang et al. (2020) revealed that under saline conditions, inoculation with Rhizophagus intraradices induced changes in amino acids, organic acids, flavonoids, sterols, and hormones in Puccinellia tenuiflora plants to improve osmoregulation, maintain cell membrane stability, and enhance antioxidant systems. In wheat, Funneliformis mosseae mainly triggered sugars, lipids, and oleuropein lactones involved in stress mechanisms under drought stress (Bernardo et al., 2019). These limited studies still revealed that arbuscular mycorrhizal symbionts responded to stress by regulating metabolic plasticity (Rivero et al., 2018).

Terpenoids are the most diverse and widely distributed class of secondary metabolites present in plants. Terpenoids are volatile, serve as mediators of communication between plants and other organisms, and are biologically and ecologically important for the plants’ own reproduction and defense (Jiang, 2012). They guarantee the survival of plants in stressed environments by performing several functions, such as protecting plant tissues from pathogens or herbivores and helping reproduction by attracting pollinators or seed dispersers (Quan, 2013). Severe drought dramatically increased total monoterpenes and resin acids in Pinus sylvestris and Picea abies seedlings (Turtola et al., 2003). In an aromatic plant Tanacetum vulgare, root terpenoids were obviously induced by drought, and such increase in root terpenoids would serve as more storage of resources for regrowth (Kleine and Müller, 2014).

Earlier studies have shown that secondary metabolites of many hosts such as terpenoids, flavonoids, and alkaloids were regulated by AMF inoculation under drought conditions (Bernardo et al., 2019). In P. tenuiflora seedlings, AMF inoculation under saline conditions significantly altered the relative concentrations of various metabolites, including amino acids, amines, carbohydrates, polyols, phytohormone, steroids, nucleic acids, fatty acids, flavonoids, organic acids, but terpenoids were not reported (Yang et al., 2020). However, in two wheat cultivars, F. mosseae caused the change of terpenoids, along with the up-regulation of a limonene-1,2-doil and (20S)-ginsenoside Rh2 and the down-regulation of both 7-deoxyloganate and hemigossypol-6-methyl ether (Bernardo et al., 2019). Kaur and Suseela (2020) reviewed the changes in primary and secondary metabolites of plants induced by mycorrhizal fungi and concluded that host terpene metabolism is specific to the host-associated AMF and terpene species. It was shown that sesquiterpenoid cyclohexenone derivatives could be induced to increase by Glomus intraradices (Maier et al., 1997) in the member of Poaceae, but sesquiterpenoid cyclohexenone glycoside was not induced by AMF under biotic and abiotic stresses. Various volatile terpenoids in host plants were also induced by AMF, resulting in an increased emission of these compounds in response to the environment (Rapparini et al., 2007; Fontana et al., 2009). It seems that terpenoids could be regulated by AMF inoculation under stress. Because of the wide variety of terpenoids, metabolomics is the way to clearly outline the response pattern for mycorrhizal inoculation under drought conditions, while how mycorrhizas respond to drought through changes of terpenoid profile is unclear.

The aim of this study was to comprehensively analyze the changes in the metabolome of citrus (a drought-sensitive industrial crop) by AMF inoculation under soil well-watered and soil drought stress through non-targeted metabolomics, with a focus on the response of terpenoids in the differential metabolites to reveal the mechanisms by which mycorrhizas enhance plant drought tolerance.



MATERIALS AND METHODS


Mycorrhizal Inoculum

An arbuscular mycorrhizal fungus, R. intraradices (N.C. Schenck & G.S. Smith) C. Walker & A. Schüßler, was used. The mycorrhizal fungal strain (FLR12, Myke®PRO) was provided by the Premier Tech Ltd. (Quebec, Canada), which is a company for the production of commercial mycorrhizal inoculants. The Myke FLR12 strain of R. intraradices was designed for the improved growth of annuals and perennials and also presented positive effects on plant growth performance of trifoliate orange (Poncirus trifoliata L. Raf., a citrus rootstock; Cheng et al., 2019). The purchased fungal strain was proliferated by employing white clover as the host plant in pots under the condition of 900μmol/m2/s photo density, 28°C/20°C day/night temperatures, and 68% relative air humidity. After 3months, the white clover plants were harvested, the aboveground parts were removed, and the roots and potting substrates were collected. The roots were cut, mixed well with the growth substrate, dried naturally for 5days, and collected as mycorrhizal fungal inoculum. Thus, the mycorrhizal inoculum contained AMF-colonized root segments, spores, sporocarps, and mycorrhizal mycelium. Harvested inocula were kept at 4°C for a maximum of 4months. Prior to the application of AMF inocula, we used sucrose gradient centrifugation (Brundrett et al., 1994) to isolate spores in the inocula and observed 19 spores/g inoculum.



Experimental Design

A 22 experimental design was used for this experiment. One factor was AMF inoculations with and without R. intraradices; the other factor was soil water regimes, including well-watered (75% of maximum field water holding capacity) and drought stress (55% of maximum field water holding capacity). As a result, there were four treatments in the experiment: the non-inoculated seedlings (non-AMF) under well-watered, the inoculated seedlings (AMF) under well-watered, the non-inoculated seedlings under drought stress, and the inoculated seedlings under drought stress. Each treatment was replicated 8 times, with a total of 32 pots.



Plant Culture

Trifoliate orange seeds were sterilized by 75% alcohol solutions for 5min, rinsed with distilled water three times, and germinated in sterile sand in an incubator at 28°C/20°C day/night temperature and relative air humidity of 80%. When the seedlings developed four leaves, the seedlings were transplanted into a 2.3-L plastic pot pre-filled with 2.8kg of autoclaved mixture with soil and sand (1:1, v:v). At transplanting, 100g of mycorrhizal fungal inoculums was applied into the pot as the AMF treatment, and the non-AMF treatment was correspondingly mixed with an equal amount of autoclaved mycorrhizal inocula. After transplanting, these seedlings were exposed to the condition of 900μmol/m2/s photo density, 28°C/20°C day/night temperatures, and 68% relative air humidity and also grew in soil well-watered regime for 11weeks before soil drought treatment. 3days prior to soil drought stress, selected pots were stopped from watering and allowed to reach the designed soil moisture content for drought stress. Subsequently, half of the inoculated and non-inoculated plants were subjected to soil drought stress treatment for 9weeks, and the remaining plants were still grown under soil well-watered regime conditions for 9 weeks. The reduced water of pots was supplemented by weighing daily at 18:00pm. This study was conducted for 20weeks.



Determination of Root Mycorrhizal Colonization and Plant Biomass

At harvest plants were divided into shoots and roots, weighted and frozen with liquid nitrogen and immediately stored at−80°C for subsequent analysis.

Five 1-cm-long root segments were cut from each plant, cleared in 10% KOH solution at 95°C for 1.5h, and stained with 0.05% trypan blue in lactophenol (Phillips and Hayman, 1970). The arbuscular mycorrhizal structure of roots was observed under a light microscope, and the root mycorrhizal colonization rate was estimated according to the following formula:


Extraction of Metabolome Samples
 

Root tissues were vacuum freeze-dried, and the dried samples were ground into a homogenous powder. Subsequently, 100mg of the powder was extracted with 70% methanol at 4°C overnight, vortexing and shaking three times during the extracted process. The samples were centrifuged at 10,000×g/min for 10min, and the supernatant was filtered through a microporous membrane (0.22μm), followed by LC–MS/MS analysis.



LC–MS/MS Analysis

Data acquisition systems included Ultra Performance Liquid Chromatography (UPLC; Shim-pack UFLC SHIMADZU CBM20A, Shimadzu Corporation, Kyoto, Japan1) and tandem mass spectrometry (Applied Biosystems 6,500 QTRAP, Thermo Fisher Scientific, Waltham, United States).2 Analytical conditions were as follows: (1) Chromatographic column was Waters ACQUITY UPLC HSS T3 C18 with 1.8μm and 2.1mm×100mm; (2) mobile phase consisted of ultrapure water (with 0.04% acetic acid added) for the aqueous phase and acetonitrile (with 0.04% acetic acid added) for the organic phase; (3) elution gradient consisted of water and acetonitrile with 95:5 (v/v) at 0–10min, 5:95 at 11–12min, 95:5 at 13–15min; and (4) a flow rate of 0.4ml/min, a column temperature of 40°C, and an injection volume of 5μl.

In the LC–MS/MS system, the main parameters of the linear ion trap and triple quadrupole included: the electrospray ionization at 550°C, the mass spectrometry at 5500V, the curtain gas at 25psi, the collision-activated dissociation parameters at a high grade. In the triple quadrupole, each ion pair was scanned and detected according to the optimized declustering potential and collision energy. The assay data were analyzed and processed using the Analyst 1.6.3 (AB Sciex, Foster, California, United States) software.



Metabolite Characterization and Quantification

Based on the self-built metware database and the public database of metabolite information, the primary and secondary spectra of mass spectrometry were analyzed qualitatively. The public database of metabolites included the MassBank,3 the KNAPSAcK,4 the HMDB,5 the MoTo DB,6 and the METLIN.7 Metabolite quantification was accomplished using the multiple reaction monitoring mode of triple quadrupole mass spectrometry. After obtaining the metabolite spectra for each sample, the peak areas of the mass spectra of all substances were integrated and corrected for the mass spectra of the same metabolite in different samples. The data were formatted in logarithmic transformation plus centralization using a SIMCA software (V14.1, Sartorius Stedim Data Analytics AB, Umea, Sweden) and then analyzed by automated modeling (Wiklund et al., 2008).



Analysis of Metabolites

Principal component analysis (PCA) was carried out by SIMCA-P software (Umetrics AB, Kinnelon, NJ, United States). The statistical method of orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was utilized to analyze the results of metabolites and to obtain more credible information about the correlation between metabolite group differences and experimental comparison groups. The OPLS-DA modeling analysis was performed on the first principal component. The validity of the model was assessed by the RY (interpretability of the model for categorical variable Y) and Q (predictability of the model) obtained after cross-validation.



Differential Metabolite Screening

By considering the results of both multivariate and univariate statistical analysis methods, we observed the data from different perspectives and draw conclusions, in order to avoid false positive errors or model overfitting caused by using only one type of statistical analysis method. The differential metabolites were defined as per the Student’s t-test at p<0.05, along with >1 of the variable importance in the projection of the first principal component of the OPLS-DA model.



KEGG Annotation of Differential Metabolites and Metabolic Pathway Analysis

In this study, all the pathways mapped by the differential metabolites of Citrus sinensis, including energy metabolism, substance transport, signaling, and cell cycle regulation, were compiled, in terms of the Kyoto Encyclopedia of Genes and Genomes Pathway database.8



Statistical Analysis

Data were analyzed for ANOVA using the SAS software. Bonferroni correction test at 0.05 levels was used to compare the significant differences between treatments.




RESULTS


Changes in Mycorrhizal Growth

No mycorrhizal colonization was observed in any of the roots of the non-inoculated trifoliate orange plants, and the root colonization of inoculated plants varied from 70 to 85% (Figure 1A). The soil drought treatment significantly reduced root AMF colonization by 17.6%, compared to the well-watered treatment.
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FIGURE 1. Changes in root mycorrhizal colonization (A), shoot biomass (B), and root biomass (C) of trifoliate orange seedlings under well-watered and drought stress conditions after inoculation with Rhizophagus intraradices. Different letters above the bar indicate significant differences at p<0.05. Abbreviation: W + A, inoculation with R. intraradices under well-watered conditions; W-A, inoculation without R. intraradices under well-watered conditions; D + A, inoculation with R. intraradices under drought stress conditions; D-A, inoculation without R. intraradices under drought stress conditions.




Changes in Plant Biomass

Drought inhibited root biomass production of inoculated trifoliate orange seedlings, whereas inoculation with AMF significantly promoted shoot and root biomass, independent of soil moisture conditions (Figures 1B,C). Compared to non-AMF inoculation, R. intraradices inoculation significantly increased shoot and root biomass, as evidenced by a significant increase of 141.27 and 68.52% in shoot and root biomass, respectively, under well-watered conditions and by an increase of 145.89 and 74.11% under drought conditions, respectively.



PCA Analysis of Root Metabolites

A total of 643 secondary metabolites in roots were found in this study. PCA was performed on the quantitative results of metabolites from these samples (including quality control samples; Figure 2). A total of 2 principal components were obtained, where the X-axis represented the first principal component, and the Y-axis represented the second principal component. The quality control samples (mix) were clustered together, indicating that the sample mass spectrometry monitoring analysis was stable and the data were reproducible and credible. Samples were clustered across treatments, with the exception of a sample from non-inoculated seedlings under drought stress and a sample from inoculated seedlings under well-watered, which were deviant, probably due to differences in the samples themselves. However, in general, the sample treatments were clearly differentiated, with the first principal component being able to clearly distinguish between AMF inoculation and non-AMF inoculation.
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FIGURE 2. Principal component analysis of metabolites in roots of trifoliate orange seedlings under well-watered and drought stress conditions after inoculation with Rhizophagus intraradices. Abbreviation: W + A, inoculation with R. intraradices under well-watered conditions; W-A, inoculation without R. intraradices under well-watered conditions; D + A, inoculation with R. intraradices under drought stress conditions; D-A, inoculation without R. intraradices under drought stress conditions; mix, quality control samples.




Orthogonal Partial Least Squares-Discriminant Analysis

Orthogonal Partial Least Squares-Discriminant Analysis is a regression method based on characteristic variables. Based on the analysis of OPLS-DA, we obtained reliable information on the degree of correlation between group differences in metabolites and experimental groups, except the orthogonal variables in metabolites not correlated with categorical variables (Figure 3). The slope of the OPLS-DA model was positive, and R2Y was close to 1 and Q2 was close to 0 for both the comparison between well-watered and drought stress treatments and between inoculations with AMF and non-AMF, indicating that the model was stable. This indicated that for the results of this metabolomic test, the treatments were grouped very well with significant differences between groups.
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FIGURE 3. OPLS-DA of metabolites in roots of trifoliate orange seedlings under well-watered and drought stress conditions after inoculation with Rhizophagus intraradices. Abbreviation: W + A, inoculation with R. intraradices under well-watered conditions; W-A, inoculation without R. intraradices under well-watered conditions; D + A, inoculation with R. intraradices under drought stress conditions; D-A, inoculation without R. intraradices under drought stress conditions; mix, quality control samples.




Screening for Differential Metabolites in Roots

A total of 643 metabolites were compared and screened for differential metabolites between treatments (screening conditions: VIP>1; p<0.05). The 50 differential metabolites were screened in the non-inoculated seedlings under drought stress versus well-watered, of which 14 differential metabolites were significantly up-regulated and 36 metabolites were significantly down-regulated (Figure 4A). Similarly, 76 differential metabolites were screened in the inoculated seedlings under drought stress versus well-watered, of which 39 metabolites were significantly up-regulated and 37 metabolites were down-regulated (Figure 4B). We also screened 210 differential metabolites under well-watered conditions after AMF inoculation, of which 86 metabolites were substantially up-regulated and 124 metabolites were down-regulated (Figure 4C). Under drought stress conditions, AMF inoculation caused 105 differential metabolites, of which 88 and 17 metabolites were up-regulated and down-regulated, respectively (Figure 4D).
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FIGURE 4. Volcanic map of different metabolites in roots of trifoliate orange seedlings under well-watered and drought stress conditions after inoculation with Rhizophagus intraradices. Abbreviation: W + A, inoculation with R. intraradices under well-watered conditions; W-A, inoculation without R. intraradices under well-watered conditions; D + A, inoculation with R. intraradices under drought stress conditions; D-A, inoculation without R. intraradices under drought stress conditions; mix, quality control samples.




KEGG Annotation of Differential Metabolites in Roots

KEGG annotation analysis of differential metabolites showed four, thirty-six, thirty-eight, and thirty-six differential metabolic pathways in the non-inoculated seedlings under drought stress versus well-watered, the inoculated seedlings under drought stress versus well-watered, under well-watered conditions by AMF inoculation versus non-AMF inoculation, and under drought stress conditions by AMF inoculation versus non-AMF inoculation, respectively (Supplementary Figures 1–4). Under well-watered conditions, AMF inoculation caused the differential metabolites associated with ABC transporters, biosynthesis of amino acids, nicotinate and nicotinamide metabolism, glycine, serine and threonine metabolism, arginine and proline metabolism, amino sugar and nucleotide sugar metabolism, cysteine and methionine metabolism, histidine metabolism, tryptophan metabolism, beta-alanine metabolism, photosynthesis, arginine biosynthesis, alanine, aspartate and glutamate metabolism, valine, leucine and isoleucine biosynthesis, lysine degradation, tyrosine metabolism, etc (Supplementary Figure 3). Under drought stress conditions, AMF triggered differential metabolites involved in biosynthesis of amino acids, arginine biosynthesis, glycine, serine and threonine metabolism, cysteine and methionine metabolism, arginine and proline metabolism, niacin and nicotinamide metabolism, lysine degradation, histidine metabolism, tyrosine metabolism, carbon fixation in photosynthetic organisms, N metabolism, etc (Supplementary Figure 4).



Analysis of Metabolic Pathways in Differential Metabolites in Roots

In this study, through comprehensive analysis (including enrichment analysis and topological analysis) of the pathways in which the differential metabolites were located, further screening of the pathways could be conducted to find the key pathways with the highest correlation with the difference of metabolites. Based on the comprehensive analysis, differential metabolites of non-inoculated plants under drought stress versus well-watered conditions were mainly annotated to fourteen metabolic pathways, including pyrimidine metabolism, nicotinate and nicotinamide metabolism, glutathione metabolism, arginine and proline metabolism, alanine, aspartate and glutamate metabolism, etc., among them L-glutamic acid was involved in seven metabolic pathways simultaneously (Figure 5A). In the inoculated seedlings, compared with well-watered treatment, drought treatment triggered differential metabolites annotated to thirty-one metabolic pathways (e.g., starch and sucrose metabolism and alanine, aspartate and glutamate metabolism), of which L-aspartic acid was involved in ten of these metabolic pathways as a differential metabolite (Figure 5B). Under well-watered conditions, mycorrhizal inoculation caused the differential metabolites annotated to thirty-eight metabolic pathways including pyrimidine metabolism, taurine and hypotaurine metabolism, inositol phosphate metabolism, etc (Figure 5C). Under drought stress conditions, the differential metabolites were annotated to thirty-three metabolic pathways for mycorrhization compared to non-mycorrhization, including purine metabolism, pyrimidine metabolism, alanine, aspartate and glutamate metabolism, etc (Figure 5D).
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FIGURE 5. Bubble chart of pathway analysis of different metabolites in different treatment groups of trifoliate orange seedlings under well-watered and drought stress conditions after inoculation with Rhizophagus intraradices. Abbreviation: W + A, inoculation with R. intraradices under well-watered conditions; W-A, inoculation without R. intraradices under well-watered conditions; D + A, inoculation with R. intraradices under drought stress conditions; D-A, inoculation without R. intraradices under drought stress conditions; mix, quality control samples.




Changes in Terpenoid Profiles in Roots

Among the differential metabolites, we identified ten terpenoid substances, namely albiflorin, artemisinin (−)-camphor, capsanthin, β-caryophyllene, limonin, phytol, roseoside, sweroside, and α-terpineol, with sweroside belonging to terene and the other nine to terpene (Table 1). We also found that in non-inoculated plants, drought triggered a significant accumulation of phytol up to 2.62-fold, but significantly inhibited the relative concentrations of capsanthin, β-caryophyllene, and α-terpineol up to 0.58–0.76-fold; in inoculated plants, soil drought only triggered a significant accumulation of sweroside up to 1.63-fold. In addition, under well-watered conditions, AMF inoculation significantly reduced relative concentrations of capsanthin, α-terpineol, sweroside, limonin, roseoside, albiflorin (−)-camphor, and artemisinin; however, under drought stress conditions, AMF inoculation significantly increased relative concentration of β-caryophyllene, up to 1.78-fold, but significantly reduced relative concentration of phytol, up to 0.38-fold.



TABLE 1. Changes in relative concentration and fold changes of terpenoids in differential metabolites in roots of trifoliate orange under well-watered (WW) and drought stress (DS) after AMF inoculation.
[image: Table1]




DISCUSSION

An important function of arbuscular mycorrhizal symbiosis is to accelerate the growth of the host plant, both under normal and unfavorable environmental conditions (Malhi et al., 2021). Our study also confirmed that R. intraradices strongly promoted shoot and root biomass production in trifoliate orange regardless of soil moisture content, and the promoting effect was relatively higher under drought conditions than under well-watered conditions. Zhang et al. (2018) used a device to separate mycorrhizal extraradical hyphae from inoculated trifoliate orange rhizosphere for quantitative estimation of hyphal water absorption rate and found that the hyphal water absorption rate was much higher under soil moisture-limited conditions than under soil moisture-sufficient conditions. This suggests that the improved plant growth of AMF is more important on arid soil than on saturated soil and therefore more attention needs to be paid to mycorrhizas in arid zones (Allen, 2006).

Metabolomic analyses implied changes in root metabolites of trifoliate orange seedlings in response to AMF inoculation. Among them, in non-inoculated plants, 50 differential metabolites were identified and metabolites were predominantly down-regulated. Similarly, in quinoa (without AMF inoculation; Chenopodium quinoa), drought stress triggered 60 differential metabolites, 53 of which were down-regulated (Shi et al., 2020); in tall fescue (Festuca arundinacea), drought stress caused 282 differential metabolites, 148 of which were down-regulated (Li et al., 2017). However, in the inoculated trifoliate orange plants, 76 differential metabolites were identified, and these metabolites were predominantly up-regulated by drought stress. This result implied an elevated number of differential metabolites and a reversal of the metabolite response pattern from down-regulation (non-inoculated plants) to up-regulation (inoculated plants). In the analysis of differential metabolite pathway, drought-induced differential metabolites of non-inoculated plants and inoculated plants were annotated to 14 and 31 metabolic pathways, respectively. Among them, non-inoculated plants were dominated by amino acid (e.g., L-glutamic acid) metabolism and inoculated plants were dominated by sugars and amino acids (e.g., L-aspartic acid), showing the different metabolic responses of both. Thus, inoculated plants have stronger metabolic activity in response to drought stress than non-inoculated plants by means of predominant up-regulation, further indicating a higher drought tolerance potential of mycorrhizal plants versus non-mycorrhizal plants.

In addition, the presence of mycorrhizal symbionts strongly stimulated the changes of metabolites in roots of trifoliate orange under well-watered and drought stress, showing, respectively, 210 and 105 differential metabolites, which were predominantly down-regulated under well-watered and up-regulated under soil drought. Yang et al. (2020) also reported more up-regulated differential metabolites of P. tenuiflora seedlings under salinity after inoculation with R. intraradices. The annotated pathways of these differential metabolites were inconsistent in response to AMF inoculation under well-watered and drought stress, indicating different response mechanisms of mycorrhizal fungi promoting plants under different soil moisture conditions. Among the metabolic pathways, amino acids responded more effectively because they are the basic units of protein synthesis, and changes in them affect protein synthesis and thus interfere with normal physiological metabolism (Yang et al., 2020). AMF induced the increase in 17 amino acids (2-aminoadipic acid (L-homoglutamic acid), N-acetylmethionine, 3-(6-hydroxy-3,4-dioxo-1,5-cyclohexadien-1-yl)-L-alanine, L-glutamic acid, guanidineacetic acid (−)-3-(3,4-dihydroxyphenyl)-2-methylalanine, S-(5ʹ-adenosy)-L-homocysteine, L-pipecolic acid, L-glutamine, L-methionine methyl ester, L-alanine, N-acetyl-L-tyrosine, N-acetylaspartate, phenylalanine-phenylalanine, S-(5ʹ-adenosyl)-L-methionine, 3-hydroxy-3-methylpentane-1,5-dioic acid, and glutamic acid) and derivatives and the reduction of 3 amino acids and derivatives (3-(2-naphthyl)-D-alanine, aspartic acid-phenylalanine, and L-cysteine) under drought stress conditions. Bernardo et al. (2019) also identified 10 differential amino acids in drought-stressed wheat after AMF inoculation, 7 of which (4-amino-2-methyl-5-phosphomethylpyrimidine, 3-phospho-hydroxypyruvate, imidazole acetol-phosphate, penicillamine, L-methionine/S-ethyl-L-cysteine, O-phospho-L-tyrosine, and 3ʹ-deamino-3ʹ-oxonicotianamine) were up-regulated, and three amino acids (2-amino-3-oxobutanoate, N-acetyl-DL-methionine, and cyclogutamate) were down-regulated. In P. tenuiflora seedlings subjected to saline stress, AMF inoculation positively promoted the accumulation of 10 amino acids and amines (Yang et al., 2020). Salvioli et al. (2012) revealed the increase in the amino acid abundance in tomato fruits after inoculation with G. mosseae. In white clover, R. intraradices accelerated leaf glutamate, aspartate, arginine, and ornithine concentrations, which was associated with changes in N-assimilated enzyme activities (Xie et al., 2021). Mycorrhizal symbiosis accelerated the uptake of various amino acids in Sorghum bicolor such as phenylalanine, asparagine, arginine, tryptophan, etc., and the uptake of such neutral or positively charged amino acids was higher than that of negatively charged amino acids (Whiteside et al., 2012). In addition, the increase in amino acids under mycorrhization may originate from the synthesis of mycorrhizal fungi (Govindarajulu et al., 2005). More amino acids were accumulated in mycorrhizal plants after stress, implying more protein synthesis under adversity. This facilitates mycorrhizalized plants to further improve osmoregulation, maintain cytoplasmic membrane permeability and nutrients, and thus enhance the response to stress signals (Teixeira et al., 2020).

Soil drought strongly affected the terpenoid content of plants, usually showing an increasing trend in total terpenes (Turtola et al., 2003; Jiang, 2012). In our study, drought stress induced a significant accumulation of phytol in roots of non-inoculated plants as well as sweroside in inoculated plants, while inhibited the decrease in capsanthin, caryophyllene, and terpineol on non-inoculated plants. Similarly, Podda et al. (2019) also revealed the increase in phytol in Brassica oleracea plants in response to drought stress. It seems that phytol, a product of chlorophyll degradation, served as an important indicator of the state of chlorophyll. Other studies in C. aurantium, Eucalyptus camaldulensis, and Thymus transcaucasicus showed diverse changes in metabolites under environmental stresses (drought, salinity, and temperature stresses) conditions, along with the reduction of metabolites more commonly (Eirini et al., 2017; Manukyan, 2019; Amrutha et al., 2021). Thus, these metabolite changes are an adaptive response mechanism in trifoliate orange under drought stress.

The results of the present study showed that AMF inoculation significantly inhibited the relative concentrations of various differential metabolites in almost all cases, except for β-caryophyllene which was increased. Bernardo et al. (2019) also reported the increase of two terpenoids (a limonene-1,2-doil and (20S)-ginsenoside Rh2) and the reduction of another terpenoids (7-deoxyloganate and hemigossypol-6-methyl ether) in wheat plants under drought stress after the colonization by F. mosseae. We speculated that mycorrhizal plants possessed more biomass including roots than non-mycorrhizal plants, so there was a dilution effect, which led to the decrease in differential metabolites. Additionally, mycorrhizal fungi may have promoted effects on the amount of volatilization and release of terpenoids under drought conditions. Many terpenes are volatile organic compounds (VOCs), and a small number of studies also displayed that mycorrhizal fungal colonization increased the emission of the green leaf volatile (Z)-3-hexenyl acetate from Plantago lanceolata (Fontana et al., 2009) and the emission of limonene and artemisia ketone from Artemisia annua (Rapparini et al., 2007). The emission of these terpenoids is almost comparable to the mechanical damage and herbivore damage to plants. These suggest that mycorrhiza-induced reduction of terpenoids may lead to an increased emission of VOCs. VOCs are an indirect way for plants to attract natural enemies to defend against insect herbivores as well as for VOCs to play a signal to initiate plant defense response (Fontana et al., 2009). More work needs to be carried out around the changes in the emission of VOCs by mycorrhizal versus non-mycorrhizal plants under adversity.

Our results also displayed that AMF inoculation significantly reduced the relative concentration of phytol in roots of trifoliate orange under drought stress, but not under well-watered. In fact, in the process of abiotic stress, a certain amount of chlorophyll is disintegrated, leading to a substantial accumulation of free phytol (Podda et al., 2019). Zhang et al. (2020) also found significantly higher chlorophyll levels in drought-stressed trifoliate orange after inoculation with F. mosseae. This implies that mycorrhizal plants have a higher chlorophyll content and therefore reduced phytol levels under drought conditions. It concludes that mycorrhizal plants under drought stress are characterized with a low level of chlorophyll degradation and thus maintain a relatively high accumulation of photosynthates, which is positive for the drought tolerance of plants.
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Water deficit is a major limiting condition for adaptation of maize in tropical environments. The aims of the current observations were to evaluate the kernel water relations for determining kernel developmental progress, rate, and duration of kernel filling, stem reserve mobilization in maize. In addition, canopy temperature, cell membrane stability, and anatomical adaptation under prolonged periods of pre- and post-anthesis water deficit in different hybrids was quantified to support observations related to kernel filling dynamics. In this context, two field experiments in two consecutive years were conducted with five levels of water regimes: control (D1), and four water deficit treatments [V10 to V13 (D2); V13 to V17 (D3); V17 to blister stage (D4); blisters to physiological maturity (D5)], on three maize hybrids (Pioneer 30B80, NK 40, and Suwan 4452) in Expt. 1. Expt. 2 had four water regimes: control (D1), three water deficit treatments [V10 to anthesis (D2); anthesis to milk stage (D3); milk to physiological maturity (D4)], and two maize hybrids (NK 40 and Suwan 4452). Water deficit imposed at different stages significantly reduced maximum kernel water content (MKWC), kernel filling duration (KFD), final kernel weight (FKW), and kernel weight ear–1 while it increased kernel water loss rate (KWLR), kernel filling rate (KFR), and stem weight depletion (SWD) across maize hybrids in both experiments. The lowest MKWC under water deficit was at D3 in both experiments, indicating that lower KFR results in lowest FKW in maize. Findings indicate that the MKWC (R2 = 0.85 and 0.41) and KFR (R2 = 0.62 and 0.37) were positively related to FKW in Expt. 1 and 2, respectively. The KFD was reduced by 5, 7, 7, and 11 days under water deficit at D3, D4 in Expt. 2 and D4, D5 in Expt. 1 as compared to control, respectively. Water deficit at D5 in Expt. 1 and D4 in Expt. 2 increased KWLR, KFR, and SWD. In Expt. 2, lower canopy temperature and electrical conductivity indicated cell membrane stability across water regimes in NK 40. Hybrid NK 40 under water deficit had significantly higher cellular adaptation by increasing the number of xylem vessel while reducing vessel diameter in leaf mid-rib and attached leaf blade. These physiological adjustments improved efficient transport of water from root to the shoot, which in addition to higher kernel water content, MKWC, KFD, KFR, and stem reserve mobilization capacity, rendered NK 40 to be better adapted to water-deficit conditions under tropical environments.

Keywords: water deficit, maize, kernel water relations, kernel filling traits, stem reserve mobilization


INTRODUCTION

Kernel water relations are a good indicator of kernel developmental progress during grain filling in maize (Schnyder and Baum, 1992; Borras and Westgate, 2006). Developing kernels accumulate more water than assimilate reserves early in the development, and both kernel water content (KWC) and kernel dry matter patterns have been shown to be closely related. As such, understanding kernel water relations is a powerful tool for determining and predicting differences in kernel growth and development among hybrids exposed to different environmental conditions (Saini and Westgate, 2000; Borras and Westgate, 2006; Gambin et al., 2007).

Kernel water relations play a key role in controlling kernel growth and development and the duration of grain filling. The maximum water content achieved early in development provides a fairly accurate estimate of potential kernel size and is closely related to the kernel-growth rate (Borras et al., 2003; Borras and Westgate, 2006). Potential kernel weight can be estimated with maximum kernel water content (MKWC), as final kernel weight (FKW) and kernel water relations are strongly associated in maize (Melchiori and Caviglia, 2008). Kernel water accumulation can be used to mark the progress of kernel development during grain filling (Swank et al., 1987; Schnyder and Baum, 1992; Egli and TeKrony, 1997; Borras and Westgate, 2006). Kernel-filling duration is controlled by the relationship between kernel water and biomass accumulation. Several authors have suggested that water loss from kernels during grain filling is merely an exchange between dry matter and water (Millet and Pinthus, 1984; Brooking, 1990; Saini and Westgate, 2000). Grain filling is the final stage of growth in cereals where ovaries that are fertilized at pollination develop into caryopses. Grain filling duration and rate determine the final grain weight, which is a key component that determines overall yield. Water deficit events during the grain filling stage can cause a major reduction in yield by reducing starch accumulation as a result of limited assimilate partitioning to the developing grain (Blum, 1998) or by direct effects on processes of grain growth (Yang et al., 2004). In the early stages of grain fill, endosperm cells determine the maximum amount of starch and protein that can be accumulated in each kernel (Egli, 1998) as influenced by the rate and duration of grain fill. Water stress during grain filling reduces photosynthesis, induces early senescence, and shortens the grain-filling period, which are more highly affected by water stress than grain-filling rate (Brooks et al., 1982; Schnyder and Baum, 1992; Altenbach et al., 2003; Borras et al., 2003). Westgate and Grant (1989) showed that a brief water deficit during linear grain filling had little impact on dry matter accumulation of maize kernels, but did cause a substantial decrease in KWC.

Water deficit stress decreases kernel filling duration (KFD) (Frederick et al., 1991; De Souza et al., 1997), defined as the time from fertilization to physiological maturity (PM), leading to smaller kernels. Prasad et al. (2008) reported that water deficit occurring after flowering has little effect on kernel-filling rate but shortens KFD, leading to smaller kernel size and less yield. Kernel size is largely dependent on photosynthetic reserves that can be mobilized by the plant. Additional reduction in carbohydrates and nitrogen supply, either from a decrease in photosynthetic activity or a reduction in leaf area, would further decrease kernel size and shorten kernel-filling duration, resulting in smaller kernel (Palta et al., 1994). The shortened kernel-filling duration leading to reduced assimilates under water deficit can be compensated through remobilization of stem reserves during grain filling, which is an important supporting process that can largely compensate grain yield decrease (Bdukli et al., 2007). Drought-induced damages on plant cell membranes lead to imbalanced cellular function. The magnitude of plasma membrane damage due to water deficit can be estimated via ionic secretion measurement (Ferrat and Lovatt, 1999; Khan et al., 2007) which can be a good indicator for cell membrane stability. Aslam et al. (2006) reported that relative cell membrane injury (RCI %) could be used as a reliable selection criterion for water deficit tolerance in maize. Balota et al. (2008) concluded that high canopy temperature depression (CTD) tends to have higher grain yield under dry, hot conditions and, therefore, CTD has been used as a selection criterion to improve adaptation to water deficit and heat.

The information on water relations with kernel growth and development and PM under water deficit during different phenological stages is deemed important for better adaptation and phenotyping of maize hybrids in a drought-prone environment. Simultaneously canopy temperature, cell membrane stability, and anatomical adaptation under short and prolonged periods of water deficit might exhibit great significance on the sustainable adaptation of maize in a water deficit environment. In the above context, two independent experiments were conducted to evaluate the kernel water relations for determining kernel developmental progress, rate, and duration of kernel filling, stem reserve mobilization in maize. In addition, canopy temperature, cell membrane stability, and anatomical adaptation under prolonged periods of pre- and post-anthesis water deficit in different hybrids was quantified to support observations related to kernel filling dynamics.



MATERIALS AND METHODS


Experimental Site

Two field experiments were carried out using a randomized complete block design with split-plot arrangement during two growing seasons of 2010–2011 and 2011–12 at the National Corn and Sorghum Research Center (latitude 14.5° N, longitude 101° E, 360 m above sea level) located in Pak Chong, Nakhon Ratchasima, Thailand. Soils at the experimental site belong to the Pak Chong (PC) soil series. Soil details for the experimental site are available in the authors’ previous publication (Molla et al., 2019).



Experimental Treatments

In Expt. 1, treatments consisted of five water regimes viz., D1 = Control-soil water status maintained near field capacity (FC), D2 = Water deficit from V10 to V13, D3 = Water deficit from V13 to V17 stage, D4 = Water deficit from V17 to blister stage, and D5 = Water deficit from blister to PM as the main plot factor. Three maize hybrids viz., V1 = Pioneer 30B80, V2 = NK 40, and V3 = Suwan 4452 were selected as subplot factor. Characteristics of all maize hybrids used in the study are given in Table 1. Maize growth stage from emergence to maturity are presented in Figure 1 and growth stage details related to the experimental treatments are presented in Figure 2.


TABLE 1. Characteristics of maize hybrids used in Expt. 1 and 2. [Source: National Corn and Sorghum Research Center, Thailand (2010)].
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FIGURE 1. Maize growth stage from emergence to maturity. VE About 4–5 days after planting under ideal conditions, but up to 2 weeks or longer under cool or dry conditions. V1–V5 At V1, round-tipped leaf on first collar appears, nodal roots elongate. By V2, plant is 2–4 inches tall and relies on the energy in the kernel. V3 begins 2–4 weeks after VE and V5, the number of potential number of leaf and ears are determined. V6–V8 Beginning 4–6 weeks after VE. V9–V11 Around 6–8 weeks after VE. V12–Vnth By V12, the plant is about 4 feet tall or more. VT Beginning around 9–10 weeks after emergence. R Corn plants enter reproductive growth after completing tassel emergence, although reproductive stages are determined by kernel development, instead of plant collars. R6 Black Layer Attained about 60 days after silking stage.
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FIGURE 2. Five water regimes imposed at different growth stages of maize in experiment I (A) and four water regimes at different growth stages of maize in experiment II (B). Tensiometers were installed at 0–30 and 0–60 cm depth to monitor soil water potential (C). Sample (-) soil moisture at FC (<–40 KPa) and (—) indicates the period of water deficit.


In Expt. 2, four water regimes included D1 = Control–soil water status maintained near FC, D2 = Water deficit from V10 to anthesis, D3 = Water deficit from anthesis to milk stage, and D4 = Water deficit from milk to PM stage as the main plot factor and two higher yielding hybrids from Expt. 1 viz., V1 = NK 40 and V2 = Suwan 4452 were assigned as subplot factor.

The water management for the early establishment of crop was through sprinkler irrigation and continued up to 41 days after planting (before the onset of water-deficit treatments). Water deficit under different treatments was imposed on plants at 42 days after planting (V10 stage) by withholding irrigation for a specific duration (mentioned in treatments) followed by re-watering up to PM stage with weekly flood irrigation. To avoid lateral seepage of water around 7.5 m plot to plot distance and a deep trench was dug between main plots to impose different water-deficit treatments. Two tensiometers were installed at 0–30 cm and 0–60 cm depth to monitor daily soil water tension in the experimental plot throughout the crop cycle. Both experiments were carried out during the winter season which was characterized by very low or no rainfall. Therefore, the experiments were not affected by seasonal rainfall.



Field and Crop Management

Soil preparation was performed in accordance with conventional approaches at the Research Station, including disk harrow plow followed by leveler. The plot was finally prepared with ridges and furrows maintaining interrow spacing of 75 cm. Mixed fertilizers (N:P = 16:20) were applied at the rate of 156 kg ha–1 during final land preparation and properly incorporated with soil. The kernels of each maize hybrid were sown by a manual operated instrument which maintained two kernels hill–1 in 10 rows with each row 7.5 m long, with a spacing of 75 and 25 cm between rows and plant, respectively, on December 1, 2010, and January 14, 2011. The following day after sowing, sprinkler irrigation was applied to the plot to ensure uniform germination, and thereafter irrigation was continued at weekly intervals until maize plants reached the knee-high stage. The plants were thinned at the 4-leaf stage to maintain 1 plant hill–1. The same amount of mixed fertilizers (as basal) was applied as top-dressing with mechanical applicator at 8–10 leaves stage. Sprinkler irrigation was applied immediately after the top dressing of fertilizers.



Physiological Parameters


Canopy Temperature

In both years, the canopy temperature of leaf was monitored at the milk stage of the crops under control and water-deficit treatments between 11:00 and 12:00 a.m by using a hand-held PCS tester (TOA Electronics Ltd., Japan).



Electrical Conductivity of Leaf Tissue

The electrical conductivity (EC) of the leaves was measured at the end of each water-deficit treatment. Twenty leaf disk punches were randomly obtained from young leaves and then put into 20 ml distilled water. Later, these samples were placed in a refrigerator (about 5°C) and after 24 h EC of the leaves was recorded using YOA EC meter (CM 14P, TOA Electronics Ltd., Japan). Eventually, EC of the distilled water (as control) was subtracted from these rates and the EC of leaves under different treatments were obtained.



Leaf Anatomy

Ear leaf of maize was collected from control and water-deficit treatments and immediately preserved in a humified box and then transported to the Central Laboratory, Faculty of Agriculture, Kasetsart University (UK) for studying the leaf anatomy. After preparing the slide of leaf mid-rib and attached leaf blade tissue, anatomical view was taken with a digital camera Moticam 2500 (Bettlachstrasse 2, 2540 Grenchen, Switzerland) connected to a microscope Olympus CX21 (Manufacturer: Quality Report Co., Ltd., Thailand).



Measurement of Kernel-Related Traits

Measurement of kernel number and kernel weight was done after pollination. Four plants per treatment under control and water deficit were sampled on the day of 50% pollination and at 7-day intervals thereafter. The entire ear with surrounding husks were immediately enclosed in an airtight plastic bag and transported to the lab. Immediately after counting kernel number from the ear of the selected plants, 50 kernels were excised from the ear at floret positions 10–15 from the bottom of the ear within a humidified box. Fresh weight was recorded immediately after sampling, and kernel dry weight (KDW) was determined after drying samples at 70°C for at least 96 h.

Kernel water content was measured throughout kernel development starting from pollination and until kernels reached physiological maturity. Fresh and dry weight was used to calculate KWC (mg kernel–1). Kernel water content was calculated as the difference between kernel fresh weight and dry weight. Maximum KWC and maximum dry weight were taken as the maximum value measured for each hybrid by treatment combination during the grain-filling period. The rate of kernel water loss was estimated as the ratio between difference of maximum water content and water content at PM and the duration. The ratio between dry matter and water content in the kernel was calculated at each sampling date as described by Sala et al. (2007).

The average rate of grain filling was determined as maximum grain weight divided by duration (day), assuming grain weight to be zero at anthesis. The duration of grain filling was estimated as the difference between days to PM and days to anthesis.



Statistical Analysis

The experiment was conducted following a randomized complete block design with a split-plot arrangement and replicated three times. Data were analyzed using MSTATC software (Mstatc, 1990). The significant differences between treatment means were compared with the critical difference at 5% probability level by the Duncan’s Multiple Range Test.



RESULTS AND DISCUSSION


Kernel Water Content and Kernel Dry Weight

Kernel water relations are a good indicator of kernel growth and development progress during grain filling (Schnyder and Baum, 1992; Borras and Westgate, 2006). Kernel water content and KDW was estimated after anthesis to quantify the progress in kernel development in maize hybrids exposed to water deficit. The developmental dynamics of kernel water and kernel dry mass accumulation under two field experiments (Expt. 1 and Expt. 2) with short and long periods of water deficit at different phenological stages has been highlighted.

Both in Expt. 1 and Expt. 2, higher KWC and KDW was sustained in D1 (control) during the grain-filling period. Water deficit at different periods resulted in relatively lower KWC and dry weight measured after anthesis to PM in all three maize hybrids (Figure 3). A general observation was that the KWC under water-deficit condition did not follow a distinct development pattern. However, water deficit at the early vegetative stage gradually sustains a slightly higher water content in the kernel during grain filling as compared to post-anthesis water deficit. Post-anthesis water deficit showed relatively lower kernel water at the later grain-filling stage.
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FIGURE 3. Kernel water content and kernel dry weight of maize hybrids from anthesis to PM at 7 days interval under different water regimes averaged across hybrids in Expt. 1 and Expt. 2. In Expt. 1, D1–Control-soil water status maintained near FC, D2–Water deficit from V10 to V13, D3–Water deficit from V13 to V17 stage, D4–Water deficit from V17 to blister stage, and D5–Water deficit from blister to PM; In Expt. 2, D1–Control–soil water status maintained near FC, D2–Water deficit from V10 to anthesis stage, D3–Water deficit from anthesis to milk stage, and D4–Water deficit from milk to physiological maturity stage.


In Expt. 2, water deficit either before anthesis or prolonged water deficit at post-anthesis resulted in lower KDW. This result indicates that water deficit imposed before or after anthesis causes reduced dry mass accumulation in the kernel. All hybrids under different water regimes showed more or less similar response. However, NK 40 contained relatively higher kernel water and KDW under control and water deficit treatments in both experiments as compared to Pioneer 30B80 and Suwan 4452 (Figure 4). Among the hybrids, NK 40 showed its superiority over Suwan 4452 and Pioneer 30B80, based on the progressive development of kernel water and KDW during kernel filling irrespective of water-deficits treatments (Figure 5).
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FIGURE 4. Kernel water content and kernel dry weight of three hybrids (Pioneer 30B80, NK 40, and Suwan 4452) under five water regimes in Expt. 1 and two hybrids (NK 40 and Suwan 4452) under four water regimes in Expt. 2. For treatment details see Figure 3 legend.
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FIGURE 5. Kernel water content (KWC) and kernel dry weight (KDW) of field maize hybrids after anthesis to physiological maturity at 7 days interval irrespective of water regimes in Expt. 1 and Expt. 2, respectively.


In Expt. 1, water regimes showed significant differences in MKWC. Maximum water content ranged from 225.10 to 206.62 mg kernel–1. Well-watered treatment recorded the highest value of MKWC whereas water deficit induced at D3 and D4 accumulated the lowest MKWC (Table 2). Hybrids differed significantly in the maximum water content per kernel achieved during mid grain fill (P ≤ 0.05, Table 2).


TABLE 2. Effect of water regimes on kernel filling components of maize hybrids in Expt. 1.
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NK 40 achieved significantly higher MKWC during the mid grain-filling phase, compared to the average of the other two hybrids. The hybrid Pioneer 30B80 attained the lowest amount of MKWC. It indicates that water shortage before the anthesis stage causes more reduction in water accumulation in Pioneer 30B80 kernels. Interaction of hybrid and water regimes revealed that NK 40 accumulated significantly higher maximum water content in control (D1) compared to water deficit stress treatments, except D5. NK 40 consistently accumulated higher maximum water content as compared to Pioneer 30B80 and Suwan 4452, across all water regimes. Maximum KWC exhibited a significant positive relationship with FKW (Figure 6A). Borras et al. (2003) and Gambin et al. (2007) also reported a significant positive relationship between MKWC and FKW.
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FIGURE 6. Relationship between maximum kernel water content (MKWC) and final kernel weight (FKW) in Expt. 1 (A) and Expt. 2 (B).


In Expt. 2, the maximum water content of the kernel also varied significantly due to water regimes. Maximum water content per kernel ranged from 211.81 to 182.80 mg kernel–1 (Table 3). Control and water deficit imposed at milk to physiological stage had the highest value of maximum water content whereas water deficit from anthesis to milk stage recorded the lowest MKWC (Table 3). After anthesis, water deficit up to milk stage limits water uptake by the crops and the subsequent effect would have resulted in lower accumulation of water by the kernel as compared to control or water deficit at other stages. Hybrids showed significant variation in maximum water content (MWC) per kernel (P ≤ 0.05, Table 3). NK 40 exhibited significantly higher MKWC as compared to Suwan 4452. NK 40 accumulated significantly higher MKWC across the water regimes as compared to Suwan 4452 (Table 3) suggesting this hybrid has the potential to accumulate higher KWC in control and water-deficit environments. Similar to Expt. 1, MKWC exhibited a positive relationship with FKW (Figure 6B).


TABLE 3. Effect of water regimes on grain filling components of maize hybrids in Expt. 2.
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Loss of Kernel Water

For maize kernel growth, the effective grain-filling period is more important for active dry matter accumulation and actual kernel size determination (Borras et al., 2009). During this phase, KWC reaches its maximum value and then begins to decline closely coordinated with dry matter deposition. A difference in the duration of kernel filling is a consequence of variations in the relationship between kernel water loss and dry matter accumulation after attaining maximum water content. In the present study, the water loss rate from the kernel was determined after attaining maximum water content.

In Expt. 1, water regimes showed significant differences in dynamics of kernel water loss after attaining maximum water content. The maximum rate of water loss per day from the kernel (5.77 mg kernel–1 day–1) was observed in D5 treatment. The control showed a significantly lower rate of water loss per day compared to the average of all the water-deficit treatments (Table 2). This result indicates that water deficit imposed during grain filling increases the rate of water loss as compared to water deficit at vegetative stage and control. Hybrids also exerted significant variation on kernel water loss per day. Pioneer 30B80 showed the maximum rate of kernel water loss (4.54 mg kernel–1 day–1) while Suwan 4452 demonstrated the minimum rate (3.83 mg kernel–1 day–1) (Table 2).

The rate of kernel water loss varied across water regimes and the maize hybrids. The kernel water loss rate of NK 40 at D5 was significantly higher, and the lowest was recorded with Suwan 4452 at D2 stage followed by Suwan 4452 at control (Table 2). It was observed that the genotypic response across water regimes did not follow a distinct pattern with the rate of water loss from the kernel after attaining maximum water content. Variation of assimilate availability generally regulates the kernel water uptake and expansion in maize hybrids (Borras et al., 2003; Westgate et al., 2004). It has been investigated that source reduction during the effective grain-filling period accelerates the rate of water loss from kernels, accelerates desiccation, and reduces the grain-filling duration without affecting the biomass accumulation rate (Barlow et al., 1980; Brooks et al., 1982; Jones and Simmons, 1983; Egli, 1990; Westgate, 1994).

In Expt. 2, the maximum rate of water loss per day from the kernel (4.07 mg kernel–1 day–1) was observed in water deficit at D4 stage. The control recorded significantly lowest rate of water loss per day (2.72 mg kernel–1 day–1) (Table 3). This result indicates that water deficit imposed after anthesis and successive stages enhance the rate of water loss, reaches peak rate of water loss leading to water shortage after milk stage as compared to water deficit at vegetative stage and control. Hybrids also exerted significant variation on kernel water loss per day. NK 40 showed a significantly higher kernel water loss rate per day compared to Suwan 4452 (Table 3).

Kernel water loss rate significantly differed across water regimes and the hybrids. NK 40 demonstrated a significantly higher rate of kernel water loss per day under different periods of water deficit as compared to Suwan 4452 (Table 3). Kernel water loss rate exhibited a significant negative relationship with the days from maximum KWC to PM stage in both experiments (Figure 7). Similar findings have also been reported by Westgate (1994) and Pepler et al. (2006).
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FIGURE 7. Relationship between kernel water loss rate and days from maximum kernel water content (MKWC) to physiological maturity (PM) in Expt. 1 (A) and Expt. 2 (B).




Rate and Duration of Kernel Filling

In Expt. 1, water deficit imposed at different stages of crop showed significant influence on grain filling duration and the rate of grain filling. Water management at FC (control) demonstrated the maximum duration of grain filling (72 days) whereas the minimum grain filling duration (61 days) was with water-deficit stress imposed at D5 stage (Table 2). It was generally observed that water deficit at grain-filling stages had a more negative impact than that of vegetative stages, in terms of grain-filling duration. Grain filling was shortened by 2, 4, 7, and 11 days under water deficit from D2, D3, D4, and D5 stages, respectively, as compared to control. Water deficit at reproductive stages shortens the grain-filling duration because of inhibition of current photosynthetic assimilates, i.e., limited source capacity. The rate of grain filling was also significantly affected by water deficit treatments. The highest rate of grain filling was recorded in D5 and D4 stages. Control and D2 stages exhibited the lowest rate of grain filling. Hybrids showed a significant variation in duration and rate of grain filling in maize. NK 40 exhibited a significantly higher duration of grain filling as compared to Pioneer 30B80 and Suwan 4452. A similar result was obtained in the case of rate of grain filling (Table 2). The higher grain filling duration accompanied by a higher rate of grain filling made this hybrid attain higher yield potential. Irrespective of water deficit at different stages of the crop, NK 40 demonstrated superiority over two other maize hybrids. Potential physiological traits such as higher relative water content, chlorophyll content, MKWC, dry matter translocation, and translocation efficiency of NK 40 could have resulted in optimum grain filling and higher grain yield (Molla et al., 2019).

The results indicated that maximum grain-filling duration was attained by NK 40 at D1, D2, and D4 stages. Generally, Pioneer 30B80 recorded relatively lower grain-filling duration under control and stress periods as compared to NK 40 and Suwan 4452, except in D4 and D5 compared to Suwan 4452 (Table 2). Under optimum irrigation condition and water deficit at the early grain-filling stage, NK 40 exhibited its potential capacity to fill the kernel for a relatively long period as compared to other hybrids. The rate of grain filling recorded a significant difference due to water deficit and hybrids interaction. The grain filling rate of NK 40 at D5 was significantly higher which was statistical similar to NK 40 at D1, D2, and D4, and the lowest grain filling rate of Pioneer 30B80 was recorded at D3. In general, NK 40 showed higher efficiency of grain filling under optimum water management and water-deficit conditions imposed at different stages.

In Expt. 2, the highest duration of grain filling (69.50 and 64.53 days) was noted in control and water deficit from V10 to anthesis stage, respectively (Table 3). Water deficit from D3 and D4 stage recorded the lowest duration of grain filling in maize. This result indicated that water deficit at the vegetative stage has a similar response in grain filling as in control. Control condition and water deficit during vegetative stages do not restrict source capacity for grain filling compared to during grain filling. Water deficit during grain-filling stages reduces assimilate supply to the growing kernel which results in shortened duration of grain filling. Severe moisture deficit in soil did not have a significant influence on the rate of grain filling (Table 3). The duration of grain filling was not influenced by the hybrids. The rate of grain filling was found significantly higher in NK 40 as compared to Suwan 4452 (Table 3). Under both water deficit conditions, the higher grain filling rate of NK 40 indicates that it has the potentiality to supply assimilate for meeting the demand of growing kernel. Kernel filling rate (KFR) exhibited a positive relationship with FKW in both experiments (Figures 8A,B). Days from MKWC to PM showed a positive relationship with the duration of kernel filling (Figures 8C,D).
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FIGURE 8. Relationship between kernel filling rate and final kernel weight in Expt. 1 (A) and Expt. 2 (B); days from maximum kernel water content (MKWC) to physiological maturity (PM) and duration of kernel filling in Expt. 1 (C) and Expt. 2 (D).




Kernel Water Content-Dry Weight Ratio

In Expt. 1, dry weight-KWC ratio under water deficit is a coordinated process and is considered important for evaluating the dynamics of dry matter deposition during effective grain filling. Figure 9A indicates that KDW-water content ratio among water deficit treatments including control was similar during the kernel filling period until they reached the PM stage. After reaching PM, i.e., D5 and D4 treatments, the dry weight-KWC started to increase rapidly than that of D1. This surprising increase in the dry weight-KWC was associated with a decline in KWC after cessation of kernel growth (Figure 8A). Water deficit during reproductive stages (D5, D4, and D3 treatments) limits assimilate supply which eventually shortens grain filling duration by advancing PM, and this result is consistent with rapid increases of dry weight-KWC ratio. Sala et al. (2007) also reported that the dry weight-water content ratio of kernel during grain filling of maize germplasm was affected by the source-sink relationship. In Expt. 2, KDW-water content ratio was quite similar for all treatments, and after attaining PM this ratio sharply increased in case of D4 treatment. This result suggests that limited assimilate supply shortens kernel filling by advancing PM and increasing dry weight-KWC ratio that leads to cessation of kernel growth (Figure 9B).
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FIGURE 9. Kernel dry weight-water content ratio under different water regimes at 7 days intervals from days after anthesis to physiological maturity in Expt. 1 (A) and Expt. 2 (B).




Kernel Weight and Stem Reserve Mobilization

In Expt. 1, the FKW was significantly different under water regimes and hybrids. All hybrids attained higher kernel weight under control condition. Kernel weight under control was significantly higher in NK 40, compared to the average of other two hybrids, indicating higher yield potential with increased kernel weight in NK 40 (Table 4). Reduction in FKW was higher in moderate water deficit at D3 stage for all hybrids with a maximum of 11.27% in Suwan 4452 followed by the same hybrid at D2 stage (Table 4). Water deficit at D5 stage recorded slightly higher reduction in kernel weight compared to D4 stage in all hybrids. Kernel weight per ear in the control was significantly higher in Suwan 4452 than NK 40 and Pioneer 30B80, indicating a relatively higher potential ear productivity in Suwan 4452. Reduction in kernel weight per ear was higher in all hybrids at the water deficit imposed from D3 with a higher reduction (21.03%) in Suwan 4452 followed by D2 stage in the same hybrid (19.66%).


TABLE 4. The effect of water regimes and hybrids on final kernel weight, kernel weight reduction, kernel weight ear–1, reduction in kernel weight ear–1, and stem weight depletion (% of kernel weight ear–1) in Expt. 1.
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In general, a decrease in kernel weight per ear under water deficit at different stages was found to be relatively low in NK 40. This could be due to the supplementation of assimilates from the stem reserves when current photosynthesis is limited during water deficit. Moderate water deficit during D3 stage, i.e., before flowering results in a higher reduction in the kernel weight. Reduction in kernel setting might be one of factor that can be attributed to this response. Stem weight depletion (SWD) at D4 and D5 stages in NK 40 was significantly higher as compared to other hybrids. Pioneer 30B80 exhibited a similar pattern of SWD at different stages as in NK 40 but with significantly lower values. Higher depletion of stem weight in Suwan 4452 was noted with water deficit from D3 stage. Stem dry weight depletion as a percentage of grain weight per ear in all hybrids tended to increase under-water deficit imposed at different stages as compared to control (Table 4). However, the SWD and the potential increase in assimilate translocation to grains was higher in NK 40 than other two hybrids.

In Expt. 2, FKW and kernel weight per ear in controls (Table 5) were lower as compared to Expt. 1. This could be associated to climatic variation (delayed planting of 2nd experiment). The first experiment was planted in the first week of December while the prevailing temperature was quite low, whereas the 2nd experiment was planted in mid-January with comparatively higher temperature. So the growth and development of the crop in the 2nd experiment was relatively faster than in Expt. 1. However, NK 40 still maintained its superiority over Suwan 4452 in potential kernel weight whereas Suwan 4452 demonstrated higher productivity in kernel weight per ear over NK 40 only in the control condition. Water deficit at the grain-filling stage exhibited higher reduction in kernel weight in both hybrids (Table 5). Under severe water deficit the reduction in kernel weight was comparatively higher in Suwan 4452 than in NK 40 (Table 5).


TABLE 5. The effect of water regimes and hybrids on final kernel weight, kernel weight reduction, kernel weight ear–1, reduction in kernel weight ear–1, and stem weight depletion (% of kernel weight ear–1) in Expt. 2.
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Imposing water stress at anthesis to milk stage accounted for 29.05 and 21.94% kernel weight reduction per ear in Suwan 4452 and NK 40, respectively. In Expt. 2, severe water deficit at D3 accounts for higher kernel weight reduction probably due to higher kernel abortion. Higher SWD was recorded at D4 stage in both hybrids. Both hybrids showed similar pattern of SWD with a higher overall reduction in NK 40.

Stem weight loss under water deficit at D3 and D4 stages accounted for 49.85 and 51.27% of grain weight per ear in NK 40 followed by 42.20% at D4 in Suwan 4452. This finding indicates that stem dry matter reserves may have accounted for about half of the grain weight per ear in NK 40 under severe water-deficit condition, while it was lower in Suwan 4452 (Table 5). Clearly, the contribution of stem reserves to grain mass was consistently higher in NK 40 than in other hybrids under both experiments, indicating an efficient and stable assimilate translocation despite inter annual differences in climatic conditions.



Canopy Temperature and Cell Membrane Stability Under Water Deficit

Canopy temperature varied significantly due to water regimes. Water deficit imposed at anthesis to milk showed significantly higher canopy temperature (CT) as compared to other water-deficit periods and control (Figure 10A). However, control under well-watered condition exhibited the lowest CT. This suggests that optimum water management helps regulate water uptake by roots and induce efficient transpiration cooling through the stomatal regulation leading to lower CT. Conversely, during the periods of water deficit, water shortage in the root zone induces stomatal closure and inhibits water loss through transpiration leading to relatively higher CT. Canopy temperature also differed significantly due to the interaction of hybrids and water regimes. NK 40 and Suwan 4452 showed significantly lower CT under control (33.40 and 34.40°C) and higher (34.80 and 35.90°C) in D3 treatment of Expt. 2. NK 40 recorded significantly lower CT under control and all water deficit treatments as compared to Suwan 4452, indicated that NK 40 sustained relatively higher RWC (%) under control and water-deficit conditions and we hypothesize this to be associated with partially opening of stomata resulting in continued transpirational cooling.
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FIGURE 10. Canopy temperature (A) and electrical conductivity (B) of ear leaf of maize measured during mid grain filling as affected by water regimes in Expt. 2. Different letters on bars are significantly different from each other at p ≤ 0.05.


Water-deficit stress causes damages to plasma membranes of plant cell and results in leaking of electrolytes from the cell. The magnitude of plasma membrane damage due to water deficit can be estimated via measuring the proportion of ion leakage (Khan et al., 2007). In the present study, the electrolyte leakage in terms of EC was monitored at the late grain-filling stage of maize exposed to severe water deficit. Water deficit at different stages significantly increased EC as compared to control (Figure 10B). Hybrids showed a significant variation on EC across water regimes. Both hybrids showed significantly lower EC under control as compared to water deficit treatments. NK 40 exhibited relatively lower EC under severe water deficit, which indicated lower membrane damage as compared to Suwan 4452. It has been suggested that the critical feature of tolerance to dehydration depends on the ability of the plant to limit membrane damage during dehydration and to regain membrane integrity and membrane-bound activities quickly upon rehydration (Tripathy et al., 2000). This result suggests that NK 40 showed relatively more water-deficit tolerance than Suwan 4452. Blum and Ebercon (1981) also reported that the changes in membrane permeability following exposure to water-deficit stress can be used to estimate water-deficit tolerance in crop plants.



Changes in Leaf Anatomy

In Expt. 2, severe water deficit induced some changes in mid-rib of leaf and attached leaf blade of NK 40 and Suwan 4452. From the anatomic view, it clearly shows that the number of xylem vessel in leaf blade increased under water deficit relative to control treatment in both maize cultivars (Figures 11, 12). The increase in the number of xylem vessels under water deficit is quite consistent in NK 40 compared to Suwan 4452. In contrast, a decrease in the diameter of xylem vessels was observed under water deficit, with higher xylem diameter observed under control. De Souza et al. (2010) also reported a decrease in diameter of metaxylem of maize leaf under water stress condition. The decrease in the diameter of the metaxylem vessel is an adaptation mechanism by the plant under water deficit to avoid cavitation. This change in leaf anatomy is also supported by other studies which have reported that vessels with greater caliber are more prone to cavitation than vessels with smaller caliber (Vasellati et al., 2001). Mostajeran and Rahimi-Eechi (2008) reported that the cavitation process can diminish the plant capacity in transporting water and fixing carbon. A decrease in metaxylem vessel diameter can avoid cavitation and embolism due to the increase in the number of water molecules in contact to xylem cell walls per unit water volume (Hacke and Sperry, 2001). So the increase in the number of metaxylem vessels with narrow diameter could protect the water transportation system, possibly by favoring the water absorption in the root, the flow, and the distribution of water in the leaves.
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FIGURE 11. Anatomical view of leaf blade attached to the mid-rib of NK 40 and Suwan 4452 under control (A,C) and water deficit (B,D) during mid grain-filling stage.
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FIGURE 12. Anatomical view of leaf blade attached with mid-rib of NK 40 under control (A) and water deficit (B) after milking stage.


The relative area of phloem in leaf mid-rib was found to be slightly higher in NK 40 under water deficit compared with control (Figures 11A,B). Though the phloem area in Suwan 4452 is not well visualized in anatomic view, under water deficit phloem area is quite evident. Comparing Suwan 4452, NK 40 exhibited relatively higher phloem area under water deficit indicating more mobilization of photosynthates during grain filling, supporting the higher SWD in both experiments (Tables 4, 5). Souza et al. (2010) also revealed an increased phloem thickness in maize leaf under water stress. A relatively higher number of vascular bundle with smaller inter vascular bundle distance in mid-rib of both hybrids was observed under water deficit as compared to control. It was also an evidence of adaptation under water deficit to maintain a continuous stream of water.

In summary, the major physiological differences that rendered NK 40 to be more tolerant during post-anthesis water-deficit stress compared to other tested hybrids could be due to NK 40 having lower canopy temperature and EC indicated cell membrane stability across, higher kernel water, KDW, and stem reserve mobilization capacity as compared to Pioneer 30B80 and Suwan 4452 across water regimes in both experiments. Under water deficit at milk to PM, NK 40 had significantly higher cellular adaptation by increasing the number of xylem vessel while reducing vessel diameter in leaf mid-rib and attached leaf blade. These physiological adjustments improved efficient transport of water from root to the shoot, which in addition to higher kernel water content, MKWC, KFD, KFR, and stem reserve mobilization capacity, rendered NK 40 to be better adapted to water-deficit conditions under tropical environments.



CONCLUSION

Water deficit at different phenological stages exhibited significant variation on kernel water and kernel filling traits of field-grown maize. Water deficit at different periods resulted in relatively lower KWC and KDW measured after anthesis to PM, irrespective of hybrids. Water deficit advanced PM by reducing KFD by 5, 7, 7, and 11 days when maize plants were subjected to water deficit at D3 and D4 in Expt. 2, D4 and D5 in Expt.1, respectively, as compared to control. NK 40 had higher kernel water, KDW, and stem reserve mobilization capacity as compared to Pioneer 30B80 and Suwan 4452 across water regimes in both experiments. In addition, water deficit at milk to PM increased the number of xylem vessel in leaf mid-rib attached leaf blade of NK 40 relative to control which favored better adaptation under water-deficit environment. In addition, imporved vascular physiology, higher kernel water content, MKWC, KFD, KFR, and stem reserve mobilization capacity, helped NK 40 to be better adapted to water-deficit conditions under tropical environments.
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The efficient utilization of irrigation water and nitrogen is of great importance for sustainable agricultural production. Alternate partial root-zone drip irrigation (APRD) is an innovative water-saving drip irrigation technology. However, the coupling effects of water and nitrogen (N) supply under APRD on crop growth, water and N use efficiency, as well as the utilization and fate of residual nitrates accumulated in the soil profile are not clear. A simulated soil column experiment where 30–40 cm soil layer was 15NO3-labeled as residual nitrate was conducted to investigate the coupling effects of different water [sufficient irrigation (W1), two-thirds of the W1(W2)] and N [high level (N1), 50% of N1 (N2)] supplies under different irrigation modes [conventional irrigation (C), APRD (A)] on tomato growth, irrigation water (IWUE) and N use efficiencies (NUE), and the fate of residual N. The results showed that, compared with CW1N1, AW1N1 promoted root growth and nitrogen absorption, and increased tomato yield, while the N absorption and yield did not vary significantly in AW2N1. The N absorption in AW2N2 decreased by 16.1%, while the tomato yield decreased by only 8.8% compared with CW1N1. The highest IWUE appeared in AW2N1, whereas the highest NUE was observed in AW2N2, with no significant difference in NUE between AW2N1 and CW1N1 at the same N supply level. The 15N accumulation peak layer was almost the same as the originally labeled layer under APRD, whereas it moved 10–20 cm downwards under CW1N1. The amount of 15N accumulated in the 0-40 cm layer increased with the decreasing irrigation water and nitrogen supply, with an increase of 82.9–141.1% in APRD compared with that in CW1N1. The utilization of the 15N labeled soil profile by the tomato plants increased by 9–20.5%, whereas the loss rate of 15N from the plant-soil column system decreased by 21.3–50.1% in APRD compared with the CW1N1 treatment. Thus, APRD has great potential in saving irrigation water, facilitating water use while reducing the loss of residual nitrate accumulated in the soil profile, but has no significant effect on the NUE absorbed.

Keywords: root growth, fruit yield, irrigation water use efficiency, nitrogen use efficiency, 15N


INTRODUCTION

Water shortage is a great concern that is jeopardizing sustainable development globally, including in China. Water crisis coexists with the low efficiency of irrigation water in agricultural production, which consumes ~70% of the total freshwater (Mancosu et al., 2015; Kang et al., 2017). Developing water-saving irrigation technologies is an essential and urgent requirement to support the high food demand for the increasing world population. Deficit irrigation and alternate partial root-zone irrigation (APRI) are two water-saving irrigation strategies currently investigated (Kang and Zhang, 2004; Dodd, 2009; Sezen et al., 2019). In deficit irrigation, the amount of water supplied to the whole root zone is less than that of plant evapotranspiration, inducing moderate water stress in the plant which has marginal effects on yield formation (Dodd, 2009). In APRI, irrigation is supplied only to half of the root system, leaving the other half dry till the next irrigation occurs. The repeated alternation of wetting/drying in the two root zones in APRI induces an abscisic acid (ABA)-based root-to-shoot chemical signaling, hydraulic signals, and an increased xylem sap pH to regulate the stomatal opening thereby increasing water use efficiency (WUE) (Kang and Zhang, 2004; Hu et al., 2011; Pérez-Pérez et al., 2018). For many plant species including cotton, corn, tomato, potato, cucumber, grape, and apple, APRI has been demonstrated to be an efficient water-saving irrigation technology that outperforms deficit irrigation by maintaining the yield and improving the WUE substantially (Kang and Zhang, 2004; Shahnazari et al., 2007; Dodd, 2009; Yactayo et al., 2013; Jovanovic and Stikic, 2018; Sarker et al., 2019). The main form in APRI application is the alternate furrow irrigation or alternate watering to different sides of the plants (Yactayo et al., 2013; Zhang et al., 2014; Sarker et al., 2019, 2020; Khalili et al., 2020). However, it is a time-consuming and laborious process to manipulate the furrows or to manually switch the irrigation sides, which limits its use in practice. With the popularization of drip fertilization technology, an emerging new kind of APRI, named alternate partial root-zone drip irrigation (APRD) is formed by combining drip irrigation with APRI (Du et al., 2008a,b; Topak et al., 2016; Sezen et al., 2019). This form of APRI is not only easy to implement but also potentially has the advantages of both APRI and drip irrigation in improving WUE and yield (Topak et al., 2016; Sezen et al., 2019; Liu et al., 2020).

Nitrogen is an important macro-nutrient for crop growth and yield. However, the excessive application of nitrogen (N) fertilizer not only reduces fertilizer use efficiency but also produces many environmental problems, adversely impacting the quality of vegetables and fruit trees (Zhu and Chen, 2002; Gong et al., 2011). In addition, excessive fertilization leads to the accumulation of high amounts of residual nitrate in the soil profile of farmlands, which could leach into the groundwater, causing environmental problems (Zhu and Chen, 2002; Gathumbi et al., 2003). Therefore, increasing the N use efficiency (NUE) and reducing the soil residual nitrate accumulation and its leaching into the groundwater is an important issue to be resolved (Gathumbi et al., 2003).

Alternate partial root-zone irrigation can facilitate the accumulation of nitrate in the topsoil, promote the absorption of N by plants, and reduce the potential risk of nitrate leaching (Tafteh and Sepaskhah, 2012; Wang et al., 2014, 2020; Hou et al., 2017). However, whether the NUE in plants has improved under APRI is unclear. Although APRD is a promising new technology, the coupling effects of different water and N supplies on the movement and utilization of the residual nitrate accumulated in the soil profile under APRD are not known. Furthermore, the residual nitrate accumulated 30–40 cm under APRI also received little attention. Root growth and distribution decreased sharply beneath 20 cm, while it accumulated higher amounts of residual nitrate in the 20–40 cm layer (Zhang et al., 2014; Liu et al., 2020). Therefore, in the present study, a soil column experiment was conducted with the 15N-labeled K15NO3 as the residual nitrate in the 30–40 cm soil layer, to investigate the effects of different water and nitrogen supply on the growth, WUE, NUE, and the fate of residual nitrate accumulated in the soil profile of tomato plants, a common greenhouse vegetable, under APRD. The outcome of this study would be of great significance to guide efficient utilization of water and N resources and reduce environmental risk by sustainable agricultural production.



MATERIALS AND METHODS


Experimental Site

The experimental site is located in a steel-framed vegetable greenhouse in Xuji Village (116°46′E, 33°58′N), Duji District, Huaibei City, Anhui Province, China. It belongs to a typical temperate humid climate, with an average annual relative humidity of 71%, an annual average frost-free period of 202 days, and sunshine hours of 2315.8 h. The experiment was initiated on February 28 and finished on June 25, 2017. The experimental soil was sandy loam (Shu et al., 2020). The pH of the soil was 7.3, with 26.2% (gravimetric) or 0.341 cm−3 field water capacity, 1.6 g kg−1 total N, 37.4 mg kg−1 nitrate N, 0.6 g kg−1 total phosphorus (P), and 1.3 g cm−3 soil bulk density.



Experimental Treatments

The experiment was performed using soil columns which were made using cylindrical aluminum drums (Figure 1) as described in our previous studies (Wang et al., 2019, 2020; Liu et al., 2020). A ditch was dug in the center of the greenhouse and the soil from the layers 0–20, 20–40, 40–60, and 60–100 cm were separated. Eighteen homemade bottomless cylindrical aluminum drums with a height of 105 cm and a diameter of 45 cm were put vertically to a depth of 100 cm along the ditch, 15 cm apart from each other. Then the sieved dry soil (passed through a 2 mm sieve) from the original layers was backfilled to the drums and watered to its 90% field capacity layer by layer. While filling the soil columns, the ditch area outside the drums was also filled. In the 30–40 cm layer of each column, the soil was mixed and labeled with 11.9 g K15NO3 (the abundance of 15N was 20.3%, provided by the Shanghai Research Institute of Chemical Industry). All the P and potassium fertilizers were supplied as basal fertilizers and were mixed with the top 0–20 cm soil layer as KH2PO4 and K2SO4 at the rate of 200 mg P2O5 kg−1 and 300 mg K2O kg−1, respectively. Nitrogen fertilizer was supplied by fertigation while planting the tomatoes. To avoid the surface flow of irrigated water between the root compartments as indicated previously in the pot APRI experiments (Li et al., 2010; Wang et al., 2010), the top 0-20 cm soil in the APRD column was separated into two equal compartments by inserting a plastic film vertically in the center (Hou et al., 2017; Liu et al., 2020). A gap of 5 × 5 cm size was cut in the center of the plastic film to allow the transplanting of tomato seedlings.


[image: Figure 1]
FIGURE 1. The schematic view of the soil column design for conventional drip irrigation (A) and alternate partial root-zone drip irrigation (B).


The method for supplying water and N was the same as in our previous study (Liu et al., 2020). Briefly, a 5 L plastic bucket was suspended at a height of 1.8 m above the soil column (Figure 1). The water and N fertilizers were delivered from the bucket to the surface of the soil column through a medical infusion tube with needles (specification 16G, aperture 1.3 mm). On February 28, 2017, 50-day-old tomato (Lycopersicon esculentum Mill., cv. Zhongyan No. 958) seedlings of uniform size were transplanted in the center of the columns, with one seedling for each column. The surface layer of the column was covered with a plastic film after transplanting to reduce water evaporation. The plants were watered with conventional drip irrigation during the plant re-establishment stage. The water and N fertilizer treatments were initiated 18 days after transplantation (March 18). The four treatments included CW1N1, AW1N1, AW2N1, and AW2N2, where C represented conventional drip irrigation, A represented APRD, W1 and W2 represented sufficient and deficient irrigation, and N1 and N2 represented high N and low N application rate, respectively. Each treatment was replicated four times.

In the CW1N1 treatment, the soil in 0–20 cm (seedling stage) or 0–30 cm (after flowering stage) was irrigated to 90% of the field capacity whenever the soil water content dropped to 65% of the field capacity. The irrigation amount of W1 (CW1N1) was calculated according to the method described by Liu et al. (2020). Irrigation was applied to all treatments when CW1N1 was irrigated. For the deficient irrigation treatment, two-thirds of the W1 (W2) irrigation amount was applied. For the N application amount, N1 was calculated as supplying N at 240 mg kg−1 to the 0–20 cm soil layer in the column, and N2 received 50% of the N1 level. The N fertilizer was supplied as urea at 8.30 g urea per column for the N1 level during the experiment. In the CW1N1 treatment, fertigation was supplied to a location 5-cm away from the plants through needles (Figure 1A). In the APRD treatment (AW1N1, AW2N1, and AW2N2), fertigation was supplied alternately to only one compartment in the center of each irrigation event, letting the other soil compartment dry. At the next irrigation, the fertigation was shifted to the previously dry compartment, letting the previously irrigated compartment dry (Figure 1B). The N fertigation interval was at 4–10 days depending on the soil water content in the soil columns. There were a total of fourteen drip fertigation events in the present study, with 0.593 or 0.296 g urea at each fertigation for the N1 or N2 treatment, respectively, forming seven alternating wetting–drying fertigation cycles in each root compartment of the AW1N1-, AW2N1-, and AW2N2-treated soil columns.

To monitor the changes in the soil water content and to determine when to start the irrigation, two soil columns without the 15N labeling were set as the reference and were managed as the CW1N1 treatment. A time-domain reflection meter (TDR) instrument (TRIME-PICO-IPH-TDR, IMKO, Germany) was buried in the reference column at a depth of 0–100 cm. In addition, a portable TDR soil moisture meter was also used for examining the soil water content in the 0–20 cm soil layer. When the soil moisture content declined to 65% of the field capacity, irrigation was applied to all columns. The amount of water supplied was 8.5 L for each column before different drip fertigation treatments were initiated. After that, 42.7 L or 28.2 L of irrigation water was supplied to the treatments as W1 and W2, respectively. Therefore, the W2 treatment saved 28.3% of irrigation water in the whole plant growth period compared with that of W1. The plants had five ears of fruit per plant and there were three fruits per ear. The tomato plants were finally harvested on June 25, 2017.



Measurements and Methods

On May 5, after removing the apical buds, the plant height and stem diameter were measured. The plant height was measured with a tape. The diameter of the stem (3 cm above the ground) was measured with a 0.01 mm precision digital vernier caliper (Shanghai Meinaite Industrial Inc., Shanghai, China).

The fallen leaves on the ground were collected during plant growth, and the fruits were harvested successively to maturity. The plants were harvested on June 25, 2017, and were divided into leaves, stems, and fruits. All the fresh samples were weighed and then oven-dried at 105°C for 30 min immediately after sampling and thereafter dried at 70°C to constant mass. The biomass of the leaves included the fallen leaves. The fruit yield was the cumulative value of fruits collected in different batches.

After harvest, the soil outside the soil columns was dug out, then the aluminum drum was exposed and cut longitudinally. About 20 cm per layer of soil was taken out from the drums horizontally. The roots were collected carefully using tweezers and then cleaned with distilled water. After root samples in each layer were collected, the soil was mixed thoroughly in a basin and soil samples were taken. A subsample was used to determine the soil water content immediately. The remaining soil samples were air-dried and then used for determining the total N content and the soil 15N.

The roots were scanned by a root scanner (Epson Perfection V700 Photo, Epson, Japan), and the root length, diameter, and surface area were analyzed with a WinRhizoPro Vision 5.0 (Regent Instruments, Inc., Quebec, Canada). After scanning, the roots in each layer were dried in the oven to constant mass.

Both the plant and soil samples were ground and passed through a 0.25-mm sieve. The concentrations of the total N and 15N were analyzed using mass spectrometry (isoprime100, Elementar Analysensysteme GmbH, Germany) coupled with an elemental analyzer (Vario pyro cube, Analysensysteme GmbH, Germany). The total N absorption was calculated by N concentration and the dry mass of each organ.

Irrigation water use efficiency (kg·m−3) = fresh mass of tomato fruit/total irrigation water used. NUE (g·g−1) = dry mass of tomato fruit/N accumulated in the plant. 15N absorption (mg) = (atom% 15N excess of total N in plant) × (total N in the plant). The utilization of 15N by the plants (%) = (atom% 15N excess of total N in the plant) × (total N in the plant)/(amount of 15N labeled). Soil 15N accumulation (mg) = (atom% 15N excess of soil total N) × (total N per soil layer).



Statistical Analysis

The experimental data were analyzed using a one-way ANOVA with the SPSS software (IBM, Armonk, NY, USA) and average comparisons were made using Duncan's multiple range test at P ≤ 0.05. The data were expressed as mean ± standard error.




RESULTS


Effects of Irrigation and Nitrogen Supply on Plant Growth

The irrigation methods and the amount of irrigation water or N supplied did not affect the height of the tomato plants (Figure 2A), but significantly affected the stem diameter (Figure 2B). Compared with the CW1N1 treatment, the stem diameter under the AW1N1 treatment increased by 1.6%, whereas it decreased by 3.3 and 5.5% under the AW2N1 and AW2N2 treatment, respectively. Under APRD, a reduction in one-third of the irrigation water decreased the stem diameter by 4.8% in the AW2N1 treatment compared with AW1N1.


[image: Figure 2]
FIGURE 2. The effects of irrigation and nitrogen (N) supply on the plant height (A, cm) and stem diameter (B, mm) of tomato plants under alternate partial root-zone drip irrigation. Values are the means ± SE. Different lowercase letters in the columns denote significant differences among the treatments (P ≤ 0.05).


Compared with CW1N1, the leaf and total biomass and fruit mass in the AW1N1 treatment increased significantly except for the stem dry mass (Table 1). Under APRD, the stem, leaf, and total dry biomass and fruit mass in the AW2N1 treatment were significantly lower than those of AW1N1. Compared with the CW1N1 treatment, the total biomass in the AW2N1 treatment decreased by 5.8%, while the fruit mass did not decrease significantly. Under the APRD with W2 and a reduction in N fertilizer by 50%, there were no significant effects on the fruit yield and leaf biomass but decreased the stem biomass and total biomass by 8.4% on average (AW2N2 vs. AW2N1). Compared with CW1N1, the fruit yield in AW2N2 decreased by only 8.8%, even though the irrigation amount and nitrogen application rate were both decreased substantially in the AW2N2.


Table 1. Effects of irrigation and nitrogen (N) supply on tomato biomass (g plant−1) and yield (g plant−1) under alternate partial root-zone drip N fertigation.
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Effects of Irrigation and Nitrogen Supply on Root Growth and Distribution

Compared with CW1N1, AW1N1 increased the root length and surface area by 6.8 and 8.7%, respectively, while there was no significant difference in the root dry mass (Table 2). There was no significant difference in the root dry mass, length, and surface area between the AW2N1 and CW1N1 treatments. However, the root length and root surface area were lower in AW2N1 than those of AW1N1. The AW2N2 treatment had no significant influence on the root length but decreased the root dry mass by 9.4% and the root surface area by 12.5% compared with the CW1N1 treatment.


Table 2. The effects of irrigation and N supply on the mass, length, and surface area of tomato roots under alternate partial root-zone drip N fertigation.
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Compared with the CW1N1 treatment, the root mass in the AW1N1 treatment increased significantly in the 0–40 cm soil layer, which was similar in the 40–80 cm but decreased in the 80–100 cm soil layer (Figure 3A). The AW2N1 had a similar root mass in the 0–60 cm soil layer compared with the CW1N1 treatment. The root mass under APRD in the 80–100 cm soil layer was reduced by 21.4–45.8% compared with that under the CW1N1 treatment.


[image: Figure 3]
FIGURE 3. The effects of irrigation and N supply on root growth and distribution in soil layers under alternate partial root-zone drip irrigation. (A) Root weight (g plant−1), (B) root length (m plant−1), (C) toot diameter (mm) and (D) root area (cm2 plant−1). Values are the means ± SE. Different lowercase letters in the columns denote significant differences among the treatments (P ≤ 0.05).


Compared with the CW1N1 treatment, the root length in the AW1N1 treatment showed no significant difference in the 0–40 cm soil layer but increased by 8.2% significantly in the 40–100 cm (Figure 3B). There was no significant difference in the total root length or root length in different soil layers between AW2N1 and AW2N2 except in the 60–80 cm soil layer, where the root length increased significantly in AW2N1. However, the root length below 40 cm in the soil profile decreased significantly in AW2N1 and AW2N2 compared with that of AW1N1 (Table 2 and Figure 3B).

Compared with CW1N1, the root diameter tended to decrease under the APRD treatments (Figure 3C), by 6.5% on average in AW1N1 in the 20–80 cm layer, and 10 and 14.4% in 0–100 cm in AW2N1 and AW2N2, respectively.

The variations of the root surface area among the treatments were similar to that of the root length (Figure 3D). Compared with CW1N1, the root surface area in the soil profile of AW1N1 tended to increase in the 0–80 cm layer and showed a significant difference in 20–80 cm. Reduction of water and/or N fertilizer under APRD decreased the root surface area, but this decrease became less obvious with the increase in soil depth. Compared with CW1N1, the root surface area in the AW2N2 treatment decreased significantly in different soil layers except in 60–80 cm.



Effects of Irrigation and Nitrogen Supply on Water, Nitrogen, and 15N Use Efficiency

At the same fertigation level, AW1N1 increased the N absorption by 13.8%, and irrigation water use efficiency (IWUE) by 7.1% compared with that of CW1N1. However, there was no significant difference in the NUE between CW1N1 and AW1N1 (Table 3). Under APRD, the total N absorption by the tomato plants decreased with a reduction in irrigation amount and N level, with the highest N absorption observed in AW1N1. The IWUE of plants treated with AW2N1 was highest among the treatments. Compared with CW1N1, AW2N1 increased the IUWE by 35.6%, but no significant difference in NUE was observed. The AW2N2 treatment had the highest NUE among all treatments, being 9.4% higher than that of CW1N1. Similarly, the IWUE was also higher in AW2N2 than those in CW1N1 and AW1N1 treatments.


Table 3. The effects of irrigation and N supply on the total plant N absorption, irrigation water (IWUE), and N (NUE) use efficiency under alternate partial root-zone drip N fertigation.
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There was no significant difference in the total 15N absorption and 15N recovery rate between the treatments CW1N1 and AW1N1 (Figure 4). The 15N absorption and recovery rate in AW2N1 was the highest among all the treatments, which increased by 20.5% compared with that of CW1N1. The total 15N absorption and recovery rate showed no significant difference among the treatments of AW2N2, AW1N1, and CW1N1.


[image: Figure 4]
FIGURE 4. The effects of water and N supply on 15N absorption and recovery rate by tomato plants under alternate partial root-zone drip irrigation. Values are the means ± SE. Different lowercase letters in the columns denote significant differences among the treatments (P ≤ 0.05).




Effects of Irrigation and Nitrogen Supply on 15N Distribution in Different Soil Layers

The 15N was labeled in the 30–40 cm layer of the soil columns. However, 15N was also found in the 0–20 cm layer after harvest (Figure 5), indicating that 15N has moved upward and was taken up by plants. In the 0–20 cm soil layer, the 15N accumulation in the CW1N1 treatment was significantly lower than that of the APRD treatment. In the 20–40 cm soil layer, the 15N accumulation of CW1N1 accounted for only 19.3% of the total 15N labeled, while AW1N1, AW2N1, and AW2N2 accounted for 36.6, 38.6, and 49.7% of the applied 15N, respectively.
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FIGURE 5. The effects of irrigation and N supply on the distribution of labeled 15N in different soil layers under alternate partial root-zone drip irrigation. Values are the means ± SE.


The distance between the soil layer where the 15N accumulation peak appeared after plant harvest and the layer labeled with K15NO3 at the beginning of the experiment was considered the movement distance of the residual nitrogen in a specific layer (Wang et al., 2014; Liu et al., 2020). The 15N accumulation in the CW1N1 treatment peaked in the 40–60 cm layer, indicating the downward movement distance of 10–20 cm; while the 15N accumulation in all the APRD treatments in 20–40 cm, indicating a slow movement of 15N in the soil profile or it moved upward only within 10 cm (as we did not take soil samples every 10 cm per layer) as reported previously (Wang et al., 2014, 2019, 2020). In the layers where the 15N accumulation peaked, the 15N accumulation in CW1N1 decreased by 2.1, 8, and 17.7%, respectively, compared with those in AW1N1, AW2N1, and AW2N2 treatments. In APRD with the same nitrogen supply level (N1), the 15N accumulation increased in the 0–20 and 20–40 cm soil layers, while decreased in the layers below 40 cm in the AW2N1 treatment as compared with AW1N1. Under deficient soil water level, the reduction in 50% of the nitrogen supply (AW2N2) increased the 15N accumulation significantly in the 20-40 cm layer, but decreased in the 40–60 cm, with no significant difference observed in 15N accumulation in the other layers compared with AW2N1.



Effects of Irrigation and Nitrogen Supply on the 15N Accumulation and Recovery and Its Loss From the Soil Column

Under the same amount of water and nitrogen supply, the AW1N1 treatment increased the total 15N recovery by 3.7%, while the 15N loss rate decreased by 21.3%, and with no significant effects on the 15N accumulation in the 0–100 cm soil profile compared with CW1N1 (Table 4). Under APRD, the reduction in both the water and N fertilizer significantly increased the 15N recovery and accumulation in the soil profile, while the 15N loss and loss rate decreased by 30%. However, the recovery amount, loss amount, and loss rate were similar between AW2N2 and AW2N1.


Table 4. The effects of irrigation and N treatments on 15N accumulation and recovery and 15N loss from the top 0–100 cm soil layer under alternate partial root-zone drip N fertigation.
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DISCUSSION


Effect of Irrigation and Nitrogen Supply on Plant Growth, WUE, and NUE

In the present study, the crop growth and yield were significantly affected by the water and N application levels and methods. Compared with CW1N1, APRD significantly increased the plant biomass and fruit mass under the same level of irrigation and N application (AW1N1) (Table 1). Reducing the irrigation water by one-third decreased the plant biomass significantly, while the fruit yield was not affected in AW2N1 (Table 1). Therefore, APRD improved the IWUE by 35.6% without any significant yield reduction (Tables 1, 3). This result is in agreement with the advantages of APRD on saving irrigation water reported in several previous studies (Topak et al., 2016; Sezen et al., 2019; Shu et al., 2020). In addition to the improved IUWE, N absorption was also enhanced under APRD (Table 3). Even though the biomass decreased significantly, the total N absorption varied little in AW2N1 when compared with that in CW1N1 whereas it decreased by only 16% in AW2N2, where a 50% reduction in the nitrogen fertilizer occurred (Tables 1, 3).

Several reasons could account for the improved IUWE and N absorption under APRD. Under APRI (including APRD), roots could sense the drying soil, and thus generated root-sourced signals to reduce stomatal opening (Kang and Zhang, 2004; Dodd et al., 2006; Liu et al., 2006). It has been demonstrated that the moderate closure of the stomata significantly inhibited the transpiration rate, but showed little effect on photosynthesis, which can stabilize crop growth and yield and improve WUE under APRI with a substantial reduction in irrigation water (Kang and Zhang, 2004). Moreover, under APRI, the root system in the irrigated side can absorb enough water and nutrients to meet the demands of the plants. The roots under APRD became thinner, which increased the root length and surface area in different layers of the soil profile, especially in the middle and lower layers (Figure 3), which is consistent with our previous reports (Chen et al., 2016; Wang et al., 2019; Liu et al., 2020). Several studies reported that APRI could promote the compensatory and balanced growth of roots in different root zones, stimulate the growth and development of root hairs, and induce more root distribution deeper in the soil [refer to review by Kang and Zhang (2004) and Zhang et al. (2014)]. In addition, the repeated drying/wetting cycles improved the soil aeration, which was conducive to root activity. The increased root growth and root activity could promote the absorption of water and nutrients by plants (Kang and Zhang, 2004; Sarker et al., 2020). Furthermore, APRI could stimulate organic carbon and N mineralization and release more mineral N into the soil solution, which could promote the absorption of N by plants (Sun et al., 2013; Liu et al., 2020). It was reported that APRI (including APRD) could increase the recovery rate of both the fertilizer-N and residual N accumulated in the soil (Wang et al., 2014; Hou et al., 2017; Liu et al., 2020). However, the NUE was not improved in the plants under APRD compared with the conventional irrigation at the same N supply level (AW1N1, AW2N1 vs. CW1N1, Table 3), indicating that APRI-plants absorbed excessive N to ensure growth and yield formation. The NUE increased by 9.4% in AW2N2 compared with that in CW1N1 (Table 3). However, it is a general response that the NUE is higher at N2 than at N1 (Xu et al., 2012), indicating that the increased NUE in AW2N2 is not an APRD-specific response.

In AW2N1, the reduced irrigation water decreased the total biomass, but the yield was similar compared with that of the conventional drip irrigation (Table 1). This indicated that the carbon allocation and remobilization from vegetative organs to fruits was enhanced under APRD. Abscisic acid was suggested to play a vital role in the regulation of plant senescence and carbon remobilization (Yang et al., 2000). Higher leaf ABA concentrations were observed throughout the growing season under APRI compared with that under other treatments (Kirda et al., 2004). The enhanced remobilization of photosynthates and higher harvest index induced by APRD were also observed in our previous studies (Zhang et al., 2014; Shu et al., 2020).



Effect of Irrigation and Nitrogen Supply on Residual Nitrate Loss and Utilization

It was found that when the 15N was labeled in the 30–40 cm layer, APRD reduced the 15N leaching in the soil column and increased the 15N accumulation in the 0–40 cm soil layer by 82.9–141.1% compared with the conventional drip irrigation (Figure 5). Moreover, APRD increased the absorption and utilization of the labeled N significantly under W2 coupled with N2 application, and the 15N loss rate was decreased by 21.3–50.1%, which was the lowest under the deficient irrigation treatments (AW2N1, AW2N2) (Table 4). These changes were mainly because under APRI (including in APRD form), the water movement in the soil was different from that of conventional irrigation (Kang and Zhang, 2004; Sarker et al., 2019). The heterogeneous distribution of soil moisture induced by APRI reduced the vertical leakage and promoted the lateral infiltration of soil water. In addition, the irrigation amount has been reduced in most cases under APRI (Kang and Zhang, 2004; Zhang et al., 2014; Wang et al., 2019). All these factors contributed to the reduction in nitrate leaching and N loss under APRI (Wang et al., 2014, 2019). The changes in the 15N accumulation peaked soil layer also indicated that the leaching of soil nitrate was weakened by APRI (Figure 5). Root activity and root compensatory growth can be increased by APRI, which can lead to an enhanced nutrient absorption (Chen et al., 2016). In addition to the reduced leaching, APRI or APRD could reduce N loss from the plant-soil system by reducing denitrification and ammonia volatilization (Lei et al., 2009; Han et al., 2014). In the present study, compared with conventional drip irrigation, the total plant biomass, fruit yield, and total N absorption decreased, whereas the absorption and utilization of labeled N increased significantly by decreasing the amount of irrigation water and nitrogen application under APRD (AW2N2 treatment) (Tables 1, 3 and Figure 4).

Wang et al. (2014, 2019) labeled 15N in both the 10–20 and 40–50 cm layers and found that with lowering the 15N labeled layer in the soil profile, the absorption and utilization of 15N by plants also decreased, while the loss rate of 15N from the plant-soil column system increased. The downward leaching distance of 15N was shortened under APRI, and even in the case of labeling the 15N in the 40–50 cm soil layer, the 15N accumulation peaked layer moved upward by 10 cm (Wang et al., 2014; Hou et al., 2017). However, the recovery and loss rate of 15N were different between the results reported by Wang et al. (2014, 2019) and Hou et al. (2017), probably due to the differences in the plant growth seasons, 15N labeling amount used, and plant growth conditions. In the present study, 15N was labeled in the 30–40 cm layer, which was different from the above previous reports, but close to the depth of 40–50 cm as reported by Wang et al. (2014) with a close amount of 15N labeled and the same plant growing season. The results showed that under the AW2N1 treatment, the 15N absorption and loss rate from the plant-soil column system was at 22.01 and 7.43% (Figure 4 and Table 4), which was 46.7% higher while 40.8% lower than those of APRI where 15N was labeled in the 40–50 cm layer, and even close to those of APRI where 15N was labeled in the 10–20 cm layer with the same level of water and N supply as reported by Wang et al. (2014). The distribution of the tomato roots was mainly concentrated at the top 0–20 cm layer (Figure 3) (Wang et al., 2014, 2019; Liu et al., 2020; Shu et al., 2020), thus, the 15N labeled in the 10–20 cm layer was more conducive to plant absorption and utilization and to reduce its loss from the plant-soil system (Wang et al., 2014). In the present study, although 15N was labeled in the 30-40 cm layer, the 15N absorption, utilization, and loss rate in the CW1N1 were close to those of the conventional irrigation with 15N labeled in the 10–20 cm layer as reported by Wang et al. (2014). These results showed that drip irrigation and APRD are more conducive to reducing the leaching and loss of nitrate accumulated in the soil profile, thus promoting plant absorption and its accumulation in soil than the conventional irrigation and APRI (not in the form of APRD here), respectively.




CONCLUSIONS

Compared with CW1N1, under the same amount of water and N supply, AW1N1 showed a reduced 15N leaching in the soil, promoted root growth, and enhanced the absorption of residual nitrate, thus promoted the tomato growth and yield formation. Compared with CW1N1, decreasing the irrigation water by 34.1% under APRD (AW2N1) maintained the total N absorption, tomato yield, and increased the IWUE by 35.6%, the utilization rate of labeled 15N by 20.5%, while the loss rate of 15N from the plant-soil column was decreased by 50.1%. AW2N2 increased the absorption of the labeled 15N by 12.8%, IWUE by 26.5%, but reduced the yield by 8.8% compared with those under CW1N1. Even though the N absorption was enhanced, the absorbed-NUE had not improved, indicating that a luxurious absorption of N occurred under APRD compared with the CW1N1 at the same N supply level. Therefore, it is concluded that APRD can significantly increase IWUE and N absorption, promote its utilization, and thus, reduce the loss of residual N that is accumulated in the soil profile. Thus, APRD is a promising technology for sustainable agriculture production even though the NUE in plants has not been improved.
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Leaf hydraulic networks play an important role not only in fluid transport but also in maintaining whole-plant water status through transient environmental changes in soil-based water supply or air humidity. Both water potential and hydraulic resistance vary spatially throughout the leaf transport network, consisting of xylem, stomata and water-storage cells, and portions of the leaf areas far from the leaf base can be disproportionately disadvantaged under water stress. Besides the suppression of transpiration and reduction of water loss caused by stomatal closure, the leaf capacitance of water storage, which can also vary locally, is thought to be crucial for the maintenance of leaf water status. In order to study the fluid dynamics in these networks, we develop a spatially explicit, capacitive model which is able to capture the local spatiotemporal changes of water potential and flow rate in monocotyledonous and dicotyledonous leaves. In electrical-circuit analogs described by Ohm's law, we implement linear capacitors imitating water storage, and we present both analytical calculations of a uniform one-dimensional model and numerical simulation methods for general spatially explicit network models, and their relation to conventional lumped-element models. Calculation and simulation results are shown for the uniform model, which mimics key properties of a monocotyledonous grass leaf. We illustrate water status of a well-watered leaf, and the lowering of water potential and transpiration rate caused by excised water source or reduced air humidity. We show that the time scales of these changes under water stress are hugely affected by leaf capacitance and resistances to capacitors, in addition to stomatal resistance. Through this modeling of a grass leaf, we confirm the presence of uneven water distribution over leaf area, and also discuss the importance of considering the spatial variation of leaf hydraulic traits in plant biology.

Keywords: biophysical modeling, leaf hydraulics, vascular network, water stress, xylem, transpiration, water-storage capacitance, monocot


1. INTRODUCTION

Fluid flows in the plant vascular tissue system, which consists of xylem vessels for water transport and phloem vessels for the transport of photosynthetic products from leaves, are by no means isolated from other plant tissues. This is especially prominent in leaf hydraulic networks, which are typically the terminal portions of water flow through xylem. The xylem vessels making up these networks not only connect to phloem through leaf tissue, but also deliver water to an extra-xylary network of living cells from which water is evaporated and transpired to the atmosphere through leaf-surface pores (stomata) (Sack and Holbrook, 2006; Stroock et al., 2014). Photosynthetic carbon assimilation requires stomata to remain open for the exchange of carbon dioxide with air, while transpiration simultaneously leads to a large sum of water loss, resulting in water-use efficiency (CO2 uptake per water molecule loss) as low as 1/500 (Taiz and Zeiger, 2002). Implementation of water stress by a shortage of water source at the leaf base or decreasing atmospheric humidity around the leaf will cause stomata to close, thus suppressing transpirational water loss, but also reducing photosynthesis (Brodribb, 2009; Choat et al., 2018). The maintenance of leaf water status, which changes spatially in the xylem hydraulic vascular network, is therefore critical to keeping stomata open and sustaining photosynthesis.

Water storage functions of certain plant cells help to maintain plant water status, and supports the resilience and survival of a plant experiencing water stress (Tyree and Ewers, 1991; Jones, 2013). Succulent plants are perhaps the most obvious example, where water-storage parenchyma cells play the role of hydraulic capacitors, storing water when water supply is sufficient and providing water to sustain water status under stress (Smith et al., 1987). Most theoretical examinations of capacitance have focused on trees and how the substantial water storage in wood, ray parenchyma and embolized xylem conduits (Hölttä et al., 2009; Meinzer et al., 2009; Pfautsch et al., 2015; Mencuccini et al., 2017) offer a water source for continued transpiration and/or the maintenance of plant-water potential above safety margins during seasonal changes in soil or atmospheric drought (Salomón et al., 2017; Bryant et al., 2021). Less attention has been paid to the capacitance of leaves, and how local capacitance may buffer the transpiration stream through the relatively rapid vagaries of environment to which a leaf is subjected.

In grass leaves, bulliform cells, water-storage parenchyma, and vascular bundle sheaths could all play the role of dynamic local capacitors (Raven et al., 2005). Previous theoretical work on the water-storage capacitance was typically from the perspective of whole leaf or whole plant, such as in a lumped-element model using electrical-circuit analogs, where a whole system-wide capacitor is used as well as other whole-system elements including resistors (Jones, 1978). This whole-system approach extends also to the interpretation of pressure-volume curve measurements where capacitance, determined for both pre- and post-turgor-loss points, is necessarily assigned to the whole leaf and not specific cells (Bartlett et al., 2012). The more cell-specific, leaf-level models of fluid (and vapor) flow in leaves do not explicitly include water-storage capacitance (Buckley, 2015). Water reservoir cells are distributed along water pathways in the network, which means capacitance is spatially dependent and could affect the water status locally. Transpiration also occurs locally through stomata all over the leaf surface, making vessels in the network behave as leaking pipes. The competing effects of transpiration and water storage under stress will thus be more appropriately investigated in terms of spatially explicit network systems. In grass leaves, the unbalanced distribution of water content from leaf base to tip is illustrated by the fact that the area near tip is disproportionately disadvantaged and dries out faster than the area near the base (water source) when subject to water shortage or even a transient change in atmospheric humidity. Even in a static, fully hydrated environment, the uneven spatial water distribution in a grass leaf is measurable by gravimetric methods (see section 2), as illustrated in section 3.

The plant or leaf water status, generally described by water potential ψ which is regarded as the driving force of water flow, has been theoretically studied by two classes of models. In both classes, the water transport through leaf xylem is treated as laminar following the Hagen-Poiseuille law, in which the hydraulic resistance of a xylem vessel is equal to the water potential difference between its two ends divided by the flow rate (van den Honert, 1948; Altus et al., 1985; Tyree and Ewers, 1991). The first type of model considers the small-scale spatial variations of leaf vascular networks, by implementing a network system consisting of only resistors, while ignoring the water-storage capacitance, for both monocot (Wei et al., 1999; Martre et al., 2001) and dicot (Cochard et al., 2004; Katifori, 2018) leaf modeling. In the second modeling type, large-scale tissue or organ-level properties including both resistance and capacitance are considered, while ignoring any spatially explicit architecture within a leaf (Cowan, 1965, 1972; Smith et al., 1987; Steppe et al., 2006). In such a model, the water flow through leaf or plant is commonly driven by a current source representing transpiration, which can be adjusted arbitrarily or according to experimentally measured transpiration rate, without an explicit, direct mechanistic input from water potential deficit (or vapor pressure deficit) between the leaf and air. Here, we bridge these two classes of models by developing a spatially explicit leaf hydraulic network model with local capacitance. While our model is general and can be applied to any type of vascularized leaf, we focus on grass leaf examples as they almost ubiquitously have water storage cells, and the parallel vein structure of grasses leads to water being lost throughout the length of the blade. While this too occurs in dicots over short distances (Zwieniecki et al., 2002), the process occurs along the entirety of a grass leaf. By conducting computation and simulation on a uniform grass leaf model, we study the dependence of transpiration rate on leaf hydraulic traits and water potentials in the environment.

We illustrate and discuss how capacitance increases the robustness of a leaf in a changing environment and maintains leaf water status, so that stomata can remain open to potentially sustain photosynthesis along the entire leaf blade. To examine this, we assume a condition that might appear unorthodox to a plant physiologist, that of static stomatal resistance. While constant stomatal resistance is not typically observed, this is not simply an academic assumption or a model convenience. First, rapid changes in leaf-to-air evaporative gradients, such as those coming from increases in wind speed, can expose the leaf to high transpirational demands before stomata respond by closing. Second, not all stomata respond the right way. A large number of species display a “wrong-way” stomatal response and temporarily increase opening with increasing evaporative demand, a response that can last 10s of minutes and further exacerbate transpirational demand (Buckley et al., 2011). In such scenarios, local capacitance could conceivably allow for continued transpiration and photosynthesis without dropping leaf-water potentials to damaging levels. Our modeling results, which are based on idealized theoretical assumptions, are not directly comparable with any known experimental measurements of spatial variations of water potential, but can be indirectly validated by our gravimetric measurements of water content distribution in the leaves of grass Anthaenantia villosa. See section 4 for discussions on experimental validation and biological applications.



2. METHODS OF THEORETICAL MODELING AND EXPERIMENTAL MEASUREMENT


2.1. The Spatially Explicit Model of Capacitive Leaf Hydraulics

We use a capacitive electrical circuit analog to model the spatial variation of hydraulic traits of a simple plant leaf model (such as a monocot leaf). A one-dimensional network model analogous to an electrical circuit is illustrated in Figure 1, consisting of nodes i = 1, 2, …, N. In this example only one xylem conduit is shown as the midline. The water potential in the atmosphere ψa, which is more negative than the water potentials in the xylem (ψ0, ψ1, …, ψN), is related to relative humidity (RH) in the air through the relationship:

[image: image]

with ideal gas constant [image: image]8.3145 J·mol−1·K−1, room temperature T =298.15 K, and liquid water molar volume v ≈ 18 mL/mol (Buckley and Sack, 2019). The water potential ψs underneath capacitors is the baseline osmotic potential of leaf water storage, which is specifically defined as the plant root potential plus the most negative osmotic potential of water-storage cells, when the cell water content is at the minimum for the cells to behave like linear capacitors. With this definition, ψs is always more negative than water potential ψi in the xylem, and the voltage Vi across each capacitor Ci is considered to be the positive hydrostatic pressure (turgor) (Smith et al., 1987; Jones, 2013), for which the plus and minus signs label the direction of Vi in the diagram. We assume the atmospheric condition outside the leaf and the baseline osmotic potential of reservoir cells inside are both uniform along the leaf blade, and thus have a single wire for ψa and ψs, respectively in the diagram.


[image: Figure 1]
FIGURE 1. A one-dimensional capacitive network model, where ψa is the water potential in the atmosphere, ψs is the baseline osmotic potential of water storage, ψ0 is the water source potential at the leaf base, and ψi (i = 1, 2, …, N) are water potentials at different nodes of the xylem. Currents [image: image] are transpiration currents through stomata, and [image: image] are charging capacitors Ci, which represent leaf water storage function.


Figure 1 represents a well-watered leaf, where the water source potential ψ0 at the leaf base keeps charging the water-storage capacitors Ci, and stomata are wide-open so that water is being released into the atmosphere through transpiration. When the direction of current [image: image] is reversed, the corresponding capacitor is discharged and loses water content, while the polarity of its voltage Vi does not change. The resistors [image: image] represent the resistance in the water-storage pathways, and resistors [image: image] are the total resistance from xylem to the atmosphere, including outside-xylem resistance (mainly through mesophyll) for liquid water inside the leaf and stomatal resistance for water vapor. At steady state, the capacitors are not being charged and all [image: image], when the water status is in equilibrium and turgor and water content are at the maximum. When stomata are closed, [image: image] and all [image: image]. The summation of all [image: image] gives the total transpiration current [image: image].

The fundamental equations of the electrical analog are:

[image: image]
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At the terminal note (end of the xylem), [image: image]. With time-independent Ci and [image: image], the last equation becomes:

[image: image]

If we also assume the transpiration resistance [image: image] is time-independent, we can obtain the following equation by substituting Expressions (4) and (6) into the first derivative of Equation (2) with respect to time ([image: image]):

[image: image]

We will demonstrate how such a spatially uniform, one-dimensional network can be treated as a continuous model when the number of nodes N is large, and can be studied through analytical calculation under certain circumstances. We will also design a numerical method to simulate both the steady state and the time-dependent behavior of a general capacitive network model, which is not necessarily uniform or one-dimensional.



2.2. Analytical Calculation of the One-Dimensional Model

We assume the size of a node l is small compared to the total length of the network L, so that the number of nodes N = L/l is large. At node i we define a normalized location x = i/N (Δx = l/L so that 0 ⩽ x ⩽ 1) which changes continuously, and in the xylem the water potential ψ and current I also change continuously which means (ψi−1 − ψi)/Δx → −∂ψ/∂x and (Ii−1,i − Ii,i+1)/Δx → −∂I/∂x. In this normalized continuous model, we assume the resistances and capacitances are uniformly distributed and time-independent throughout the network ([image: image], [image: image], [image: image] and [image: image] are all constants), and we define R = NR(o), [image: image], [image: image] and C = NC(o) as combined parameters for the whole system. Considering ∂ψ/∂x = −RI, we derive the following basic equation from Equation (7):

[image: image]

We outline the general time-dependent solution of this equation in Supplementary Section 1. The steady-state average potential in the xylem is:

[image: image]

where I0 = I(x = 0) is the current entering through the base (see Equation S8 in Supplementary Material for expression), which is equal to the total transpiration current E at steady state.

For a nontrivial, time-dependent water potential boundary condition (dynamic ψ0 or ψa induced by the change of water supply or air humidity), in Supplementary Section 2 we illustrate the solution for a dynamic water source ψ(x = 0, t) = A cos(ω0t + φ) that oscillates with time. We also consider an excised leaf xylem which is initially at the fully hydrated steady state and is cut off at the leaf base at t = 0, when the base water source is turned off. The calculation is detailed in Supplementary Section 3. It turns out that both average xylem potential [image: image] and total transpiration current E are exponential decay functions with time at t > 0, where time constant is τ = C(Rc + Ra):

[image: image]

[image: image]

which means the existence of capacitance C as well as transpiration resistance Ra (which is static) and water-storage pathway resistance Rc slows down the process of losing water in a drought condition where the leaf loses its water source, illustrating the function of capacitance in a plant's resilience against drought.

A highly lumped-element model can be derived from the one-dimensional network in Figure 1 and validated by analytical calculations of the continuous model. The diagram of the model, which is similar to lumped models commonly found in literature on whole-plant or whole-leaf modeling, is in Figure 2, in which the water source potential ψ0 at the leaf base is relabeled as ψp, ψx is the average water potential in the xylem ([image: image]), and V is the average capacitor voltage ([image: image]). The current Ix is the incoming current I0 through leaf base, while [image: image] is the total transpiration current E and [image: image] is the total capacitor charging (or discharging) current. With Ra and Rc defined previously as grouped elements for the whole system, we demonstrate in Supplementary Section 4 the equivalence of the lumped model in Figure 2 and the uniform model based on Figure 1, for which we need to define the effective xylem hydraulic resistance Rx = R/3 where R is the total xylem resistance. We also show that the time constant τ = C(Rc + Ra) of an excised leaf can be obtained from the lumped model. When studying changing stomata whose conductance depends on leaf water status, we can use this lumped model to investigate the importance of stomatal sensitivity to local water content in transpiration control. See section 4 for relevant discussions.


[image: Figure 2]
FIGURE 2. A lumped-element model which is equivalent to the one-dimensional network in Figure 1. Here ψp = ψ0 is the water source potential at the leaf base, and [image: image] is the average potential in the xylem. Currents Ia = E and Ic are total transpiration current and capacitor charging current, respectively.




2.3. Numerical Simulation of General Capacitive Networks

The one-dimensional model in Figure 1 can be generalized into two- or higher-dimensional networks, which can include branches and loops. If node i is a node in such a network, and its neighboring nodes are labeled by n(i), we use In(i),i and Rn(i),i to label the current from n(i) to i and the resistance between n(i) and i, respectively. Starting from the current relation:

[image: image]

we derive the water potential relation at i:

[image: image]

where ψn(i) is the water potential at node n(i). The problem of solving the time-dependent behavior of ψi is organized into a matrix equation Ax = b, where at time t, the vector to be solved is:

[image: image]

which contains the time derivatives of water potential at all nodes. The ith element of vector b is:

[image: image]

and the elements in the invertible and symmetric matrix A are determined by:

[image: image]

If the node i is connected to one or more water sources, the external water potentials must be included in the evaluation of bi and Ai, j. For example, if node i is connected to a base potential ψp, we have [image: image] and [image: image], where Rp,i is the resistance between i and base (location of water source).

To simulate the dynamics of the network, we start from an initial water status ψi(t = 0), calculate b and then x = A−1b at the current time t, and update the water potentials after a small time step Δt:

[image: image]

To numerically calculate the steady state where all ∂ψi/∂t = 0, we organize the equation [image: image] into another matrix equation By = a, where yi = ψi, [image: image] (or [image: image] if i is connected to a water source ψp), and Bi,j = Ai,j if i ≠ j while [image: image] (or [image: image]). By solving y = B−1a we can calculate the steady-state water potentials in the network.



2.4. Experimental Measurements of the Spatial Distribution of Water Content Along Grass Leaf Blades

As an indirect validation of our theoretical modeling prediction that water content decreases spatially from leaf base to tip (because of the tapering of water potential), the C4 grass species Anthaenantia villosa (A. villosa) was used for measuring the local distribution of water amount in its leaves. For light treatment, the species was exposed to light (~500 μmol·m−2·s−1) for 1 h prior to the measurement. For dark treatment, the species was kept in the lab without a light source. Leaf lengths were measured and divided into five segments of equal length marked with sharpies. Sample leaves were cut sequentially from the tip to the base and placed in bags with moist air (except for the dark + 1 h equilibrium treatment). Leaf fresh mass (FM, g) was measured soon after leaf excision. Segments were dried in a 40 °C oven for >24 h for leaf dry mass (DM, g) measurement. For the dark + 1 h equilibrium treatment, the whole leaf was cut at the base and placed in double bags with moist air for 1 h in the dark prior to the procedure described above. The purpose of the dark + 1 h equilibrium treatment was to compare with the dark treatment results to rule out any possible statistical difference caused by extra equilibration after excision. (The leaves equilibrated for an extra hour after excision do not show statistically significant difference from dark treatment results in Supplementary Figure 7). The measurement result of water amount per unit dry mass (= (FM−DM)/DM, g/g) is calculated for each segment, used to characterize the spatial variations of water content along leaf blades to account for the effects of both leaf area and thickness on water storage.




3. COMPUTATION AND SIMULATION RESULTS OF UNIFORM MODEL LEAF


3.1. The Well-Watered Steady State of a Uniform Leaf

In this section we apply the analytical calculation (for one-dimensional continuous models) and numerical simulation methods (for discretized network models) introduced in section 2 to the study of hydraulic behaviors of a model leaf, by making use of biologically relevant parameters. One of these results is the spatially dependent water potential profile at the steady state of a living uniform leaf shown in Figure 3. We assume the plant is well watered and estimate that the water potential at the leaf base ψ(x = 0) is approximately ψ0 = 0 where x is the normalized distance from base (x = 0) to tip (x = 1). In order to generate a clear spatial pattern of water status with significant spatial variations, we select an atmospheric water potential ψa =−100 MPa, which represents moderately dry air conditions outside the leaf stomata. Through Equation (1), the relative humidity is estimated to be RH ≈ 48%. The RH can be used to calculate the vapor pressure deficit (VPD) between the inner air space of the leaf and the outside atmosphere (across stomata), which is estimated to be VPD = (1 − RH)P ≈ 1.64 kPa, where P =3.17 kPa is the saturation vapor pressure of water (RH = 100%) at room temperature. The concept of VPD is usually used in plant biology as the driving force of transpiration.


[image: Figure 3]
FIGURE 3. The spatially dependent water potential in a living, uniform model leaf at the steady state. The water potential decreases from 0 (x = 0, the leaf base) to about −2MPa (x = 1, the leaf tip). The one-dimensional numerical simulation result follows the analytical expression. Parameters used in the modeling are listed in Table 1. The steady-state transpiration rate of this model leaf is E = 1.97 mmol · m−2 · s−1.


Other modeling parameters used in this section, though not directly found in previous measurements, are selected to mimic the general trends of static or dynamic behaviors of leaf hydraulics. For example, the resulting steady-state water potential profile in Figure 3 illustrates a monotonically decreasing trend from base to tip, so that the water flow is unidirectional in this uniform model leaf. With the hydraulic resistance parameters we choose, including xylem total resistance R =2 MPa·m2·s·mmol−1 and resistance from xylem to air Ra =50 MPa·m2·s·mmol−1 (so that xylem conductance is 25 times the conductance into air), the leaf water potential is maintained above −2 MPa, below which xylem conduits may embolize and flow may start to cease. The analytical solution in Figure 3 as obtained from Equation S3 in Supplementary Material is a monotonically decreasing function. The numerical simulation of network is conducted by discretizing the leaf into N = 100 nodes from base to tip. The parameters for each node are derived from whole system parameters through the relationships introduced in subsection 2.2, e.g., R(o) = R/N and [image: image]. The simulation result reproduces the spatial distribution of water potential described by the analytical solution, also validating the usefulness of the simulation method which can be used for a more general, expanded network model. With these parameters, the average xylem water potential and total transpiration rate are calculated as [image: image]−1.31 MPa and E = I0 =1.97 mmol·m−2·s−1 according to Equations S7 and S8 in Supplementary Material, which are of the same order of magnitude as typical experimental values (which can be found in textbooks like Jones, 2013). If the distribution of water-storage capacitance is also uniform along the leaf, the local leaf water content will also similarly taper toward the tip, which can be tested by our gravimetric measurements. Parameters used in all the modeling work in this section are summarized in Table 1.


Table 1. Summary of modeling parameters used in this section.

[image: Table 1]



3.2. Exactly Solvable Model: Dehydration of an Excised Leaf

We consider the analytically solved situation of excising a living uniform model leaf in steady state from plant (see Supplementary Section 3). The results in Equations (10) and (11) show that the time dependence of both average xylem water potential and total transpiration current is characterized by a time constant τ = C(Rc + Ra) in an exponentially decaying trend in the dehydration process, as long as the stomatal resistance is kept unchanged. Figure 4 illustrates the time dependence of total transpiration rate E, which continuously decreases from the steady-state value 1.97 mmol m−2 s−1 instead of going through a drastic change because of the existence of capacitance. In addition to the same parameters ψa, R and Ra used in Figure 3, we use different sets of capacitance value C and resistance Rc from xylem to capacitor for the whole leaf as labeled in each subplot of Figure 4. The discretized numerical results, which are obtained by conducting the simulation in a 100-node network where C(o) = C/N and [image: image] at each node (relationships from subsection 2.2 where N = 100) with time interval Δt = 0.01 min, match the analytical expressions with time constant τ, revalidating the simulation method. These results are based on the critical assumption that all hydraulic elements are constant including transpiration resistance Ra, which leads to a large drop of average xylem water potential [image: image] to very negative, non-physiological values in a matter of minutes (see Supplementary Figure 1). The decrease of transpiration rate, which would become nearly 0 ultimately as [image: image] drops to nearly ψa, is entirely induced by the huge decline of [image: image] instead of closing stomata, as the E–[image: image] plot shows in Supplementary Figure 2. The calculations shown here are mainly used to explore the function of capacitors in the adjustment of leaf water status, emphasizing their importance for the stabilization and resilience of plant hydraulics, while ignoring other factors such as Ra.


[image: Figure 4]
FIGURE 4. The time dependence of total transpiration rate through stomata when a living, uniform model leaf in steady state is removed from a plant and the water source is closed at the base. The 1D simulation results match the analytical exponential decay expressions, with time constants τ = C(Rc + Ra). The temporal variations of average water potential in xylem are similar. Various sets of whole-leaf capacitance C and xylem-to-capacitor resistance Rc values are used, while other parameters are the same as those in Figure 3. The effect of increasing (or decreasing) the capacitance C on the rate of change is shown to be much larger than that of the increase (or decrease) of Rc.


As predicted by the theoretical calculations and proven by the numerical simulations, both capacitance C and resistance Rc are shown to play an important role in the dehydration dynamics of a model leaf experiencing the removal of water source, which models the behavior of plant water status in a severe drought condition. It turns out that within the ranges of parameters we choose, the variation of C, which is directly proportional to τ, would exert a much larger influence on the time scale and rate of change in the dehydration process than the effect of varying Rc. While Rc increases from 1 MPa·m2·s·mmol−1 (same order of magnitude as R) to 50 MPa·m2·s·mmol−1 (comparable to Ra), which is a fifty times increase, the time constant τ is only increased by less than two times. These observations of a model leaf indicate that an effective strategy for a plant to be more resilient under water stress and to survive a drought would be to enlarge its water-storage capacitance, the ability to contain large amount of water, rather than to increase the resistance of pathways connecting xylem and capacitors. In a real-life plant, whose stomatal resistance is changeable and sensitive to the water status, a drought stressed condition and decreasing water content would trigger the closing of stomata, drastically increasing Ra, which also prolongs the time constant and slows down the decrease of water potential (while ceasing transpiration), providing another effective strategy to overcome water stress.



3.3. Numerical Simulations of Leaf Water Status in Changing Environments

We consider the response of a living, fully hydrated plant leaf to an instant change of atmospheric conditions, such as a sudden increase or decrease of relative humidity (RH) in the air, which is related to a rise or drop of atmospheric water potential through Equation (1). The results are generated by simulating the 100-node discretized network (with simulation time step Δt = 0.01 min). We start from modeling a well-watered leaf in the steady state using the parameters for Figure 3 (ψa =−100 MPa, RH ≈ 48% and VPD ≈ 1.64 kPa), which is the same initial state in Figure 4, and at time t = 0 instantly change the value of ψa, resulting in a continuous change of average water potential in xylem starting from −1.31 MPa as shown in Figure 5. As ψa is raised to −50 MPa, when the air is more humid (RH ≈ 70%) and the vapor pressure deficit across stomata becomes smaller (VPD ≈ 0.965 kPa), [image: image] also increases gradually toward a new steady-state value −0.656 MPa, which is determined by the new ψa value through Equations S7 and S8 in Supplementary Material with constant resistance values R and Ra. Similarly, as ψa is dropped to −150 MPa, when the air is drier (RH ≈ 34%) and VPD becomes larger (2.1 kPa), [image: image] will decrease with time to an ultimate steady-state value −1.97 MPa. The analytical expressions for the time dependence of [image: image], as illustrated in Figures 5A,B for increasing and decreasing ψa, respectively, are not explicitly available, but we can fit the profiles of [image: image] to exponential decay curves with time constant τ shown in the legend. The time constant for a certain set of C and Rc values turns out to be identical in both air wetting and drying situations, proving that the specific dynamics of leaf water status depends only on the internal hydraulic traits rather than external environments. In Supplementary Figure 3, the total transpiration rate E obtained in this modeling changes with time in a slightly different way, in which E would abruptly jump from its original steady-state value 1.97 mmol·m−2·s−1 to a new lower (decreasing VPD) or higher value (increasing VPD), and then gradually change with the same exponentially decaying trend and time constant as [image: image], to steady-state values 0.987 mmol·m−2·s−1 and 2.96 mmol·m−2·s−1 for cases in (A) and (B), respectively.


[image: Figure 5]
FIGURE 5. The time dependence of average water potential in xylem, when ψa is abruptly increased from −100MPa to −50MPa (A) where the air is wetted and VPD is decreased from 1.64 to 0.965kPa, or decreased from −100MPa to −150MPa (B) where the air is dried and VPD is increased from 1.64kPa to about 2.1kPa. Various sets of C and Rc values are used, while other parameters are the same as those in Figure 3. In both situations, the time constants τ corresponding to the same C and Rc values are identical as labeled in the legend.


The continuous change of average xylem water potential and the avoidance of drastic variation in a short time are another illustration of the functions of leaf water-storage capacitance C, as well as resistance Rc from xylem to capacitors, in stabilizing the plant hydraulics and reducing the variation of water content. The instant changes of ψa and VPD are used to model the effects of transient changes of wind condition, which would cause the leaf to lose water and dehydrate under the influence of a drying atmosphere even when the plant is well watered. It turns out that the effects of changing C and changing Rc on the time dependence of [image: image] are similar in this case within the ranges of parameters we choose. While making the capacitance twice as large will exactly increase the time constant to two times, suggesting a direct proportionality between C and τ, we find that doubling Rc will also make τ increase to a little lower than two folds. The weaker effect of Rc is possibly related to the presence of unchanging Ra. This observation once again points to the effective strategy for a plant to overcome hydraulic destabilization and water loss due to negative environmental disturbances, by increasing either C or Rc of the leaf.

The stabilization of [image: image], however, only represents an average effect over the whole leaf from base to tip. The local xylem water potential ψ, which varies spatially in the leaf, would stay close to 0 near the base (x = 0) but would still become very negative near the tip (x = 1). An example is demonstrated in Figure 6, where the dynamics of spatially dependent water potential is simulated and its snapshots are plotted at multiple time points along the simulation. The figure shows the detailed changes of ψ according to the same hydraulic parameters and atmospheric condition of the black solid line in Figure 5B, where ψa decreases from –100 to −150 MPa instantly at t = 0 and VPD increases from 1.64 kPa to about 2.1 kPa. Within tens of minutes, the average potential [image: image] is stabilized at around −2 MPa (specifically −1.97 MPa) which is the new steady state at the lower ψa, while the profile of ψ maintains a monotonically declining trend but lowers quantitatively with time. The rate of the lowering of ψ is initially faster and slows down later, corresponding to the exponential decay of [image: image]. Even though the xylem average water potential is always higher than −2 MPa, the local water potential near the tip would experience severe water stress (which is assumed to be lower than −2.5 MPa here) after a short time. This severely stressed water potential is presumably lower than the value required for the normal functioning of a plant leaf, and would thoroughly dehydrate the leaf portion under this negative potential, making it lose physiological functions. For example, in about 20 min after the instant change of ψa and VPD, the leaf portion at x > 0.9 (between the vertical dotted line and the tip at x = 1.0 in Figure 6) would experience the low water potential and severe stress, and would be quickly dehydrated even when the average water status of the whole leaf is still relatively high. As the simulation proceeds with time, the leaf portion near the tip undergoing severe water stress would enlarge and the left boundary of this region (the vertical dotted line) would move to smaller x. This discovery calls for caution when studying the average water status of a leaf, which may be in a safe range for the leaf tissue to stay healthy, while the local water potential (especially at the tip) may be very negative and the leaf can be partly dehydrated, losing part of its functionality. A large capacitance C, and also large resistances Rc and Ra, could help to delay the lowering of water potential by increasing the time scale τ, so that even the tip potential could be held at a high level to avoid dehydration for a relatively long time. A real-life living plant leaf would most likely close stomata and immediately raise Ra, when facing dry wind in the air and going through quickly rising VPD.


[image: Figure 6]
FIGURE 6. The temporal variation of spatially dependent water potential in xylem, when the atmospheric water potential ψa is instantly decreased from −100MPa to −150MPa where the air is dried. Parameters used are identical to those used for the black curves in Figure 5. The horizontal line labels the upper limit of presumed water potential under severe stress.




3.4. Experimental Measurement Results of Water Content Distribution in A. villosa Leaves

The experimental data of the spatial variation of leaf water potential is usually difficult to obtain by using common techniques, while the measurement of local water content distribution is quantifiable by gravimetric methods. Figure 7 shows the different measurement results of local water amount averaged over leaf dry mass (to account for both leaf area and thickness) in leaves of the grass A. villosa when exposed to light or in dark conditions. It is observed that the leaves in darkness (where stomata are presumed to be closed) sustain a more evenly distributed water content, while leaves in light conditions (where stomata are presumed to be open) hold more water near the base but gradually decreasing water amount toward the tip, reflecting the declining trend of water potential. The statistical difference between the dark and light measurement results is most significant in the rightmost leaf segment nearest to the tip. Both observations as well as their difference actually demonstrate the usefulness of our modeling methods. The light treatment result indirectly confirms the finding in Figure 3. The dark treatment result, on the other hand, matches the prediction from Figure 1 that when stomata are closed and transpiration is stopped ([image: image]), in a fully hydrated steady state all currents (water flow) would also stop, leading to xylem water potential ψi = ψ0 throughout the xylem vessel and water content uniformly distributed along the leaf. See Supplementary Material for additional measurement data.


[image: Figure 7]
FIGURE 7. The experimental measurements of the mass of water content averaged over leaf dry mass (both in grams), in each of the five leaf portions of equal length. Six leaves of the grass Anthaenantia villosa in light conditions and six leaves of the same species in dark conditions are used in the measurements. Error bars represent standard deviations. A more even distribution in leaves in darkness and a tapering trend from base to tip in leaves exposed to light are observed. The two sets of data are plotted with a horizontal shift of 0.01 to show error bars.





4. DISCUSSION

One of the central assumptions of our theoretical modeling work on uniform grass leaf model is the constant resistance Ra from xylem to the atmosphere. This assumption implies that the stomatal resistance to water vapor flow is steady and independent of environmental changes within the modeled time period, a highly hypothetical stomatal behavior which is usually not accurate in a living plant. However, this idealized behavior is most helpful for focusing on the effects of water-storage capacitance and its associated resistance while avoiding the complication of a changeable stomatal resistance. This assumption is not trivial or baseless even from a plant biological point of view when studying short-term behaviors. It is shown that beginning with a well-watered state, both stomatal conductance and transpiration rate are stabilized and would not decrease significantly even when leaf water potential starts to drop, as long as the potential is higher than a threshold that causes stomata to react, increasing their resistance and ultimately closing (Brodribb, 2009; Choat et al., 2018). In fact, the dynamic processes modeled in this work all start from a well-watered steady state, and the results are meaningful for the study of initial changes and reactions of a leaf blade in response to instant or short-time variations of water conditions, which are exactly what is considered in the hypothesized dynamic scenarios.

In order to model the long-term dehydration dynamics, we would need to incorporate the dependence of stomatal resistance (and thus Ra), on the leaf water status. The large Ra used in our modeling (compared with xylem hydraulic resistance) in the pathway from xylem to the atmosphere is mainly comprised of two parts, namely the stomatal resistance Rs and the outside-xylem resistance Rox which is mostly through mesophyll and is also referred to as mesophyll resistance (Xiao and Zhu, 2017; Xiong et al., 2017). If we consider Ra as a variable dependent on water content W, we can assume Ra(W) = Rs(W) + Rox in which Rs is a function of W and Rox is a constant. We assume that the water content of the leaf when well-watered is W0, so that Rs(W0) = 0 and Ra(W0) = Rox when the leaf is fully hydrated (W = W0) and stomata are open, and thus Rox between xylem and stomata provides the minimum resistance in the transpiration pathway. The lumped model in Figure 2 is helpful for estimating the importance of the stomatal sensitivity to leaf water content (contained by capacitors) in controlling the transpiration rate. We suppose that when the leaf is slightly dehydrated from W0 to a water content W < W0, both whole-leaf lumped capacitor and stomatal resistance depend linearly on W (effectively expanded to the first order). For the linear capacitor, we have its voltage V(W) = W/C as a function of W, where C is the regular capacitance. For the linear stomatal resistance, we have Ra(W) = Rox + s(W0 − W) in which Rs(W) = s(W0 − W) where s is a positive linear measure of the sensitivity of Ra (and Rs) to W, so that Ra and Rs increase with decreasing W according to the expected behavior of real-life stomata. From Equations S22–S25 in Supplementary Material, we calculate the expressions of ψx, Ix, Ia and Ic (all found in Figure 2) in terms of given terminal water potentials (ψp and ψa) and electrical traits including V(W) and Ra(W). From the dependence of Ic on W and the relation Ic = dW/dt, we calculate a steady-state expression for W which represents the static water status of a living leaf. Furthermore, by substituting this steady-state W into the expression of Ia, we obtain the following estimate of the relationship between terminal potentials and Ia (showing the highest-order term):

[image: image]

which emphasizes the essential functions of leaf capacitance C, xylem hydraulic resistance Rx and the stomatal sensitivity to water content in limiting the increase of transpiration current Ia with an increasing water potential deficit ψp − ψa between inside and outside of the leaf. In this way both capacitance and stomatal control are shown to be helpful for keeping water content and reducing water loss in transpiration.

If the dehydration lasts longer and the leaf approaches severe stress (such as water potential below the limit of severe water tress in Figure 6), the xylem hydraulic conductance would also start to decrease due to the formation of embolism or cavitation, air bubbles blocking water flow in xylem vessels (Tyree and Ewers, 1991; Sack and Holbrook, 2006; Choat et al., 2012, 2018; Jones, 2013; Stroock et al., 2014). The dependence of xylem conductance on water potential is conventionally approximated as a logistic function with the shape of a sigmoid curve, in which the loss of conductance is negligible at relatively high potential and grows more rapidly with further lowering potential. Indeed, the incorporation of xylem and stomatal conductances dependent on water potential is applied in several theoretical models, in which the stomatal dependence is also treated as sigmoidal or approximately piecewise linear functions (Mencuccini et al., 2019). Alternatively, a more direct stomatal dependence on VPD can also be established and implemented (Grossiord et al., 2020). Most recently, the sigmoidal behaviors of both xylem and stomatal conductances are applied in a spatially explicit study (Jain et al., 2021). The specific biophysical and biochemical mechanisms that control stomatal opening through water status, including the turgor pressure of guard cells and epidermal cells around stomata and the use of plant hormone abscisic acid, are broadly explored by existing literature (Buckley, 2005). If the spatial variation of stomatal conductance (or resistance) along leaf surface is also included, the model would need to take into account anatomical data over leaf blade, including sizes and spatial distributions of stomata and xylem vessels (Ocheltree et al., 2012; Rockwell and Holbrook, 2017). It would be necessary to incorporate not only the overall dependences of whole-system hydraulic traits on average water status in the large scale (such as sigmoid), but also small-scale quantitative relationships between stomatal and xylem resistances at fine spatial resolution and their local water potential or content, to make full use of our spatially explicit capacitive model. We expect to experimentally measure these fine-resolution quantities and implement the experimental inputs in future modeling. For the completeness of the current work, we have uploaded the source code of grass leaf simulations for interested readers to try simulating leaves with extra spatial variations or stomatal features. (See the data availability statement.)

Under the assumption of constant stomatal opening, our computation and simulation results indicate that both capacitance C and the resistance Rc from xylem to capacitors play significant roles in defining the time constant τ, which determines the rate of change in a dehydration (or hydration) dynamics. Both C and Rc are positively related to τ, and thus a plant with large C or Rc can effectively slow down dehydration under short-term water stresses and maintain leaf-water potential higher than the threshold which causes stomata to close and so that photosynthesis and other physiological functioning can proceed. Similar time constants (as product of whole-system hydraulic resistance and capacitance) were described in previous literature (Chuang et al., 2006; Meinzer et al., 2009). This maintenance of water status can be observed in experimental studies of grass leaves. Specifically, in a leaf that dehydrates slowly (possibly due to larger capacitance), stomatal conductance would change less with atmospheric humidity and VPD by a smaller magnitude of slope compared to a leaf showing faster dehydration dynamics. The two types of water-storage cells in grass leaves, bulliform and bundle sheath, are different in their specific capacitance values C, which are related to cell wall rigidity or elasticity, and also in Rc values. Bundle sheaths are much closer to xylem conduits which are contained in vascular bundles, while bulliform cells are mostly distributed in the epidermis on the upper side of a leaf. The longer water pathways from xylem to bulliform may lead to larger Rc and greater contribution to the delay of water loss. In our simulation, using two sets of capacitors and resistors could be feasible when dealing with the cell types. In certain plants, a variable capacitance depending on water status was observed (Salomón et al., 2017) and could be additionally applied. The baseline osmotic potential ψs of water storage, which is determined by the most negative osmotic potential due to the presence of aqueous solutes in leaf cells and does not play an explicit part in this study, can be obtained by measuring C and water content W = C(ψx − ψs) where ψx is the steady-state mean potential in xylem. These measurements can be achieved through pressure-volume (PV) curves, which measure the interdependence between leaf potential and water content (Abrams, 1988; Jones, 2013). Another factor worth considering when studying water flows outside of xylem, both to stomata for transpiration or to leaf cells for storage, is the actual form of water transport. Recent modeling efforts have specifically investigated the relative importance of symplastic (through cell cytoplasm), apoplastic (inside cell wall but outside cell membrane), and gaseous pathways (especially in transpiration), as well as the exact site of exiting water evaporation (either near vascular bundle or near stomata and epidermis) which may complicate the hydraulic condition inside a leaf (Rockwell et al., 2014; Buckley, 2015; Buckley et al., 2017).

Our spatially explicit modeling methods provide a new theoretical approach to the study of fluid dynamics of general flow networks with fluid-storage function. Such networks are not necessarily hydraulic vascular networks found in plant leaves, but could also be found in other water transport systems such as river networks. The applicability of the modeling methods to plant biology has been illustrated in the computation and simulation results of grass leaf hydraulics. The use of grass leaves as a model benefits from not only simpler stomata and venation arrangements than dicots, but also the clear presence of water-storage cells (capacitors). The spatially dependent xylem water potential profile, which decreases from base to tip in well-watered steady state (Figure 3) when capacitors are static, compares qualitatively well with earlier calculation results of wheat leaves by Altus et al. (1985) and most recent experimental measurements (using a novel method) and theoretical predictions of maize leaves by Jain et al. (2021), as well as water potential gradients along sugarcane stems (Meinzer et al., 1992). By tuning the biologically relevant parameters we choose, we can reproduce quantitatively matching results, though these previous studies considered local resistances without explicit water storage. The measurement results of the spatial distribution of water content in A. villosa leaves in Figure 7, which are statistically different toward leaf tip between light and dark conditions, also support key predictions and the effectiveness of the model.

To further improve the ability of our model to accurately predict leaf hydraulic behaviors, we can implement the grass leaf vascular architecture with hierarchy, where major lateral veins and minor intermediate veins are parallel and connected by transverse veins, as shown by Altus et al. In fact, hierarchical structures exist among all plant leaf networks, especially dicotyledonous leaves whose veins are not parallel but instead form branches and loops. It has been experimentally found in dicot leaves that major veins (with high conductivity) are useful for distributing water throughout the leaf blade evenly in a fast manner, and minor veins (with high resistivity) are used to deliver water to leaf cells (Zwieniecki et al., 2002). This observation has also been simulated by a resistor-only model to verify the functions of multiple levels of veins with different resistances in a mesh network (Cochard et al., 2004). Our modeling could help to reveal the function of capacitance in water flow dynamics and balancing of water distribution in similar networked systems. At each level of the hierarchy, the continuous anatomical narrowing of xylem conduits from leaf base to tip can also affect the water potential pattern (Lechthaler et al., 2020) and can be implemented in our model with a large number of nodes. Along with hierarchical considerations, and guided by empirical sub-leaf scale data, we plan to apply more biologically realistic anatomical and physiological inputs in future simulation studies based on our current model. We can then gain a better understanding of the importance of capacitance in time-dependent leaf hydraulic behavior in both natural and agricultural settings to help explain evolutionary adaptations of plants to manage water, and, eventually inspire more efficient agricultural practices.
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The atmospheric vapour pressure deficit (VPD) has been demonstrated to be a significant environmental factor inducing plant water stress and affecting plant photosynthetic productivity. Despite this, the rate-limiting step for photosynthesis under varying VPD is still unclear. In the present study, tomato plants were cultivated under two contrasting VPD levels: high VPD (3–5 kPa) and low VPD (0.5–1.5 kPa). The effect of long-term acclimation on the short-term rapid VPD response was examined across VPD ranging from 0.5 to 4.5 kPa. Quantitative photosynthetic limitation analysis across the VPD range was performed by combining gas exchange and chlorophyll fluorescence. The potential role of abscisic acid (ABA) in mediating photosynthetic carbon dioxide (CO2) uptake across a series of VPD was evaluated by physiological and transcriptomic analyses. The rate-limiting step for photosynthetic CO2 utilisation varied with VPD elevation in tomato plants. Under low VPD conditions, stomatal and mesophyll conductance was sufficiently high for CO2 transport. With VPD elevation, plant water stress was gradually pronounced and triggered rapid ABA biosynthesis. The contribution of stomatal and mesophyll limitation to photosynthesis gradually increased with an increase in the VPD. Consequently, the low CO2 availability inside chloroplasts substantially constrained photosynthesis under high VPD conditions. The foliar ABA content was negatively correlated with stomatal and mesophyll conductance for CO2 diffusion. Transcriptomic and physiological analyses revealed that ABA was potentially involved in mediating water transport and photosynthetic CO2 uptake in response to VPD variation. The present study provided new insights into the underlying mechanism of photosynthetic depression under high VPD stress.

Keywords: abscisic acid, evaporative demand, mesophyll conductance, plant water status, stomatal conductance


INTRODUCTION

Carbon dioxide (CO2) is significant for plant photosynthesis, growth, and yield production. Although CO2 fertilisation and globally elevated trends are expected to improve crop photosynthesis and yield, large evidence has shown that the magnitude of such enhancement is constrained by other climate change-derived phenomena, such as more extreme and frequent environmental stress (Norby, 2002). The bottlenecks constraining the CO2 utilisation efficiency are limited CO2 acquisition and assimilation. It has been recognised that CO2 movement and carbon fixation are regulated by environmental factors. There is increasing evidence from physiology and crop production that high vapour pressure deficit (VPD) induces plant water stress and inhibits photosynthetic productivity (Lu et al., 2015; Zhang et al., 2015). Few previous studies have quantitatively addressed the components of photosynthetic limitation across a series of VPD. The rate-limiting step for photosynthetic CO2 transport and utilisation under different VPD conditions was highly uncertain. A quantitative limitation analysis consisting of stomatal, mesophyll, and biochemical limitations is essential to reveal the underlying mechanism by which the VPD affects the photosynthetic process.

Photosynthetic CO2 uptake and transport are constrained by a series of resistances, which have been simplified into stomatal and mesophyll resistance (Tholen and Zhu, 2011). Guard cells of stomata are the first barrier for gas exchange and modulate photosynthetic CO2 uptake and transpiration (Lawson and Blatt, 2014). Large evidence has shown that CO2 movement from the substomatal cavity to the carbon fixation site is constrained by great mesophyll resistance (Niinemets et al., 2009; von Caemmerer and Evans, 2010; Flexas et al., 2012; Kaldenhoff, 2012; Sharkey, 2012; Li et al., 2019b). In addition to stomatal resistance, mesophyll resistance also substantially constrains the photosynthetic rate, especially for C3 plants. Environmental fluctuations are thought to profoundly affect CO2 uptake and transport. Leaf anatomical properties determine the maximum potential conductance for gas or liquid phase diffusion. Some studies attributed photosynthetic limitations to anatomical adaptations under high VPD stress, such as reduced stomatal size, stomatal density, vein density, and mesophyll surface area (Fanourakis et al., 2016, 2020; Du et al., 2019). CO2 uptake and water loss share some common pathways, such as stomatal and intercellular spaces. Anatomical adaptations prevent excessive water loss, which simultaneously increases diffusion resistance for CO2 uptake. In addition to the anatomical determination over long-term adaptations, much evidence has shown that stomatal and mesophyll conductance respond rapidly and sensitively to external environmental variation (Xiong et al., 2015; Li et al., 2019a,b). The field and greenhouse VPD fluctuate dramatically over the diurnal course, which significantly affects the photosynthetic process. However, less attention has been given to reveal the mechanism of the rapid response of CO2 diffusion conductance across a series of VPD.

It has been widely reported that the plant hormone abscisic acid (ABA) is involved in various abiotic stresses and acts as a signalling molecule in response to drought, salinization, heat, and so on (Fang et al., 2019). Cellular ABA accumulation is an important dehydration-sensing and water balance-maintaining mechanism, which has special implications in stomatal closure and the decline of hydraulic conductance (Sack et al., 2018). ABA prevents excessive water loss and enhances crop drought tolerance by signalling pathways. As a C3 plant species, the photosynthetic and yield potential of tomato plants is greatly limited by the low CO2 availability inside chloroplasts. The excessive evaporative demand under high VPD exceeds root water uptake capacity and triggers plant water deficit in tomato plants, which contributes to photosynthetic depression and yield loss (Zhang et al., 2017, 2018; Li et al., 2019b). We hypothesised that ABA plays a significant role in preventing transpiration under high VPD-induced plant water deficit, which simultaneously constrains photosynthetic CO2 uptake and acquisition. Identifying the rate-limiting step for photosynthetic CO2 acquisition under contrasting VPD and revealing the mechanism has significant implications for both basic plant sciences and crop production.

To investigate the effect of long-term acclimation on the short-term rapid VPD response, the implications of leaf anatomical properties and ABA in modulating CO2 transport across a series of VPD ranges were addressed by physiological and transcriptomic analyses. Three questions were addressed in the present study: (1) How did stomatal and mesophyll conductance tune with the VPD? (2) How did the contribution of stomatal and mesophyll limitation to photosynthesis vary with the VPD? (3) How did ABA tune with the VPD and correlate with stomatal and mesophyll conductance?



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The experiment was conducted in two environmentally controlled greenhouses with the same characteristics (15 m in length, 10 m in width, and 3.5 m in height, north-south oriented) under spring-summer climatic conditions from May to August 2018. Two widely grown tomato cultivars (JinPeng NO.1, CV1, JinPeng & Co., Ltd., China; FenGuan, CV2, ZhongYa & Co., Ltd., China) with relatively distinct VPD responses were examined (Du et al., 2020). Seeds were sown in plugs for germination and transplanted at the four-leaf stage to 4.5 L plastic pots containing the same amount of organic substrate and perlite mixture in a 3:1 proportion (v/v). Soil moisture was maintained at ~90% container capacity according to a previous method (Zhang et al., 2017). Plants were periodically trimmed to maintain rapid vegetative growth throughout experiments. Plants were grown in two environmentally controlled greenhouses and maintained under the same growth conditions but contrasting VPD. A high VPD was achieved in a natural greenhouse environment, with a VPD of ~3–5 kPa around midday, while low VPD was maintained in the range of.5–1.5 kPa by humidification. A high-pressure micro-fog system was activated when the VPD exceeded the target values, and the characteristics of the system were described in detail in a previous study by Zhang et al. (2018). The average daily meteorological data inside the greenhouse during the growth period were ~maintained at a temperature of 20–32°C, relative humidity of 50–75%, and photosynthetically active radiation of 45–65 Wm−2.

The effects of VPD perturbations on leaf photosynthetic performance and plant water status were investigated ~50 days after treatments. Afterward, 15 uniform plants from each treatment were selected as samples and transferred to growth cabinets in the evening prior to photosynthetic measurements. The light and temperature of the growth cabinets were controlled steadily at normal levels throughout the experiment.



Leaf Gas Exchange and Chlorophyll Fluorescence

Leaf gas exchange and chlorophyll fluorescence were measured simultaneously on healthy and expanded leaflets at the same nodes by portable gas exchange systems equipped with a leaf chamber fluorometer (LI-6400, Li-Cor, Inc., Lincoln, NE, USA). All portable gas exchange systems were enclosed in growth cabinets. The VPD inside cabinets and the leaf chamber was simultaneously controlled across a series gradient of 0.5, 1.5, 2.5, 3.5, and 4.5 kPa. The temperature, light, and CO2 concentrations were controlled at the following constant and steady conditions throughout the experiment: temperature of 28 ± 1°C; saturating photosynthetic photon flux density (PPFD) of 1,100 μmol m−2 s−1; CO2 concentration of 400 μmol mol−1. The VPD was increased stepwise across the gradients for at least 60 min until photosynthesis and the plant water status achieved a new steady state.

The curve of the photosynthetic rate (Pn) vs. intercellular CO2 concentration (Ci) was determined using a previous procedure (Li et al., 2019b), across the VPD range of 0.5–4.5 kPa. Briefly, a Pn-Ci curve was generated by controlling the ambient CO2 concentration (Ca) from 400 to 300, 200, 150, 100, and 50 μmol mol−1 and then increased to 400 μmol mol−1. After re-achieving a steady-state at 400 μmol mol−1, Ca was increased gradually from 400 μmol mol−1 to 1,200 μmol mol−1. The carboxylation efficiency (CE) was estimated according to linear regression of the Pn-Ci curve in the range of Ca ≤ 200 μmol mol−1 (Sun et al., 2016). The maximum rate of Rubisco carboxylation capacity (Vcmax) and maximal rate of electron transport (Jmax) were determined according to the FvCB model (Farquhar et al., 1980).



Estimation of Photosynthetic CO2 Diffusion Conductance

Carbon dioxide diffuses via stomatal and mesophyll barriers in a series circuit, which was driven by the CO2 partial pressure gradient (Li et al., 2019b). Stomatal conductance for CO2 diffusion (gsc) was determined according to the water diffusion conductance (gsw) and the ratio between molecular diffusivities of water and CO2 in gas (Giuliani et al., 2013). The mesophyll conductance (gm) was estimated by the variable J method (Harley et al., 1992):
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where Pn is the net photosynthetic rate and Ci is the intercellular CO2 concentration. Pn and Ci were measured by steady-state gas exchange. Rd is the mitochondrial respiration rate in the light, and Γ* is the CO2 compensation point inside the chloroplast. Rd and Γ* were calculated according to a previous study by Laisk and Oja (1998). Briefly, Pn-Ci curves were measured at two light intensities (75 and 500 μmol m−2 s−1) at CO2 concentrations of 30–120 μmol mol−1. Γ* (x-axis) and Rd (y-axis) were derived according to the intersection point of the Pn-Ci curves. J is the electron transport rate, which was calculated as described by a previous study (Tomas et al., 2013).

According to the series circuit, the total CO2 diffusion resistance (1/gtot) can be determined as 1/gtot = 1/gs + 1/gm (Niinemets et al., 2009). Therefore, gtot can be determined as:
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Partitioning of the Photosynthetic Limitation

The photosynthetic limitation was divided into the components of stomatal limitation (Ls), mesophyll limitation (Lm), and biochemical limitation (Lm). The proportions of individual components imposed on photosynthesis were determined as follows (Muir et al., 2014; Li et al., 2019b):
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By definition, Ls + Lm + Lb =1; ∂A/∂Cc was determined as the slope of the Pn-Cc curves at CO2 concentrations of 40–110 μmol mol−1.



Determination of the Plant Water Status

Once photosynthetic measurements were completed, the adjacent leaflets were harvested for the determination of the water status of the plant. The leaf water potential (Ψleaf) was measured by a pressure chamber (PMS-1000, PMS Instruments Inc., Corvallis, OR, USA). An extra test was performed where Ψleaf of adjacent leaflets was compared, and no differences in Ψleaf were detected between two adjacent leaflets. Some plants were kept in dark conditions for ~8–10 h for the determination of the soil water potential (Ψsoil) (Tsuda and Tyree, 2000). Since water movement was ~zero under dark conditions, Ψsoil remained relatively constant and can be assumed to equal the xylem pressure potential of leaves under dark conditions.



Leaf Morphology

After determination of the plant water status, the leaflet area was measured by a leaf area metre. The leaflet samples were dried at 80°C in an oven to a constant dry mass and weighed. The leaf mass area (LMA) was determined as the ratio of leaf dry mass to leaf area.



Leaf ABA Concentration

After reaching the steady-state of photosynthesis, leaflets were harvested for ABA detection and transcriptome sequencing. Phytohormone contents were determined by a liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS) system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system, www.shimadzu.com.cn/; MS, Applied Biosystems 6500 Triple Quadrupole, www.appliedbiosystems.com.cn/). Briefly, the leaflets for photosynthetic measurements were harvested and frozen in liquid nitrogen. The samples were extracted with methanol/water/formic acid and filtered before LC-MS/MS analysis. The detailed protocol was described on MetWare (http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform. Samples were detected with three biological replicates.



RNA Extraction and Transcriptome Sequencing

Total RNA was extracted from leaflet samples for transcriptome sequencing, according to a previous study (Zhang et al., 2019b). Sequencing libraries were constructed using the UltraTM RNA Library Prep Kit for Illumina (NEB, USA) according to the instructions of the manufacturer. The detailed protocol was described in a previous study, which was briefly described in a simplified diagram.



Sequencing Data Analysis

The clean data were obtained by processing the raw data through in-house Perl scripts. The low-quality data and sequencing adapters were trimmed. The fragments per kilobase of transcript per million fragments mapped (FPKM) was calculated based on gene length and read counts. Differentially expressed genes (DEGs) were assigned according to the adjusted P < 0.05. Gene ontology (GO) enrichment was determined by submitting DEGs to the GO database to classify the genes. Kyoto Encyclopaedia of Genes and Genomes (KEGG; https://www.genome.jp/kegg) was used to perform pathway enrichment analysis. Terms with corrected P < 0.05 were identified as significantly enriched by DEGs. To confirm the reliability of transcriptome sequencing, 10 candidates expressed genes in RNA-seq were simultaneously evaluated by qRT–PC analysis. The qRT–PCR values were linearly correlated with the RNA-seq FPKM values (P < 0.001).



Statistical Analyses

All statistical analyses were performed using SPSS 19. One-way ANOVA was used to determine the significant difference of average values according to Tukey's test (P < 0.05). Regression analysis was performed by Microsoft Excel.




RESULTS


Effect of VPD on Water Transport Forces Along the Soil-Plant-Atmospheric Continuum

Vapour pressure deficit significantly affected the distribution of water potential along the soil-plant-atmospheric pathway (Figure 1). Atmospheric evaporative demand increased with VPD elevation, which triggered plant water stress and a linear decline in the leaf water potential (Figure 1A). With VPD elevation, the drawdown of Ψleaf in high-VPD-grown plants was less than that in low-VPD-treated plants according to the slope of linear regression (Figure 1A). The driving force for passive water flow between the soil and leaf (ΔΨ soil−leaf) increased with the VPD, and the magnitude of the increase was greater in low-VPD-grown plants than high-VPD-grown plants (Figure 1B). Since Ψleaf was negligible compared with the large negative air potential, the water driving force at the leaf-air boundary (ΔΨleaf−air) increased dramatically with an increase in the VPD (Figure 1C). The magnitude of the increase in ΔΨleaf−air was considerably greater than that of ΔΨsoil−leaf, and the difference between ΔΨleaf−air and ΔΨ soil−leaf was enlarged with the VPD: the ratio of ΔΨleaf−air to ΔΨsoil−leaf increased logarithmically from ~50 at 0.5 kPa to 150 at 1.5 kPa and then maintained at a steady level (Figure 1D). The statistical analyses of the plant water status are shown in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Effect of the vapour pressure deficit (VPD) on the spatial distribution of the water potential and driving force (ΔΨ) between two spatial positions. Values are the mean ± SE (n = 4~6 replicates). The regression lines shown are: (A) HVPD, Ψleaf = −0.242 VPD −0.358, R2 = 0.92; LVPD, Ψleaf = −0.258 VPD −0.347, R2 = 0.93. (B) HVPD, ΔΨsoil−leaf = 0.242 VPD + 0.118, R2 = 0.94; LVPD, ΔΨsoil−leaf = 0.251 VPD + 0.13, R2 = 0.93. (C) HVPD, ΔΨleaf−air = 49.8 VPD −6.86, R2 = 0.98; LVPD, ΔΨleaf−air = 49.8 VPD−6.86, R2 = 0.98. (D) HVPD, ΔΨleaf−air/ΔΨsoil−leaf = 50.82 ln (VPD) + 109.95, R2 = 0.85; LVPD, ΔΨleaf−air/ΔΨsoil−leaf = 48.63 ln (VPD) + 110.41, R2 = 0.8.




Effect of VPD on the Photosynthetic Parameters of Tomato Plants

The photosynthetic rate responded to CO2 elevation in similar patterns regardless of cultivar and VPD growth conditions: the photosynthetic rate rose rapidly across low CO2 concentrations and then reached a steady state (Supplementary Figure 1). The maximum steady-state photosynthetic rate declined as the VPD increased from 0.5 to 4.5 kPa (Supplementary Figure 1). The maximum carboxylation rate (Vcmax), maximum electron transport rate (Jmax), and CE declined linearly with VPD elevation (Supplementary Figure 2). The drawdown of Vcmax, Jmax, and CE with VPD elevation was moderated in high-VDP-grown plants compared with low-VPD-grown plants according to the slope of linear regression (Supplementary Figure 2). The statistical analyses of photosynthetic parameters across VPD ranges are shown in Supplementary Table 2.



Effect of VPD on the Photosynthetic CO2 Uptake and Transport

The stomatal, mesophyll, and total conductance for CO2 diffusion decreased linearly with VPD elevation, regardless of the cultivar and VPD growth conditions (Figure 2). The magnitudes of drawdown in the stomatal, mesophyll, and total conductance were lower in high-VPD-grown plants than in low-VPD-grown plants for two cultivars (Figure 2).


[image: Figure 2]
FIGURE 2. Effect of the VPD on the stomatal conductance (gs), mesophyll conductance (gm), and total conductance (gtot) for photosynthetic carbon dioxide (CO2) diffusion. Values are the mean ± SE (n = 4 replicates). The regression lines shown are: (A) HVPD, gs = −0.187 VPD + 0.895, R2 = 0.94; LVPD, gs = −0.200 VPD + 0.928, R2 = 0.92. (B) HVPD, gm = −0.126 VPD + 0.661, R2 = 0.95; LVPD, gm = −0.129 VPD + v0.658, R2 = 0.94. (C) HVPD, gtot = −0.0719 VPD +0.365, R2 = 0.95; LVPD, gtot = −0.0798 VPD + 0.384, R2 = 0.94.


The CO2 concentration along the “source-path-sink” was reduced to different extents with VPD elevation (Figures 3A,B). The drawdowns of Ci and Cc caused by VPD elevation were relatively lower in high-VPD-grown plants than in low-VPD-grown plants (Figures 3A,B). Consequently, the CO2 transport efficiency of Ci/Ca, Cc/Ca and Cc/Ci decreased linearly with VPD elevation. The declining slopes of Ci/Ca, Cc/Ca, and Cc/Ci vs. VPD were lower in high-VPD-grown plants than in low-VPD-grown plants (Figures 3C–E). The statistical analyses of CO2 concentrations along the “source-path-sink” across VPD ranges are shown in Supplementary Table 3.


[image: Figure 3]
FIGURE 3. Effect of the VPD on the intracellular CO2 concentration [(A); Ci], carboxylation sites inside chloroplasts CO2 concentration [(B); CC], the ratio of the intercellular to ambient CO2 concentration [(C); Ci/Ca], the ratio of the chloroplast to ambient CO2 concentration [(D); Cc/Ca] and the ratio of the chloroplast to intercellular CO2 concentration [(E); Cc/Ci]. The regression lines shown are: (A) HVPD, Ci = −17.2 VPD + 371.6, R2 = 0.86; LVPD, Ci = −22 VPD + 377.6, R2 = 0.87. (B) HVPD, CC = −31.5 VPD + 331.6, R2 = 0.91; LVPD, CC = −33.5 VPD + 332.2, R2 = 0.88. (C) HVPD, Ci/Ca = −0.0429 VPD + 0.93, R2 =0.86; LVPD, Ci/Ca= −0.055 VPD + 0.94, R2 = 0.87. (D) HVPD, Cc/Ca = −0.0788VPD + 0.83, R2 = 0.92; LVPD, Cc/Ca = −0.0837VPD + 0.83, R2 = 0.87. (E) HVPD, Cc/Ci = −0.0537 VPD + 0.89, R2 = 0.82; LVPD, Cc/Ci = −0.058VPD + 0.91, R2 = 0.89.




Partial Photosynthetic Limitation

The fractions of stomatal, mesophyll, and biochemical limitations imposed on photosynthesis varied with VPD elevation (Figure 4). Under low VPD conditions, the stomatal and mesophyll conductance for CO2 diffusion were high and imposed relatively minor limitations on photosynthesis. The stomatal and mesophyll conductance accounted for a low proportion of photosynthetic limitation, while biochemical carboxylation for carbon fixation was the most significant limitation for photosynthetic processes under low VPD conditions (Figure 4). The fraction of stomatal limitation increased linearly with the VPD, from ~15% at 0.5 kPa to 35% at 4.5 kPa (Figure 4A). A similar pattern was observed in the mesophyll limitation: the fraction of mesophyll limitation also increased linearly with VPD elevation, from ~23% at 0.5 kPa to 33% at 4.5 kPa (Figure 4B). The increments in the fractions of stomatal and mesophyll limitations tended to be less marked in high-VPD-grown plants. In contrast, the fraction of total limitations attributed to the biochemical limitation of carbon fixation gradually decreased linearly with VPD elevation, from ~65% at.5 kPa to 35% at 4.5 kPa (Figure 4C). The statistical analyses of stomatal, mesophyll, and biochemical limitation fractions across VPD ranges are shown in Supplementary Table 4.


[image: Figure 4]
FIGURE 4. Quantitative limitation analysis comparing stomatal [(A); Ls], mesophyll [(B); Lm], and biochemical [(C); Lb] limitations imposed on the photosynthetic rate under varying VPD. The regression lines shown are: (A) HVPD, Ls = 0.0472 VPD + 0.122, R2 = 0.86; LVPD, Ls = 0.0535 VPD + 0.115, R2 = 0.89. (B) HVPD, Lm = 0.0266 VPD + 0.208, R2 = 0.88; LVPD, Lm = 0.0305 VPD + 0.197, R2 = 0.91.


Biochemical limitation accounted for the greatest limitation on photosynthesis under low VPD conditions, regardless of the cultivar and growth conditions (Figure 5). The limitations that stomatal and mesophyll conductance imposed on photosynthesis gradually increased and predominated under high VPD stress (Figure 5). Diffusion limitations, i.e., the sum of the stomatal and mesophyll resistance, were the rate-limiting step for the photosynthetic process under high VPD conditions, which imposed the greatest limitation on photosynthesis in tomato plants (Figure 5).


[image: Figure 5]
FIGURE 5. The dynamic changes in the relative proportions of individual components of photosynthetic limitations across VPD ranges: (A) CV1 grown under high VPD condition; (B) CV1 grown under low VPD condition; (C) CV2 grown under high VPD condition; and (D) CV2 grown under low VPD condition.




Correlations Among gm, gs, Leaf Water Status, and LMA

The mesophyll conductance was significantly and positively correlated with the stomatal conductance (Supplementary Figure 3A). Meanwhile, the stomatal and mesophyll conductance for CO2 diffusion were closely linked to the leaf water status, wherein significant and positive correlations were found in the leaf water potential vs. the stomatal and mesophyll conductance (Supplementary Figures 3B,C). Acclimation to VPD modified leaf structural traits, wherein LMA tended to be slightly greater in high-VPD-grown plants than in low-VPD-grown plants (Supplementary Figure 4A). A significant and negative correlation between gm and LMA was observed (Supplementary Figure 4B).



Leaf ABA Concentration and Correlation With CO2 Diffusion Conductance

With VPD elevation, the foliar ABA content increased exponentially (Figure 6A). The leaf ABA content was linearly and negatively correlated with the CO2 diffusion conductance of gs and gm (Figure 6B). The slope of linear regression in gs was more negative than that in gm, indicating that gs was more sensitive to ABA in response to VPD stress (Figure 6B).


[image: Figure 6]
FIGURE 6. Leaf ABA content in response to the VPD (A) and its correlation with the CO2 diffusion conductance of gs and gm (B). The regression lines shown are ABA = 301.3e0.15VPD, R2 = 0.96, P < 0.01; gs = −0.0029 ABA + 1.76, R2 = 0.85, P < 0.01; gm = −0.0019 ABA + 1.19, R2 = 0.88, P < 0.01.




Transcriptomic Analysis of Plant Response Across Series of VPD Ranges

Kyoto Encyclopaedia of Genes and Genomes analysis showed that physiological processes of “metabolic pathway” and “plant hormone signal transduction” were involved in the response to VPD and were potentially associated with ABA biosynthesis and signal transduction (Figure 7). “Metabolic pathway” was the dominant pathway in response to VPD elevation. “Plant hormone signal transduction” also exhibited a significant pathway in response to VPD stress in the range from 1.5 to 3.5 kPa (Figure 7).


[image: Figure 7]
FIGURE 7. KEGG classification analysis of differentially expressed genes under different VPD conditions: (A) 0.5 kPa versus 1.5 kPa; (B) 0.5 kPa versus 2.5 kPa; and (C) 0.5 kPa versus 3.5 kPa.


The enriched genes in the comparison between different VPD treatments were annotated in three main GO categories: biological process, cellular component, and molecular function. A great difference in the top 50 GO enrichment terms was observed between different VPD conditions (Figure 8). In the comparison of 0 with 1.5 kPa and 0.5 kPa with 3.5 kPa, the “ABA-activated signalling pathway” was significantly enriched and was involved in the VPD response (Figures 9A,C). In the comparison of 0.5 kPa with. 2.5 kPa, ABA was potentially involved according to the enriched terms of “cellular hormone metabolic process,” “hormone biosynthetic process,” and “hormone metabolic process”. Gene expression with rising VPD can be classified into 10 patterns according to K-means analysis (Figure 9). Gene expression patterns were mostly classified into the pattern of “Subclass 6” with 768 genes, wherein gene expression remained relatively stable under mild VPD stress and increased dramatically under high VPD water stress (Figure 9). The genes associated with ABA biosynthesis and signal transduction followed different patterns.
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FIGURE 8. Top 50 enriched GO terms of the differentially expressed genes under different VPD conditions: (A) 0.5 kPa versus 1.5 kPa; (B) 0.5 kPa versus 2.5 kPa; and (C) 0.5 kPa versus 3.5 kPa.
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FIGURE 9. Expression model of DEGs across a series of VPD ranges. A, B, C, and D in the X-axis in the figures represent 0.5, 1.5, 2.5, and 3.5 kPa, respectively.





DISCUSSION

The present study assessed the rate-limiting step for tomato plant photosynthesis across a series of VPD ranges and evaluated ABA-mediated regulatory mechanisms according to physiological and transcriptomic analyses. The key rate-limiting step for photosynthetic performance varied with the VPD: under low VPD conditions, stomatal, and mesophyll conductance was high for efficient CO2 transport, which facilitated sufficiently high CO2 availability inside chloroplasts for carbon fixation (Figures 2, 3). With VPD elevation, the stomatal and mesophyll conductance for CO2 transport declined gradually. Consequently, photosynthesis was substantially constrained by the low chloroplast CO2 concentration under high VPD conditions (Figure 3). Therefore, the CO2 diffusion limitation in a series of stomatal and mesophyll resistances was the key rate-limiting step for photosynthesis under high VPD conditions (Figure 4). In addition to anatomical determination, ABA accumulation and signal transduction were involved in maintaining the water balance in response to VPD. ABA accumulation was negatively correlated with CO2 diffusion conductance (Figure 6). Three steps were involved in the potential mechanism accounting for the increased limitation of stomatal and mesophyll conductance imposed on tomato plant photosynthesis with VPD elevation (Supplementary Figure 5): (I) VPD elevation caused plant water stress by disrupting the mass balance between the soil water supply and atmospheric evaporative demand; (II) plants maintained the water balance by regulating ABA accumulation and signal transduction in response to high VPD stress; (III) ABA in combination with leaf anatomical adaptation modulated CO2 uptake and transport.


VPD Elevation Triggers Plant Water Stress by Disrupting the Mass Balance Between Soil Water Supply and Atmospheric Evaporative Demand

Passive water movement was driven by the gradient of free energy along the soil-plant-atmospheric continuum, which could be quantified as the gradient in water potential in the liquid phase. Water movement at the leaf-air boundary in the gas phase was driven by the difference in the VPD. Based on physical principles, excessive air desiccation triggered a high VPD and great negative air-water potential. Δψleaf−air was substantially >Δψsoil−leaf, which drove transpiration. The substantial difference between Δψleaf−air and Δψsoil−leaf was logarithmically enlarged with an increase in the VPD (Figure 1). Quantitatively, the atmospheric driving force at the leaf-air boundary could be >100-fold larger than the soil-leaf component under high VPD conditions (Figure 1). The great asymmetry between the atmospheric evaporative demand and soil water supply triggered disruption in the water balance despite plants being well irrigated. Root water uptake and supply were inadequate to keep pace with the great atmospheric driving force under high VPD conditions, which consequently triggered leaf dehydration and decline in water potential. Therefore, the VPD is a crucial external stimulus moving water through a soil-plant-environment continuum. VPD fluctuates dramatically over the diurnal course in crop production, especially for greenhouse cultivation. Soil moisture is relatively stable over the short term compared with the VPD (Caldeira et al., 2014). Plant-water relations are regulated to a greater extent by the VPD and to a lesser extent by soil moisture. Similar to soil drought, VPD-induced plant water stress is also an important factor triggering photosynthetic depression.



Plants Maintain the Water Balance by Regulating ABA Accumulation and Signal Transduction in Response to High VPD Stress

The stoma is the “gatekeeper” for the exchange of water vapour and CO2. Guard cells surrounding the stomatal pore respond to perturbations of the soil-plant-atmospheric hydraulic continuum, which is putatively transduced into stomatal movements by feedback and feedforward mechanisms (Buckley, 2005, 2017, 2019). Stomatal control of transpired water loss is critical for sustaining physiological processes, such as leaf water status and photosynthetic CO2 uptake. It has been recognised that plants respond to drought by closing guard cells to prevent the development of water dehydration in plant tissues (Novick et al., 2016). In the present study, the atmospheric driving force was an order of magnitude greater than the water supply, which led to a great dissymmetry between the water supply and evaporative demand. The dissymmetry between the water supply and evaporative demand triggered declines in the leaf water potential and stomatal closure. However, the mechanism of VPD-triggered stomatal closure is still uncertain and is a “black box” (Buckley, 2016). Some hypotheses hold that stomatal closure in angiosperms under high VPD conditions is an active process that is regulated by hormonal and hydraulic signals (Merilo et al., 2018; Pantin and Blatt, 2018). The plant stress hormone ABA is continuously produced and delivered with a transpiration stream to guard cells (Qiu et al., 2017; Merilo et al., 2018). In the present study, leaf ABA rapidly accumulated with the rise in the VPD. Transcriptome analysis suggested that ABA biosynthesis and signal transduction were potentially involved in the response to the VPD. Based on the theory of ion channel-mediated guard cell signal transduction (Julian et al., 2001), hypothetical mechanisms of the ABA-mediated stomatal closure response to high VPD-induced water stress are proposed in Supplementary Figure 6. Ions and water flowed into guard cells under low VPD conditions and sustained turgor for stomatal openness. Under high VPD-induced water stress, ABA rapidly accumulated and promoted stomatal closure by altering ion channel activities.

Although stomatal closure prevented excess water loss to maintain physiological processes by passive or active mechanisms, closed “gatekeepers” simultaneously increased stomatal resistance for photosynthetic CO2 uptake from air to intercellular. The intercellular CO2 concentration was gradually reduced with VPD elevation (Figure 3). Consequently, the stomatal limitation imposed on photosynthesis gradually became pronounced with VPD elevation (Figure 4). The declines in the leaf water potential and stomatal conductance with VPD elevation were less marked in high-VPD-grown plants in the present research. The distinct response to the VPD is potentially modulated by physiological acclimation to growth conditions (Fanourakis et al., 2019). In contrary to the previous study, no significant differences were observed in the photosynthetic parameters across VPD ranges between the two examined cultivars. The distinct responses of two cultivars between the previous and present study were potentially caused by the examined VPD conditions. The dynamic VPD response of the present and previous studies were performed under cabinets and greenhouse conditions, respectively.



Anatomical Properties and ABA Modulate Mesophyll Conductance Under Contrasting VPD Conditions

In addition to the first barrier of stomata, CO2 movement from intercellular to carboxylation sites is constrained by mesophyll resistance. The present study demonstrated that mesophyll resistance was a significant component of diffusion resistance from air to Rubisco in tomato plants. A strong positive correlation between the mesophyll and stomatal conductance was observed among treatments (Figure 6). Similar to the stomatal conductance, the mesophyll conductance of tomato plants was also linearly reduced with VPD elevation (Figure 2). Under low VPD conditions, stomatal conductance coupled with mesophyll conductance was high for efficient CO2 transport to carboxylation sites within chloroplasts. High diffusion conductance facilitated high chloroplast CO2 concentrations for carbon fixation (Figure 3). With VPD elevation, the CO2 concentration inside chloroplasts was substantially reduced under high VPD conditions. The limitation of mesophyll conductance imposed on photosynthesis gradually dominated with VPD elevation (Figure 5). Leaf anatomical traits from the substomatal cavity to the carbon fixation site determine the maximum potential of mesophyll conductance (Muir et al., 2014; Xiong et al., 2017; Earles et al., 2018; Han et al., 2018; Carriqui et al., 2019). The LMA is a composite of underlying traits such as the lamina thickness, mesophyll thickness, cell wall thickness, cell shape, and bulk leaf density, which anatomically regulate the mesophyll conductance (Muir et al., 2014). The LMA determines the upper limit on mesophyll conductance. Meanwhile, the LMA is closely linked to abiotic stress tolerance (Xiong and Flexas, 2018; Xiong et al., 2018). Generally, a higher LMA is a good indicator of greater stress tolerance. In the present study, the LMA of high-VPD-grown plants was lower but higher than that of low-VPD-grown plants (Supplementary Figure 4). Long-term acclimation to a high VPD facilitates enhanced drought tolerance to prevent dehydration by regulating the leaf thickness, cuticular permeability, stomatal morphology, and other anatomical features (Fanourakis et al., 2016, 2020). Long-term exposure to a VPD also affects stomatal sensitivity and morphological features such as the stomatal size, density, index, and spacing, which consequently modulate transpired water loss (Fanourakis et al., 2016, 2020). As mentioned above, root water uptake and supply are inadequate to keep pacing with the great atmospheric driving force under high VPD conditions. A higher LMA indicated dense structural traits, which buffered cellular transpired water loss and prevented leaf tissue dehydration under high VPD conditions. However, CO2 and water transport share pathways through the mesophyll cell walls and perhaps plasma membranes within leaves (Barbour, 2017; Groszmann et al., 2017; Zhao et al., 2017; Drake et al., 2019). Although dense structural traits improved drought tolerance, the resistance of CO2 diffusion was simultaneously increased. The LMA was negatively correlated with mesophyll conductance in the present study, which is consistent with previous studies (Hassiotou et al., 2009).

In addition to anatomical determinations, biochemical regulations such as ABA, carbonic anhydrase, and aquaporin facilitate rapid mesophyll conductance responses to short-term changing environmental factors (Momayyezi et al., 2020). The mesophyll conductance is negatively correlated with the leaf ABA content in tomato plants, which is in accordance with a previous study (Sorrentino et al., 2016; Qiu et al., 2017). The foliar ABA content rapidly increased upon long-term and short-term exposure to a high VPD, which is in accordance with a previous study (McAdam and Brodribb, 2016). However, the ABA-mediated regulatory mechanism has rarely been reported. CO2 entering from intercellular to carboxylation sites inside chloroplasts must pass through plasma membranes. The resistance of transport across the membrane accounts for a great proportion of the mesophyll resistance. It is now well established that aquaporins function as water pores for water transport across membranes and play significant roles in maintaining water homeostasis in response to drought and salinity (Qian et al., 2015; Zhang et al., 2019a). There is increasing evidence that some specific aquaporins (which localise to the plasma membrane and chloroplast inner envelope membrane) are permeable to CO2 and contribute to the mesophyll conductance (Uehlein et al., 2012; Groszmann et al., 2017; Zhao et al., 2017). Similar to guard cells, some PIPs pores mediate CO2 uptake and water transport across the plasma membrane (Zhang et al., 2021). Therefore, the specific PIPs potentially reconciled the trade-off between carbon gain and water loss in response to VPD-induced water stress. PIPs were sensitive to drought signals and responded rapidly to enclose gating and inhibit activity.

Gating is a general mechanism of membrane-mediated channels for controlling the permeability of water and CO2. Although the inhibition of PIPs channels prevents water loss under high VPD stress, CO2 uptake across the membrane is also restricted by the gating enclosure. ABA has been reported as a signal-inducing variation in the aquaporin content and activity (Fang et al., 2019). Therefore, VPD potentially modulated PIPs gating for CO2 and water permeability via ABA signalling, which contributed to mesophyll conductance and the photosynthetic rate.




CONCLUSIONS

The present study revealed the rate-limiting step for photosynthetic CO2 utilisation under contrasting VPD conditions and proposed ABA-mediated regulatory mechanisms according to transcriptomic and physiological evidence. The photosynthetic performance of tomato plants was gradually constrained with VPD elevation. The key rate-limiting steps for photosynthetic performance varied with the rise in the VPD. With VPD elevation, plant water stress was gradually pronounced and triggered linear declines in the stomatal and mesophyll conductance. The contributions of stomatal and mesophyll limitations to photosynthesis increased gradually with VPD elevation. Consequently, the low CO2 availability inside chloroplasts substantially constrained photosynthesis under high VPD conditions. Leaf ABA accumulated rapidly with pronounced water stress under a high VPD and negatively correlated with the stomatal and mesophyll conductance for CO2 diffusion. Transcriptomic combined with physiological analyses revealed that ABA biosynthesis and signal transduction were potentially involved in mediating CO2 transport in response to the VPD.
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Midday stem water potential (SWP) is rapidly becoming adopted as a standard tool for plant-based irrigation management in many woody perennial crops. A reference or “baseline” SWP has been used in some crops (almond, prune, grape, and walnut) to account for the climatic influence of air vapor pressure deficit (VPD) on SWP under non-limiting soil moisture conditions. The baseline can be determined empirically for field trees maintained under such non-limiting conditions, but such conditions are difficult to achieve for an entire season. We present the results of an alternative survey-based approach, using a large set of SWP and VPD data collected over multiple years, from irrigation experiments in olive orchards located in multiple countries [Spain, United States (California), Italy, and Argentina]. The relation of SWP to midday VPD across the entire data set was consistent with an upper limit SWP which declined with VPD, with the upper limit being similar to that found in Prunus. A best fit linear regression estimate for this upper limit (baseline) was found by selecting the maximum R2 and minimum probability for various upper fractions of the SWP/VPD relation. In addition to being surprisingly similar to the Prunus baseline, the olive baseline was also similar (within 0.1 MPa) to a recently published mechanistic olive soil-plant-atmosphere-continuum (SPAC) model for “super high density” orchard systems. Despite similarities in the baseline, the overall physiological range of SWP exhibited by olive extends to about −8 MPa, compared to about −4 MPa for economically producing almond. This may indicate that, despite species differences in physiological responses to low water availability (drought), there may be convergent adaptations/acclimations across species to high levels of water availability. Similar to its use in other crops, the olive baseline will enable more accurate and reproducible plant-based irrigation management for both full and deficit irrigation practices, and we present tentative SWP guidelines for this purpose.

Keywords: deficit irrigation, Olea europaea, stem water potential, vapor pressure deficit, baseline


INTRODUCTION

Crop productivity is closely linked to crop water use (e.g., Howell, 1990) and improving the efficiency of water use in agriculture has been an ongoing focus of research worldwide (e.g., Velasco-Muñoz et al., 2018). For some woody perennial crops, reducing or eliminating irrigation during specific periods of development (e.g., Chalmers et al., 1981) has been shown to produce economically beneficial effects, such as an improved fruit drying ratio in prunes (Lampinen et al., 1995), decreased fruit drop in peach (Li et al., 1989), and increased control of hull rot disease in almonds (Teviotdale et al., 2001). Hence, these crops may be good candidates for deficit water management strategies to increase overall water use efficiency. In woody perennial crops, however, the effect of any given deficit irrigation regime can depend strongly on soil conditions (e.g., Lampinen et al., 1995). Hence, the plant-based approach of midday stem water potential (SWP; Shackel, 2011) has become a widely accepted tool for deficit irrigation management.

Olive (Olea europaea L.) is considered to be a drought resistant species (Connor, 2005) and also exhibits a wide range of SWP under cultivated conditions. However, olive also exhibits differential sensitivity of yield to SWP at different periods of crop development. Olive trees are an evergreen species most often grown in Mediterranean climate regions with shoot growth and bloom occurring during spring in mature orchards. Fruit set occurs as evaporative demand increases, with fruit growth and oil accumulation occurring under fairly high evaporative demand conditions in the summer and fall, and with harvest varying from the end of summer to early winter. In addition to occurring under different environmental conditions, all of these processes exhibit different levels of sensitivity to low SWP. Shoot growth and flowering are very sensitive to water limited conditions, and while these processes normally occur at a time in the season when soil water is not limiting, supplemental irrigation may be needed under drought conditions or in locations with delayed growth cycles (Moriana et al., 2003; Pérez-López et al., 2007). SWP of around −2 MPa reduced fruit size due to reduced endocarp growth (Gómez del Campo, 2013; Gómez del Campo et al., 2014) with more severe SWP deficits (−4 MPa at predawn) affecting bud development and reducing next season bloom (Gucci et al., 2019). Once endocarp growth finishes, the number of fruits is relatively constant and pit hardening occurs (Rapoport et al., 2013). After this phase, the sensitivity of yield to water stress is reduced (Goldhamer, 1999; Moriana et al., 2003; Fernández et al., 2013; Girón et al., 2015; Ahumada-Orellana et al., 2017; Corell et al., 2020). Even under very severe water stress conditions (SWP below −5 MPa) yield may only be slightly reduced, particularly if there is an adequate recovery in SWP before harvest (Moriana et al., 2003; Fernández et al., 2013; Ahumada-Orellana et al., 2017). Oil accumulation prior to harvest is usually coincident with autumn rains under Mediterranean climate conditions, but several authors have suggested that moderate water stress does not substantially reduce oil accumulation (Moriana et al., 2003; Lavee et al., 2007; Ben-Gal et al., 2021) and improves oil extractability. Reduction in oil accumulation is likely to occur only with SWP values consistently below −2 MPa (Hueso et al., 2019). Postharvest irrigation is not commonly studied, but Agüero-Alcaras et al. (2021) reported no significant differences in next season yield over a wide range of postharvest water stress conditions.

The above values provide some guidance for an allowable lower range of SWP, but from a practical as well as scientific standpoint it is important to understand this physiological range in the context of both upper and lower limits. McCutchan and Shackel (1992) were the first to propose SWP as a reliable physiological indicator of water stress, in part because a stable relation over much of the growing season was found between SWP and vapor pressure deficit (VPD) under non-limiting soil moisture conditions. This relation enabled a reliable prediction of SWP for a “fully irrigated state or condition” (i.e., from an irrigation perspective). In essentially all previous and many current irrigation studies, the highest irrigation level is simply assumed to be non-water-limiting. However, localized water application systems (e.g., micro-irrigation) create zones of wet and dry soil, and, particularly for woody perennials, there are typically roots present in both zones throughout the season. If roots in dry soil influence overall plant water relations, then irrigation at 100% of crop evapotranspiration (ETc) in the wetted soil zones may not establish a physiologically non-soil-water-limited condition for the plant. To the authors knowledge, other than the McCutchan and Shackel (1992) study in Prunus, there has only been one study in olive (Morales-Sillero et al., 2013) in which the entire soil volume was maintained at a high moisture content over the growing season. Morales-Sillero et al. (2013) measured leaf rather than SWP in olive trees, but also did not report any relation of water potential to VPD. A number of studies in olive have found a linear relation of SWP to VPD (Morales-Sillero et al., 2013; Corell et al., 2016, 2020; Martin-Palomo et al., 2020), indicating that a relationship exists, but may be influenced by a number of factors, potentially including unintended effects of dry soil areas.

Based on the principle that the majority of water movement in soils and plants is driven primarily by differences in water potential (e.g., Kramer and Boyer, 1995), it is expected that SWP will depend on a large number of independent physical and biological factors such as soil, root, and stem hydraulic properties as well as plant transpiration as determined by stomatal and atmospheric conditions. Hence, it is not clear that an upper limit to SWP should exist, that it should be largely independent of soil and tree conditions, and that it should have a reproducible relation simply to VPD. However, the experimentally determined upper limit reported by McCutchan and Shackel (1992) produced a robust estimate for an upper limit of SWP that was supported by further studies in both prune (Shackel, 2011) and almond (Shackel et al., 2010) orchards. The objective of the current study in olive was to determine if a large survey of SWP and VPD values from olive orchards in multiple countries might produce an upper limit reference SWP baseline.



MATERIALS AND METHODS


Survey Sites and Measurements

Much of the data used for this survey study was obtained from previous publications, and Table 1 summarizes the locations and additional characteristics of each of the survey sites. All orchards were managed commercially and drip irrigated. The multi-year and multi-location studies provided a large data set with variable ranges in VPD and SWP. References are listed in Table 1 where further information on particular sites may be obtained. Five different table (Manzanillo, Noceralla de Belice, and Olivo di Mandanici) and oil (Arbequina and Cornicabra) cultivars were used in these experiments in Argentina, Italy, Spain, and United States (California). Most data were from Arbequina and Manzanillo cvs but in different locations and management systems. Orchard age ranged from 2 to more than 10 years-old, but most orchards would be considered mature based on yield. Only the youngest in Coria del Rio (Spain) and Sciacca (Italy) were orchards with less yield than mature conditions and could be considered young. Tree density varied from high density (HD; around 300–350 trees per ha) to super high density (SHD), hedgerow orchards (>1000 trees per ha).


TABLE 1. Description of the sites used in the survey.
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Stem water potential was typically measured over multiple years as part of irrigation experiments. SWP was determined on individual trees as described previously (Fulton et al., 2001). Briefly, a shaded leaf or short stem located near the main trunk within the tree canopy was covered with a reflective plastic bag for longer than 10 min (typically 1–2 h) to allow equilibration with the water potential of the stem at the point of attachment. A Scholander-type pressure chamber was then used to measure SWP. Olive trees are a Mediterranean species, typically growing under hot and dry summer and relatively warm winter conditions. However, even in these regions, climatic conditions can be very different. For instance, the experiments in Ciudad Real (central Spain, Pérez-López et al., 2007) are in a production zone with a shorter and cooler summer than that in Dos Hermanas (south Spain, Corell et al., 2020). In all experiments, hourly climatic data were measured with automated stations either at the experimental plots, or in nearby locations with the same environment as the experimental plots. Hourly, mid-afternoon climatic measurements were used to calculate hourly air VPD (Tetens, 1930) that coincided with the period of SWP measurement.



Data Assumptions and Analysis

Based on the hypothesis that there may be a practical upper limit to SWP at a given level of VPD for trees under non-soil-water-limited conditions (i.e., the “baseline” relation of Shackel, 2011), a total of 837 (SWP, VPD) values over all sites, years, and experimental treatments, were divided into groups based on 0.5 kPa classes of VPD. Assuming that each class would contain SWP values that were at or near the upper limit (i.e., if rain or irrigation had resulted in non-soil-water-limited conditions for that site and date) as well as SWP values below this limit, a range of uppermost (least negative) fractions (0.02–0.16) of SWP and the corresponding VPD values were averaged, and the average points used in a regression analysis of SWP on VPD. Since there was only one average (SWP, VPD) point per VPD class, each fraction contained the same number of (SWP, VPD) points, so the uppermost fraction which exhibited the highest regression R2 and lowest probability was used as the best fit estimate of the non-water-limited (“baseline”) relation of SWP to VPD. All statistical analyses were conducted in SAS 9.4 (SAS institute, Cary, NC, United States).



Comparison to Data From the Literature

First, the baseline estimate for olive was compared to that found in prune and almond (Shackel, 2011). Second, a set of SWP and VPD values obtained from a multi-compartment hydraulic model for olive under simulated non-soil-water-limiting conditions for two contrasting planting densities (García-Tejera et al., 2021) was kindly provided by the authors. The relation of SWP to VPD for this set of data was determined and compared to the baseline estimate for olive. Lastly, previously published data of leaf conductance (Gs) to SWP in almond (Spinelli et al., 2016) was also compared to data in olive as reported by Marino et al. (2018) and Ahumada-Orellana et al. (2019). The raw data for each was kindly provided by the authors and fitted using a smoothed spline function (Proc Transreg, SAS 9.4) in order to avoid any a priori assumptions regarding the functional form of the (Gs, SWP) relation.




RESULTS


Relation of Stem Water Potential to Vapor Pressure Deficit

Olive SWP values from the entire data set varied over a wide range (−0.5 to about −6 MPa), but the highest (least negative) values exhibited a pattern of decline with increasing VPD that was similar to the previously reported Prunus baseline (McCutchan and Shackel, 1992; Figure 1). Overall, SWP values in Spain tended to be closest to the Prunus baseline, but some SWP values from other countries were also close to this baseline. The maximum midday air VPD in this data set was about 6.5 kPa, which allowed for a total of 13 groups of 0.5 kPa classes in VPD, having a mode of 2.5 kPa (inset, Figure 1). Because there were relatively few SWP values in each VPD group below 1.5 and above 3.5 kPa (inset, Figure 1), in order to obtain a comparable upper fraction sample from every group, only data from the five central VPD groups (1.5–3.5 kPa) were further analyzed. A regression analysis of average SWP on average VPD for the upper 0.02–0.16 fractions (2–16%) of SWP values exhibited a relatively linear decrease in SWP with increasing VPD regardless of the fraction selected (Figure 2). As expected, selecting greater fractions of the upper SWP values in each VPD group resulted in a progressive decrease in the regression intercept, but no clear trend was apparent in the regression slope (Figure 2). For all fractions from 0.02 to 0.16, the regression R2 was maximum and the P-value minimum for fractions of 0.07 and 0.08, with a clear decline in R2 and increase in P-value as fractions increased above about 0.09 (Figure 3). It should be noted that these R2 and P-values are only used for purposes of comparison, and even though the total number of observations increased with higher fractions, since the regression analysis was performed on the mean (SWP, VPD) values, the number of points (5) for each regression was constant (as shown in Figure 2). Since a decrease in the regression intercept was expected as the fraction of upper SWP values increased, the relation corresponding to an upper fraction of 0.07 was considered the most appropriate estimate for a linear upper limit of olive SWP to air VPD. The slope and intercept for this relation (−0.18 and −0.34, Figure 2), were similar to those reported for Prunus (−0.12 and −0.41, respectively, Figure 1).
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FIGURE 1. All survey data of SWP to midday VPD from four countries. Each point is an individual measurement, with vertical lines of points indicating SWP values that were collected at the same site and time. Also shown for reference is the baseline relation found for Prunus (dashed line). Equation for the Prunus baseline is SWP (MPa) = –0.12 × VPD – 0.41. Inset shows the number of SWP measurements associated with each 0.5 kPa class of VPD.
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FIGURE 2. Relation of average SWP to average VPD for representative upper fractions of SWP values from 0.5 kPa classes of VPD. Also shown are the regression lines for each fraction. Only SWP data from the central 5 VPD classes (1.5–3.5 kPa midpoints) were used. Slopes were –0.17, –0.18, –0.19, and –0.18, and intercepts were –0.29, –0.34, –0.40, and –0.46, respectively for fractions of 0.03, 0.07, 0.11, and 0.15.
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FIGURE 3. Regression statistics (R-square and F Probability) for the relation between average SWP and average VPD (as in Figure 2) for a range of upper fractions of SWP values.




Comparison to Model Data

The soil-plant-atmosphere-continuum (SPAC) model of García-Tejera et al. (2021), which was not based on an explicit link between SWP and VPD, exhibited a clear negative overall relation between SWP and VPD under non-soil-water-limiting conditions, with a similar shape for both HD and SHD orchard conditions (Figure 4). The relation of SWP to VPD was well fit by a smoothed spline function, which involves no a priori assumption about the shape of the relation but cannot be easily parameterized, and equally well fit by an exponential decay to a linear dependence of SWP on VPD for both HD and SHD (Figure 4). The residuals to the exponential + linear fit for HD and SHD exhibited a relatively low variation (0.038–0.047 MPa) and a normal distribution (Shapiro–Wilk P = 0.37 and 0.74), respectively, and the slope (change in SWP per 1 kPa change in VPD) of the linear component for SHD (−0.13, m in Table 2) was in the same range as that for the strictly linear olive (−0.18, Figure 2) and Prunus (−0.12, Figure 1) baselines. One conceptual advantage of the García-Tejera et al. (2021) model over a strictly linear model is that it allows SWP values to approach 0 as VPD’s approach 0, which would be expected for non-soil-water-limited conditions. The relation of SWP to various temperatures and relative humidities for the exponential + linear fit of the García-Tejera et al. (2021) SHD model is presented in Table 3.
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FIGURE 4. Relation of SWP to midday VPD modeled by García-Tejera et al. (2021) for high density (HD, filled circle) and super-high density (SHD, empty circle) orchard conditions, as well as the same relation for the upper 0.07 fraction of SWP (filled triangles) found in the current study. The dashed lines for HD and SHD models are 50% smoothed spline functions (Proc Transreg SAS 9.4) and the solid lines are a combined linear and exponential function (see Table 2 for parameters) fit to the data. A linear fit (also shown in Figure 2) for the upper 0.07 fraction is shown for reference. Inset shows the distribution and standard deviation (STD) of the residuals from the HD and SHD points to the combined linear/exponential fit. Both distributions were normal.



TABLE 2. Parameters and fit statistics for combined linear + exponential fit shown in Figure 4.
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TABLE 3. Baseline SWP (MPa) for various combinations of air temperature and relative humidity, based on the equation and parameters for SHD density shown in Table 2.
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The data used for the olive survey included a wide range of planting densities (Table 1), but the linear estimate for the baseline was much closer to the SHD than to the HD model (Figure 4). All individual survey values that contributed to the upper 0.07 fraction for the linear estimate were categorized based on orchard density, and the least squares mean SWP (i.e., SHD model adjusted mean) for each density was compared (Figure 5). There were no statistically significant differences in the adjusted SWP means from different densities (ANCOVA not shown) but the trend was for an increase in SWP at higher densities (Figure 5), rather than the decrease predicted by the García-Tejera et al. (2021) model (Figure 4).


[image: image]

FIGURE 5. Relation of SWP to VPD for all individual points of the upper 0.07 fraction, classified into groups representing different orchard tree densities, and the adjusted SWP means corresponding to each group. Also shown for reference is the linear/exponential fit for the García-Tejera et al. (2021, GT) SHD model (also shown in Figure 4).


Within the context of the overall range in SWP exhibited by olive under field conditions, the difference between the empirical linear fit and the SHD model fit can be considered relatively minor (Figure 6), with both being surprisingly close to the Prunus linear relation (Figure 1). Based on data from the literature, a similar overall relation of Gs to SWP in almond and olive was also found for the upper range of SWP, with close to a linear increase in Gs from about −1.1 to −0.5 MPa in almond and a similar linear increase in Gs from about −1.6 to −0.9 MPa in olive (Figure 7). However, a clear difference between the species was apparent in the lower range of SWP, with almond exhibiting a Gs close to 0 by about −3 MPa, whereas olive maintaining a measurable Gs to about −7 MPa (Figure 7).
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FIGURE 6. Pooled relation of SWP to midday VPD for all countries, as in Figure 2, showing the combined linear/exponential relation for the SHD data of García-Tejera et al. (2021, dashed line), as well as the points and linear fit for the upper 0.07 fraction found in the current study. Equation for linear fit is SWP = –0.18 × VPD – 0.34.



[image: image]

FIGURE 7. Relation of leaf conductance to SWP for almond reported by Spinelli et al. (2016), for olive reported by Marino et al. (2018), and for olive reported by Ahumada-Orellana et al. (2019). Each line is a 60% smoothed spline function fit to the raw data (Proc Transreg SAS 9.4).





DISCUSSION

As originally proposed (McCutchan and Shackel, 1992), the baseline SWP was intended to serve as a plant-based reference SWP value indicating non-soil-water-limited (“wet soil”) conditions, rather than a plant-based reference value indicating non-physiologically limiting (“non-stressed”) conditions. For instance, a plant under wet soil (baseline) conditions may exhibit the same SWP at high VPD as does a plant under dry soil conditions exhibits at low VPD. In this case, the baseline predicts that irrigation should cause an increase in SWP for the plant at low VPD, but not for the plant at high VPD. However, it does not predict that the increase in SWP at low VPD will have a meaningful impact on plant physiological activity. Thus, as a reference value for irrigation management under field conditions, observed SWP values at or close to the baseline SWP would indicate that soil water was not limiting and hence that no irrigation was needed. Presumably, irrigation under these circumstances may also have an undesirable negative effect on root health. It is also important to consider baseline SWP in order to avoid problems associated with the use of a simple threshold SWP to trigger irrigation, as considered by García-Tejera et al. (2021). Under field conditions, short term (day-to-day) as well as medium term (weather system) patterns in VPD will result in a range of SWP for any given level of soil moisture. Hence, if a desired or “target” SWP has been established for a particular crop and time of year (e.g., prunes: Lampinen et al., 2001; almond: Stewart et al., 2011), then this target must be considered as having a normal range of variation associated with weather (VPD) conditions. Considering the trend of both SWP and baseline SWP over time is required in order to avoid over-reacting to unusually high or low VPD conditions, especially as the target SWP is approached. Observed SWP typically exhibits changes in parallel with baseline SWP over time even at different irrigation levels (e.g., Figure 5 in Shackel, 2011). Hence, the difference between observed SWP and baseline SWP can be used as a more stable plant-based indicator of any trend in the effects of soil water availability. For instance, it may be possible to combine this trend with a forecasted VPD in order to forecast when SWP will reach a given threshold.

Independently of its use as a baseline index of soil water limitations, SWP itself should be a measure of physiological water limitations, although this assumption has not been without controversy (e.g., Sinclair and Ludlow, 1985). SWP should be mechanistically dependent on multiple physical and biological factors (e.g., water transport properties of the soil and plant, as well as stomatal and atmospheric influences on transpiration), and hence it is somewhat surprising that a similar and relatively straightforward dependence of SWP on VPD should be found for both olive (evergreen) and Prunus (deciduous). This, as well as the fact that the baseline relation appears to apply across multiple soil types, planting densities, and environmental conditions, may indicate a convergence of plant adaptations/acclimations related to balancing plant water demand to soil water supply, at least for high levels of soil water availability. In both olive and Prunus, the range of baseline SWP is relatively small (to −1.2 and −1.0 MPa at a VPD of 5 kPa, respectively, Figures 1, 4) compared to the range of observed SWP. SWP has been reported to range to about −3 MPa in commercial prune (Shackel, 2011) and almond (Shackel et al., 2010) orchards, and to about −4.5 MPa in almond drought studies (Shackel, 2011). SWP of olives in this and other studies show a somewhat wider range (to about −7 MPa; Marino et al., 2018), and for all of these crops the observed range of SWP should be considered as representative of the crops physiological range. In a number of deciduous crops, reductions in SWP over their physiological range have been closely associated with reductions in various measures of physiological activity such as vegetative (cherry) and reproductive (pear and apple) growth (e.g., Shackel et al., 1997; Naor, 2006) and stomatal conductance and/or photosynthesis (e.g., Spinelli et al., 2016). In fact, most of the above studies have found a nearly linear relation between long term average SWP and long-term average or integrative measures of physiological activity such as final tree or fruit size after multiple or single seasons, respectively. Measures of more dynamic (short-term) physiological properties such as Gs have shown a substantial amount of variability in the level of Gs at any particular SWP, with the relation of Gs to SWP in olive described as exponential (Marino et al., 2018) or segmented linear (Ahumada-Orellana et al., 2019). Using an empirical (smoothed spline) approach, we found that a positive linear trend of Gs with SWP occurred at high SWP in both olive and almond (Figure 7). Since this trend occurred within the baseline range, it may indicate that plant water availability can be physiologically limiting, even if soil water availability is not, but further research will be needed to determine whether these limitations are of any practical importance (i.e., limit plant growth or productivity) for irrigation management. For instance, reductions in Gs due to mild water stress may not affect photosynthesis, but could reduce vegetative growth (Bradford and Hsiao, 1982), potentially resulting in an increase in carbohydrate availability for reproductive processes.

In woody perennials, crop yield and quality are the result of growth, developmental, and biochemical processes that occur over relatively long time frames (seasonal or multi-seasonal). Hence, appropriate target or threshold SWP levels for irrigation management in these crops will depend on which processes contribute to yield and quality at which times, as well as the sensitivity of each process to deficit levels of SWP. Table 4 summarizes the range of SWP for regulated deficit irrigation in olive and the observed crop response during different phenological stages. These threshold values may serve as an approximate guide, but it is recognized that the duration of a given water stress is also likely to be important (Girón et al., 2015; Corell et al., 2020).


TABLE 4. Guidelines for the use of SWP for deficit irrigation management in olive trees.
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Although differences may occur by region, the irrigation season is commonly divided into three phases in mature orchards. Phase I is the most water-sensitive part of the season because shoot growth and flower development occur. For both processes, irrigation scheduling should be performed such that SWP is near the baseline. Even under such conditions, vegetative growth may not be optimal due to the high water stress sensitivity of growth to reductions in SWP (Pérez-López et al., 2007). In young orchards, crown development is very important for reaching maximum yields per hectare, but in mature orchards with super high densities, moderate water stress (−1 to −1.2 MPa SWP; Moriana et al., 2012; Gómez del Campo, 2013) could reduce pruning costs and increase yields by reducing shading (Trentacoste et al., 2019). Maintaining SWP near the baseline would be the best strategy during these phenological stages because fruit and oil yield is strongly affected by early water stress (Rapoport et al., 2012). However, some evidence suggests that only SWP below −2 MPa in the spring will decrease flower number and its quality (Beyá-Marshall et al., 2018). Allowing trees to reach this level of stress before irrigation could provide significant water savings and allow for a greater number of management options at the farm scale under drought conditions.

Endocarp sclerification occurs during Phase II (Goldhamer, 1999; Rapoport et al., 2012). In this period, low SWP values can be tolerated (−2 to −3 MPa) with minor reductions in yield (Goldhamer, 1999). This too could be important when managing drought impacts at a farm scale.

During the last phase, fruit growth occurs principally due to cell expansion and oil accumulation. In this period, different irrigation strategies for table and oil cultivars are necessary, especially if harvesting is done for green table olives. Fruit size is one of the main quality features of table olives and optimum water status is desirable if previous deficit irrigation has been applied (Girón et al., 2015; Corell et al., 2020). SWP might not be the best indicator for detecting a final effect on fruit size during recovery from water stress because no differences in SWP were related to slight differences in fruit size (Girón et al., 2015; Corell et al., 2020). However, if no previous deficit irrigation has been applied, a moderate water stress could be applied with no fruit size reduction (Martin-Palomo et al., 2020). Oil accumulation is more tolerant than fruit growth to water deficit (Gómez del Campo et al., 2014). Furthermore, optimum water status could increase fruit moisture and decrease oil extractability under commercial conditions (Fernández et al., 2011, 2013; García et al., 2013). Evidence suggests that oil accumulation is not affected until SWP is less than −2 MPa (Hueso et al., 2019). The influence of water deficits on oil quality and sensory characteristics is not completely clear yet, but the best quality oil would be well below the SWP baseline (Grattan et al., 2006; Sánchez-Rodríguez et al., 2019). For example, water deficit often increases total phenols, which is an important component of oil quality.



CONCLUSION

Across multiple sites and years, an upper limit of olive midday SWP, presumably corresponding to non-limiting soil moisture (i.e., baseline) conditions in the field, was found to have a negative linear relation with midday air VPD for VPD’s above about 1.5 kPa. This relation was very close (within 0.1 MPa) to that of a recently published olive hydraulic model for non-limiting soil moisture and VPD’s above about 2 kPa. This relation was also remarkably similar across the entire range of VPD’s (0 to 6 kPa) to the SWP baseline in Prunus. This similarity between Prunus and olive, despite many fundamental physiological differences (e.g., Prunus being deciduous and olive being evergreen), may indicate a convergence in woody perennial plant adaptations/acclimations that impact the balance between plant water demand on one hand and soil water supply on the other, at least under high levels of soil water availability. The proposed baseline should serve as a reference for olive SWP under non-limiting soil moisture conditions, and it may be important for irrigation management to maintain trees near this reference during stress sensitive periods (e.g., spring). Tentative SWP guidelines for irrigation management during potentially less stress sensitive periods are also presented.
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Under dryland conditions, annual and perennial food crops are exposed to dry spells, severely affecting crop productivity by limiting available soil moisture at critical and sensitive growth stages. Climate variability continues to be the primary cause of uncertainty, often making timing rather than quantity of precipitation the foremost concern. Therefore, mitigation and management of stress experienced by plants due to limited soil moisture are crucial for sustaining crop productivity under current and future harsher environments. Hence, the information generated so far through multiple investigations on mechanisms inducing drought tolerance in plants needs to be translated into tools and techniques for stress management. Scope to accomplish this exists in the inherent capacity of plants to manage stress at the cellular level through various mechanisms. One of the most extensively studied but not conclusive physiological phenomena is the balance between reactive oxygen species (ROS) production and scavenging them through an antioxidative system (AOS), which determines a wide range of damage to the cell, organ, and the plant. In this context, this review aims to examine the possible roles of the ROS-AOS balance in enhancing the effective use of water (EUW) by crops under water-limited dryland conditions. We refer to EUW as biomass produced by plants with available water under soil moisture stress rather than per unit of water (WUE). We hypothesize that EUW can be enhanced by an appropriate balance between water-saving and growth promotion at the whole-plant level during stress and post-stress recovery periods. The ROS-AOS interactions play a crucial role in water-saving mechanisms and biomass accumulation, resulting from growth processes that include cell division, cell expansion, photosynthesis, and translocation of assimilates. Hence, appropriate strategies for manipulating these processes through genetic improvement and/or application of exogenous compounds can provide practical solutions for improving EUW through the optimized ROS-AOS balance under water-limited dryland conditions. This review deals with the role of ROS-AOS in two major EUW determining processes, namely water use and plant growth. It describes implications of the ROS level or content, ROS-producing, and ROS-scavenging enzymes based on plant water status, which ultimately affects photosynthetic efficiency and growth of plants.
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INTRODUCTION

Drought is a challenging natural phenomenon frequently occurring in arid, semiarid, and sub-humid dryland environments. However, agricultural drought is typically defined in terms of soil moisture deficit relative to the needs of crops at particular growth and developmental stages. Drought stress for plants results from insufficient amount of water available for the maintenance of normal physiological processes, such as photosynthesis, respiration, and cell, tissue, organ, and plant homeostasis (Lawas et al., 2019a,b). By adversely affecting vital physiological processes, drought leads to a substantial reduction in the productivity of crops. With the predicted increase in precipitation variability across the globe, the intensity and duration of extreme drought stress are likely to increase, adding more pressure on agri-food systems to meet the increasing demand by a growing population. In countries like India and sub-Saharan Africa, major proportion of the crop production area is drought prone, and drought stress can lead to significant productivity losses in annual and perennial crops (Hyland and Russ, 2019; Choudhury et al., 2021). Nearly 68% of total arable land in India is prone to drought stress due to erratic and irregular rainfall (Das et al., 2020). Similarly, in Africa, about 70% of arable land includes 66% of the cereal-producing area, and 80% of livestock holdings, which are under dryland conditions and prone to drought stress (Morris et al., 2015; Halilou et al., 2020). Not only in underdeveloped or developing countries but also substantial arable areas in developed countries, including the United States (Stewart et al., 2006), Australia (Howden et al., 2014), and Mediterranean regions (Ryan et al., 2006) are prone to drought stress. Recently, a modeling study by Williams et al. (2020) has shown that the period from 2000 to 2018 was the driest phase since the late 1500s, and, consequently, many regions in the United States may be on the verge of entering a mega drought period. Severe drought has already been experienced in western parts of the United States in the last few years. Model projections show robust drying and increases in extreme drought in many regions around the world by the end of the 21st century, including regions in America, Europe, Asia, and Australia (Cook et al., 2020). Hence, sustaining the productivity of crops under drought stress is crucial for income-generating and sustaining livelihoods of farmers across developing and developed countries. Increasing demand for food, with limited resources and predicted adverse effects of climate change, has emphasized the need for sustaining productivity under dryland agriculture. Hence, scientific interventions are necessary to develop and produce genetically improved drought-tolerant crop varieties (Pareek et al., 2020). To achieve targeted levels of drought tolerance, it is necessary to revisit and decipher the mechanisms associated with survival, tolerance, and recovery of drought-affected plants at molecular, cellular, and at the whole plant levels.

To survive under water-limited conditions, crop plants have evolved three different mechanisms, namely escape, avoidance, and tolerance (Kaya and Zeki, 2017; Blumenthal et al., 2020). One of the immediate responses of crops to drought is the partial closure of stomata, which can reduce water loss through transpiration and limit the entry of CO2 (Ranjbar et al., 2021). Apart from morphological changes in response to drought, several intrinsic molecular mechanisms are activated upon stress signaling and perception. One of the well-established stress responses includes the generation of reactive oxygen species (ROS), such as hydrogen peroxides (H2O2), superoxide (O2–), hydroxyl radical (OH–), and singlet oxygen (1O2) (Srivastava and Suprassana, 2015). ROS production is directly related to stress in plants and leads to membrane damage and subsequent stress signaling (Mishra et al., 2017, 2018). ROS production takes place in the reaction centers of photosystem I (PSI) and PSII in chloroplast thylakoids (Foyer, 2018; Mishra et al., 2021a). ROS species formation is a result of the direct transfer of the excitation energy from chlorophyll to produce singlet oxygen, or by oxygen reduction in the Mehler reaction (Foyer, 2018). In addition to the chloroplast, ROS are generated in mitochondria (Moller et al., 2007), peroxisomes (del Río and López-Huertas, 2016), and even in intercellular space of the cells, the apoplast (Moschou et al., 2008; Miller et al., 2009). Antioxidant system (AOS) is the “first line of defense” against ROS generated by environmental stimuli (Srivastava and Suprassana, 2015). The ROS species are interchangeably produced by redox reactions involving several enzymes. The univalent reduction of O2– in the presence of enzyme superoxide dismutase (SOD) produces H2O2, and a molecule of oxygen or H2O2 in the presence of Fe2+ gives rise to hydroxyl radical (Fukai and Ushio-Fukai, 2011). H2O2 inactivates most of the enzymes by oxidizing their thiol groups, and, because of its long-life span compared to other ROS (half-life of milliseconds to seconds) (Marinho et al., 2014) and high permeability across membranes, H2O2 is considered as a secondary messenger at low concentrations; however, at high concentrations, it causes programmed cell death (Quan et al., 2008; Zheng et al., 2020). H2O2 metabolism and signaling cascades play important roles during plant growth and development, such as xylem differentiation, development of root hair, reinforcement of a plant cell wall by structural cross-linking, and loosening, leading to stomatal control (Saxena et al., 2016). Similar to H2O2, OH– free radical can interact with all biological macromolecules and play a signaling role during plant development. The oxidative power of OH– is utilized during vegetative growth, reproduction, and adaptation to stress by stomatal closure (Richards et al., 2015). Due to the lack of an enzymatic mechanism, it is hard to eliminate this highly reactive radical, and its enhanced accumulation leads to cell death (Das and Roychoudhury, 2014). The enzymes, namely catalase (CAT), and different types of peroxidases can scavenge H2O2 from the cell (Mishra et al., 2021a). Similar to the enzymatic antioxidant defense system, the plant also possesses non-enzymatic antioxidants like carotenoids, flavonoids, and ascorbate, which are synthesized in response to excess light stress and complement the antioxidant enzymes in mitigating ROS (Hatier and Gould, 2008; Agati et al., 2009, 2011). Compounds such as phenylpropanoids have tremendous potential to reduce ROS concentration and are synthesized in response to different abiotic stresses, including drought (Agati and Tattini, 2010; Pollastri and Tattini, 2011; Ding et al., 2021).

It is evident from previous reviews that a lot of knowledge has been generated on ROS-AOS in the context of different stresses, including drought (Henmi et al., 2007; Claeys and Inze, 2013; Song et al., 2014; You and Chan, 2015; Ullah et al., 2017; Devireddy et al., 2020; Hasanuzzaman et al., 2020). In addition, various cellular processes that lead to the generation of ROS and scavenging or detoxification of these deleterious hyper reactive molecules and their relevance to perception of drought stress in crops have been reviewed (Noctor et al., 2014; Verma et al., 2019).

This review complements previous reports and covers the ROS-AOS system in facilitating effective water use (EUW). Furthermore, it provides an optimistic insight into scientific investigations, particularly on critical cellular mechanisms, which can be translated into tools or products for alleviating oxidative stress. We refer to EUW as biomass produced by plants with available water under soil moisture stress rather than per unit of water (WUE). Blum (2009) introduced that EUW implies maximum utilization of soil moisture through transpiration by minimizing direct water loss by soil evaporation or other non-stomatal mechanisms. Thus, EUW-associated traits promise to allow judicious use of the available soil moisture by plant and retaining moisture during critical and sensitive crop growth and development stages. While mining for drought tolerance traits in crops is in progress, considering EUW to complement WUE has been recommended for increased genetic gains and enhanced crop productivity under drought stress (Blum, 2009). Emphasis on EUW is based on the argument that many traits that contribute to WUE come at the cost of plants performance under favorable conditions. It is well-known that stomatal mechanisms that determine water use are influenced by ROS (Noctor et al., 2014). On the other hand, cell division and cell expansion, in addition to photosynthesis, the primary processes of biomass accumulation, are also affected. In this context, we discuss the role of ROS-AOS in two major EUW-determining processes, namely stomatal regulation of water use and plant growth. This review aims to analyze information and knowledge related to ROS-AOS in plants for facilitating EUW, particularly for drought stress management in crops.



INFLUENCE OF REACTIVE OXYGEN SPECIES-ANTIOXIDATIVE SYSTEM ON PLANT PROCESSES


Plant Water Relations

Water stress severely impacts routine plant functionality and triggers molecular, biochemical, morphological, and physiological mechanisms to compensate for water limitation (Mitchell et al., 2013; Lee et al., 2016). Water limitation causes a surge in the production of ROS species such as H2O2, and superoxide anion radicals (O2–) resulting in lipid peroxidation, reduced photosynthetic capacity (Deeba et al., 2012), enhanced programmed cell death (Gill and Tuteja, 2010), and retarded growth (Wallace et al., 2016). The ROS-scavenging antioxidant enzymes, such as SOD, POD, CAT, glutathione reductase (GR), and ascorbate peroxidase (APX), can be triggered to neutralize excessive ROS accumulation. Alterations in these enzyme activities are the primary pathway in plants for inducing drought stress tolerance (Gill and Tuteja, 2010; Nikoleta-Kleio et al., 2020). ROS-AOS can act through root as well as shoot components, associated with water uptake and transpiration (Zhang et al., 2019). Besides, root and shoot, one of the well-characterized physiological responses under drought stress is ABA-induced leaf stomatal closure (Cruz de Carvalho, 2008). An insight into the diurnal and seasonal implication of such action by ROS-AOS can help us tailor management options to optimize water use by plants. Hence, this section discusses the role of ROS-AOS in processes regulating water relations.

It is well established that water relations at the shoot level are primarily determined by stomatal mechanisms that regulate transpiration. ROS can influence guard cell functions in leaves’ in plants, including Arabidopsis, bean (Phaseolus sp.), and pea (Pisum sp.) (Song et al., 2014). Most of the ROS-related actions appear to be associated with abscisic acid (ABA). The phytohormone ABA is synthesized in shoots, roots, particularly in seeds, and leaves (veins, and guard cells) (Boursiac et al., 2013), and plays a critical role in stomatal regulation in response to abiotic stresses. ABA actions involve methyl jasmonate (MeJA), which evokes ROS and NO (nitrous oxide) production in guard cells as shown in A. thaliana (Islam et al., 2009; Nazareno and Hernandez, 2017). Zhu et al. (2014) found that disruption of partially redundant Nicotinamide Adenine Dinucleotide Phosphate-reduced form (NADPH) oxidase catalytic subunit genes expressed in guard cells stops Methyl Jasmonate (MeJA)-induced stomatal closure and ROS production. This indicated that the two NADPH oxidases are chief ROS sources in guard cell MeJA signaling. However, it does not cause MeJA-induced cytosolic alkalization in Arabidopsis guard cells, suggesting the possible role of MeJA-induced ROS and NO in stomatal closure and drought tolerance (Ye et al., 2013; Nazareno and Hernandez, 2017). Another NADPH oxidase-interacting gene, OPEN STOMATA 1 (OST1), acts upstream of ROS signaling to mediate ABA-induced stomatal closure (Acharya et al., 2013; Ali et al., 2019). The OST1 regulates ROS generation through direct interaction and phosphorylation of the NADPH oxidase subunit of RBOHF (respiratory burst oxidase homologs) in Arabidopsis (Sirichandra et al., 2009; Han et al., 2019). MeJA also elicits NO production in the guard cells for induction of stomatal closure through the release of Ca2+ (Han et al., 2019). Besides NADPH oxidases, other ROS-producing enzymes (cell wall bound-peroxidase and copper amine oxidase) have been shown to regulate stomatal movement (Khokon et al., 2011). Several genes have been characterized, which reveal the role of ROS species in stomatal closure under stress conditions. The RING finger ubiquitin E3 ligase, OsHTAS, can promote H2O2-induced stomatal closure, leading to ABA-dependent drought, heat, and salt tolerance (Liu et al., 2016). Arabidopsis CYCLIN H;1 (CYCH;1) positively regulates blue light-induced stomatal opening by controlling ROS homeostasis (Zhou et al., 2014). Another critical interaction involved in stomatal closure during drought stress includes biological gas transmitter H2S (hydrogen sulfide), which promotes de novo ABA synthesis and activation of AOS to provide drought stress tolerance in Arabidopsis and rice (Jin et al., 2013; Zhou et al., 2020).

Water uptake and transport are the crucial processes determining the use of water by plants. Osmotic and hydrostatic forces are the major determinants of water uptake through the root. Osmotic force results from accumulation of solutes, and, furthermore, addition of root pressure and hydrostatic force produced mainly by transpiration stream drives movement of water (Kim et al., 2018). Adverse effect of ROS on functions of roots, the major component of plant water uptake structure, can negatively influence the water relations in plants (An et al., 2018). Under different abiotic stress conditions, root tissue produces ROS, and, among them, the role of H2O2 in root water uptake has been extensively investigated (Boursiac et al., 2008). It is shown that exogenous application of H2O2 inhibited cell and root hydraulic conductivity by closing aquaporin pores (Ye and Steudle, 2006) or accumulation of plasma membrane intrinsic proteins (PIPs) in internal structures called vesicles and vacuoles (Boursiac et al., 2008). Lack of function of genes associated with oxidative burst in the root can lead to accumulation of ROS in root vascular system and the xylem vessel of Arabidopsis subjected to salinity that creates osmotic stress similar to the one caused by soil moisture stress (Jiang et al., 2012). Production of ROS in maize (Zea mays) and Arabidopsis roots is associated with wall loosening and growth via cell elongation (Mangano et al., 2017). RAC/ROP-regulated production of NADPH-dependent H2O2 has been implicated in the secondary cell wall differentiation (Oh et al., 2018). Drought stress tolerance can be achieved by expressing genes involved in enhanced root growth and minimizing ROS levels. In this context, a multiple stress-responsive WRKY gene, GmWRKY27, interacts with GmMYB174 to suppress GmNAC29 expression, resulting in reduced ROS levels. The transgenic hairy roots of soybean (Glycine max) overexpressing GmWRKY27 displayed better root growth and enhanced tolerance to drought and salt stress than control plants (Wang et al., 2015). ROS can act as signals to regulate root hydraulic conductivity under stress conditions and increase or decrease root hydraulic conductivity, depending on the cellular concentration of ROS (Kaneko et al., 2015). This hypothesis is supported by the observations that applying exogenous antioxidants can modify ROS levels and the response of ABA on root hydraulic conductivity (Xu et al., 2015). Additionally, ROS-triggered intracellular trafficking of aquaporin negatively impacts water transport (Boursiac et al., 2008; Quiroga et al., 2018). The effect is caused by direct ROS-mediated closure or by more indirect signaling pathways, and the latter possibly involves salicylic acid (Ye and Steudle, 2006; Boursiac et al., 2008; Quiroga et al., 2018). Apart from ROS-mediated regulation of aquaporins, water transport can also be influenced by the activity of ROS in other pathways involving genes implicated in the regulation of root growth and development under drought stress (Janiak et al., 2015; Dalal et al., 2018). Furthermore, exogenous application of putrescine (Put) exhibited reduced water loss by transpiration and increased drought tolerance. The effect can be attributed to antioxidant or ROS scavenging action in roots and activation of stress-related genes (Alcazar et al., 2010; Mahdavian et al., 2021). Putrescine is also known to alleviate the inhibitory action of aluminum-induced ROS and provide tolerance against excess aluminum and heat stress (Fini et al., 2012; Yu et al., 2019; Kolupaev et al., 2021). Proper functioning of stomata requires coordination between ABA, ROS, and Ca2+-based signaling systems. Alteration in this may disturb the gaseous balance and plant water status, which ultimately affects the photosynthetic efficiency and growth of plants (Srivastava and Suprassana, 2015).

In summary, the ROS-AOS system under water-limited conditions functionally regulates the growth and development of plant organs, including roots and shoots. The stomatal closure in leaves is a crucial process that provides drought tolerance to plants. ROS-mediated actions involving a key player, ABA in its nexus, govern stomatal movements during stress. Not only ABA but another phytohormone MeJA is recruited by ABA to induce ROS machinery and NO production in guard cells, resulting in stomatal closure during drought conditions. NADPH oxidases work under the ABA-MeJA nexus and upstream of ROS system to critically elevate ROS levels under drought. In addition to the effect on aboveground parts, i.e., leaves, ROS-AOS system defines root water uptake and transport functionality under water stress. Interestingly, a large knowledge gap exists in determining the role of ABA-MeJA-NADPH-oxidase circuitry in root tissue to regulate ROS levels. Future studies targeting this regulatory network in root tissue may lead to better water uptake and transport under water-limited conditions. Such regulations, if fine-tuned to extend the availability of water, can extend the life of crop plants till the subsequent spell of water supply either through natural precipitation or life-saving irrigation and, hence, can substantially improve EUW, particularly in the events of mid-season drought.



Plant Growth

When subjected to soil moisture stress, generally, plants cease their growth, and much of the plant processes and assimilates are diverted for survival or for ensuring a successful reproductive cycle (Mi et al., 2018; Chadha et al., 2019). This strategy allows plants to save water by reducing the size of leaves associated with transpiration or curtailing the duration of growth to escape severe stress (Mi et al., 2018). Annual crops are featured by distinct growth phases for vegetative and reproductive stages, often separated by the time of flowering, which is highly critical to adapting to the prevailing environment (Craufurd and Wheeler, 2009). On the other hand, perennials, including forage grasses and fruit crops, have different growing habits where both vegetative and reproductive parts grow simultaneously (Skinner and Moore, 2007). Hence, the time of occurrence of soil moisture stress determines the differences in responses and impacts on biomass production and productivity among these crops (Lelievre et al., 2011). Plant growth, reflected by an increase in biomass, results from a set of primary processes, which include cell division and expansion, assimilate accumulation through photosynthesis, and transport of these assimilates to growing parts (Gonzalez et al., 2013). Any factor influencing these processes favorably or adversely can impact growth and overall productivity. Furthermore, there is ample information about the protective role of different antioxidants in plant growth and development (Henmi et al., 2007).

Reactive oxygen species interacts with key-signaling components like calcium (Ca2+), kinases (CDPKs and MAPKs), cyclic nucleotides, G-proteins, several transcription factors (TFs), and other regulators (Devireddy et al., 2021). The intricate interaction between ROS and these signaling cues orchestrate a cardinal response involving an appropriate molecular, metabolic, and physiological acclimation responses, allowing the plant to survive under adverse environmental conditions (Zhu et al., 2016; Waszczak et al., 2018; Kollist et al., 2019; Zandalinas et al., 2020). The cell division and expansion are critical events of the plant growth process that are often affected by environmental stresses and are under the control of ROS, phytohormones, transcription factors, kinases, and small RNAs (Huang et al., 2019; Mishra et al., 2021b; Tiwari et al., 2021a,b, c). The role of ROS in cell proliferation is also evident from reports that reveal manganese superoxide dismutase (MnSOD) regulating a redox cycle within the cell cycle (Sarsour et al., 2014). Zhang et al. (2013) observed that OsAPX2-overexpressing plants were more tolerant to drought stress than wild-type plants at the booting stage, as revealed by a significant increase in spikelet fertility under abiotic stresses. ABA-independent pathways that regulate growth and development of rice (Oryza sativa) at both seedling and panicle emergence involve STRESS-RESPONSIVE NAC1 (SNAC1)-regulated downstream PP2C genes such as OsPP18, which confers drought and oxidative stress tolerance by regulating ROS homeostasis (You et al., 2014). Mitogen-activated protein kinase (MAPK) cascades mediate cell differentiation and development, hormonal activity, and abiotic stress responses (Komis et al., 2018). MAPK kinases have been characterized to impart stress resistance and ROS equilibrium in cotton (Gossypium sp.) (Lu et al., 2014) and pepper (Capsicum sp.) (Jeong et al., 2020). Overexpression of GhMKK1 leads to significant accumulation of antioxidant enzymes and enhanced ROS scavenging activities, thereby improving tolerance of tobacco (Nicotiana sp.) plants to salt and drought stresses (Lu et al., 2014). During drought, the expression levels of MAPKs, MdMAPK16-2, MdMAPK17, and MdMAPK20-1 were elevated compared to those in apple (Malus domestica) seedlings under control conditions (Huang et al., 2020). Huang et al. (2020) reported that arbuscular mycorrhizal fungi (AMF) could utilize the MAPKs signaling pathway to enhance drought tolerance by using MAPK signaling as an intermediate pathway for interactions between AMF and their host apple plant. Besides, the extensive role of MAPKs, other kinases such as histidine kinases, CDPKs, leucine-rich repeat-receptor-like kinases, and serine-threonine protein kinases are also at the center of stress tolerance (Mishra et al., 2021a; Tiwari et al., 2021a,b). Early leaf development is regulated by genes-encoding OsSIK2, a protein kinase located in rice leaf and sheath plasma membrane. The OsSIK2 was suggested as a candidate gene for manipulation to facilitate crop improvement. It is hypothesized to integrate stress signals, predictably through ROS, into a developmental program for improved adaptation under stress conditions (Chen et al., 2013). Overexpression of calcium-dependent protein kinase gene, OsCPK4, results in increased tolerance to salt and drought stresses in rice plants. This was possibly due to the higher expression of several genes that regulate protection against oxidative stress and lipid metabolism, and thus determining cell membrane stability under stress conditions (Campo et al., 2014). The zinc finger super family transcription factors regulate multiple aspects of plant development and abiotic stress tolerance (Liu et al., 2021). Zinc Finger 2 (SlZF2) is rapidly induced by drought in cultivated tomatoes (Solanum lycopersicum), and its ectopic expression provides tolerance against salinity stress (Hichri et al., 2014). The chrysanthemum (Chrysanthemum grandiflorum) Zinc Finger Protein 1 (CgZFP1) shows enhanced expression under drought and salinity, and its heterologous expression in Arabidopsis revealed increased tolerance to both stresses.

The plant response to limited water availability varies with developmental growth stages of plants, which influence the final yield. There is ample evidence to support that ROS-AOS system influences on the cell division and expansion. Furthermore, many of the genes associated with growth and development of plants are linked to ROS-AOS. Some of the key genes include kinases such as MAPKs and those involved in Ca2+ signaling. Association of genes with ROS-AOS-mediated control of cell division and expansion could be genetically engineered appropriately to express or silence genes in response to sufficient or deficit soil moisture. Genetically engineered plants employ mechanisms in a way that cell division and expansion are continued or ceased based on water availability to ensure survival and productivity of plants. To counter mid-season dry spells, it would be appropriate to choose plants that have AOS-ROS system and associated traits tuned for survival till the next spell of water supply. Alternatively, exogenous application of ROS-scavenging biostimulants can be recommended as an effective management practice. A combination of the optimized AOS-ROS mechanism and external application of effective biostimulants have the potential to facilitate EUW by plants.



Assimilate Synthesis

Cellular events associated with cell division and expansion are followed by the accumulation of assimilates during the growth process. Alteration in the photosynthetic process can affect plant growth (Weraduwage et al., 2016). Chloroplast is one of the major sites of ROS production, with photosynthesis affected directly due to the ROS-induced impact on photosynthetic apparatus and indirectly due to altered stomatal mechanisms. The ROS can cause protein breakdown, chlorophyll degradation, and lipid peroxidation in leaves, resulting in a loss of photosynthetic electron transport chain, membrane integrity, and cell death (Slooten et al., 1995; Ekmekci and Terzioglu, 2005). Higher levels of ROS are generated in plants when drought is accompanied with high solar irradiation and temperatures (Munne-Bosch et al., 2001; Jubany-Mari et al., 2010). Damage to cell membranes and reduction in CO2 intake due to closure of stomata restrict the capacity of plants to use photosynthetically active radiation (PAR) under soil moisture stress (Bota et al., 2004; Flexas et al., 2004; Chaves et al., 2009). This can be prevented by reducing the ROS generation and enhancing the detoxification of ROS (Das and Roychoudhury, 2014). The OsCPK4 protects cellular membranes from stress-induced oxidative damage and thereby positively regulates salt and drought stress responses in rice (Campo et al., 2014). Previously, attempts have been made to improve the tolerance of plants under various abiotic stresses through protecting photosynthetic machinery by manipulating antioxidant enzymes, including the overexpression of SOD, GR, and dehydroascorbate reductase (DHAR) through genetic engineering (Logan et al., 2006). The strengthening of chloroplast antioxidant defenses could be the key protective mechanism for plant cells toward enhancing abiotic stress tolerance (Mishra et al., 2021b).

Drought-induced loss of chlorophyll accompanied by an elevated ratio of the violaxanthin pigment in chlorophyll effectively helps in mitigating oxidative load in the chloroplast by reduction of light-absorption centers (Brunetti et al., 2018). Carotenoids, particularly xanthophyll pigments, are substantially affected by drought stress, which play an effective role as singlet oxygen scavengers (Krieger-Liszkay, 2005). The ROS-detoxifying antioxidant enzymes and ascorbic acid are upregulated to protect membrane lipids from oxidation (Munne-Bosch et al., 2001; Du et al., 2010). Protection of photosynthetic system against excess H2O2 produced by photorespiration during drought was observed in tobacco due to overexpression of gene-coding ascorbate peroxidase (Yan et al., 2003). Mitochondrial Alternative Oxidase (AOX) has been hypothesized to aid photosynthetic metabolism by acting as an additional electron sink for the photogenerated reductant or by dampening ROS generation. This was essential for maintaining photosynthesis under mild drought in Nicotiana tabacum (Dahal et al., 2014).

Other metabolites, such as galactinol and raffinose, can function as osmoprotectants in plant cells. Transgenic Arabidopsis plants overexpressing galactinol synthases (GolS1 and GolS2) exhibited increased accumulation of these oligosaccharides and increased tolerance to oxidative damage induced upon exposure to chilling and osmotic stress (Nishizawa et al., 2008). Biosynthesis of compatible solute glycinebetaine enhances the tolerance of plants to soil moisture stress (Chen and Murata, 2008). Glycinebetaine synthesis activates ROS-scavenging antioxidant enzymes and thus alleviates oxidative stress. Intriguingly, the elevated levels of glycinebetaine seem to be more effective in the chloroplasts compared to cytosol, indicating its competency to protect the photosynthetic machinery (Chen and Murata, 2008). Trehalose, a non-reducing disaccharide, accumulates to higher levels in some desiccation-tolerant plants like Myrothamnus flabellifolius and functions as an osmolyte and stabilizes proteins and membranes (Iordachescu and Imai, 2008).

Chloroplast acts as a site of photosynthesis as well as ROS production. Stress-mediated ROS generation impacts the membrane and also activates signaling related to stomatal closure. Therefore, the site of synthesis and accumulation of photosynthates are consistently associated with ROS-AOS system, which is evident from the literature cited in this section. Drought stress effect on chlorophyll is largely mitigated by accessory pigments, such as carotenoids and violaxanthin. They primarily scavenge ROS molecules to provide membrane stability and protection to maintain pigment system. The challenge is to design strategies at the molecular level to fine-tune best combinations of players for the light-trapping system to cease/decelerate their function when stomata tend to close for saving water. Although such a system might exist in nature, phenotyping methods to identify such genotypes may play a crucial role in improving the photosynthesis per unit available water, ultimately contributing to EUW.



Assimilate Transport

Phloem transport plays an important role in maintaining homeostasis between plant growth and abiotic stress responses by providing an uninterrupted pathway of carbon distribution and signaling to all organs (Dinant and Lemoine, 2010; Ainsworth and Bush, 2011). Hydrostatic pressure gradient between the source and sink organs created during this process drives the mass flow of phloem sap. The phloem transport is maintained by a positive pressure energized and regulated by a dynamic loading between bundle sheath cells at source locations and the sieve element companion cell complex (Orians et al., 2015). The electrical signals involving Ca2+, Cl–, and K+ fluxes are transmitted rapidly along the length of the sieve element cell as well as laterally from parenchyma cells to sieve an element via companion cells through plasmodesmata (Borges, 2008) in response to stress and ultimately impact mobilization of carbohydrates.

Remobilization of pre-stored carbohydrates from wheat (Triticum aestivum) stems to grain results in a significant contribution to yield during terminal drought conditions (Bazargani et al., 2011). Studies conducted to underpin the molecular nexus responsible for stem reserve utilization during drought conditions in two contrasting wheat landraces (N49 and N14) revealed differential expressions of proteins with the highest levels in efficient landrace N49 at 20 days after anthesis. This is in conjunction with active remobilization of dry matter, indicating a probable involvement of these differential proteins in effective stem reserve remobilization in N49 (Bazargani et al., 2011). Furthermore, some proteins associated with this process were related to oxidative stress defense, suggesting ROS-AOS playing a role in remobilization of stem reserves (Bazargani et al., 2011).

Despite abundant stored reserves in stems, plants may fail to produce grains if environmental stresses affect reproductive organs. The maize transcriptome analysis involving well-watered and drought-treated fertilized ovary and basal leaf meristem tissue displayed a significantly decreased abundance of transcripts involved in the cell cycle and cell division only in the drought-stressed ovary (Kakumanu et al., 2012). Many of the genes were related to sucrose and starch metabolism changes in the ovary, consistent with a decrease in sucrose transporter function and starch levels. Possible mechanisms for adaptive responses included repression of a phospholipase C-mediated signaling pathway, activation of programmed cell death-mediated senescence, and arrest of the cell cycle in the stressed ovary a day after pollination (Kakumanu et al., 2012; Zhang et al., 2017). Furthermore, an elevated invertase level was observed in the stressed leaf meristem, resulting in maintenance of hexose levels at an “unstressed” level in that tissue, accompanied with lower ABA levels, providing drought resistance (Kakumanu et al., 2012). A possible role of ROS-AOS in this process cannot be ruled out as ROS are associated with programmed cell death. Other evidence that hints at the association of ROS-AOS emerges from studies on AtSUC9, a gene associated with sucrose transport in the cell. This gene gets induced by low sucrose levels and then mediates the balance of sucrose distribution and promotes ABA accumulation to enhance resistance to abiotic stresses in Arabidopsis (Jia et al., 2015). Similarly, the role of carbohydrate metabolism, carbohydrate profile, and sugar cleavage and transport determined pollen sterility in grain sorghum (Sorghum bicolor) exposed to heat stress (Jain et al., 2007). Increased membrane damage and enhanced ROS in pollen grains under heat stress result in loss of pollen viability in sorghum (Djanaguiraman et al., 2014). Increased ROS and decreased antioxidant enzymes in pollen and pistils were observed under heat stress in sorghum (Djanaguiraman et al., 2018a) and pearl millet (Pennisetum glaucum) (Djanaguiraman et al., 2018b). Impact of heat stress becomes more pronounced in the absence of sufficient soil moisture.

Assimilate transport through phloem directly determines the quantity and quality of yield. Drought stress affects cell division and cell cycle-related genes in addition to starch and sucrose metabolism. Sugar metabolism is required for cell growth, expansion, and division. Thus, ROS-AOS system plays a dual control on plant growth by regulating the cell cycle as well as sugar metabolism. Since there is a possible involvement of ROS-AOS both in assimilate transport from stems to reproductive parts and also in reproductive physiology, it can be hypothesized that these critical aspects of grain developmental process offer new dimension to develop strategies to manage ROS-AOS through genetic improvement or through exogenous application of promising formulations that can quench ROS. The dual regulation of starch metabolism and the cell cycle are very important in pollen or ovary development as these processes depend extensively on cell division as well as cell expansion. Higher EUW can be expected in genotypes identified based on their potential to manage ROS-AOS for facilitating better protection of pollen and ovary, in addition to supporting stem reserve mobilization during reduced soil moisture.



Leaf Senescence

Photosynthesis can also be affected by leaf senescence induced by ROS, depending on the age of the leaf (Rosenwasser et al., 2013). Under limited or excess irradiation, coordinated biochemical, molecular, and physiological processes are required for photosynthetic apparatus acclimation and simultaneous achievement of optimal and effective photosynthetic functioning (Kreslavski et al., 2018). Due to these processes, leaves usually display a high ability to adjust to alteration of microclimate conditions. Leaf senescence is a genetically programmed process that leads to a decline in various cellular processes, including photosynthesis, and involves the remobilization of macromolecules, such as proteins and lipids (Tamary et al., 2019). It is mainly governed by the developmental age and is reprogrammed by environmental stresses, such as drought, salinity, heat, and other stresses. An overview of chloroplast protein degradation during leaf senescence and the roles of ROS has been reviewed earlier (Khanna-Chopra, 2012). Membrane proteins can be crucial as they are involved in leaf senescence through ROS (Jespersen et al., 2015). Genetic modification of genes such as OsTZF1 could delay leaf senescence as this gene regulates genes associated with the ROS-AOS balance (Maruyama et al., 2013). Stress-induced leaf senescence under heat stress is associated with increased membrane damage, increased ROS, and reduced activity of antioxidant enzymes in soybean (Djanaguiraman and Prasad, 2010; Djanaguiraman et al., 2011) and sorghum (Djanaguiraman et al., 2014). While leaf senescence is an ultimate solution for reducing water loss through transpiration, other mechanisms keep the leaves functional under soil moisture stress. It is speculated that vacuolar phenylpropanoids may act as a secondary antioxidant system, which acts upon the depletion of primary antioxidant defenses to keep whole-cell H2O2 within sub-lethal concentration (Fini et al., 2012). The photoprotection mechanism against ROS was more conspicuous in younger than in mature leaves of common figs (Ficus carica) in response to a combination of high irradiation (∼1,300 μmolm–2 s–1) and increased temperature (∼35°C) at midday. Photo protective strategies in young leaves enabled them to minimize oxidative damage due to a competent antioxidative system relative to mature leaves (Mlinaric et al., 2016).

As leaves are the sites for photosynthesis as well as ROS production, maintaining a homeostasis during stress determines the survival of plants. There is sufficient evidence to support involvement of ROS in leaf senescence through programmed cell death and cell membrane damage, and hence altering physiological processes and functions in plants. The inherent strategy of plants to survive under drought involves reduction in transpiration through reduced leaf size or load on plants. When inevitable, systematic elimination of older leaves rather than young leaves can substantially contribute to reduction in consumption of water by plants, particularly during terminal drought. Therefore, genetic manipulation of genes for optimized ROS-AOS functionality and photosynthesis under water-limited conditions is much needed. The strategy should also involve simultaneous facilitation of stem reserve mobilization for grain development in crop plants.




CONCEPTUAL FRAMEWORK OF REACTIVE OXYGEN SPECIES-ANTIOXIDATIVE SYSTEM FOR EFFECTIVE USE OF WATER

We conceptualized that the strategy for enhancing EUW by the plant should prioritize water use-driven biomass production over biomass-driven water use under depleting or restricted soil moisture stress environments. As shown in Figure 1, the key components of this strategy should include a fine control over plant structure (shoots and roots), processes such as photosynthesis, cell expansion/proliferation, functions associated with water use, and biomass production. It is well-known that plants avoid water stress by extracting water through need-based extension and architecture of roots, often supported by tissue osmotic adjustment at root and shoot levels (Siddiqui et al., 2021; Strock et al., 2021). On the other hand, plants can save water by stomatal closure, reduced leaf expansion, leaf curling, and leaf rolling (Wang et al., 2020). Therefore, the EUW needs processes and structures that facilitate efficient usage of water that can contribute to survival during stress when soil moisture is deficit and maximum use for biomass production when sufficient water is available (Kosova et al., 2019). The conceptual framework encompasses major water use and growth processes, which is influenced by processes detailed in previous sections. The genes and endogenous substances addressed in this review are not exhaustive; instead, an attempt to reveal integrated ROS-AOS regulation governing adaptive mechanisms in plants exposed to drought has been presented. It needs to be critically examined if ROS-AOS facilitates selective switches for these processes and functions, depending on the type and growing habits of crop plants and the nature of drought stress. We discuss here the possible options for promoting water use-driven biomass production that underpins EUW of crop plants and hence improve productivity under drought stress conditions, such as early drought, mid-season or recurrent, and terminal drought.
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FIGURE 1. Water use by plants and biomass production are the two major components of Effective Use of Water (EUW). The figure is based on the fact that enhanced EUW is possible if water use by plants drives biomass production rather than biomass produced at a given time drives water use. The implications of reactive oxygen species and anti-oxidative system (ROS-AOS) that operates at mitochondria, chloroplast, peroxisome, and apoplast (shown at the center of the figure) are evident from scientific leads. The green/red symbol ([image: image] indicates opportunities to use ROS-AOS as feasible switches to put on or off the processes and functions required to achieve high EUW during optimal (green lines) and restricted (red lines) phases of soil moisture regime during the drought cycle. As shown in the Table 1, association of ROS-AOS is evident in the stomatal mechanism, water uptake and transport, and leaf senescence, which contribute to water use regulation while photosynthesis, cell division, and expansion assimilate transport, which are all linked with biomass production. Alternatively, exogenous bioactive compounds may be evaluated to get desired effect on each of the components to achieve maximum EUW based on the soil moisture regime, plant growth stage, and nature of drought.


Mid-season drought occurs when the depleting soil moisture is not replenished by natural precipitation and in the absence of irrigation. Since planting is carried out by the farmers only when there is optimum moisture in the soil, crop performance depends on the early establishment by utilizing available moisture (Fahad et al., 2017). Plants that develop their canopy rapidly have the advantage of enhancing the effective use of water by reducing moisture loss due to evaporation (Fahad et al., 2017; Sofi et al., 2019). Hence, ROS-mediated switches promoting biomass production processes and their distribution should be critical at the beginning of the soil moisture depletion curve (Laxa et al., 2019). The shoot growth has to be prioritized over roots for ensuring rapid ground cover at this phase to effectively utilize moisture at the top soil, followed by root proliferation to extract soil moisture from deeper layers of the soil profile. This preparedness for risk should be modulated by switches that impart endurance against limited soil moisture until the next opportunity emerges to replenish soil moisture. Under these conditions, cell division could continue, cell expansion could cease, but leaves continue to be functionally active. Plant growth can continue with partial closure of stomata, which facilitates carbon assimilation with minimum water loss (Zhang et al., 2018). This can happen if ROS-AOS switches are regulated to favor processes leading to increased growth under low vapor pressure deficit (VPD) periods within the diurnal cycle. This would induce a favorable response, as inactivation of chloroplast enzymes is known to occur under excess excitation energy, particularly during midday under tropical conditions (Foyer, 2018). Conditions during midday can lead to concomitant exposure to water stress, high sunlight irradiance, and high temperature, which significantly reduce the activity of enzymes aimed at detoxifying H2O2 (Sharma and Dubey, 2005; Guidi et al., 2008; Liu et al., 2011; Foyer, 2018; Aliyeva et al., 2020). Hence, an increase in violaxanthin pigments such as zeaxanthin from predawn to midday may avoid ROS generation by enhancing the capacity of thermal dissipation of excess radiant energy in the chloroplast (Kono and Terashima, 2014) and preserve thylakoid membranes from oxidation (Niinemets et al., 2003; Havaux et al., 2007). This may partially counter the depression of antioxidant enzymes activity.

Plants’ performance under intermittent drought is determined by water saving for survival and quick recovery after the cessation of drought stress. Roots can absorb water with less restriction early in the day, but the water demand would be greater than the supply during the latter part of the day (Neumann, 2008; Teran et al., 2019). With time, soil moisture is further depleted, and moisture stress tends to occur earlier and with higher intensity, affecting growth until replenishment of soil moisture. Thus, conservation of soil water by reduced transpiration would delay the onset of severe plant water-deficit stress and cessation of growth both diurnally and over a longer time period (Kulkarni et al., 2017). The concept of limited transpiration is based on plants modulation of water use through hydraulic conductivity during the early stages of crop development so that more water is available during the latter phase of the plant growth and development, which are more sensitive to stress conditions (Gholipoor et al., 2010, 2012). It has also been established that the effect of stomatal closure is less on carbon dioxide diffusion into the leaf than on water diffusion out of the leaf (Kono and Terashima, 2014; Qi et al., 2018). In this context, ROS switches need to be explored for promoting inherent or bio-regulator-induced water saving capacity at a critical stress period and efficient water uptake and utilization during favorable conditions. This is crucial for most dryland plants wherein the timing of water stress majorly determines the plant performance compared to the quantity of available water.

Terminal drought at the final stages of annual crops needs strategies that favor functional stay green with delayed senescence (Jagadish et al., 2015). Furthermore, under terminal drought, ROS-AOS is involved in the developmental shift from vegetative to the reproductive, particularly flowering and grain-filling stages (Jagadish et al., 2015). It is interesting to know that the control over genes (SOC1 and FUL) associated with a shift from the vegetative to reproductive stage in Arabidopsis can significantly prolong the lifecycle of the plants, and, often, ROS-AOS is associated with these genes (Melzer et al., 2008; Lens and Melzer, 2012). Another gene, Ghd7, has been regarded as a critical regulator of heading date and yield potential in rice. This gene regulates yield traits through modulating panicle branching independent of the heading date. Drought is one among several factors that strongly repress the expression of Ghd7 that maximizes the reproductive success of the rice plant (Weng et al., 2014). Furthermore, ROS-AOS switches need to be optimized to prevent damages to reproductive organs like pollens and ovules that may occur due to soil moisture stress (Kakumanu et al., 2012). In addition, plants could benefit from the action of ROS-AOS by promoting stem reserves for grain development and delayed senescence of roots for extracting soil moisture from deeper profiles of soil (Jagadish et al., 2015). This is crucial to maintain the normal physiological function of plants to support reproductive growth that can result in higher EUW. Possibilities of achieving this emerge from the fact that ROS-AOS are involved in the accumulation of compounds like oligosaccharides during the stress, which can be diverted for grain growth when photosynthesis ceases due to desiccation in plants (Cui et al., 2020; Ma et al., 2021). Annual crops are likely to benefit from opportunities with favorable periods in a diurnal cycle or intermittent precipitation during their short-life cycle. The physiological and molecular basis of ROS-AOS can help facilitate genetic improvement targeting traits for improved water relations in plants. Furthermore, the enhanced balance of ROS-AOS during critical growth stages can help tolerate drought episodes with minimal impact on biomass or economic yield (Aslam et al., 2015; Fang et al., 2015; Fang and Xiong, 2015; Salehi-Lisar and Bakhshayeshan-Agdam, 2016). The ROS-AOS facilitated acceleration or deceleration of processes associated with water uptake, and tissue water maintenance are crucial for optimum crop productivity under limited water conditions.

The proposed conceptual framework for translating ROS-AOS information for improvement in EUW is based on genetic improvement and traits identification that can alleviate stress. In addition to scientific leads that have emerged from physiological an molecular biology investigation on the role of ROS-AOS (Table 1) and access to evidence-based genetic variability is crucial for genetic improvement of tolerance of crop plants to abiotic stresses. Genetic variability in ROS production has been reported in grass species (Jespersen et al., 2015) and doubled haploid maize (Darko et al., 2009). Furthermore, genes identified through single-nucleotide polymorphism (SNP) and methylated quantitative trait locus (MQTL) approaches for genetic improvement of abiotic stress tolerance in wheat include those associated with scavenging of ROS and abscisic-acid-induced stomatal closure (Acuna-Galindo et al., 2015). Identified MQTL and candidate genes should be targeted for future studies and genetic improvement of abiotic stress tolerance. Recently, it has been observed that genes inhibiting anthocyanin synthesis at short high light exposure lose their action after prolonged exposure of plants to high light intensity, suggesting that these mechanisms might be facilitating acclimation to oxidative stress (Viola et al., 2016). Levels of antioxidants can be enhanced by silencing genes such as OsSRFP, which codes for stress-related RING Finger Protein 1 in rice (Fang et al., 2015; Fang and Xiong, 2015), and this can contribute to drought stress tolerance. Elevated antioxidant capacity may contribute to the paraquat tolerance of the paraquat-selected DH2 lines, and in vitro microspore selection represents a potential way to improve oxidative stress tolerance in maize (Darko et al., 2009).


TABLE 1. Some of the ROS-AOS genes associated with processes governing water use and biomass production.

[image: Table 1]
Among the endogenous substances that can alleviate oxidative stress, polyamines such as putrescine reduce ROS activity in roots of red kidney bean (Phaseolus vulgaris) and alleviate Al-induced inhibition of root elongation. This was mediated by inhibition of NADPH oxidase activity (Wang et al., 2013), suggesting that deeper understanding of ROS-AOS switches can help in identifying useful bioregulators to achieve desired results in promoting EUW. Anthocyanins protect plant tissues against excess light and ROS by absorbing light and thus reducing the amount of energy that reaches the photosynthetic apparatus. Therefore, bio-regulators that promote anthocyanin production or protection can possess the potential to alleviate the soil moisture stress that accompanies exposure to high light (Hughes et al., 2013). Anthocyanins may also act as antioxidant compounds in plants since they are ROS scavengers (Nakabayashi et al., 2014).

Possibilities of employing ROS-AOS insights for management of drought are evident from a series of recent studies conducted with biostimulants in crops, including tomato (Casadesús et al., 2019; Antonucci et al., 2021, Francesca et al., 2021), capsicum (Agliassa et al., 2021), soybean (do Rosário Rosa et al., 2021), and lettuce (Zhou et al., 2022). Exogenous application of 16 tannin-based biostimulants having antioxidant properties improved root system architecture of tomato under salt stress (Campobenedetto et al., 2021). Additionally, Late embryogenesis abundant protein (LEA) family proteins were found to be upregulated, which are associated with water-limited stress tolerance. Thus, osmotic stress in crop plants can be managed, and this could be extended to managing drought stress. A commercial glycine-betaine-based biostimulant improved EUW in tomato under water stress condition. Moreover, elicitation of stress priming through induction of H2O2-mediated antioxidant mechanisms was suggested as one of the primary reasons behind the beneficial effect (Antonucci et al., 2021). Antioxidant properties of biostimulants are attributed to improvement in crop productivity under water stress (Malik et al., 2021). Studies reveal the potential of timely application of biostimulants (depending on the growth stage) either through foliar approaches or fertigation to improve drought tolerance. These recommendations can immensely help in improving effective use of water, as biostimulants can improve tolerance to water-deficit conditions and also facilitate recovery from drought stress.



WAY FORWARD

This review is central to contemporary demand for scientific interventions that can improve productivity of dryland crops, particularly when various environmental constraints challenge food security of millions of people. Dryland agriculture will play an increasingly important role in meeting food security challenges (Ng et al., 2012; Temam et al., 2019), mainly because of two reasons: First, only about 7% of the agricultural land across the world is equipped with irrigation (FAO et al., 2019), and the substantial remaining proportion of the area depends on rains and provides an opportunity to use technological advances to enhance productivity and support the most vulnerable populations; second, the world’s supply of freshwater for irrigation is insufficient to meet the targeted food production with current technology. Therefore, any technological interventions that can enhance the productivity of crops under limited water stress conditions will be critical to drylands that routinely encounter varying levels of drought stress (Rao and Gopinath, 2016; Rane and Minhas, 2017; Zuniga et al., 2021). Variability rather than the amount of total rainfall determines crop growth, development, and yield under dryland conditions. Therefore, we need location-specific drought-adaptive mechanisms or traits to develop crop varieties with improved resilience. In this context, adaptive mechanisms based on ROS-AOS are perceived to play important roles due to their involvement in almost all growth, development, and yield-determining processes throughout the crop growth cycle. Genotypes are known to differ in their response to drought stress, including the production of ROS and AOS mechanisms. Targeted traditional and molecular breeding programs using both conventional and novel genomic tools are essential to enhance drought-tolerant genotypes and hybrids in major food crops and address food and nutritional security around the world.

Knowing the ubiquitous and complex nature of ROS-AOS in plants (Noctor et al., 2014), it is important to advance scientific investigations in optimizing ROS-AOS under severe drought stress conditions to facilitate EUW in both annuals and perennial crops under dryland and rainfed environments. The majority of damage and losses in dryland are due to time and duration of occurrence rather than net soil moisture throughout the crop season. Therefore, fine-tuning of ROS-AOS mechanisms either genetically or through exogenous application of bio-regulators can help in optimizing the use of water for biomass production, crucial for maintaining productivity of crops. Such suggestions derive support from the evidence that the antioxidant machinery of plants can be more effective under mild than severe stress conditions (Guidi et al., 2011). A lot of promise emerges from the fact that several master regulators controlling the balance between growth and survival have been identified. Possibilities of association of ROS and antioxidant systems through these regulators have been predicted but are yet to be experimentally elucidated. If proven, this can open up new opportunities to promote plant growth and development without compromising on protective tolerance mechanisms (Claeys and Inze, 2013). Hence, it is necessary to explore the possibilities of exogenous bioregulators to ensure need-based neutralization of apoplastic-ROS that accumulate outside the cell membrane during drought. The need may be to reduce transpiration loss of water for survival of perennial fruits crops during prolonged drought or to keep the leaves of annuals photosynthetically and physiologically functional under mild stress. This will help promote rapid recovery after the stress is released or to provide sufficient time for assimilate transport to developing grains as stem reserve mobilization is crucial for grain growth (Bazargani et al., 2011; Jagadish et al., 2015). The role of optimized ROS-AOS in processes associated with the transport of assimilates in plants needs to be further investigated. Drought has been reported to either enhance or depress the activity of antioxidant enzymes, depending on species, genotypes, and stress severity (Ren et al., 2007; Liu et al., 2011; Oladosu et al., 2019). The issue of osmotic stress-induced changes in antioxidant enzymes activity and low molecular weight antioxidants, such as ascorbic acid, needs to be elucidated.

Novel findings from the leaf level under controlled environment have to be validated at the whole plant level in crops under field conditions as expression of transcripts depends on growth conditions as illustrated in case of inhibition of cell death-inducing genes such as LESION SIMULATING DISEASE 1 (LSD1) null mutant (lsd1), which are shown to improve tolerance to combined drought and high-light stress in Arabidopsis (Wituszynska et al., 2013). Furthermore, it is necessary to elucidate the role of such genes with those associated with apoptosis or phenoptosis, where the programmed death of cells, organs or organisms occurs (Skulachev and Skulachev, 2018). Furthermore, the control over genes such as SOC1 and FUL associated with a shift from vegetative to the reproductive stage that prolongs the lifecycle of the plants through ROS-AOS needs attention. It is hypothesized that regulation of such genes may help accelerate or delay the leaf senescence based on the time of occurrence of the drought stress in the life cycle of plants. Despite the lack of significant links at the cellular level for the execution of several functions for appropriately manipulating the ROS-AOS, there are ample indications of its involvement in water use and growth (Table 1). This new knowledge and understanding provide the platform for an optimistic approach for effective scientific intervention for managing crops under dryland conditions through genetic improvement of crop adaptation through bioactive compounds, or a combination of both, for mitigating water-stress-induced loss in crop productivity.
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Selecting high-yielding wheat varieties for cultivation can effectively increase water use efficiency (WUE) in the Huang–Huai–Hai Plain, where is threatened by increasing water shortages. To further identify the difference in water use and its relationship with root morphology and senescence characteristics, wheat varieties with different yield potentials—Yannong 1212 (YN), Jimai 22 (JM), and Liangxing 99 (LX)—were studied in a high-yielding wheat field. The water consumption percentage (CP) in YN decreased from planting to anthesis; however, crop evapotranspiration and CP increased from anthesis to maturity compared with JM and LX. In YN, a higher soil water consumption from anthesis to maturity in the 0–100 cm soil layer was partly attributed to the greater root weight density in the 20–60 cm soil layer. In topsoil (0–40 cm), root length density, root surface area density, and root diameter at 20 days after anthesis, root superoxide dismutase activity, and root triphenyl tetrazolium chloride reduction activity during mid grain filling stage were higher in YN than in JM and LX. YN had the highest grain yields of 9,840 and 11,462 kg ha–1 and increased grain yield and WUE by 12.0 and 8.4%, respectively, as compared with JM, and by 30.3 and 21.3%, respectively, as compared with LX. Ensuring more soil water extraction post-anthesis by increasing roots in the 20–60 cm soil profile, improving root morphology traits, and alleviating root senescence in the topsoil during mid-grain filling stage will assist in selecting wheat varieties with high yield and WUE.

Keywords: winter wheat, yield potential, water use, root morphology, root senescence


INTRODUCTION

The Huang–Huai–Hai Plain (3HP), as the main wheat production region in China, owns only 40% of the agricultural land in the country; however, it accounts for about 61% of the total wheat production of the country (Sun et al., 2011; Xu et al., 2018). In this area, the precipitation received during the full wheat growth season ranges from 100 mm to 180 mm, which can only meet 25–40% of the total water requirement of wheat (Iqbal et al., 2014). Groundwater is used on 64% of the irrigated area, and excessive extraction has led to a rapid decline in groundwater table (Zhang et al., 2010). Improving water use efficiency (WUE) is a crucial approach for food security in regions such as the 3HP, where water shortage is a major challenge for agriculture (Brauman et al., 2013; Rashid et al., 2019). Therefore, reasonable irrigation strategies have been proposed (i.e., regulating irrigation frequency and timing, applying deficit irrigation, and supplemental irrigation) for increasing WUE and maintaining high wheat production (Wang, 2017; Meena et al., 2019a; Zhao et al., 2020). However, studies have shown that renewing varieties is an effective way to increase yield and WUE (Faralli et al., 2019; Meena et al., 2019b), and it is necessary to study the physiological characteristics of wheat varieties with high yield and high WUE.

The variation of wheat varieties in yield and WUE has been reported in some studies (Zeleke and Nendel, 2016; Ma’arup et al., 2020). When wheat yield ranging from 6,475 to 7,275 kg ha–1 under the irrigation of 190 and 230 mm in two wheat varieties, using a greater yield and WUE wheat variety Shijiazhuang 8 could increase the WUE up to 17.8 kg ha–1 mm–1 by reducing the irrigation amount without decreasing the yield (Liu et al., 2016). Zhang et al. (2010) reported that the WUE of wheat is estimated to increase from 10.0 to 12.0 kg ha–1 mm–1 for the early 1970s varieties to 14.0–15.0 kg ha–1 mm–1 for the 2000s varieties in the 3HP, and the positive relationship between grain yield and WUE for all the varieties indicated that using a higher-yielding variety has the potential to improve WUE, thereby saving water. However, limited information is available on the variation of WUE in water consumption characteristics between varieties with different yield levels during the entire growing season. There is a need to develop high-yielding wheat varieties because achieving greater yield from the same water resources contributes to higher WUE (Zhang et al., 2017).

Increased grain yield could be achieved by breeding deeper-rooted wheat varieties in specific farming systems as root distribution in the soil is directly associated with soil water uptake (Wasson et al., 2012; Severini et al., 2020). In rice, increased root length density is required for achieving high crop yield and WUE (Yang et al., 2012), and inadequate root length could accelerate the senescence of above-ground plants during the grain filling stage (Liu et al., 2018). However, Fang et al. (2021) reported that in the semi-arid region on the Loess Plateau, modern wheat varieties with yields between 5,814 and 6,115 kg ha–1 had less root biomass and root length density in the 0–40 cm soil layer, which reduced pre-anthesis water uptake but increased soil water extraction after anthesis, contributing to the increases in grain yield and WUE. Regulating root morphology characteristics by irrigation technologies can influence the uptake of soil water during the post-anthesis phase, that have major effects on wheat yield and WUE (Ali et al., 2019). However, the onset of wheat senescence during post-anthesis is inevitable (Nehe et al., 2020). Guaranteeing wheat water uptake during this phase can provide important advantages in yield formation (Li et al., 2019). Much attention has been paid to the effects of root morphology characteristics on crop yield and WUE; however, little information is available about the root senescence traits post-anthesis and its relationship with the soil water uptake and grain yield of wheat varieties with different yield levels.

Wheat varieties have been replaced 8–9 times in the main wheat production regions of China since the 1950s, with great improvement in yield potential (He et al., 2018). The average wheat yield in Shandong, Henan, and Hebei Provinces, as the main wheat production regions in the 3HP, varied from 6,052.5 to 6,484 kg ha–1 from 2014 to 2017 (Ministry of agriculture and rural affairs of the People’s Republic of China, 2016, 2019). Widely planted winter wheat varieties, Jimai 22 (JM) and Liangxing 99 (LX), in the 3HP are important parental resources for the current wheat variety improvement in China (Yang Z. Z. et al., 2020). The well-adapted wheat variety, Yannong 1212 (YN), has broken the yield record of winter wheat twice in China and showed a high yield of over 12,000 kg ha–1 at eight different locations in the 3HP since 2015 (Dazhong Daily, 2020). The recorded grain yield of YN was 11,001 kg ha–1, which was 19.5% and 34.4% higher than the varieties JM and LX in a previous study (Liang et al., 2018). However, few studies have been conducted to investigate the differences in water consumption characteristics, root morphology, and senescence traits, underlying yield superiority of YN to JM and LX. Moreover, clarifying the difference in water use of wheat varieties and its relationships with root morphology and senescence characteristics may also contribute to the improvement of new varieties with high yield and high WUE in future breeding programs. The objectives of this study were to: identify the water consumption characteristics associated with high-yielding and high WUE wheat varieties and clarify the relationships among root morphology and post-anthesis senescence characteristics, water use, and wheat production.



MATERIALS AND METHODS


Experimental Site

Field experiments were carried out from 2017 to 2019 in Shijiawangzi village, Yanzhou (116°41′E, 35°42′N), Shandong Province, China. This region has a typical and representative environment of the 3HP. The average annual groundwater depth is 25 m, and the soil type is Haplic luvisol (FAO classification system). Before sowing, the soil layer (0–20 m) contained 19.2 g kg–1 organic matter, 1.2 g kg–1 total nitrogen (N), 166.3 mg kg–1 hydrolyzable N, 56.2 mg kg–1 available phosphorus, and 204.3 mg kg–1 available potassium. The soil bulk density and field capacity in the 0–200 cm soil layer before sowing are shown in Supplementary Table 1. Precipitation during the wheat-growing seasons in 2017–2018 and 2018–2019 are shown in Supplementary Figure 1.



Experimental Design

Seeds of three winter wheat varieties with different yield potentials—YN, JM, and LX—were used in the present study. Among the three wheat varieties, YN was approved by National Crop Variety Approval Committee in 2020 (Ministry of agriculture and rural development of the People’s Republic of China, 2020). JM and LX have been sown in a cumulative area of 60 million ha due to the excellent performance in wheat production. JM (since 2015) and LX (from 2010 to 2015) were successively employed as control varieties in the performance test of new cultivars in the 3HP (Yang Z. Z. et al., 2020). A randomized design with three replications was implemented. Each experimental plot was 2 m × 30 m in size with a 2.0 m buffer zone between plots to minimize the effects of adjacent plots. The straw of the preceding maize crop was crushed and returned into the cropland. A base fertilizer of 105 kg ha–1 N, 150 kg ha–1 P2O5, and 150 kg ha–1 K2O were applied before sowing, and at the jointing stage of wheat production, 165 kg ha–1 N was ditched. Wheat seeds were sown on October 23, 2017, and October 10, 2018, with a population of 270 plant m–2 and 180 plant m–2, respectively, while wheat plants were harvested on June 7, 2018, and June 11, 2019. Experimental plots were irrigated with 60 mm of water each in the pre-winter, jointing, and anthesis stages, totaling 180 mm of water during the growing season.



Sampling and Measurements


Soil Water Content and Crop Evapotranspiration

In all experimental plots, soil from the surface to 200 cm depth was sampled at 20 cm intervals using a soil corer. Measurements of soil samples were taken at pre-planting, a day before irrigation at both the jointing and anthesis stages, and at maturity from each treatment with three replicates. The soil water content of each 20 cm soil layer was determined by using the oven-drying method described by Gardner (1986).

The crop water consumption or crop evapotranspiration (ET) of winter wheat for the whole growing season or an individual growth period was based on the equation described by Chattaraj et al. (2013):
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Where ET (mm) is the crop evapotranspiration, Δ SW (mm) is the soil water consumption of 0–200 cm soil profile between two specific growth stages, I (mm) is the irrigation amount, P (mm) is the precipitation amount, D (mm) is downward flux below the crop root zone, and R (mm) is surface runoff. In this experimental site, owing to the presence of a low groundwater table (average annual of 25 m) below the ground surface, capillary rise, drainage, and runoff were not calculated. Drainage and runoff are negligible in the 3HP, including in this experimental site (Lv et al., 2011).

The water consumption percentage (CP) for a given growth period was the ratio of the water consumption amount or ET of that period to the total crop evapotranspiration during the whole growth periods of wheat (ETC) (Xu et al., 2018).




Root Weight Density

Roots were sampled from each treatment with three replicates at anthesis, using an auger with a 10 cm internal diameter, at 20 cm intervals down to a 100 cm depth. At each plot, two cores were collected within and between the wheat rows. The roots from the core sections, with mixtures of roots and soil in each 20 cm soil layer, were collected following the method described by Jha et al. (2017). Root samples were oven-dried at 80°C until a constant weight was reached. The root weight density (RWD) was calculated according to Feng et al. (2017).



Root Morphology Characteristics and Biochemical Assays

Root samples in the 0–40 cm soil layer were collected at 20 cm intervals from each pot with three replicates at anthesis, 10 and 20 days after anthesis (DAA), using an auger with a 10 cm internal diameter. Each sample included two cores that collected within and between the wheat rows. Root samples were collected and refrigerated at −80°C. Half of the root samples were used to measure root length, root surface area, and root diameter measurements using an Epson V700 scanner (Seiko Epson Corp., Japan) and WinRHIZO 2013 software (Regent Instruments Canada Inc., Canada). Root length density and root surface area density were calculated according to He et al. (2019). The remaining root samples were used for the measurements of root malondialdehyde (MDA) concentration, superoxide dismutase (SOD) activity, and root activity. Root MDA concentration and SOD activity were assayed using the methods described by Guo et al. (2015). Root activity was determined following the method of Man et al. (2016) and represented by the triphenyl tetrazolium chloride (TTC) reduction activity.



Grain Yield

At maturity, grain yield was determined by the plants harvested from a 5 m2 area in each plot and sun-dried to 12.5% moisture content before being recorded.



Water Use Efficiency

The WUE was calculated as follows (Ma et al., 2019):

[image: image]

Where WUE (kg ha–1mm–1) represents the crop water use efficiency, Y (kg ha–1) is the grain yield, and ETC (mm) is the total crop evapotranspiration during the whole growing periods of wheat.



Statistical Analysis

Statistical analysis was performed using standard ANOVA in SPSS 22.0 (IBM, New York, NY, United States). The normality of data and the homogeneity of variances were checked by using the Shapiro–Wilk test and Levene’s test, respectively. ANOVA was conducted to compare the effects of different treatments on the measured variables. The means were compared using Duncan’s test at α = 0.05 to identify significant effects.




RESULTS


Crop Evapotranspiration in Different Growth Periods

As shown in Table 1, the ETC of YN was significantly higher than that of JM and LX in both years. There was no significant difference in ET from planting to jointing stages in all wheat varieties in 2017–2018. Compared with JM and LX, the CP from planting to jointing of YN was 4.9 and 7.8% lower in 2017–2018, and 5.6 and 8.1% lower in 2018–2019, respectively. ET from jointing to anthesis did not differ significantly among YN, JM, and LX, despite that YN had the lowest CP from jointing to anthesis. ET and CP from anthesis to maturity, both ranked in the decrease order of YN > JM > LX, in both years.


TABLE 1. Total crop evapotranspiration during the whole growing periods of wheat (ETC), crop evapotranspiration, and water consumption percentage in different growth periods in the 2017–2018 and 2018–2019 growing seasons.
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Soil Water Consumption in Different Growth Periods

The soil water consumption from planting to jointing of YN was lower than that of JM in 2018–2019 (Figure 1). The soil water consumption from jointing to anthesis among the three varieties did not differ significantly in both years. The soil water consumption values from anthesis to maturity in YN were 79.1 mm and 61.6 mm in 2017–2018 and 2018–2019, respectively, which were significantly higher than that of JM and LX in both years.


[image: image]

FIGURE 1. Soil water consumption in different growth periods of wheat varieties in the 2017–2018 (A) and 2018–2019 (B) growing seasons. YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99; PJ, planting to jointing; JA, jointing to anthesis; AM, anthesis to maturity. The different letters in the figure indicate significant differences (Duncan’s test, p < 0.05). Vertical bars represent the standard deviation of the means.




Soil Water Consumption in the 0–200 cm Soil Layer From Anthesis to Maturity

The highest soil water consumption in the 0–100 cm soil layer from anthesis to maturity was observed in YN, followed by JM, and finally, LX (Figure 2). Soil water consumption from the 100 to 120 cm soil layer in JM and LX did not differ with that of YN in 2017–2018 but were both lower than that of YN in 2018–2019. No significant differences were found in the soil water consumption of the 120–200 cm soil layer from anthesis to maturity among YN, JM, and LX in both years.
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FIGURE 2. Soil water consumption in the 0–200 cm soil layer from anthesis to maturity of wheat varieties in the 2017–2018 (A) and 2018–2019 (B) growing seasons. YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99. Vertical bars represent the SD of the means.




Root Weight Density in the 0–100 cm Soil Layer

The RWD in the 0–40 cm soil layer accounted for 78.8–83.9% of the total RWD (i.e., in the entire 0–100 cm soil layer) in both years (Figure 3). In both years, the RWD of all three wheat varieties significantly decreased with an increase in soil depth at anthesis. The RWD from the 0 to 20 cm soil layer in YN did not differ with that of JM in both years but was higher than that of LX in 2018–2019. Compared to JM and LX, YN had greater RWD in the 20–60 cm soil layer in both years. The RWD in the 60–100 cm soil layer did not differ between YN and JM, which were both higher than that of LX.
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FIGURE 3. Root weight density in the 0–100 cm soil layer at anthesis of wheat varieties in the 2017–2018 (A) and 2018–2019 (B) growing seasons. YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99. The different letters in the figure indicate significant differences (Duncan’s test, p < 0.05). Vertical bars represent the SD of the means.




Root Morphology Characteristics

In the 0–20 cm soil layer, there were no significant differences in root length density and root diameter at 0 DAA among wheat varieties in both years (Table 2). YN and JM had greater root length density, root surface area density, and root diameter at 10 DAA than those of LX. Maximum values for root length density, root surface area density, and root diameter at 20 DAA were observed in YN, followed by JM with the lowest in LX.


TABLE 2. Root morphology characteristics of winter wheat in the 0–40 cm soil layer after anthesis of wheat varieties in the 2017–2018 and 2018–2019 growing seasons.
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In the 20–40 cm soil layer, YN and JM had higher root length density, root surface area density, and root diameter at 0 DAA than LX in both years (Table 2). The root surface area density at 10 DAA of YN showed 6.5% and 27.6%, and 8.1% and 34.7% higher than that of JM and LX, in 2017–2018 and 2018–2019, respectively. The root diameter at 10 DAA of YN was 4.2% and 8.3% greater than that of JM, and 13.6% and 18.2% higher than that of LX in 2017–2018 and 2018–2019, respectively. Root length density, root surface area density, and root diameter at 20 DAA were manifested in the following order: YN > JM > LX in both years.



Root Senescence Characteristics

In the 0–20 cm soil layer, there was no significant difference in MDA concentration at 0 DAA among wheat varieties in both years (Figures 4A,B); however, compared with LX, YN, and JM had lower MDA concentration of root at 10 DAA. The MDA concentration of root at 20 DAA was manifested in the following order: LX > JM > YN. The MDA concentration trend in the 20–40 cm soil layer was similar to that at 0–20 cm. In the 0–20 cm soil layer, SOD activity at 0 DAA in YN did not differ to that of JM in both years but was higher than that of LX in 2017–2018 (Figures 4C,D). The SOD activity at 10 and 20 DAA were ranked in the order: YN > JM > LX. In the 20–40 cm soil layer, the differences of roots among wheat varieties were non-significant for SOD activity at 0 DAA in 2017–2018. The highest SOD activity of root at 10 and 20 DAA was obtained in YN, whereas the lowest was obtained in LX in both years.
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FIGURE 4. Malondialdehyde (MDA) concentration and superoxide dismutase (SOD) activity of root in 0–20 and 20–40 cm soil layers after anthesis in 2017–2018 (A,C) and 2018–2019 (B,D) growing seasons. YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99. The different letters in the figure indicate significant differences (Duncan’s test, p < 0.05). Vertical bars represent the SD of the means.




Root Triphenyl Tetrazolium Chloride Reduction Activity

In the 0–20 cm soil layer, root triphenyl tetrazolium chloride reduction activity (RTTC) at 0 DAA in YN did not differ with that of JM in both years but was higher than that of LX in 2018–2019 (Table 3). Compared with JM and LX, YN showed higher RTTC at 10 and 20 DAA. In the 20–40 cm soil layer, the differences of RTTC at 0 DAA among wheat varieties were non-significant in both years. Compared with JM and LX, YN had higher RTTC at 10 DAA by 14.7% and 34.9% in 2017–2018 and by 12.2% and 27.5% in 2018–2019, respectively. RTTC at 20 DAA was manifested in the following order: YN > JM > LX.


TABLE 3. Root triphenyl tetrazolium chloride (TTC) reduction activity of winter wheat in the 0–40 cm soil layer after anthesis of wheat varieties in the 2017–2018 and 2018–2019 growing seasons.
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Grain Yield and Water Use Efficiency

Over the 2-year experimental period, the grain yields in YN were 10.8% and 13.1% higher than in JM, respectively, and 28.3% and 32.3% higher than in LX, respectively (Figure 5). In both years, the WUE was manifested in the following order: YN > JM > LX.
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FIGURE 5. Grain yield and water use efficiency of wheat varieties in the 2017–2018 (A) and 2018–2019 (B) growing seasons. YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99. The different letters in the figure indicate significant differences (Duncan’s test, p < 0.05). Vertical bars represent the SD of the means.





DISCUSSION

The wheat crop is more sensitive to a water deficit during the reproductive stage than the vegetative growth stage (Ma et al., 2019). Harmsen et al. (2009) indicated that crop evapotranspiration was significantly correlated with crop production. Water consumption in winter wheat reaches peaks during the heading and filling stages to maintain normal growth and grain production (Jin et al., 2017). In this study, on average, ET accounted for 26.9–37.0%, 26.9–27.0%, and 36.1–46.2% of ETC from planting to jointing, jointing to anthesis, and anthesis to maturity stages, respectively (Table 1). Compared to YN, JM, and LX with lower yields both had higher CP from planting to jointing and from jointing to anthesis but a lower CP from anthesis to maturity stages (Figure 5 and Table 1). The significant increases in CP from anthesis to maturity stages of JM and LX in the following year may be due to the monthly precipitation fluctuations (Supplementary Figure 1) because the water requirement of winter wheat can be influenced by interannual precipitation variability (Zhao et al., 2020). A previous study showed that wheat yield and WUE in the water shortage area could increase by increasing post-anthesis water use amount and ratio via a reasonable irrigation strategy (Xu et al., 2018). In this study, compared with JM and LX, YN showed lower CP from planting to anthesis but had higher ET and CP from anthesis to maturity under the same irrigation measures (Table 1), indicating that the post-anthesis ET and CP should be considered when selecting varieties for cultivation in the 3HP. Further, high-yielding YN can coordinate pre- and post-anthesis water use and improve the water consumption ratio after anthesis, which is beneficial to the formation of grain yield.

As precipitation cannot meet wheat water demand in 3HP, available soil water is required as an additional sources of water supply (Yang M. D. et al., 2020; Shirazi et al., 2022). The differences in the root system of wheat influenced the soil water extraction during the whole growth season of wheat (Středa et al., 2012). Over 85% consumption of the available soil water stored in the 0–50 cm layer at planting occurs due to high root density and evaporation (Shunqing et al., 2003). Wheat varieties with a higher probability of extracting water from deeper soil profiles at the vegetative phase could provide an early indication of plant productivity and lead to higher yield (Corneo et al., 2018). Thapa et al. (2020) showed that under limited irrigation conditions, water used from deeper soil layers significantly contributed to wheat yield compared to water only drawn from the shallower profile, especially in the late growing season. In this study, the differences of soil water extraction from anthesis to maturity among wheat varieties were focused in the upper 100 cm soil profile in both seasons (Figure 2). The higher ET and CP during anthesis to maturity shown by YN was attributed to the additional soil water consumption in the 0–100 cm soil layer (Table 1 and Figure 2). This could be partly credited to the greater RWD of YN in the 20–60 cm soil layer at anthesis (Figure 3), because root distribution can greatly affect water extraction by crops, and root dry weight in deep soil layer had positive relationships with grain yield and WUE (Kang et al., 2014; Fang et al., 2017). In this study the vertical distribution of RWD in YN was not only conducive to the use of water in the 20–60 cm soil layer but was also beneficial to promoting the use of water from the deeper soil layers (60–100 cm), contributing to the improved water use pattern of YN. Measurements for the 0–20 cm soil layer have not been included in this relation in this study, which, due to the extractable water, may include the evaporative loss from the soil surface.

Most of the root distribution was in the top 0–40 cm layer of the soil profile (Fang et al., 2021). Our results supported the result that 78.8–83.9% of the total RWD (i.e., in the entire 0–100 cm soil layer) was distributed in the 0–40 cm soil layer (Figure 3). The enhancement of shallow root growth for high-yielding wheat production has been proposed for its role in the absorption of soil nutrients concentrated in the upper layers and the capture of precipitation (Hermanska et al., 2015; Becker et al., 2016). Fang et al. (2021) reported that wheat varieties with large root biomass and root length density in the 0–40 cm soil layer had negative effects on post-anthesis soil water use under rainfed conditions in the semi-arid area on the Loess Plateau. However, Qin et al. (2019) indicated that modern wheat varieties are better adapted on irrigated land than older varieties, due to the increased root biomass at shallow depth assisting water uptake to support greater shoot biomass and grain yield. While root biomass is not directly equivalent to root surface area, it could be assumed that a more extensive root systems could have greater biomass as well as an increased surface area (McGrail and McNear, 2021). In this study compared to JM and LX, high-yielding YN had more water consumption after anthesis and showed better root morphology characteristics in the topsoil (0–40 cm) during mid grain filling stage (root length density, root surface area density, and root diameter at 20 DAA) (Table 2), indicating that wheat varieties with better root morphology characteristics during mid grain filling stage could contribute to the increases in soil water absorption and wheat yield. This result is consistent with the findings of Feng et al. (2017), who showed that better root morphology characteristics were beneficial for high yield.

Hu et al. (2018) reported that under water stress conditions, the drought-tolerant wheat genotype, JM-262, showed higher antioxidase activity and a greater root system to uptake more water at the seedling stage. In sunflower (Helianthus annuus L.), root senescence during the grain filling stage precedes the canopy senescence that is closely links with yield formation (Lisanti et al., 2013). Our results showed that compared with JM and LX, YN had higher SOD and RTTC at 10 and 20 DAA both in 0–20 and 20–40 cm soil layers (Figure 4 and Table 3), indicating that selecting high-yielding YN with alleviated root senescence in the upper soil layers during mid grain filling period could also contribute to the increases in soil water absorption post-anthesis and wheat yield. Because Man et al. (2016) reported that root TTC reduction activity and root SOD activity post-anthesis were strongly positively correlated with soil water consumption after anthesis, grain yield and WUE. And studies performed in rice (Liu et al., 2021) and maize (Wang et al., 2019) have been clearly demonstrated that delayed root senescence can contribute to the yield enhancement by optimizing resource acquisition from the soil.

Ensuring water use after anthesis largely improved dry matter production, which accelerated grain formation, and hence, grain yield (Xu et al., 2018). Thapa et al. (2020) showed that wheat with a grain yield of 4,807 kg ha–1 extracted 165 mm of stored soil water, while only 70 mm of stored soil water was extracted in wheat with a grain yield of 2,933 kg ha–1. Additional consumption of 10.5 mm soil water after anthesis has been shown to increase grain yield by 620 kg ha–1 under moderate post-anthesis stress (Kirkegaard et al., 2007). Our study showed that compared to JM and LX, additional consumption of 22.7–44.6 mm soil water after anthesis in YN increased grain yield by 960–2797 kg ha–1 (Figures 1, 5). The WUE in YN were 6.0% and 10.8% higher than in JM, respectively, and 17.3% and 25.3% higher than in LX, respectively, in 2017–2018 and 2018–2019. Besides producing the same grain yield from less water resources, an increased WUE in crop production can also be achieved through increased grain yield by cultivar replacement (Zhang et al., 2017; Yan et al., 2021). In this study, the increase in WUE of YN was attributed to the increased grain yield, because YN increased SWCAM and obtained the highest ETC (Figure 1 and Table 1).



CONCLUSION

The high-yielding wheat variety YN with high WUE showed higher the ET and CP after anthesis and extracted more soil water in the 0–100 cm soil layer post-anthesis. Moreover, compared with JM and LX, YN obtained larger RWD in the 20–60 cm soil layer at anthesis, better root morphology characteristics, greater root antioxidant enzyme activity and higher RTTC in the 0–40 cm soil layer during mid grain filling stage. Thus, improving root development [shown as larger root distribution in 20–60 cm soil profile, improved root morphology traits and alleviated root senescence in the topsoil (0–40 cm) during the mid grain filling phase] helps to increase soil water extraction post-anthesis and should be considered as a critical strategy for breeding wheat varieties with high yield and high WUE.
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Reductions in soil productivity and soil water retention capacity, and water scarcity during crop growth, may occur due to long-term suboptimal tillage and fertilization practices. Therefore, the application of appropriate tillage (subsoiling) and fertilization (organic fertilizer) practices is important for improving soil structure, water conservation and soil productivity. We hypothesize that subsoiling tillage combined with organic fertilizer has a better effect than subsoiling or organic fertilizer alone. A field experiment in Henan, China, has been conducted since 2011 to explore the effects of subsoiling and organic fertilizer, in combination, on winter wheat (Triticum aestivum L.) farming. We studied the effects of conventional tillage (CT), subsoiling (S), organic fertilizer (OF), and organic fertilizer combined with subsoiling (S+OF) treatments on dry matter accumulation (DM), water consumption (ET), water use efficiency (WUE) at different growth stages, yield, and water production efficiency (WPE) of winter wheat over 3 years (2016–2017, 2017–2018, 2018–2019). We also analyzed the soil structure, soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzymes in 2019. The results indicate that compared with CT, the S, OF and S+OF treatments increased the proportion of >0.25 mm aggregates, and S+OF especially led to increased soil organic carbon, soil microbial biomass carbon and nitrogen, soil enzyme activity (sucrase, cellulose, and urease). S+OF treatment was most effective in reducing ET, and increasing DM and WUE during the entire growth period of wheat. S+OF treatment also increased the total dry matter accumulation (Total DM) and total water use efficiency (total WUE) by 18.6–32.0% and 36.6–42.7%, respectively, during these 3 years. Wheat yield and WPE under S+OF treatment increased by 11.6–28.6% and 26.8–43.6%, respectively, in these 3 years. Therefore, S+OF in combination was found to be superior to S or OF alone, which in turn yielded better results than the CT.

Keywords: subsoiling, organic fertilizer, combined amendments, soil microbial biomass carbon and nitrogen, water use, yield


INTRODUCTION

Water scarcity and seasonal drought are major constraints on agricultural development globally. Henan province, the main wheat producing region of China, accounts for a quarter of total wheat production in the country (Wu et al., 2003). In addition, due to historical rotary tillage practices, the soil structure has become suboptimal for agriculture: evaporation rates have increased and the soil moisture retention capacity has decreased (Hemmat and Eskandari, 2004; Vita et al., 2007), which further exacerbates the imbalance between water supply and demand. Thus, wheat yields in the area are severely limited by water deficiency. Therefore, improving the utilization efficiency of limited water resources and alleviating the damage caused by drought stress to crops has become an important issue (Li et al., 2015).

Effective tillage and fertilization measures can improve soil properties, increase the water use efficiency of the crop, and increase yields (Sang et al., 2016; Wang et al., 2016; Bottinelli et al., 2017; Zhang et al., 2017). Subsoiling can break the bottom of the plow layer, deepen the soil tillage layer, improve soil pore characteristics, enhance soil infiltration and moisture retention capacity, and increase water use efficiency (Zheng et al., 2011; Sang et al., 2014) and crop yields (Mohanty et al., 2007; Yan et al., 2011; Hu et al., 2013; Yang et al., 2016; Li et al., 2019). Studies have shown that subsoiling can maintain higher physiological activity in flag leaves, increase the accumulation of dry matter in the middle and later stages of wheat growth, and delay the senescence of wheat plants (Zhang et al., 2008; Chu et al., 2012). In addition, Piovanelli et al. (2006) and Kuzyakov and Xu (2013) found that subsoiling can improve crop root growth, which helps maintain optimal plant growth, increases the activity of urease and sucrase in the soil (Sun et al., 2019), while also increasing root stubble and root secretions, which in turn increase the growth and capacity of microorganisms in the soil, thereby activating soil nutrients and promoting nutrient absorption by crops.

The application of organic fertilizers can also improve soil fertility and soil structure, and increase soil water storage and retention capacity, which then improves photosynthetic capacity, water use efficiency and crop yield (Lu et al., 2011; Karami et al., 2012; Liu et al., 2013). Wang et al. (2020) found that organic fertilizers increased grain yield and water use efficiency by an average of 18 and 20% compared to inorganic fertilizer. Studies have also shown that organic fertilizer can improve photosynthetic capacity and delay leaf senescence, which beneficial for increasing the accumulation of dry matter above ground (Dordas, 2009; Bogard et al., 2010). Furthermore, organic fertilizers are a source of carbon, nitrogen, and microorganisms, which provides energy and material for the growth of microorganisms in the soil, and increases the microbial composition of carbon and nitrogen in the soil (Elfstrand et al., 2007). Liang et al. (2010) showed that compared with non-fertilization, the long-term application of organic fertilizer can increase microbial carbon and nitrogen content in the soil by 1.4–2.7 times and 1.9–2.5 times, respectively. However, Zhang et al. (2013) found that single application of organic fertilizer had no significant impact on microbial carbon volume in the soil. Some studies (Bu et al., 2006; Rehana et al., 2008) have shown that long-term application of organic fertilizer can improve the activity of different types of enzymes in the soil, especially urease, sucrase and protease (Pu et al., 2020).

As discussed above, most prior studies have focused on the effects of solely subsoiling or organic fertilizer treatment. Few studies have systematically studied the impact of long-term application of these treatments and the combined application of subsoiling and organic fertilizer, on soil structure, soil microbial biomass carbon and nitrogen, soil enzyme activity, soil water and water use of crops, and any possible correlations between these outcomes. We hypothesize that subsoiling combined with organic fertilizer has a better effect on physical and chemical properties and water use of wheat than subsoiling or organic fertilizer alone, in alleviating or resolving crop damage due to seasonal drought and water scarcity. This study is based on 3 years of results from a long-term experiment, and studies the influence of the individual practices and their combined application on crop water production efficiency (WPE) and yield. We aim to also investigate the mechanisms underlying the effects of these practices, to provide a theoretical basis that would lead to efficient crop water use and yield increases in the region and other geographically similar regions in China and elsewhere. To accomplish this, we analyze the effects of these treatments on soil microbial biomass carbon and nitrogen, soil enzyme activity, dry matter accumulation, and water use efficiency at various growth stages of winter wheat, and perform correlation analyses on these experimental outcomes.



MATERIALS AND METHODS


Experiment Location

The experiments analyzed in this study were conducted at the Tongxu Experimental Station (144°26′58.47″E; 34°25′44. 26″ N, 62 m above sea level) of the Water Saving Agricultural Base in the east of Henan province from 2016 to 2019, as part of a long-term experiment started in October 2011. The annual average temperature is 14.2°C. The mean annual precipitation is 675.9 mm, of which approximately 60% is received from July to September. The region is topographically flat with uniform fertility. According to the international texture classification system, the soil type is mostly sand and loam [59.1% sand (2–0.02 mm), 22.5% silt (0.02–0.002 mm), with 18.4% clay (<0.002 mm)] derived from loess soils. At the start of the present experiment, the organic matter, total nitrogen, nitrate nitrogen, ammonium nitrogen, available phosphorus, available potassium, and bulk density in top layer of soil (0–20 cm) were 11.4 g kg–1, 0.81 g kg–1, 74.31 mg kg–1, 55.89 mg kg–1, 19.8 mg kg–1, 90.3 mg kg–1, and 1.3 g cm–1, respectively. Crop rotation between wheat and maize has been employed in the area for over 50 years. Figure 1 shows the precipitation and atmospheric temperature during the wheat growing seasons for the years of 2016–2019, and illustrates the rainy growth seasons of 2016–2017 and 2017–2018, and the dry growth season of 2018–2019.
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FIGURE 1. Precipitation and temperature during the growing period of wheat in three seasons (2016–2017, 2017–2018, and 2018–2019).




Experimental Design

In the experiment, a randomized split-plot design was adopted, divided into 12 plots with three replicates: CT (conventional tillage, 15 cm deep, plowing with a rotavator), S (subsoiling, 30 cm deep, loosening the plow bottom layer and the core soil layer with a deep loosening machine without turning the soil layer), OF (organic fertilizer, 15 cm deep, plowing with a rotavator), S+OF (organic fertilizer combined with subsoiling, 30 cm deep, loosening the plow bottom layer and the core soil layer with a deep loosening machine without turning the soil layer). The nitrogen, phosphorus and potassium contents of the organic fertilizer were, respectively, 1.5, 1.2, 0.8%. The plot size was 33.6 m2 (5.6 m × 6 m) with wheat spaced 20 cm apart sown at 195 kg hm–2. Urea (N, 225 kg hm–2), calcium superphosphate (P, 105 kg hm–2) and potassium chloride (K, 75 kg hm–2), and the total amount of N, P, K applied to all treatments were identical. 50% of the nitrogen fertilizer was applied before sowing, and the remaining 30 and 20% were applied at the jointing and booting stage, respectively. Irrigation was carried out at the jointing stage and grouting stage, respectively, with the amount of irrigation being 60 mm. The wheat cultivars were Bainong 207 in 2016–2017, and Zhengmai 369 in 2017–2018 and 2018–2019. Wheat was sown in the middle of October and harvested in early June.



Sampling and Measurements


Measurement of Soil Water Storage

Soil samples in the soil profile (0–100 cm layer) were collected using soil augers at the sowing, booting, anthesis and harvest stages of wheat, while soil water storage was measured with the oven drying method.

Equations (1) and (2) are used to calculate the soil quality water content and soil water storage (Zhang et al., 2019).
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where SWC represents the soil water content (%), W1(g) represents wet soil weight, W2 (g) represents dried soil weight, Di (g cm–3) is the soil bulk density of layer i, and Hi (mm) represents the soil depth. The water consumption at each growth stage was calculated with Equations (3) and (4) (Guo et al., 2015; Wang et al., 2019).
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where SWCil and SWCi2 represent the soil water content at the bottom of layer i, and the soil moisture at the top of layer i, respectively; Di (g cm–3) is the soil bulk density of layer i, Hi (mm) represents the soil depth; ET1–2 (mm) is water consumption amounts during a growth stage (mm), and I and P represent the irrigation (mm) and precipitation during the growth period of wheat, respectively.



Dry Matter Accumulation and Water Use Efficiency

The 1 m double-rows of wheat plant samples were collected at the jointing stage, booting stage, anthesis stage and harvesting stage, then dry matter was measured with the oven drying method at 70°C. After calculating the dry matter accumulation per unit area, the water use efficiency (WUE) was computed as:
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where WUE and DM are the water use efficiency and dry matter accumulation of wheat.



Grain Yield and Components

At the harvest stage, the number of ears per 0.5 m2 in each plot was calculated; wheat plants from a randomly chosen 4 m2 area in each plot were harvested and then threshed, air-dried and weighted to calculate the grain yield, and converted into grain yield per unit area. In addition, 10 wheat plants were randomly selected from each plot, their grain numbers were counted, and the grain numbers per ear were calculated. The yield WPE is:
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where WPE is yield WPE; Y is the grain yield; ET is the total water consumption during the entire growth period of wheat.



Determination of Soil Microbial Biomass Carbon and Nitrogen, Soil Enzyme Activity, Soil Organic Carbon, and Soil Aggregates

Determination of soil microbial biomass carbon and soil microbial biomass nitrogen was determined with the chloroform fumigation extraction method (Vance et al., 1987; Christianson, 1988; Moore et al., 2000). 3,5-dinitro salicylic acid was used to determine soil sucrase and cellulase activity (Guan, 1986; Qin et al., 2020), while soil urease activity was determined with the indigo phenol ratio method (Wang et al., 2009; Qin et al., 2020), and protease activity was determined with the ninhydrin contrast color method (Guan, 1986; Qin et al., 2020). The soil total organic carbon content was determined using a heavy cadmium acid potassium outside heating method (Westerman, 1990). The size distribution of water-stable aggregates was determined using the wet sieving method (Elliot, 1986). The aggregated soil was separated into different size fractions by gently shaking the samples into the water through a range of sieves to obtain the aggregate size fractions <0.25, 0.25∼0.5, 0.5∼1.0, 1.0∼2.0, 2.0∼3.0, 3.0∼5.0, and >5 mm.





STATISTICAL ANALYSIS

The experimental data was statistically analyzed using SPSS 19.0. Three replicates were calculated for each treatment, and ANOVA was applied to compare whether different treatments were significantly different at P < 0.05 in Tables 1, 2 and Figures 2–7. The relationships between dry matter accumulation, soil water and soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzyme activity are described with the linear regression functions listed in Table 3. The relationships between yield of wheat and soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzyme activity are described with the linear regression functions listed in Table 4. The relationship between yield, WPE and dry matter accumulation, WUE of wheat at different growth stages under different treatments are described with the linear regression functions listed in Table 5.


TABLE 1. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on the dry matter accumulation (DM) at different growth stages of winter wheat in the three seasons of 2016–2019.
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TABLE 2. Differences in spike length, number of spikes, number of grains per ear, kilo-grain weightiness, yield and WPE of wheat between subsoiling, organic fertilizer and subsoiling combined with organic fertilizer in three seasons of 2016–2019.

[image: Table 2]

[image: image]

FIGURE 2. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil organic carbon at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 3. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil microbial biomass carbon and soil microbial biomass nitrogen at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 4. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on sucrase activity and cellulase activity of soil at different growth stages of winter wheat in 2019. CT, conventional tillage: S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).



[image: image]

FIGURE 5. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on urease activity and protease activity of soil at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 6. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil water storage (0–100 cm) at different growth stages of wheat in the three seasons of 2016–2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).



[image: image]

FIGURE 7. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on water consumption (ET) (A) and water use efficiency (WUE) (B) at different growth stages of winter wheat in the three seasons of 2016–2019. Note: STB, sowing to booting; BTA, booting to anthesis; ATH, anthesis to harvest; T(A), the total ET; T(B), the total WUE. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).



TABLE 3. Relationships among dry matter accumulation, soil water storage and soil organic carbon, soil microbiomass carbon and nitrogen, and soil enzyme activity.
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TABLE 4. Relationships among yield of wheat and soil organic carbon, soil microbiomass carbon and nitrogen, and soil microorganisms enzyme activity.
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TABLE 5. Relationships among yield, WPE, dry matter accumulation, WUE of wheat at different growth stages under different treatments.
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RESULTS


Effects of Combining Subsoiling and Organic Fertilizer on Physical and Chemical Properties of the Soil


Soil Structure

As shown in Table 6. Subsoiling (S), organic fertilizer (OF), and organic fertilizer combined with subsoiling (S+OF) increased the proportion of 0.5–1, 1–2, 2–3, 3–5, and >5 mm aggregates significantly. S+OF treatment showed a larger effect on >3 mm aggregates than S and OF treatments. However, the proportion of <0.25 mm aggregates under CT and S treatments was higher than that under OF and S+OF. S+OF resulted in the highest proportion of >0.25 mm aggregate compared to other treatments.


TABLE 6. The proportion of different diameters of aggregates under subsoiling, organic fertilizer and subsoiling combined with organic fertilizer.
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Soil Organic Carbon

Figure 2 shows that across the growth period of wheat, soil organic carbon first decreased (wintering stage), then increased (anthesis stage) and finally decreased again (filling and harvest). S, OF and S+OF treatments increased soil organic carbon compared to CT at the different growth stages of wheat, and there was no difference between the S and OF treatments. The organic carbon content under S+OF treatment was the highest. This indicates that subsoiling coupled with organic fertilizer was more effective at increasing soil organic carbon compared to solely S or OF treatment.



Soil Microbial Biomass Carbon and Nitrogen

Figure 3 shows that across the growth period of wheat, the content of microbial carbon and nitrogen in the soil first decreased, then increased, and finally decreased again. Soil microbial biomass carbon and nitrogen at the jointing stage were lowest, and that at the anthesis stage was highest, compared to other growth stages. Compared to the other treatments, S+OF treatment was more beneficial for soil microbial biomass carbon and nitrogen.



Soil Enzyme Activity

From Figures 4, 5, S+OF treatment improved sucrase activity, cellulase activity and urease activity of wheat compared to the other treatments. However, protease activity of S treatment was the highest compared to other treatments throughout all growth stages of wheat except the anthesis stage.




Effects of Combining Subsoiling and Organic Fertilizer on Soil Water Storage

As shown in Figure 6, it was found that in comparison with CT and OF, S and S+OF significantly increased soil water storage during the various growth periods of wheat during two experiment years (2016–2017, 2017–2018). Furthermore, water storage under S and S+OF treatments at the harvest stage increased by 27.2, 28.9, and 35.6%, 33.0% compared with CT in these 2 years, respectively. At the harvest stage, the soil water storage under OF and S+OF treatments increased by 32.1, 5.7, and 46.6%, 17.3% compared to CT and S treatments, respectively. In addition, during the 3-year experiment, S+OF treatment led to the highest soil water storage.



Effects of Combining Subsoiling and Organic Fertilizer on Dry Matter Accumulation

As shown in Table 1, during the 3 years of experimentation, OF and S+OF treatment markedly improved the dry matter accumulation (DM) at the STJ (from sowing to jointing) and JTB (from jointing to booting) stages. Compared to CT, the DM in OF and S+OF in the three seasons increased by 15.9–27.2%, 17.5–31.5%, and 11.6–16.3%, 12.7–25.6%, respectively. In addition, DM under S+OF treatment was the largest, followed by S treatment at the BTA (from booting to anthesis) and ATH (from anthesis to harvest) stages in 2016–2018. However, DM under OF and S+OF treatment was significantly higher than that of other treatments at the ATH stage in 2018–2019. The maximum total DM occurred under S+OF treatment in all three seasons. S+OF was more beneficial in increasing DM during the different growth stages, and the total DM of wheat.



Effects of Combining Subsoiling and Organic Fertilizer on Water Consumption and Water Use Efficiency

As shown in Figures 7A,B, OF and S+OF treatments significantly reduced water consumption (ET) and increased water use efficiency (WUE) during STB (from sowing to booting). Compared with CT, WUE in OF and S+OF treatments was larger by 11.5–19.0% and 24.0–25.1%, respectively. At the BTA and ATH stages, S+OF treatment has the lowest ET and the highest WUE, followed by S treatment, except for the ATH stage in 2018–2019. However, ET under OF treatment was significantly lower than that under S and CT treatments at the ATH stage in 2018–2019, and WUE under OF treatment increased by 47.6 and 19.6% compared to S and CT, respectively. Moreover, S+OF treatment reduced the total ET[T(a)], while the total WUE [T(b)] under S+OF was significantly higher than other treatments during the whole growth period of wheat. The present study shows that S+OF treatment improves water storage and moisture retention, reduces ET, and increases the WUE of wheat. Therefore, the combination of S+OF led to greatly increased WUE.



Effects of Combining Subsoiling and Organic Fertilizer on Wheat Yield and Yield Water Production Efficiency

Our results (Table 2) show that compared to CT, the spike length and the number of grains per ear under S treatment during 2016–2017 and 2017–2018 increased by 14.9, 19.1, and 8.2%, 16.1%, respectively, while those under S+OF treatment during 2018–2019 increased by 13.1 and 26.0%, respectively. Additionally, the number of spikes and the 1,000-grain weightiness under S+OF treatment were significantly higher than under other treatments. Compared with CT, the number of spikes and the 1,000-grain weightiness under S+OF treatment in all three seasons larger by 30.7–48.5% and 2.6–13.0%, respectively. The wheat yield and yield WPE of S+OF treatment were the highest in all three seasons, which was 11.6–28.6% and 26.8–43.6% larger compared to CT. In addition, the yield and WPE under S treatment were higher than those under OF and CT treatment in 2016–2018, while the yield and WPE under OF treatment were higher than those under S and CT treatment in 2018–2019.



Correlation Analysis of Dry Matter Accumulation, Soil Water Storage and Soil Organic Carbon, Soil Microbial Biomass Carbon and Nitrogen, and Soil Enzyme Activity

From Table 3, dry matter accumulation showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with organic carbon content, soil microbial biomass carbon and nitrogen, sucrase, cellulase, urease and protease activity. Soil water storage showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with soil microbial biomass carbon and nitrogen, urease and protease activity.



Correlation Analysis of Wheat Yield and Soil Organic Carbon, Soil Microbial Biomass Carbon and Nitrogen, and Soil Enzyme Activity

Soil organic carbon, soil microbial biomass carbon and nitrogen, sucrase, cellulase, urease, protease at different growth stages had positive correlations with the yield and WUE of wheat (Table 4). From Table 4, organic carbon content, soil microbial biomass carbon nitrogen, and sucrase at different stages of wheat showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yields. Cellulase and urease during the filling and harvest stages showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yield. Urease and protease at anthesis stage showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yield.



Correlation Analysis of Dry Matter Accumulation, Water Use Efficiency at Different Growth Stages and Yield, Water Production Efficiency of Wheat at Different Growth Stages

Water use efficiency (WUE) and dry matter accumulation (DM) were correlated with wheat yield and WPE (Table 5). At the STB stage, DM and WUE in the all treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) positively correlated to yields, except between DM and yield under S+OF treatment. DM of S, OF, and S+OF was extremely significantly (P < 0.01) positively correlated with the yield, and the WUE of the S and OF treatments were extremely significantly (P < 0.01) and positively correlated with the yield at the BTA stage. At the ATH stage, DM in all treatments were extremely significantly (P < 0.01) and positively correlated with yield, and the regression coefficient of S+OF treatment was higher (R2 = 0.969). In addition, the correlation between WUE and yield under S and S+OF treatments were also significant (P < 0.01) and positive. Moreover, DM and WUE under S treatment were significantly (P < 0.05) and positively correlated with WPE at the STB stage. At the BTA stage, DM and WUE under S and OF treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) and positively correlated with WPE. At the ATH stage, DM and WUE under S, OF and S+OF treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) and positively correlated with WPE.




DISCUSSION


Effects of Combining Subsoiling and Organic Fertilizer on Soil Structure, Microbial Biomass Carbon and Nitrogen and Soil Enzymes

Subsoiling, organic fertilizer, and the combination of these two practices improved soil aggregate structure, microbial biomass carbon and nitrogen and soil enzymes. We found that S, OF and S+OF treatments increased the proportion of >0.5 mm aggregates significantly. Among these, S+OF treatment was most beneficial for increasing the proportion of >0.25 mm aggregates because of the synergistic effects of the combination of S+OF: subsoiling provides loose soil conditions (Yang et al., 2021b) and leads to increased water availability in the root zone, which promotes crop root growth and increases soil organic carbon (Yang et al., 2021b), while organic fertilizers provide nutrients to the crop and soil microorganisms (Spedding et al., 2004; Wang et al., 2015) and thereby promote microbial activity (Piovanelli et al., 2006; Kuzyakov and Xu, 2013) and increase soil organic carbon (Yang et al., 2021a). These factors in turn increased soil structure stability, increased soil water retention, and improved crop growth. The combination of S+OF this results in a positive feedback loop of crop growth and improvements in soil physical properties.

Microbial biomass carbon and nitrogen in the soil can directly or indirectly participate in soil biochemical processes, and plays an extremely important role in the transformation of substances and the energy cycle in the soil (Turner et al., 2001; Nsabimana et al., 2004). In this study, we found that throughout the process of wheat growth, changes in the content of soil microbial biomass carbon and nitrogen had the same trend as soil organic carbon. Soil microbial biomass carbon at the jointing stage and soil microbial nitrogen at the jointing and harvest stages were lowest, and that at the anthesis stage was highest, compared to other growth stages. Previous research has shown that the application of organic fertilizer can effectively increase the carbon content of soil microbes during the crop growth stage, with a 23.0% increase in average annual content (Li et al., 2017). We found that compared to CT, S, and OF treatments, S+OF treatment led to more soil microbial biomass carbon and nitrogen. This indicates that compared to individual application of subsoiling tillage or organic fertilizer, their combination better improves the physical and chemical characteristics of the soil, increases root exudates, promotes nutrient absorption by crop roots, and enhances soil microbial activity and reproduction (Yu, 2015), and microbial biomass quantity (Kuzyakov and Xu, 2013).

Soil enzymes are good catalysts for nutrient metabolism in the soil. Enzyme activity can reflect the extent of decomposition and transformation of substances in the soil, and also reflect changes to soil fertility due to farmland management measures (Zhang et al., 2014). Studies have shown that subsoiling can significantly improve the activity of urease and sucrase in the soil (Huang et al., 2013), while organic fertilizer improves the activity of urease, sucrase, and cellulase in the soil (He et al., 2020). We found that S+OF improved sucrase activity, cellulase activity and urease activity of wheat to a greater extent, compared to sole application of either subsoiling or organic fertilizer. However, protease activity was the highest under S treatment throughout all growth stages of wheat except the anthesis stage. Subsoiling, which creates small disturbances to the soil, increases soil porosity, promotes gas exchange, increases water retention, and facilitates enzyme activity in the soil (Jiang et al., 2012; Nie et al., 2015). Organic fertilizers can increase the carbon content of the soil, and increase root exudates and microbial activity, which increases enzyme activity in the soil (Rehana et al., 2008; Pu et al., 2020). Therefore, the combination of subsoiling combined with organic fertilizer (S+OF) is a good practice to improve the activity of urease, sucrase, and cellulase in the soil and promote crop growth.



Effects of Combining Subsoiling and Organic Fertilizer on Soil Water Storage and Dry Matter Accumulation

Soil water retention is a critical factor and important parameter for evaluating soil productivity, as it has a decisive influence on crop growth conditions and yield (Fu et al., 2005; Yang et al., 2021c). Subsoiling and organic fertilizer can improve soil structure, and promote water storage and infiltration to deeper soil (Hemmat and Eskandari, 2004; Wang et al., 2019; Hu et al., 2013; Liu et al., 2013). In this study, it was found that in comparison with CT and OF, S and S+OF significantly increased soil water storage during the various growth periods of wheat during two experimental years (2016–2017, 2017–2018). This may be due to the better infiltration and soil water retention capacities induced by subsoiling (Hu et al., 2013). Compared to CT and S treatments, OF and S+OF treatments were more effective at increasing soil water storage in 2018–2019, because organic fertilizers improve the soil water retention capacity and moisture content by improving the organic matter content and soil physical properties (Karami et al., 2012). Thus, the application of organic fertilizer leads to higher soil water storage when comparing treatments subject to the same tillage process in the dry growth season. In addition, during the 3-year experiment, S+OF treatment led to the highest soil water storage during the growth stage of wheat, which may be because the synergies between subsoiling and organic fertilizer significantly improved soil and water conservation capacity (Bolan et al., 2003). Therefore, S+OF treatment appears to be most effective at increasing soil water retention capacity.

The accumulation of dry matter during the growth period provides the fundamental materials required for crop formation, which ultimately determines grain yield (Ding et al., 2005; Liu et al., 2009; Hou et al., 2012). Different tillage and cultivation measures can improve the dry matter accumulation ability of wheat by improving soil moisture (Zheng et al., 2013). We found that, during the 3 years of experimentation, OF and S+OF treatment markedly improved dry matter accumulation (DM) at the STJ (from sowing to jointing) and JTB (from jointing to booting) stages. Our results show that the input of organic fertilizer increased DM before the booting stage, which agrees with Yang et al. (2016). This is because organic fertilizer leads to more balanced crop water demand and soil water supply (Liu et al., 2013), improves the effective water content, promotes the transformation of soil organic nutrients, and improves the absorption and utilization of crop nutrients and water, thus promoting the growth of wheat and increasing DM (Dordas, 2009). In addition, our results also show that the application of organic fertilizer may increase post-anthesis DM during the dry growth season (2018–2019). The reason for this may be that organic fertilizer enhanced deep soil water usage in arid years, which promotes ear development and grain filling (Lu et al., 2011; Ni et al., 2013; Wang et al., 2017), thereby resulting in increased DM. However, among different practices, application of organic fertilizer coupled with subsoiling (S+OF) was more beneficial in increasing DM than sole subsoiling due to double advantage for soil microbes, soil properties and water retention mentioned above.



Effects of Combining Subsoiling and Organic Fertilizer on Water Consumption, Water Use Efficiency, and Water Production Efficiency of Wheat

Miriti et al. (2012) reported that when subject to identical tillage practices, the water use efficiency under organic fertilizer treatment was 26% higher than without organic fertilizer. In this study, OF and S+OF treatments significantly reduced ET and increased WUE during STB (from sowing to booting). These results agree with several previous studies (Lu et al., 2011; Miriti et al., 2012; Zhang et al., 2016; Wang et al., 2017). This may because organic fertilizers help conserve water and soil moisture, reduce inter-plant evaporation and promote the absorption and utilization of water by roots (Lu et al., 2011). In addition, we found that OF treatment led to reduced ET and increased WUE during ATH compared to S treatment during the dry growth season, thus increasing wheat yield. Moreover, S+OF treatment reduced the total ET, while the total WUE under S+OF treatment was significantly higher than other treatments. The present study shows that S+OF treatment improves water storage and moisture retention, reduces ET, and increases the WUE of wheat. This is due to an improvement in infiltration, reduction in surface runoff and soil erosion, and increase in WUE due to subsoiling (Mcconkey et al., 1997; Hu et al., 2013). Furthermore, organic fertilizer could also increase WUE (Miriti et al., 2012; Zhang et al., 2016). Therefore, the combination of S+OF led to greatly increased WUE.

The increased soil water storage, post-anthesis DM and the number of spikes and 1,000-grain weight caused by subsoiling (Huang et al., 2009; Zheng et al., 2011; Yang et al., 2016), and the benefits of organic fertilizer in improving soil physical properties, increasing soil water storage capacity, reducing evaporation, and improving crop yields (Sang et al., 2016) and the absorption and utilization of water (Lu et al., 2011; Miriti et al., 2012; Liu et al., 2013; Wang et al., 2017), suggests that the two individual practices in S+OF provide mutually complementary benefits to wheat growth. Therefore, compared to S and OF treatments, S+OF treatment optimized yield components (number of spikes and 1,000-grain weightiness), which led to a higher number of spikes, 1,000-grain weightiness and total DM and lower ET, and increased WPE and wheat yield.

Correlation analyses indicate that high dry matter accumulation and soil water improved soil microbial biomass carbon and nitrogen and soil enzyme activity, which improves soil organic carbon and soil structure and promotes crop growth. We found that the increment in soil microbial biomass carbon and nitrogen at the different growth stages of winter wheat, and the increment in soil sucrase, cellulase, urease and protease activity after anthesis stage of winter wheat were beneficial to increase yield and WPE of winter wheat based on the correlation analysis. In addition, we also found that dry matter accumulation at the different growth stages of winter wheat had a critical and positive impact on yields and WPE under S, OF and S+OF treatments, especially after the anthesis stage under S+OF treatment (Table 5), and that improvements in WUE after the booting stage under S, OF and S+OF treatments, especially after the anthesis stage under S+OF treatment (Table 5), led to increased wheat yield and WPE, in agreement with previous studies (Zheng et al., 2008; Yang et al., 2016). Zheng et al. (2008) reported that the dry matter accumulation of winter wheat after anthesis accounted for more than 80% of total grain yield. This is also reflected in our results, which show that S+OF treatment was highly effective at increasing DM and WUE post-anthesis, thereby increasing yield and WPE. Thus, appropriate agricultural practices such as S+OF can effectively improve soil organic carbon, promote soil microbial biomass carbon and nitrogen and soil enzyme activity, thereby increasing wheat production.




CONCLUSION

Subsoiling (S), organic fertilizer (OF) and subsoiling combined with organic fertilizer (S+OF) are treatments that improve soil structure. Among them, S+OF is most beneficial in increasing the proportion of >0.25 mm aggregates, which leads to higher soil structural stability. In addition, S+OF is also the most effective measure in increasing soil organic carbon content, soil microbial biomass carbon, soil microbial biomass nitrogen and sucrase activity, cellulase activity, urease activity and protease activity. Furthermore, S+OF also improved the absorption and utilization of water and DM, wheat yields, and WPE, more significantly compared to other treatments, regardless of rainfall availability. Correlation analyses indicate that long-term continuous amendments are beneficial for improving wheat yield and WPE because they improve soil organic carbon, soil microbial biomass carbon and nitrogen, soil enzyme activity, dry matter accumulation and soil water storage. Therefore, subsoiling combined with organic fertilizer is an effective measure for improving the soil and increasing yield and WPE of winter wheat production under the experimental conditions. Further research is necessary to determine the effects of long-term application of S+OF on the mechanisms of the interactions between microbial variety, and microbial quantity, soil properties, and water availability, so as to build a more informed scientific basis for applying S+OF in farmland.
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The climate change scenario has increased the severity and frequency of drought stress, which limits the growth and yield of rice worldwide. There is a dire need to select drought-tolerant rice varieties to sustain crop production under water scarcity. Therefore, the present study effectively combined morpho-physiological and biochemical approaches with the technology of infrared thermal imaging (IRTI) for a reliable selection of drought-tolerant genotypes. Initially, we studied 28 rice genotypes including 26 advance lines and three varieties for water stress tolerance under net house conditions. Three genotypes NIBGE-DT-02, KSK-133, and NIBGE-DT-11 were selected based on the Standard Evaluation System (SES) scoring for drought tolerance. NIBGE-DT-02 showed tolerance to polyethylene glycol (20%) induced osmotic stress indicated by a minimum reduction in seedling length, biomass, chlorophyll content, and increased leaf proline content as compared to susceptible varieties under a hydroponic system. NIBGE-DT-02 was further evaluated for water withholding at varying growth stages, i.e., 30 and 60 days after transplantation (DAT) in pots under net house conditions. NIBGE-DT-02 showed a significantly lower reduction (35.9%) in yield as compared to a susceptible variety (78.06%) under water stress at 60 DAT with concomitant induction of antioxidant enzymes such as peroxidase, catalase, and polyphenol oxidase. A significant increase (45.9%) in proline content, a low increase (7.5%) in plant temperature, along with a low reduction in relative water content (RWC) (5.5%), and membrane stability index (MSI) (9%) were observed under water stress at 60 DAT as compared to the well-watered control. Pearson correlation analysis showed the strong correlation of shoot length with MSI and root length with RWC in rice genotypes at the later growth stage. Furthermore, Regression analysis indicated a negative correlation between plant temperature of NIBGE-DT-02 and proline, RWC, MSI, and peroxidase enzyme under variable water stress conditions. All these responses collectively validated the adaptive response of selected genotypes under water stress during different growth stages. Tolerant genotypes can be used in breeding programs aimed at improving drought tolerance and can expand rice cultivation. Furthermore, this study provides a foundation for future research directed to utilize IRTI as a fast and non-destructive approach for the selection of potent rice genotypes better adapted to water scarcity from wide germplasm collection.
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INTRODUCTION

Rice (Oryza sativa L.) is an important staple food consumed by more than half of the global human population. It plays a predominant role by providing 50–80% of the daily calories (Fukagawa and Ziska, 2019). It is estimated that annually, 520 million metric tons of rice grains (milled) are produced worldwide (FAOSTAT, 2021) while its grain yield is ≈ 2,562 Kg/ha in Pakistan (Suleri and Iqbal, 2019). In the recent era, climate change is a global problem because many countries around the world are becoming more vulnerable to natural disasters (Tan et al., 2021). As agriculture depends on climate cycles and weather patterns, climate change has caused negative effects on crop productivity and economic returns from the agricultural land (Kavadia et al., 2020).

Rice production has significantly been exposed to a number of abiotic stresses like drought, flood, high temperature, salinity, and heavy metals due to global climate change (Yadav et al., 2020). Among different abiotic stresses, drought is the most challenging as it reduces up to 70% of the rice production globally (Lum et al., 2014). Water scarcity affected one-third of the world’s total rice cultivated area (Kumbhar et al., 2015). The severity of drought is very complex and depends on various causes such as the frequency of rainfall, evaporation, and soil moisture (Oladosu et al., 2019).

Many studies have been reported water stress causing changes in plants’ physiological and biochemical responses, i.e., effects on mineral nutrition, transpiration rate, plant water relations, enzymatic activities, rate of photosynthesis, pigment degradation, stomatal conductance, and process of grain filling (Anjum et al., 2017). In water stress conditions, induction of reactive oxygen species (ROS) stimulates in plants causing DNA mutation, cellular oxidative damages, peroxidation of lipids, and protein denaturation (Sgherri et al., 1996; Hasanuzzaman et al., 2020). Water scarcity is linked with oxidative damage and mechanical interruption during the penetration of plant roots in drought-stressed hard soils. Collectively, these factors affect morpho-physiological and biochemical attributes of plants that ultimately result in reduced crop yield (Wilkinson and Davies, 2010).

Responses of rice genotypes to water stress are complex and widely varied with stress duration, growth stage, and type of genotype. It has been documented that flowering is delayed if water stress occurred between panicle initiation and pollen meiosis due to the delay in the development of flowers and other parts (Ji et al., 2012). Many studies have been reported that water scarcity in rice is more sensitive for seedling and booting/flowering stages (Sridevi and Chellamuthu, 2015). Less reduction in the yield of rice is observed if water stress occurs at a vegetative stage but the same stress can cause a severe yield decrease if it occurs at the time of fertilization (Raza et al., 2019). The water stress tolerance of plants at the initial stages of development is of prime importance, because good seed germination and better growth of seedlings under water deficit conditions may show potential tolerance at later growth stages to attain higher yields (Sun et al., 2020).

Rice is a water-demanding crop during the irrigated ecosystem. It needs about three to five thousand liters of water for irrigation to harvest 1 kg paddy rice in Pakistan (Sabar and Arif, 2014). To overcome the adverse effects of climate change on water availability, there is a prime need for the development or identification of suitable rice genotypes tolerant to water scarcity that can give sustainable yield under water-stressed conditions (Fahad et al., 2017). In most of the studies for screening tolerance to drought, water deficit condition is usually induced either by (1) withholding irrigation to grown plants in fields or soil pots in greenhouse experiments covered with shelter or (2) elevated the osmotic potential for grown plants in hydroponics with variable osmoticums, e.g., polyethylene glycol (PEG) (Cai et al., 2020).

A better understanding of rice morphological, biochemical, and molecular mechanisms involved in tolerance to water scarcity is extremely important to improve the rice genotypes (Panda et al., 2021). The standard evaluation scoring system (SES) was used as a primary criterion to screen rice genotypes for water stress tolerance or susceptibility (International Rice Research Institute [IRRI], 2014). Several morpho-physiological parameters, for example, root and shoot lengths, fresh and dry weights, relative water content, membrane stability index (MSI), chlorophyll, and proline content are being used for screening the genotypes for water stress tolerance (Lekshmy et al., 2021). A complex antioxidant system including both enzymatic and non-enzymatic antioxidants is a protection mechanism adopted by plants to avoid the damaging effects of ROS (Hasanuzzaman et al., 2020).

Plant physiological and biochemical attributes for screening drought tolerance and susceptibility are complex, labor-demanding, and time-consuming. Infrared thermal imaging (IRTI) emerged as a promising, user-friendly, and non-destructive technique to measure crop physiological status related to water availability (Wedeking et al., 2016). Imaging-guided expert systems have been recently used in agriculture to analyze the response of different crops (soybean, maize, lentil, and rice) to biotic and abiotic stresses (Pineda et al., 2021). Infrared thermography is a high throughput facility that may contribute to the precise selection of next-generation rice crops to combat adverse climate conditions (Kim et al., 2020).

Keeping in view the importance of reliable in situ method for the selection of drought-tolerant superior rice genotypes from a wide collection, the present research was conducted to screen rice genotypes for water stress tolerance ability under PEG-induced osmotic stress at the seedling level in hydroponic nutrient solution and to study the yield components of the selected genotype by imposing water stress (water withholding for 15 days) at early and later growth stages, respectively, in pot experiments. Therefore, the preliminary objective of the present study was to integrate morphological, physiological, and biochemical screening approaches with improved in situ methods, i.e., infrared thermal imaging for precise selection of drought-tolerant rice genotypes. Secondly, the objective was to evaluate the selected genotypes under water deficit conditions at different growth stages to ensure their tolerance throughout the whole crop season. The results obtained will be employed for the improvement of the rice crop in future breeding programs to address the food security issues in this alarming situation of climate change.



MATERIALS AND METHODS


Collection of Plant Material Used

A total of twenty-eight rice genotypes including one tolerant (IR-55419-04), one susceptible (Super Basmati) check variety, and 26 advance lines were used for screening their drought tolerance (Supplementary Table 1). Among these, NIBGE-DT-02 and NIBGE-DT-11 were the offspring of Super Basmati as drought-susceptible and IR-55419-04 as drought-tolerant parents (Mumtaz et al., 2019; Sabar et al., 2019). The NIBGE-DB lines were the offspring of NIBGE-BR18 as the drought-susceptible and NIBGE-DT-02 as the drought-tolerant parent. Healthy seeds of 28 genotypes were obtained from Agricultural Biotechnology Division (ABD), National Institute for Biotechnology and Genetic Engineering (NIBGE) Faisalabad.



Initial Screening of Rice Genotypes in a Pot Experiment Under Rainout Zone

The experiment was conducted under natural net house conditions at NIBGE (11° 26′ N 73°16′ E) during the rice-growing season (July-October, 2019). The nurseries of 28 genotypes were sown. For the healthy seedlings, recommended management practices were done (Zahid et al., 2020). Earthen pots (12-inch diameter, 14-inch heigh) were filled with homogenized 12 kg soil (textured loamy, non-sterilized, EC 3.1 mS cm–1, and pH 6.45). The pots were water-saturated for a few days to settle down the soil before transplanting the rice seedlings. The level of the soil 5 cm below the edge of pots was set aside. The experiment with three replicates was laid out in randomized completely block design (RCBD). The experimental pots were then divided into two groups, i.e., well-irrigated (control) and 15 days water-stressed. Seedlings of thirty-five days were transplanted in pots. The recommended dose of nitrogen (N) half and phosphorous (P) full in the form of urea and diammonium phosphate (DAP) were applied at a rate of 50 and 150 mg/kg of the soil, respectively, before transplantation. The remaining N dose was applied after 15 days of transplantation. The pots of control treatments were normally irrigated for the whole duration of the experiment while pots of stress treatment were watered for the first 30 days after transplantation (DAT) and then subjected to water stress (pots without watering) for the next 15 days. Water stress-treated pots were protected from rain during the stress period, i.e., 15 days, and re-irrigated after stress imposition.

After 15 days of water stress, a modified standard evaluation system (SES) scoring of rice genotypes at the seedling stage (Supplementary Table 2) was used to evaluate stress symptoms on leaves. This scoring differentiates the tolerant, moderately tolerant, and susceptible genotypes according to their ability to tolerate water scarcity (International Rice Research Institute [IRRI], 2014).



Screening of Osmotic Stress Tolerance at Seedling Stage Under Hydroponic Conditions

Three genotypes on the basis of their phenotypic response were selected and a drought tolerance score was observed in their initial screening in pots under net house conditions. These genotypes (NIBGE-DT-02, NIBGE-DT-11, and KSK-133) were further screened under control and polyethylene glycol (PEG) induced osmotic stress hydroponic conditions (Supplementary Table 3). The experiment was carried out in a growth room maintained with 16 h day length, 28°C day, and 23°C night with 460 μ mol/m2/s light intensity. The seeds were surface sterilized with 2% NaOHCl for 5 min, washed thrice with sterilized distilled water then soaked for 3 h in sterilized distilled water to get proper germination. Seeds were placed at an equal distance from each other on filter paper already moistened with sterilized distilled water in Petri plates for germination. The Petri plates were kept in a growth room for 4 days.

Uniform seedlings with good germination were transferred into 96-hole containing seedling boxes filled with sterilized distilled water of the same volume. Twenty-four germinated seedlings of each genotype were placed in 12 holes (two seeds in each hole) in three boxes, separately. All the boxes were labeled and placed on racks supplemented with sterilized water in a growth room for 4 days. Rice seedlings were then shifted to one-fourth of Hoagland solution (Gómez-Luciano et al., 2012) for the next 4 days. In each box, the same level of the nutrient solution was maintained by adding the solution. To decipher the variation in genotypes for drought tolerance, 8 days post-transplantation (DPT) rice seedlings were then subjected to drought stress. Drought stress was imposed by elevating the osmotic potential (PEG-simulated drought) in boxes by adding 5% PEG-8,000 in one-fourth Hoagland solution. The plants grown only in Hoagland solution of one-fourth concentration were considered as a control. Then osmotic potential elevated to 10, 15, and 20%, respectively. The duration for each stress level was 4 days. The experiment was conducted in a complete randomized design (CRD) with three replicates. Afterward, the twenty-eight-day-old plants along with the roots were taken from the boxes to study different morphological traits, i.e., root/shoot lengths, fresh and dry weights. The plants were frozen for further analysis, i.e., different physio-biochemical parameters.


Morphological Parameters

The morphological parameters of rice seedlings were studied at the end of the 20% PEG (−0.5 MPa)-simulated osmotic stress. Three plants from each replicate of the control and stressed were collected randomly and studied root/shoot lengths and fresh weights. After recording the fresh weights, the roots and shoots were kept in the oven at 70°C for 48 h to measure their respective dry weights (at 14% water content) (Wimberly, 1983).



Physiological Parameters

After the morphological analysis, physiological responses in plant leaves were analyzed. Ten leaves per replicate of the control and stressed plants were collected and chopped to make a composite sample (Motaleb et al., 2018).


Leaf Chlorophyll Content

The amount of chlorophyll a, b, and t (total chlorophyll) was calculated in the leaves of the control and stressed plants using the methods described by Arnon (1949) and Davies (1976). Leaf sample (0.1 g) was ground in 80% chilled acetone and incubated at 10°C for 24 h. After 24 h, the sample was centrifuged at 14,000 × g for 5 min. The absorbance of the supernatant was measured at 470,645, and 663 nm.



Leaf Proline Content

Proline content (μmolg–1 fresh weight) was measured with the method described by Bates et al. (1973). A leaf sample (0.5 g) from a homogenized sample of each replicate was ground in 3% 5-Sulfosalicylic acid, followed by centrifugation at 13,000 rpm for 10 min. The supernatant (2 mL) was added to a test tube with 2 mL of acid ninhydrin, 2 mL of glacial acetic acid, and 2 mL of 6 M phosphoric acid then incubated in a water bath at 100°C for 1 h. After 1 h, the reaction mixture was then cooled in an ice bath for 10 min. Toluene (4 mL) was added to the reaction mixture and mixed vigorously with a test tube stirrer for 20–30 s. The organic toluene phase (upper layer) containing the chromophore was collected and the absorbance of pink to red color developed was estimated at 520 nm using a spectrophotometer (Carry60 UV-Vis, Agilent Technologies, United States). Proline concentration was determined using a standard curve developed with different concentrations of L-proline (Bates et al., 1973).





Validation of Tolerant Rice Genotype for Drought Tolerance in a Pot Experiment Under Rainout Zone

Based on the findings from both the initial screening in a pot experiment followed by hydroponically PEG-simulated screening for drought tolerance, the rice genotype (NIBGE-DT-02) was selected for further validation in a pot experiment not only for their tolerance to water scarcity but also for physio-biochemical and yield parameters. The experiment was conducted under natural net house conditions at NIBGE (11° 26′ N 73°16′ E) during the rice-growing season (July-October, 2020). The growth and experimental conditions were the same as described above in see section “Initial Screening of Rice Genotypes in a Pot Experiment Under Rainout Zone.” The pots were divided into two sets for two-stage water stress imposition, i.e., (1) well-watered-control and water-stressed for 15 days after 30 DAT (2) well-watered-control and water-stressed for 15 days after 60 DAT. Water stress treatment pots were protected from rain during stress periods. The plants’ physiological and morphological responses were measured and also preserved for biochemical analysis at the end of each stress period. At the stage of harvesting, rice yield and yield attributes were calculated from both sets of control and water-stressed plants.


Application of Infrared Thermal Imaging for Measuring Plant Temperature

Infrared (IR) thermal images were taken with a FLIR E6 camera (FLIR Systems Inc., North Billerica, MA, United States). Plants were studied for thermal imaging before and after stress imposition, i.e., 5, 10, and 15 days after stress (DAT) at both early and later growth stages. The FLIR E6 camera was with IR emissivity ranging from0.1 to 0.95, the temperature ranged from −20 to 250°C, spectral ranged 7.5–13 μm, resolution 19,200 pixels (160 × 120), auto hot/cold detection modes, and < 0.06°C thermal sensitivity. The images were taken from a distance of 1.5 m from the plants and simultaneously, visual color images were also saved automatically. A styrofoam sheet was used to minimize the plant background temperature. IR thermal images were analyzed using IR 4.1 FLIR research and development software (FLIR Systems Inc.). The images were taken at 11:00 am, which is the period of high photosynthesis efficiency at Faisalabad (11° 26′ N 73°16′ E). Three-four thermal images from the plant were taken from each of the genotypes per replicate and temperature was averaged.



Plant Morphological Responses to Water Deficit Treatments

After the onset of water-stress for 15 days during the early and later growth stages, the plants were sampled for morphological analysis. In this experiment, the root-shoot lengths and the plant fresh and dry weights were measured as described above in see section “Morphological Parameters.”



Plant Physio-Biochemical Responses to Water Stress

Different physiological traits of stressed and non-stressed plants were measured after both stages of water deficit treatment from homogenized leaf samples as described in see section “Physiological Parameters.” Chlorophyll content and proline content analysis were carried out as described above in see sections “Leaf Chlorophyll Content” and “Leaf Proline Content,” respectively.


Leaf Relative Water Content Analysis

Leaf relative water content (RWC) was estimated according to Barrs and Weatherley (1962). For this parameter, the youngest fully expanded leaves were removed and weighed immediately for measurement of the fresh weight (FW). Then, the leaf segments were soaked 4–6 h in distilled water to measure the turgid weight (TW), and the dry weight (DW) leaf segments were oven-dried for 24 h at 70°C. Three leaves were included from each replication.


The RWC% was calculated by this formula: RWC = (FW–DW/TW–DW) × 100.





Leaf Chlorophyll Content Using Soil and Plant Analyzer Development (SPAD) Meter

Chlorophyll content was measured by using a chlorophyll meter (Model: SPAD 502 plus, Japan). SPAD meter was used to measure the chlorophyll contents in the leaves before and after 5, 10, and 15 days during both stages of water stress. The chlorophyll SPAD meter readings were taken from three random positions of one leaf and three different leaves per plant and three plants were selected per replication (Cai et al., 2020).



Membrane Stability Index (MSI)

Membrane stability was determined according to the method proposed by Sairam et al. (1997). The leaf discs (1 g) of0.5 cm size were cut from the fully expanded upper leaf washed with distilled water and placed in a test tube containing 15 mL distilled water and incubated at 24°C for 12 h. The electrolytic conductivity (EC) of the solution was measured (C1). The samples were autoclaved at 120°C for 20 min and the EC of the solution was measured after cooling (C2).


MSI (%) was calculated with the following formula: MSI = [1–(C1/C2)] × 100.






Analysis of Enzymatic Antioxidants

After the morphological and physio-biochemical analysis, the leaves of rice genotypes were comparatively studied for the activities of different antioxidant enzymes.


Catalase (CAT) Activity

Catalase (CAT) activity was determined according to the method described by Zhang et al. (2007). Leaf tissues (0.1 g) from the homogenized sample were ground with 2 ml (0.1 M) sodium phosphate buffer of pH 6.0. Then the homogenate was centrifuged at 13,000 × g for 10 min. The supernatant was collected and stored at −18°C until further use. The supernatant (100 μl) was treated with the reaction mixture containing 200 mL of H2O2 and 30 mL (0.1 M sodium phosphate buffer) having pH 6.0 at room temperature. Distilled water (1.9 ml) with 100 μl sample and 1 ml substrate were added in a cuvette to determine its absorbance at 240 nm using a spectrophotometer (M350, UV visible double beam, CamSpec, United Kingdom). Enzyme activity was expressed on a fresh weight basis, i.e., units/g f. wt.



Peroxidase (POD) Activity

For POD estimation, the suspension was prepared by weighing 0.1 g leaves from the homogenized leaf sample, grinding them with a pestle and mortar with 2 ml (0.1 M) sodium phosphate buffer having pH 6.0. Then centrifuged at 13,000 × g for 10 min. The supernatant was collected for further analysis and stored at −18°C. The activity of POD was estimated according to the method described by Chance and Maehly (1955). Sodium phosphate buffer (2.8 ml of 50 mM), 800 μl (40 mM) H2O2, 200 μl guaiacol (substrate), and 60 ml of distilled water were added to prepare the substrate buffer. Substrate buffer (3 ml) and 100 μl supernatant were placed in a cuvette and absorbance at 470 nm were measured. One unit of POD activity was described by a variation of 0.01-unit min–1.



Phenylalanine Ammonia-Lyase (PAL) Activity

Phenylalanine ammonia-lyase (PAL) enzyme activity was estimated by the method described by Zucker (1965). Leaf tissues (0.1 g) from the homogenized leaf sample were ground with 1 ml (0.1 M) sodium borate buffer of pH 8.8. The homogenate was centrifuged at 13,000 × g for 10 min. The supernatant was collected and stored at −18°C for further analysis. The enzyme extract (62.5 μl) and sodium borate buffer (800 μl) were added to the test tube, along with 700 μl (12 mM) phenylalanine. The test tubes were incubated in a water bath at 40°C for 1 h. A 5N HCL (200 μl) was added to stop the reaction. Then, (0.5 ml) of 1 M Trans-cinnamic acid (TCA) was added and light absorbance was estimated at 290 nm.



Polyphenol Oxidase (PPO) Activity

For the estimation of PPO, 0.1 g leaves from the homogenized sample were ground in pestle and mortar with (2 ml) 0.1 M sodium phosphate buffer of pH 6.0 and centrifuged at 13,000 × g for 10 min. The supernatant was taken and stored at −18°C for further analysis. PPO activity was estimated by the method described by Mayer et al. (1965). In the reaction cuvette (1.0 ml), 0.1 M sodium phosphate buffer and (1.0 ml) 0.01 M L-tyrosine (substrate) in HCl were added with (0.9 mL) distilled water. The sample (100 μl) was used to measure the absorbance at 280 nm using a spectrophotometer. The change in absorbance was measured after every 30 s for 2 min and PPO enzyme activity was expressed in min–1g–1 of fresh weight.





Effect of Water Stress on Yield Attributes

Plants of each genotype from both stress treatments and controls were manually harvested at maturity. The harvested plants were measured for different growth and yield parameters, i.e., plant height, number of tillers per plant, paddy weight per plant, and paddy yield per pot.



Statistical Analysis

Data from pot experiments and hydroponic experiments were statistically analyzed by ANOVA and differences between osmotic stressed and controls were compared by the least significant difference (LSD) at 5% (for pot experiment) and 1% confidence level (for the hydroponic experiment) using the software STATISTIX 10.0 (Tallahassee, FL, United States). Pearson correlation coefficient was used for the assessment of associations between different studied plant traits. For interactive studies, the regression analysis of IR temperature with proline content, SPAD, MSI, and RWC were studied using SPSS software (SPSS Inc., NY, United States).




RESULTS


Initial Screening of Rice Genotypes Under Net House Conditions

Depending on the visual symptoms of the leaves after 15 days period of water stress imposition, SES scoring was done for all the tested genotypes, i.e., highly tolerant (HT), tolerant (T), moderately tolerant (MT), moderately susceptible (MS), susceptible (S), and highly susceptible (HS). For the evaluation of water-stressed rice leaves, IR-55419-04 and Super Basmati were used as tolerant and susceptible check varieties, respectively. Highly tolerant genotypes were scored as 0, tolerant genotypes as 1, moderately tolerant genotypes as 3, moderately susceptible as 5, susceptible as 7, and highly susceptible as 9 (Supplementary Table 1). After water stress of 15 days, susceptible rice genotypes showed leaf drying followed by chlorosis to dead seedlings (Supplementary Figures 1A–F). Among 26 genotypes 3 were identified as tolerant, 9 moderately tolerant, 5 moderately susceptible, 6 susceptible, and 3 as highly susceptible (Supplementary Table 1).



Screening of Osmotic Stress Tolerance Under Hydroponic Conditions

Three genotypes were selected on the basis of their phenotypic response and drought tolerance score observed in their initial screening in pots under net house conditions. These genotypes (NIBGE-DT-02, NIBGE-DT-11, and KSK-133) were further screened under control and PEG-simulated osmotic stress hydroponic conditions (Supplementary Table 3).


Morphological Responses of Rice Genotypes to Osmotic Stress

The rice genotypes growing in nutrient solution along with 20% PEG-8000 were studied for shoot and root length (Figures 1A,B). A significant reduction in shoot and root lengths of susceptible genotypes [Super Basmati (SB), NIBGE-DT-11 followed by KSK-133] was observed as compared to tolerant control (IR-55419-04) (Figures 1C,D). The mean values of root length (RL) and shoot length (SL) under osmotic stress showed significant differences among all the tested genotypes (Figures 1E,F). Percent reduction in RL was maximum in SB, i.e., 53.5% followed by KSK-133 (37.2%) and NIBGE-DT-11 (22.9%). At 20%-PEG mediated osmotic stress, the RL ranged from 6.23 to 6.10 cm for IR-55419-04 and NIBGE-DT-02, respectively (Table 1).
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FIGURE 1. Effect of osmotic stress on rice growth parameters under hydroponic conditions. Rice genotypes: Super Basmati (SB), IR-55419-04, NIBGE-DT-02, KSK-133, and DT-11. (A) Control-all tested rice genotypes without osmotic stress. (B) Stressed-osmotic stressed [20% Polyethylene Glycol (PEG)] rice seedlings in the hydroponic culture conditions. Morphological response of panel (C). Plants of all tested genotypes under control- (without stress) and panel (D). Plants of all tested genotypes under PEG mediated stressed. Graphical representation of panel (E) shoot lengths. (F) Root lengths under control-(without stress) and stressed-(20% PEG mediated osmotic stress).



TABLE 1. Effect of PEG mediated osmotic stress on growth parameters of different rice genotypes under hydroponics.
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Osmotic stress treatment significantly reduced shoot fresh weight (SFW) and root fresh weight (RFW) in all the tested genotypes except NIBGE-DT-02 as compared to the tolerant control. SFW at the maximum level of stress ranged from 0.016 to 0.019 g for SB and NIBGE-DT-11, respectively (Table 1). IR-55419-04 showed a minimum percent reduction in the RFW (7.1%) as compared to NIBGE-DT-11 (39.4%). The least reduction in shoot dry weight (SDW) was observed in IR-55419-04 (15.8%) and NIBGE-DT-02 (20%) while KSK-133 and SB showed higher reduction, i.e., 40 and 23.1%, respectively. A similar pattern was observed for root dry weight (RDW) (Table 1).



Physiological Responses of Rice Genotypes to Osmotic Stress

Chlorophyll a, b, and total chlorophyll contents were reduced variably in all genotypes under stress conditions as compared to their respective well-watered controls (Figures 2A–C). Higher chlorophyll content with less percent reduction was observed in tolerant check variety (IR-55419-04) followed by NIBGE-DT-02 under osmotic stress. A significant percent decrease in chlorophyll was observed in SB (78.7%) followed by NIBE-DT-11 (76.9%) (Table 2).
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FIGURE 2. Effect of PEG-induced osmotic stress under hydroponics on chlorophyll a, b, and t of rice genotypes. Genotypes: SB, IR-55419, DT-02, DT-11, and KSK-133. (A) Chlorophyll-a content of control-(non-stressed) and stressed-20% PEG induced osmotically stressed plants. (B) Chlorophyll-b content of control-(non-stressed) and stressed-20% (PEG) induced osmotically stressed plants. (C) Chlorophyll-t (total chlorophyll) of control-(non-stressed) and stressed-20% Polyethylene glycol (PEG) induced osmotic stressed plants in mg/g FW (fresh weight). Ten leaves per plant were homogenized to make a composite sample and three plants per replicate were used. Data represented as mean and means are an average of three biological replicates. According to the least significant difference, means followed by the same letter differ non-significantly at p = 0.01 while different letters show statistical significance of genotypes under control and stressed conditions.



TABLE 2. Influence of PEG mediated osmotic stress on chlorophyll and proline contents of different rice genotypes under hydroponic conditions.
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An increase in proline content (11.11–22.7%) under osmotic stress showed significant genotypic variability. A significant increase in proline concentration was observed in NIBGE-DT-02 (20 μmolg–1 fresh weight). While least percent increase in proline accumulation was observed in NIBGE-DT-11 (11.8%) as compared to the tolerant control (Table 2).




Validation of Rice Genotypes in Pots Under Rain Out Zone


Thermal Imaging of Rice Genotypes Response to Water Stress

Results of infrared thermal imaging detected small differences in whole plant temperature of rice genotypes under water stress conditions (Figures 4A–F). During the early and later stages, the plant temperature was almost similar for all the genotypes at 0 days after stress (DAS). At 0DAS, the average temperature during early-stage stress was about 31.9 ± 0.73°C and the later stage was 30.9 ± 0.66°C, respectively. From 0DAS to 15DAS, in response to water stress, the plant temperature changed gradually in all genotypes during both stages of water withholding. The effect of water stress at 15DAS was significant in SB with higher values of IR temperature (14.7%) during the later growth stage (Table 3).


TABLE 3. Infrared thermal imaging to study the effect of water stress on plant temperature during early and later growth stages under net house conditions.
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Morphological Responses of Rice Genotypes to Water Stress

The relative reduction was observed in the growth parameters of rice genotypes under water-stressed conditions, i.e., for 15 days at 30 DAT (Figures 3A,B) and second at 60 DAT (Figures 3C,D) as compared to non-stressed plants. The least and maximum relative reduction was observed in the shoot and root lengths of positive control IR-55419-04 and SB, respectively, under water scarcity. Plant FW was drastically reduced in SB at 15DAS during both stages of water stress. The least reduction in fresh and dry weights under water scarcity was observed in IR-55419-04 and NIBGE-DT-02 (Figures 5A–F).
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FIGURE 3. Pictorial view of water stress treatments to rice genotypes during early and later growth stages under net house conditions. Genotypes: SB, IR-55419, and DT-02. (A) Control-well irrigated rice plants till 30 days after transplantation (DAS). (B) Stressed-water stress rice plants (water withholding for 15 days after 30 DAS) under net house culture conditions. (C) Control-well irrigated rice plants till 60 days after transplantation (DAS). (D) Stressed-water stress rice plants (water withholding for 15 days after 60 DAS) under net house conditions.
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FIGURE 4. Visual and infrared thermal images of rice genotypes taken by a FLIR T-E6 camera in a net house pot experiment. Genotypes: SB, NIBGE-DT-02, IR-55419-04. (B,D,F) Visual images of plants taken at day 5, 10, and 15 after water stress. (A,C,E) Thermal images of plants taken at day 5, 10, and 15 after water stress. IR-thermal images were analyzed using IR 4.1 FLIR research and development software (FLIR Systems Inc.).
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FIGURE 5. Effect of water stress on rice growth parameters under net house conditions. (A) Shoot length (cm). (B) Root length (cm). (C) Plant fresh and dry weight under control-fully irrigated and stressed-water with holding for 15 days at 30 days after transplantation (DAT). (D) Shoot length (cm). (E) Root length (cm). (F) Plant fresh and dry weight under control-fully irrigated and stressed-water with holding for 15 days at 60 DAT. Rice genotypes: SB, IR-55419, and DT-02. Bars indicate the SD of three biological replicates and each replicate has three plants. Data represented as means and means followed by the same letter differ non-significantly and with different letters show statistical significance at p = 0.05 according to LSD.




Physio-Biochemical Responses of Rice Genotypes to Water Stress


Relative Water Content and Membrane Stability Index (MSI)

The percent RWC of the leaves was measured in the control and stressed plants to understand the effect of water stress on experimental rice genotypes. RWC% was found to be decreased dramatically under drought stress (Table 4A). In the control plants, RWC% was found almost in a similar pattern in all genotypes while water stress resulted in a progressive decline in RWC% values. Under the stress conditions, the highest RWC% during both stages of water scarcity were observed in the genotype IR-55419, followed by DT-02. A maximum percent decrease (45.5 and 43.7%) in RWC was found in genotype SB during water stress at 30 DAT and 60 DAT, respectively (Table 4A).


TABLE 4A. Effect of water stress on relative water content (RWC), membrane stability index (MSI) and proline content of rice genotypes during early and later growth stages under net house conditions.
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Increased electrolyte leakage (EL) under water scarcity points toward the increase in the plant cell membrane injury. Water stress caused a decrease in MSI during the period of stress and the magnitude of the decline in MSI for susceptible rice genotype (SB-70.20%, 42.90%) was greater than that of the tolerant genotype NIBGE-DT-02 (35.90%, 9%) during water stress at 30 DAT and 60 DAT, respectively (Table 4A).



Proline and Chlorophyll Content

Under water stress proline concentrations (μ molg–1 FW) of rice, genotypes were increased to a variable extent as compared to their respective controls during both stages of stress treatments. The water stress-tolerant genotype NIBGE-DT-02 accumulated the highest concentration (46.72, 56.25 μ molg–1 FW) of proline at 15DAS during water stress at 30 DAT and 60 DAT, respectively. SB showed the least percent increase (19.87, 35.02%) in proline content in both stages of water stress (Table 4A).

Rice genotypes for chlorophyll a, b, and total chlorophyll differed variably under water scarcity. Higher values of chlorophyll contents after positive control were observed in NIBGE-DT-02 during the early and later stages of water stress. SB showed the highest percent reduction in total chlorophyll content (39.14, 34.50%) in water stress at 30 DAT and 60 DAT, respectively (Table 4B).


TABLE 4B. Effect of water stress on chlorophyll content and SPAD values in different rice genotypes during early and later growth stages in a pot experiment under net house conditions.
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The SPAD values from the leaves of rice genotypes showed a similar pattern with the chlorophyll contents of respective genotypes. The least percent reduction in SPAD values was observed for NIBGE-DT-02 (5%) later stage (60 DAT) water stress (Table 4B).



Enzymatic Antioxidants

The results showed that the concentration of antioxidant enzyme was found maximum in the tolerant and minimum in susceptible rice genotypes under water scarcity. However, the accumulation of enzymes varied between all the tested genotypes. Under water stress, the highest accumulation of antioxidants (CAT:0.36, POD:276.03, PAL:0.21, and PPO: 19.57 units g–1 f. wt.) during water stress at 30 DAT (Figures 6A–D) and (CAT:0.47, POD:280, PAL:0.73, and PPO:18.86 units g–1 f. wt.) at 60 DAT water stress (Figures 7A–D) were recorded in NIBGE-DT-02 followed by the positive control (IR-55419-04). The susceptible genotype (SB) under stress showed less accumulation of defense-related enzymes as compared to non-stressed conditions.
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FIGURE 6. Induction of defense-related enzymes. (A) Phenylalanine ammonia lyase (PAL). (B) Peroxidase (POD). (C) Catalase (CAT). (D) Polyphenol oxidase (PPO) in rice plants of genotypes SB, IR-55419 and DT-02 under control-fully irrigated and stressed-water with holding for 15 days at 30 days after transplantation (DAT). Bars indicate the SD of three biological replicates and each replicate has three plants (ten leaves per plant). Data represented as means and means with the same letter differ non-significantly at p = 0.05 according to LSD.
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FIGURE 7. Induction of defense-related enzymes. (A) Phenylalanine ammonia-lyase (PAL). (B) Polyphenol oxidase (PPO). (C) Peroxidase (POD). (D) Catalase (CAT) in rice plants of genotypes SB, IR-55419, and DT-02 under control-fully irrigated and stressed-water withholding for 15 days at 60 days after transplantation (DAT). Bars indicate the SD of three biological replicates and each replicate has three plants (ten leaves per plant). Data represented as means and means with the same letter differ non-significantly at p = 0.05 according to LSD.





Effect of Water Stress on Rice Yield

Irrespective of rice genotype, water stress reduced the plant height. A high reduction in plant height was recorded in SB while less reduction was observed in IR-55419 followed by DT-02 under water stress conditions as compared to their respective controls in both stages of stress. Drought stress reduced the number of tillers per plant in all tested rice genotypes. Maximum reduction in tiller number was recorded in drought susceptible genotype SB. Drought stress significantly reduced the grain yield in SB (82.30%) during water stress at 30 DAT while the least reduction in NIBGE-DT-02 (35.90%) during water stress at 60 DAT (Table 5). Percent decrease in plant height in all genotypes was more during early-stage water stress as compared to a later stage, while percent reduction in plant fresh weight was more during early-stage water scarcity because of low tillering so in correspondence to this percent decrease in grain yield was more during water stress at 30 DAT (Table 5).


TABLE 5. Effect of water stress on yield attributes of rice genotypes during early and later growth stages in a pot experiment under net house conditions.
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Correlation Analysis Among Morpho-Physiological and Biochemical Traits

Pearson’s correlation analysis was performed on different morphological and physio-biochemical traits of water-stressed plants (studied during early and later growth stage water stress). The results indicated that (at p < 0.05) positive correlation among all the tested genotypes with different traits was expressed in bold form while the negative correlation with a negative sign. So, on this basis, a significant correlation with multiple traits related to stress tolerance was easily identified during both stage stress conditions (Tables 6A,B). A negative correlation was observed between infrared (IR) temperature with (proline content, SPAD values, MSI and POD) during early-stage and with (RWC, proline content, MSI and PAL) during later-stage water stress (Figures 8, 9A–D).


TABLE 6A. Correlation matrix for morphological and physio-biochemical traits during early-stage water stress in a pot experiment under net house conditions.
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TABLE 6B. Correlation matrix for morphological and physio-biochemical traits during later-stage water stress in a pot experiment under net house conditions.
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FIGURE 8. Correlation analysis of Infrared (IR) temperature with different traits for three tested genotypes under early-stage stress conditions. (A) Relationship between IR-temperature and proline content. (B) Relationship between IR-temperature and SPAD values. (C) Relationship between IR-temperature and POD enzyme. (D) Relationship between IR-temperature and MSI%. Relationships were studied by correlation analysis using SPSS software. Means are an average of four biological replicates at p = 0.05 according to the LSD.
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FIGURE 9. Correlation analysis of Infrared (IR) temperature with different traits for three tested genotypes under later-stage stress conditions. (A) Relationship between IR-temperature and RWC%. (B) Relationship between IR-temperature and proline content. (C) Relationship between IR-temperature and chlorophyll a (CHL a). (D) Relationship between IR-temperature and PAL enzymes. Relationships were studied by correlation analysis using SPSS software. Means are an average of four biological replicates at p = 0.05 according to the LSD.






DISCUSSION

In the scenario of climatic shift, water scarcity is one of the most common abiotic stresses that hinders rice growth through alteration in many morphological, physiological, and biochemical responses (Chaudhry and Sidhu, 2021). Usually, rice genotypes are being selected on the basis of their tolerance to water scarcity using different drought-related morpho-physiological and biochemical approaches (Panda et al., 2021). The present study effectively combined these approaches with the useful tool of SPAD meter with further validation of drought tolerance in rice genotypes using the technology of infrared thermal imaging. Furthermore, the selected genotype was subjected to water scarcity at early (vegetative) as well as later (reproductive) growth stages to ensure its tolerance throughout the whole crop season.

In our experiment, initially, 28 rice genotypes including one tolerant (IR-55419-04) and one susceptible check (Super Basmati) variety with 26 advance lines were screened for water stress tolerance in pots under net house conditions. Among the tested genotypes, 3 were identified as tolerant, 9 moderately tolerant, 5 moderately susceptible, 6 susceptible, and 3 as highly susceptible to water deficit conditions (Supplementary Table 1). Three promising genotypes (NIBGE-DT-02, NIBGE-DT-11, and KSK-133) were selected based on the standard evaluation system (SES) scoring for drought tolerance (Supplementary Table 3). SES scoring for rice genotypes is a reliable measure of drought tolerance and reflects dehydration in plant tissues (Swapna and Shylaraj, 2017). The results of the present study in pots under net house conditions showed that water withholding for 15 days at 30 days after transplantation significantly affected the plants’ phenotypic response as indicated by leaf drying to dead seedlings (Supplementary Table 2).

Three selected genotypes (NIBGE-DT-02, NIBGE-DT-11, and KSK-133) were subjected to Polyethylene glycol (PEG-20%) mediated osmotic stress under a hydroponic system in a growth room experiment. PEG-induced osmotic stress reduced all the growth parameters of rice genotypes to a variable extent (Nahar et al., 2018). In the present study, a higher level of PEG (20%) stress reduced the growth attributes of all the tested rice genotypes, the maximum reduction in the shoot length (21.7%) of NIBGE-DT-11 and in the root length (37.2%) of KSK-133 was observed (Table 1). Shirazi et al. (2019) reported that the reduction in growth parameters was also reflected in the physiological responses of susceptible rice genotypes, i.e., IR-8 and B-60-B. Genotype NIBGE-DT-02 achieved better growth in hydroponics osmotic stress as well as under variable water withholding stages in pots under net house conditions. NIBGE-DT-02 showed a minimum reduction in the shoot (10.5%) and root (13.2%) lengths under hydroponics (Table 1). Franco et al. (2011) ratified the better root growth of plants under stress conditions as an important index for the selection of drought-tolerant cultivars. In the present study, NIBGE-DT-02 revealed a minimum reduction in root growth concomitant with the least reduction in plant fresh and dry weights under 15-days water withholding at 30 and 60 DAT (Figures 5A–F).

Chlorophyll is an important plant photosynthetic pigment, determining plant growth and development. Under osmotic stress, a significant decrease in chlorophyll a (76.9%) and b (77.1%) were observed in the genotype NIBGE-DT-11. Genotypes NIBGE-DT-02 showed the least reduction in chlorophyll a (22.4%) and chlorophyll t (30.7%) under osmotic stress as compared to the susceptible check variety (Table 2). Nahar et al. (2018) reported that rice variety (SN09) showed significantly minimum chlorophyll a and b content as compared to the tolerant variety (SN03) under PEG (20%) induced stress. Moreover, NIBGE-DT-02 showed a minimum reduction in chlorophyll a (10.4%), b (3.9%), and t (8.30%), while a similar pattern of NIBGE-DT-02 was observed with a minimum (5%) reduction in SPAD values under 15-days water withholding at 60 days after transplantation (Table 4B). According to Nahakpam (2017), the reduction in chlorophyll content might be due to the formation of active oxygen species (AOS) that affects the stability of the chloroplast membrane and causes the chlorophyll degradation under water stress conditions.

Plants produced proline as an important osmolyte to maintain protein conformation and stabilize the membranes at a low level of leaf water potential. Likewise, an increased accumulation of proline was observed in genotype NIBGE-DT-02 (20%) followed by the tolerant check variety (22.7%) as compared to the susceptible check variety (Table 2). In plants, the relative increase of proline content under drought stress has been proposed as a potential indicator for the selection of drought-tolerant varieties (Dien et al., 2019). Abdula et al. (2016) reported that the increased biosynthesis of proline enhanced abiotic stress tolerance in rice genotypes. In this study maximum increase in proline content was observed in genotype NIBGE-DT-02 during early (32.65%) and later (41.7%) growth-stage water stress followed by tolerant check variety (Table 4). As reported by Saha et al. (2019), proline is a key factor involved in the mechanism of tolerance against 10 days of water stress as BRRI-dhan-56 showed 3.7 folds increase in proline accumulation under water withholding at 21 days after sowing.

Relative water content (RWC) is considered as an effective physiological parameter to measure the water content of plants under control and water deficit conditions (Gupta et al., 2020; Zhu et al., 2020). According to Puangbut et al. (2018) the drought-tolerant variety maintained higher RWC as indicated by low reduction (21.6%) in comparison with the susceptible variety (35%). In our present study, tolerant genotype NIBGE-DT-02 exhibited less reduction in RWC (5.5%) with the maximum accumulation of proline osmolyte (45.9%) under water deficit conditions at 60 DAT (Table 4A). Swapna and Shylaraj (2017) stated that the ability to retain water content (74.37%) in rice variety (Neeraja) under drought stress may be due to osmolyte accumulation in cells or due to rigidness of cell wall.

The increase in EL values points toward the increase in the cell membrane injury induced by the water stress (Al-Ashkar et al., 2016). In the present study highest electrolyte leakage (EL) was observed in Super Basmati as indicated by maximum reduction (70.2%) in membrane stability index (MSI) under water stress at 30 days after transplantation. NIBGE-DT-02 (35.4%) followed by tolerant check variety IR-55419-04 (21.5%) exhibited the least reduction in MSI under 15 days water stress at 30 DAT (Table 4A).

In this study, the plants were also studied for the induction of stress-related antioxidant enzymes. The plants of NIBGE-DT-02 showed a significant increase in PAL enzyme activity (0.73 μmol cinnamic acid/g F. wt.) with a concomitant increase in POD, CAT, and PPO (units/g. F. wt.) under 15 days water stress at 60 DAT as compared to its well-watered control (Figure 7). Sahebi et al. (2018) reported that in rice, water scarcity leads to the formation of ROS in various cellular compartments (mitochondria, chloroplast, and peroxisomes). The enhanced activities of ROS scavengers might be one strategy of this genotype for reducing oxidative damage and improving the drought resistance in rice plants (Sachdev et al., 2021).

Sabar and Arif (2014) reported significant variation in rice genotypes for yield-related attributes. Severe water scarcity at vegetative (early) and reproductive (later) growth stages is needed to screen segregating germplasm because stress imposition of different types exposed the genetic variation of genotypes due to the underlying different mechanisms of drought tolerance (Mumtaz et al., 2019). In our experiment, water stress imposed during the early growth stage coincides more or less with the onset of vegetative (before flowering) and later growth stage stress with the reproductive stage. Wang et al. (2017) reported that biomass production is largely affected under vegetative growth stage water scarcity. In the present study, the percent decrease in plant height in all genotypes was more during the early-stage water stress as compared to the later stage, while percent reduction in plant fresh weight was more during early-stage water scarcity because of low tillering so in correspondence to this percent decrease in grain yield was more during water stress at 30 days after transplantation (Table 5).

Correlation analysis between morphological, physiological, and biochemical traits of stressed rice plants indicated that root length was strongly correlated with PAL, relative water content, (chl b), catalase, and plant dry weight while relative water and proline contents strongly correlated with catalase, PAL, and membrane stability index. These results depicted that an increase in root growth had significant effects on plant physiological and biochemical responses to early-stage water stress (Table 6A). Proline and relative water contents have been proposed as key factors involved in the mechanism of tolerance to water stress (Saha et al., 2019). The strong correlation between RWC and RL under water stress during both growth stages (Tables 6A,B) showed that RL played a significant role in plant survival under low water potential and these traits (RWC and proline) could be used as a good marker to determine drought tolerance in rice plants. Furthermore, in the present study regression analysis showed a negative correlation between plant temperature (IRTI) and proline content (r2 = 0.97) under 15-days water stress condition at 30 days after transplantation while plant temperature under water stress at 60 DAT also had a strong correlation with RWC (r2 = 0.99). Previously, Carroll et al. (2017) argued that plant temperature increases with decreased plant available water. Though it is normal for plant temperature to rise during the day and reduce throughout the night in relative to well-watered control, the water-stressed plants have less evaporation cooling with lower rates of transpiration and hence have a higher temperature at daytime. Thus, the measurement of plant temperature quantifies the degree of plant water stress if compared to the well-watered control plants. In this study, all the rice genotypes showed a variable decline in RWC (Table 3) and an increase in plant temperature (Table 4A) of water-stressed plants as compared to the non-stressed plants. The rice genotype NIBGE-DT-02 showed less percent decrease (5.5%) in RWC and less percent increase (7.5%) in IR temperature as compared to the susceptible variety under water stress at 60 DAT (Tables 3, 4A). Saleem et al. (2020) reported that the ability of a plant to keep leaf temperature cooler was associated with drought stress tolerance.

The correlation between marker traits (proline and RWC) and plant temperature highlighted the significance of infrared thermal imaging as an effective tool for the indication of drought tolerance in plants. These findings provide a foundation for future research directed to utilize the IRTI approach for the selection of potent rice genotypes better adapted to water scarcity from a wide germplasm collection. Additionally, drought stress affects more or less at every growth stage causing a reduction in yield attributes. The selected genotype NIBGE-DT-02 (drought-tolerant introgression) of the recipient variety Super Basmati (aromatic, long-grain, and sensitive to water stress) was improved significantly and comparatively more tolerant to water stress irrespective of the growth stage as this genotype gave significantly higher yield than the susceptible genotype. Consequently, sustainable rice production under this climatic shift will bring more opportunities for food security and prosperity of the country.



CONCLUSION

Drought stress has been increased drastically due to climate change, which limits the growth and yield of rice worldwide. Therefore, the present study aimed for the reliable selection of drought-tolerant genotypes by integrating morpho-physiological and biochemical approaches with in situ technology of infrared thermal imaging (IRTI) to sustain crop production under water scarcity. The selected rice genotype NIBGE-DT-02 has significant production of osmoregulator (proline), antioxidants, relative water content, better yield, and tolerance to water stress irrespective of the growth stage. Our study suggests that the correlation between infrared thermal imaging and different physio-biochemical responses provides a foundation for future research directed to utilize the IRTI approach for the selection of potent rice genotypes better adapted to water scarcity from wide germplasm collection. These findings can further be utilized for breeding programs to address the food security issues in this alarming situation of climate change.
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Supplementary Figure 1 | Initial screening of rice genotypes under net house conditions. (A) Control-well irrigated rice plants till 30 days after transplantation (DAT). (B) Stressed-water stress rice plants (water withholding for 15 days after 30 DAT) under net house conditions. (C) Control-well irrigated five rice genotypes viz, IR-55419-04, NIBGE-DT-02, SB, NIBGE-DT-11, and KSK-133 selected from initial screening. (D) Stressed-water stress five rice genotypes viz, IR-55419-04, NIBGE-DT-02, SB, NIBGE-DT-11, and KSK-133. (E) Control-leaves of plants of genotypes IR-55419-04, NIBGE-DT-02, SB, NIBGE-DT-11, and KSK-133, respectively, under well water conditions. (F) Stressed- leaves of plants of genotypes IR-55419-04, NIBGE-DT-02, SB, NIBGE-DT-11 and KSK-133, respectively, under water deficit conditions.
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Plant nursery production systems are a multi-billion-dollar, international, and horticultural industry that depends on storing and shipping live plants. The storage environment represents potentially desiccating and even fatal conditions for dormant, bareroot, and deciduous horticulture crops, like orchard trees, forestry trees, ornamental trees, and grapevines. When tree mortality is considered within a plant hydraulic framework, plants experiencing water stress are thought to ultimately die from hydraulic failure or carbon starvation. We hypothesized that the hydraulic framework can be applied to stored crops to determine if hydraulic failure or carbon starvation could be attributed to mortality. We used deciduous trees as model species because they are important horticultural crops and provide a diversity of hydraulic strategies. We selected cultivars from six genera: Acer, Amelanchier, Gleditsia, Gymnocladus, Malus, and Quercus. For each cultivar, we measured stem hydraulic conductance and vulnerability to embolism. On a weekly basis for 14 weeks (March–June), we removed trees of each cultivar from cold storage (1–2°C). Each week and for each cultivar, we measured stem water potential and water content (n = 7) and planted trees to track survival and growth (n = 10). At three times during this period, we also measured non-structural carbohydrates. Our results showed that for four cultivars (Acer, Amelanchier, Malus, and Quercus), the stem water potentials measured in trees removed from storage did not exceed stem P50, the water potential at which 50% of stem hydraulic conductivity is lost. This suggests that the water transport system remains intact during storage. For two cultivars (Gleditsia and Gymnocladus), the water potential measured on trees out of storage exceeded stem P50, yet planted trees from all weeks survived and grew. In the 14 weeks, there were no significant changes or directional trends in stem water potential, water content, or NSC for most cultivars, with a few exceptions. Overall, the results show that the trees did not experience detrimental water relations or carbon starvation thresholds. Our results suggest that many young deciduous trees are resilient to conditions caused by prolonged dormancy and validate the current storage methods. This experiment provides an example of how a mechanistically based understanding of physiological responses can inform cold storage regimes in nursery tree production.

Keywords: arboriculture, chilling hours, water relations, non-structural carbohydrates, nursery management, urban forestry, vulnerability curves


INTRODUCTION

The plant nursery industry produces billions of plants and trees, which are then shipped to global destinations (Haase et al., 2020). Making them unique among crops, plants grown in nursery production systems are often moved great distances in the middle of their lifecycle, which generates novel physiological stress to these otherwise stationary lifeforms. For this to be feasible, nursery professionals take advantage of natural phenophases, for example, harvesting and transferring dormant deciduous species. Many plant nurseries (hereafter referred to as nurseries) are located where favorable conditions and consistent seasonal cues induce winter dormancy. A wide variety of orchard species, forestry species, and ornamental species are produced in a nursery production system known as “bareroot” in which trees are excavated (aka “lifted”) in late fall and winter, stored at or just below freezing temperatures during winter, and shipped in the spring. Plants grown and sold in nursery systems must be able to withstand prolonged storage conditions without significant detrimental effects on growth and survival after planting (Maclennan and Fennessy, 2006; Dumroese et al., 2016). Decades of commercial trial and error have created rough guidelines for safe storage practices for bareroot plants. However, there is a need for relevant, mechanistic information about how long trees can tolerate cold storage without damage or death. We believe that investigating the impacts of desiccation and carbon depletion in cold storage through a plant hydraulic framework will help provide meaningful guidelines to this multi-billion-dollar annual industry (United State Department of Agriculture, 2020).

How long seedlings can be kept in cold storage is one of the key physiological questions for optimizing nursery production (Grossnickle et al., 2020). For example, more time in storage allows for the accumulation of chilling hours, which can lead to faster bud break and increased root growth after planting (Harris et al., 1993; Nanninga et al., 2017). The two key risks of storage are desiccation and carbon starvation due to respiration, in the absence of external causes of mortality, such as pests and pathogens (Mckay, 1997). Winter desiccation can impact performance in the growing season if the hydraulic function cannot be restored (Niu et al., 2017). Dormant trees rely on carbohydrate reserves for respiration and tissue development (Tixier et al., 2019). The physiological effects of cold storage have been well studied for conifer seedlings but are not understood as well for deciduous trees (Ritchie, 1982; Cannell et al., 1990; McKay, 1994). Developing parameters such as the length of time deciduous trees will tolerate cold storage conditions without a loss of plant vigor requires careful evaluation of multiple physiological traits (Jacobs et al., 2008). Even then, recommendations may vary by species and by variety or ecotype within species (Overton et al., 2013). Decisions about planting windows to avoid frost damage and ensure access to the planting site are made all the more difficult due to the unpredictable impacts of climate change (Chmura et al., 2011; Fargione et al., 2021). Nursery professionals may need to keep trees in cold storage for longer than is the current practice to respond dynamically to a changing climate.

A framework of tree mortality that considers the trade-offs between hydraulic failure and carbon starvation has been considered extensively (Sevanto et al., 2014; Adams et al., 2017). This “hydraulic framework” has been applied to explain tree mortality as a result of drought (Choat et al., 2018). Plant water relations and xylem function are typically studied in actively growing (i.e., non-dormant) seedlings and trees (Landsberg and Waring, 2017). However, the same physiological processes are important for the survival of dormant deciduous trees: the combined effects of water stress and low carbohydrate reserves can compromise winter cold tolerance, leading to a greater likelihood of mortality (Galvez et al., 2011). Water relations and carbon balance and the interactions of these fluxes coming out of the winter are also important to ensure function in the next growing season (Améglio et al., 2004; Tomasella et al., 2017).

Nursery production systems that use cold storage provide a unique opportunity to study the confounding physiological challenges that trees face through winter. Given the prevalence of cold storage in nursery production, it is important to understand the plant responses to develop research-based management practices that maintain plant health. Therefore, our objectives were to examine the patterns of plant water relations and NSC dynamics during storage for cultivated varieties (cultivars) of six genera of deciduous trees, Acer, Gleditsia, Gymnocladus, Malus, and Quercus. We selected these six genera as model species because they are high value and widely sold horticultural crops and provide a diversity of hydraulic strategies. We wanted to identify if these trees reach physiological thresholds that correlate with mortality during extended cold storage. If so, would the impacts from cold storage be evident in post-planting performance?

We had the following expectations for the plant physiological metrics that we measured in this experiment: stem water potential and stem water content would decline over an extended time in cold storage due to desiccation. Total stem NSC would also decline over time in cold storage, due to respiration. As a result of the compound impacts of desiccation and carbon depletion due to extended time in cold storage, height growth after outplanting would be diminished for trees that were in storage longer. In trees where the stem water potential dropped low enough to cause significant hydraulic failure in the xylem, we expected growth and survival after planting would be negatively affected.



MATERIALS AND METHODS

Starting March 19, 2020, we obtained trees from the cold storage facility at a commercial shade tree nursery in Canby, Oregon (45.21, −122.73). Retrieving trees from the storage facility continued every week until June 18, 2020, for a total of 14 weeks. The stored trees had been harvested in fall 2019 and washed of all soil in a process called bare-rooting. While in cold storage, the trees were stored at 1-2o C. The coolers were turned off the week of June 8, 2020. Each week, we transported the trees to Oregon State University’s North Willamette Research and Extension Center (NWREC) in Aurora, Oregon (45.28, −122.75) for sampling and planting. Upon arrival at NWREC, we randomly sorted the trees into planting and destructive sampling cohorts. Ten trees were planted each week. For each of the seven trees selected for destructive sampling, we measured stem water potential, water content for the terminal stem segment, and non-structural carbohydrates in the terminal stem segment.

We evaluated six cultivars: Red Sunset® maple (Acer rubrum “Franksred”); Prairie fire crabapple (Malus “Prairifire”); red oak (Quercus rubra); Skyline® honeylocust (Gleditsia triacanthos “Skycole”); Autumn Brilliance® serviceberry (Amelanchier x grandiflora); and Kentucky coffeetree (Gymnocladus dioicus). Due to logistical challenges, not all cultivars were planted at all weeks; additional details and planting and sampling timing can be found in Table 1.



TABLE 1. Cultivated species (cultivars) represented within this experiment and the corresponding dates for planting and NSC sampling.
[image: Table1]


Planting and Field Measurements

Each week, we planted 10 trees in a field at NWREC. The field has loam soil (47% sand; 32% silt; and 21% clay). Depending on the exact size of the weekly shipment, three to seven of the trees planted had the terminal shoot removed for other measurements described below; the remaining trees were planted without any pruning. We measured height at planting, and again on November 30, 2020, and calculated the incremental growth. Additionally, we monitored mortality and phenological development after planting.



Environmental Conditions

Temperature and precipitation were tracked by an U.S. Bureau of Reclamation AgriMet weather station that is located adjacent to the field and displayed in Figure 1 (AgriMet, 2016). Drip irrigation was installed within several weeks of each planting to mitigate any impacts of drought. By June 30, 2020, all trees were on drip irrigation.

[image: Figure 1]

FIGURE 1. Daily mean temperature (left axis, red dashed line) and total daily precipitation (right axis, blue solid line) at the planting location over the first growing season after planting.




Physiological Measurements

Physiological measurements were made on seven individuals of each cultivar at each transplanting date.


Stem Water Potential

We measured midday stem water potential on the terminal shoot using a pressure chamber (Model 1505D-EXP, PMS Instruments, Albany, OR). Stem water potential can be reliably measured on dormant deciduous trees and used to track winter water stress (Milliron et al., 2018).



Water Content

We calculated the water content of the plant tissue using the following equation:

[image: image]

For stem water content, we weighed the same terminal stem segment used in the water potential measurements. Immediately after the stem water potential measurement, we put the stem segment into a plastic bag until measuring the fresh weight. We then dried the plant tissues in a drying oven at 75°C for 7 days, then weighed the samples.



Non-structural Carbohydrates:

Samples of the same stem segments used for water relations measurements were also used to analyze non-structural carbohydrates (NSC) by a lab at Oregon State University that specializes in this type of analysis. To extract the NSC, the samples were ground to a fine powder in a Wiley mill. The soluble carbohydrates were extracted in deionized water; starch was extracted with ethanol and an A-AMG (amyloglucosidase) enzyme solution. NSC content of the samples was quantified by measuring absorbance at 630 nm using a microplate multiscan reader (Leyva et al., 2008).



Stem Hydraulic Conductance and Vulnerability Curves

We measured stem hydraulic conductance and vulnerability to embolism on three samples for each of the species, except Quercus. We cut a stem segment of approximately 20 cm, less than 15 mm in diameter (small enough to fit the cavitation chamber), and without side branches from the middle of the tree. The initial cuts were made underwater because the unplanted trees could be laid within a basin of water. We immediately brought the stem segments into the lab, removed the bark, and recut the ends underwater. We then vacuum infiltrated stems overnight in 0.2 μm filtered deionized water to remove initial emboli.



Stem-Specific Conductivity

We measured stem conductance using the gravity-feed method with 0.2 μm filtered deionized water. We measured flow through the stem using an electronic balance (Explorer Ex224, Ohaus Corp., Parsippany, NJ) connected to a computer running the R-based program conductR (Smith, 2018). When the flow rate stabilized, we recorded flow as the average of the last four readings. To calculate hydraulic conductivity, we used the slope of the volume flow rate (kg s−1) vs. the pressure gradient (MPa m−1); then, to standardize to stem-specific conductivity, the hydraulic conductivity was divided by stem cross-sectional area (ks, kg m−1 s−1 MPa−1).



Vulnerability to Embolism

We used the air-injection method to measure stem vulnerability to embolism (Sperry and Saliendra, 1994). After the maximum stem conductivity was measured as described above, we inserted the stem segment into the cavitation chamber accessory for the PMS pressure chamber and pressurized for 10 min. After there were no longer bubbles exiting the stem due to pressurization, flow through the stem was measured again. The pressure was increased by 0.25 MPa intervals for Gleditsia and Gymnocladus and 0.5 MPa intervals for the other four cultivars. In between each pressure interval, stem-specific conductivity was again measured. Using conductR, the percent loss of stem-specific conductivity relative to maximum was plotted against the pressure applied by the pressure chamber to create vulnerability. We increased pressures in the cavitation chamber until 90% of stem-specific conductivity was lost, so the maximum pressurization varied for each cultivar. Vulnerability curves and water potential thresholds at which 12, 50, and 88% of stem-specific conductivity were lost (P12, P50, P88) were modeled using the R package fitPLC (Duursma and Choat, 2017).



Statistical Analysis

Each cultivar was analyzed separately for several reasons: the trees came from different nursery sources, the range of planting dates varied by species, and in a few cases, the sample size varied by species at planting. To test if there was a linear relationship between the week of planting and the plant physiological metrics, we used linear regression. The four physiological metrics, which were tested individually, were as: stem water potential, stem water content, total stem NSC, and height growth after planting. We used the software R version (4.0.2) for all statistical analyses.





RESULTS

The year 2020 started with warmer than average temperatures (Figure 1). By March 19th, when planting began, temperature closely followed the 30 year average [U.S.A. National Phenology Network (NPN), 2020]. In this region, most rainfall occurs from October through June, with a dry period from July to September. The region in which this project is located experienced moderate to severe drought conditions during the experiment (U.S. Drought Monitor, 2021). The trees were irrigated through the summer dry period.

Stem P12, P50, and P88, as estimated from the vulnerability curves are reported in Table 2. Stem vulnerability curves showed two types of responses (Figure 2). Gleditsia and Gymnocladus demonstrated vulnerability to embolism at relatively mild water potentials (>−2.0 MPa). Acer, Amelanchier, and Malus were not as susceptible to embolism until more extreme water potentials (<−2.0 MPa). We did not build hydraulic vulnerability curves for the Quercus cultivar in this experiment due to the methodological challenges associated with hydraulic conductivity measurements with Quercus stems (Cavender-Bares and Holbrook, 2001). For this analysis, we use previously reported stem P50 values for Q. rubra (P50 = −2.5 MPa; Cochard and Tyree, 1990).



TABLE 2. Vulnerability curve parameters for five cultivars. Stem P12, P50, and P88 are modeled from the vulnerability curves shown in Figure 2.
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FIGURE 2. Stem vulnerability curves for five cultivars. Gray shading around each curve shows the 95% confidence interval of the curve (n = 3). Stem P50 for each species is indicated by a solid vertical line and 95% confidence intervals are indicated by a dashed vertical line. Quercus is not included (see text for details).


For one cultivar., Amelanchier, there was evidence of a significant negative effect of planting week on stem water potential ([image: image], F1,51 = 35.84, p < 0.01; Figure 3). Amelanchier was the cultivar we had the most logistical issues with procuring, so the effect is evaluated over only 8 weeks. Amelanchier also had the most negative stem P50, so despite a decline in stem water potential over time in cold storage, measured stem water potentials did not come close to exceeding stem P50 in the time frame we tested. For all other cultivars, there was no evidence of a significant effect of planting week on stem water potential (Table 3). Two cultivars—Gleditsia and Gymnocladus—had stem water potentials that exceeded stem P50 from the very first week of the experiment. For Acer, Amelanchier, Malus, and Quercus, median stem water potential did not exceed stem P50.

[image: Figure 3]

FIGURE 3. Stem water potential at the time of removal from cold storage and subsequent planting. Box plots show median, interquartile range, and minimum and maximum range for each week of planting. Solid red lines indicate stem P50 for each species, estimated by the stem vulnerability curves. There was evidence of a significant negative effect of planting date on stem water potential for Amelanchier (p < 0.01; details in text and Table 3). For all other cultivars, there was no evidence of a significant effect of planting date on stem water potential.




TABLE 3. Linear regression results for stem water potential, water content, total NSC, and incremental field growth for each cultivar.
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For all six cultivars, there was no evidence of a significant effect of the planting dates in the stem water content (Figure 4). The parameters of the linear regression model are given in Table 3. Stem water content is expressed in grams of water in fresh tissue to grams of dry plant tissue; with most stem water content values falling around or above 1 g/g, this indicates that the fresh tissue is over 50% water content, by weight.
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FIGURE 4. Stem water content at the time of removal from cold storage and subsequent planting. Box plots show median, interquartile range, and minimum and maximum range for each week of planting. One outlier for Gleditsia has been removed in this figure, but not the statistical analysis. There was no evidence of a significant effect of planting date on stem water content for any cultivar.


Based on the expectation that total NSC would diminish over time in storage due to respiration, we evaluated the effect of the week of removal from cold storage and planting on total NSC concentration (mg/g DW). There was evidence of a significant positive effect of planting week on total NSC for Amelanchier ([image: image], F1,16 = 9.43, p < 0.01). In contrast, for Gymnocladus, there was evidence of a significant negative effect of planting week on total NSC ([image: image], F1,19 = 5.40, p < 0.05). There was no evidence of a significant effect of planting week on total NSC for the other cultivars (Table 3). Among the cultivars, there was no clear pattern of a shift between starch concentration and soluble sugars concentration (Figure 5).
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FIGURE 5. Total non-structural carbohydrate concentration and relative proportion of starch (transparent bars, below midline) and soluble sugars (solid bars, above midline). The specific dates for the timing of planting categories are in Table 1. There was evidence of a significant positive relationship of planting week on total NSC concentration for Amelanchier (p < 0.01; details in text and Table 1) and evidence of a significant negative relationship for Gymnocladus (p < 0.05; details in text and Table 1). Error bars indicate standard deviation for soluble sugar and starch concentration separately. Soluble sugars and starch concentrations were not tested separately in linear regression models.


In the case of four out of six of the cultivars, there was no significant effect of the planting date on the height growth in the season that followed planting (Figure 6; Table 3). There was evidence of a significant negative effect of planting date on height growth for Malus ([image: image], F1,98 = 10.91, p < 0.01) and Quercus ([image: image], F1,138 = 18.53, p < 0.01). The significant effect of planting date on height in these cultivars is driven by the absence of height growth in the latest-planted trees. Additionally, we observed frequent terminal stem die-back in planted Malus. However, there was not a higher incidence of mortality at the later planting dates. We observed that bud flush followed the timing of planting. None of the cultivars had broken bud in cold storage, but the Acer trees had bloomed in storage before the first planting date. At the end of the growing season, we observed that leaf senescence occurred across a gradient, beginning several days earlier in the early-planted trees than the late-planted trees.
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FIGURE 6. Incremental height growth by the time of plantings. Height was measured for each tree at planting and in late fall 2020 and the difference is given here. Box plots show median, interquartile range, and minimum and maximum range for each week of planting. Negative height increments suggest die-back of the terminal stem. There was evidence of a significant effect of planting date on height growth for Malus and Quercus (p < 0.01; details in text and Table 3).




DISCUSSION

Contrary to previous work, we did not observe the effects of extended cold storage on growth after planting for most of the cultivars we tracked in this experiment. For two cultivars, Malus and Quercus, there was a negative relationship between the timing of planting and incremental height growth, but this could not be tied to a change in water relations or carbon depletion. For all cultivars, survival was high when the trees were planted into an irrigated, weeded environment. The managed planting site probably helped tree performance: stressful environmental conditions at the planting site are more likely to expose detrimental impacts from the nursery production process (Grossnickle et al., 2020). However, the consistent height growth in the field helps to rule out other detrimental effects of extended storage on physiological traits that we did not measure within the experiment. The range of planting dates tested in this experiment extended from the operational standard, in early to mid-spring, to beyond what commercial growers would consider feasible, at the beginning of summer. In other research, extended time in cold storage and desiccation during storage have been tied to poor outplanting performance and changes in physiology for nursery-grown plants (Tung et al., 1986; Deans et al., 1990; Mena-Petite et al., 2001; Overton et al., 2013).

We expected that trees with a stem water potential that exceeded P50 or more in storage would have detrimental effects on growth and survival after planting. Hydraulic failure occurs when there is extensive xylem embolism, which reduces a stem’s capacity to conduct water. For angiosperm species, lethal water potentials correlated with 80–100% loss of xylem hydraulic conductance (PLC; Choat et al., 2018). Short of catastrophic hydraulic failure, chronically high PLC (e.g., P60) may also precede mortality (Sperry and Love, 2015). Therefore, P50 is a conservative threshold for stem water potentials beyond which we might expect to see detrimental effects to plant growth and survival. From the first measurements in mid-March, the stem water potential measurements in Gleditsia and Gymnocladus were below stem P50, as determined by the hydraulic vulnerability curves. However, these trees grew without issue after outplanting. The stem water potential measurements for the remaining four cultivars did not exceed stem P50 values. Though there was a negative relationship between Amelanchier and planting date, there were not detrimental effects observed in the growth of this cultivar.

For this experiment, the recovery of the hydraulic system in conjunction with spring growth is particularly important. The loss of stem hydraulic conductance during winter may not impact growth in all species, particularly ring-porous species. Spring recovery of hydraulic function can occur with growth of new xylem vessels and possibly by refilling of embolized conduits (Christensen-Dalsgaard and Tyree, 2014). Some trees can experience over 90% PLC by early spring, but regain stem conductance following leaf expansion and earlywood growth (Jaquish and Ewers, 2001; Christensen-Dalsgaard and Tyree, 2014). In ring-porous species, including the Gymnocladus, Gleditsia, and Quercus cultivars in this experiment, building a new tree ring in the spring allows for full recovery of hydraulic conductance (Urli et al., 2012). This is likely the reason that Gymnocladus and Gleditsia grew without issue after planting, despite experiencing stem water potentials in cold storage that exceeded P50.

However, the growth of new xylem is not the only strategy for hydraulic recovery. Diffuse-porous trees, represented by the Malus, Acer, and Amelanchier cultivars in this experiment, are more likely to rely on the development of positive xylem pressure for spring recovery of hydraulic conductivity (Hacke and Sauter, 1996; Niu et al., 2017). Trees held in cold storage maintained at a constant temperature may miss seasonal temperature changes that initiate physical processes that create xylem pressure (Schenk et al., 2021). Additionally, trees kept in storage before planting do not have access to soil water for the creation of positive root pressure, which can contribute to hydraulic recovery (Zhu et al., 2000; Jaquish and Ewers, 2001). Therefore, diffuse-porous trees might be particularly susceptible to damage if physiological thresholds are crossed in cold storage. In orchard settings, Malus cultivars at 70% PLC mid-winter had subsequent damage and die-back (Beikircher et al., 2016). High winter PLC in peach (Prunus persica Batsch) trees led to low rates of bud break as well as arrested growth of new shoots (Améglio et al., 2002). The Malus grown in our experiment experienced frequent terminal stem die-back. However, we did not observe a relationship between tip mortality and planting dates.

There is evidence to suspect that cultivated plants could be more vulnerable to hydraulic failure than wild-type species (Beikircher et al., 2013). Nursery practices, such as fertilization and irrigation, can change the xylem anatomy of plants, which impacts hydraulic function and vulnerability (Beikircher et al., 2019; Sloan et al., 2020). Grafting, rootstock choice, and selection for traits such as rapid growth will affect tree vigor, anatomy, and subsequently, hydraulic physiology and vulnerability to embolism (Beikircher et al., 2013). Plant growth is pushed in nursery production because larger plants are more valuable. Yet rapid growth, especially late-season, is less suberized and more at risk of desiccation than early-season growth and is more vulnerable to hydraulic failure (Beikircher and Mayr, 2013).

As was generally the case with stem water potential, we saw no trend in stem water content over the extended time in storage. Desiccation in cold storage represents a threat to nursery-grown trees, given the importance of stem water content to tree growth after planting. Through the winter, stem tissues can lose up to half of their water content, impacting the onset of water stress (Charrier et al., 2015). Many storage rooms in nursery production systems are essentially very large refrigerators and do not have humidity controls. A common practice is for growers to occasionally spray the plants with a hose or mulch with wetted shredded paper. Both methods are imprecise and can lead to desiccating conditions. Even though we did not see detrimental effects for the trees in this experiment, we still recommend nursery growers monitor the water content of roots and stems during the time in storage to track tree status. Water is needed in the stem before bud break for starch hydrolysis, cell growth, cell expansion, and the resumption of water flow through the stem if conductance has been lost (Améglio et al., 2002; Copini et al., 2019). Water is also necessary for mobilizing non-structural carbohydrates (NSC) reserves for survival and growth, another crucial component of winter survival (Tomasella et al., 2017). During the growing season, water stored in roots, branches, and leaves can buffer xylem tensions created by water stress and help preserve hydraulic function (Scholz et al., 2011; Cuneo et al., 2016; Knipfer et al., 2019); stored water during the dormant season may play a similar buffering role.

We did not see a consistent trend in total NSC concentrations among the cultivars for the time intervals at which we measured NSC. In the two cultivars where there was evidence of a significant effect of planting date on total NSC, yet the trends were contradictory, with a positive relationship between the metrics for Amelanchier and a negative relationship for Gymnocladus. While there are known methodological challenges to NSC measurements, the results reported here originate from one lab, allowing us to compare among them (Landhäusser et al., 2018). The expected pattern of NSC reserves through the winter starts with high levels at the end of the growing season, then a slow decline through the dormant season to meet respiratory demands, with a final rapid decline at leaf-out or earlywood formation (Dietze et al., 2014). Predictably, the starting NSC condition for plants in storage is an important factor for the carbon dynamics over time in storage (Christiaens et al., 2015). Extended time in cold storage means additional energy demands for maintenance respiration, which can impair outplanting performance (Cannell et al., 1990; Villar-Salvador et al., 2015). NSC was first measured in early spring, when the first trees were removed from cold storage and planted, so we did not capture the expected peak NSC concentration. Future studies on carbon dynamics in these cultivars would benefit from NSC measurements when trees are first put into storage.

In this experiment, the soluble sugars and starch concentrations were highly variable for all cultivars. The balance of starch and soluble sugars is also expected to shift over the dormant season: starch acts as a reservoir of energy for future use, while soluble sugars are used to perform immediate functions such as osmoregulation (Martínez-Vilalta et al., 2016). While reduced NSC levels may not be the ultimate cause of mortality, they can contribute to weakened trees that succumb to other stresses (Charrier et al., 2015). NSC reserves may have an osmotic role in stem pressure formation that leads to hydraulic recovery (Strati et al., 2003; Améglio et al., 2004; Yin et al., 2018; Zhang et al., 2018). Carbon depletion can also contribute to reduced water stress tolerance and slower resumption of growth (Jiang et al., 1995). Seedlings and saplings start with relatively small NSC reserves going into the dormant season, putting them at higher risk of mortality (Losso et al., 2018). On top of that, nursery trees face unique risks: pruning at the time of nursery lifting removes NSC sinks in the roots and branches (Charrier et al., 2015). If trees survive until planting, concerns about NSC reserves lessen: the leaves of deciduous trees can become autonomous from stored C reserves soon after bud break and do not rely on stored carbohydrates for long (Hoch et al., 2003).

Nursery-grown trees are important not only for the horticultural industry but also, in tree planting projects, one of our best solutions for addressing climate change (Bastin et al., 2019). Maintaining urban forests, wildland restoration, and reforestation are challenged by the environmental conditions associated with climate change, like extreme heatwaves, that make it more difficult for trees to survive after planting. Warm autumn temperatures delay dormancy and planting windows are more unpredictable (Beil et al., 2021; Fargione et al., 2021). Extreme weather puts even more pressure on nursery professionals to understand how plant physiology, including water relations and carbon dynamics, responds to each stage of the nursery production process (Sheridan and Nackley, 2021). An understanding of plant hydraulic physiology will also guide decisions about how to manage tree production and planting under warmer, drier future climate conditions (Losso et al., 2018). While we were not able to identify specific physiological thresholds or trends among the deciduous cultivars we tracked in this experiment, we present the first hydraulic response to cold storage data for these important genera and demonstrate how plant physiology can be integrated into nursery practices to guide plant production.
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Weaker temporal variation of soil moisture can improve crop water use efficiency (WUE), but its physiological mechanism was still unclear. To explore the mechanism, an organized experiment was conducted in Beijing from June to September. From the jointing stage to maturity stage of maize, stable soil moisture (SSM) and fluctuating soil moisture (FSM) were established with Pressure Potential Difference-Crop Initiate Drawing Water (PCI) and manual irrigation (MI), respectively, to explore the physiological mechanism of SSM to improve maize WUE. Among them, PCI treatments were set with 3 pressure differences of -5, -10, and -15 kPa, and MI treatment was watering every 3 days with the irrigation amount of 9.3 mm. The results showed that (1) after water treatment, the average soil water content of PCI-5 kPa, PCI-10 kPa, PCI-15 kPa, and MI treatments were 53% field capacity (FC), 47, 38, and 78% FC, respectively. It was SSM with weak temporal variation under PCI treatments, and FSM with medium temporal variation under MI treatment. (2) PCI treatments reduced the content of proline, malondialdehyde, and abscisic acid in each organ of maize. (3) Compared with FSM 78% FC, the maize root activity at the filling stage of 53% FC SSM and 47% FC SSM increased significantly by 57.1 and 28.6%, respectively, and the carbon isotope discrimination value (Δ13C) in bracts of the two treatments increased by 18.3 and 10.4%, respectively. (4) There was a very significant positive correlation between WUE based on biomass (WUEb) and Δ13C in bracts. In conclusion, a large temporal variation of soil moisture was an important factor that caused water stress in maize. Under SSM treatments, the accumulation of abscisic acid, proline, and malondialdehyde was synergistically reduced. SSM improved the WUE of maize by alleviating short-term soil water stress caused by the fluctuation of soil moisture.

Keywords: temporal variation of soil moisture, negative pressure irrigation, crop initiate drawing water, maize, physiological response


INTRODUCTION

Maize is not only the most productive food crop but also an important source of feed in China, which plays an important role in meeting human dietary needs (Klopfenstein et al., 2013; Hou et al., 2021). The water consumption of maize during the whole growth period was relatively large. Xiao’s study suggested that summer maize with a yield of 10,500–12,000 kg/hm2 had a water requirement of 3500–4000 m3 (Xiao et al., 2008). At present, water shortage is a worldwide problem (Zhang Y. et al., 2019). Therefore, it is of great significance for water conservation to study the water-saving irrigation technology of maize and its water-saving mechanism.

Previous studies on the relationship between soil moisture and crops generally believed that crops have compensation effect of water deficit (Shan and Xu, 1991) and root–shoot communication mechanisms (Kang et al., 2007). Based on the two mechanisms, crops will undergo a series of physiological and biochemical reactions to avoid the harm of soil water stress, thereby improving crop yields and water use efficiency (WUE). The field trials results revealed that compared with full irrigation, maize had the highest WUE when 20–30% water deficit was applied (Liu et al., 2017). Plants respond to water deficits by regulating endogenous hormones, osmotic regulating substances, and membrane lipid peroxidation products, thereby improving WUE. Proline functions as an osmotic regulating substance, the hydrophilic protective substance of enzymes and cell structure, and free radical scavenger to protect cells under stress conditions (Naeem et al., 2018). In the case of water deficit, proline gets accumulated in plants to reduce water potential and avoid the harmful effects of water stress (Maggio et al., 2002). In response to water stress, excessive accumulation of reactive oxygen species will oxidize polyunsaturated fatty acids in membrane lipids and produce malondialdehyde (MDA) in plants. The chain polymerization of MDA with membrane proteins leads to the increase of membrane permeability and the destruction of the membrane system (Tayyab et al., 2020), which leads to the damage of ion channels, membrane proteins, and related enzymes. Therefore, MDA content can be used to evaluate the degree of lipid damage (Ma et al., 2015). The content of MDA increases with the decrease of soil water content (100, 60, and 30% FC) (Khazaei et al., 2020). Abscisic acid (ABA) is produced by the root and transported to shoot underwater stress, which regulates the stomatal aperture of leaves (Buckley, 2019), and is regarded as an important signal substance of plants in response to soil water stress. Furthermore, the accumulation of ABA in plants can inhibit the transpiration rate, root growth rate, and grain fertility (Pilet and Saugy, 1987; Wang H. et al., 2020), thus affecting the WUE (Liao et al., 2018). In addition, salicylic acid (SA) also played an important role in responding to water deficits. Previous research revealed that SA improved the tolerance of plants to drought stress by enhancing the antioxidant protection system and increasing the content of osmotic regulators (Saheri et al., 2020; Sedaghat et al., 2020). SA levels were significantly elevated in maize seedlings with water withholding for 7 days (Guo et al., 2021) and spraying 1 mM SA in the early stage of drought can alleviate the effects of drought stress and ensure the growth of maize seedlings (Bijanzadeh et al., 2019).

Root activity not only affected the growth and development of plants, but also reflected the stress resistance of plants, and the root activity first increased and then decreased with the decrease of soil water content (Wu et al., 2017). Carbon isotope discrimination value (Δ13C) was used to reflect the water status of crops and soil and characterize the physiological state of crops, which have a certain relationship with plant osmotic regulation and WUE (Yang and Li, 2018). It was expected to become a simple and fast method to characterize crop WUE. The relationship between WUE and Δ13C had been extensively studied. In a previous study of wheat, the Δ13C in grains was negatively correlated with leaf instantaneous WUE, total biomass WUE, and yield WUE (Wang et al., 2013). The research of maize indicated that the Δ13C of leaves and grains at the filling stage was negatively correlated with the WUE based on grain yield (Yang and Li, 2018). While the research on maize genome seemed to give the reason: the carbon isotope composition, WUE, and drought sensitivity of maize are controlled by a common genome segment (Avramova et al., 2019).

In summary, the relationship between maize physiological response, WUE, and Δ13C based on the theory of water deficit compensation effect was mostly studied under traditional irrigation technology. The soil water content was constantly undergoing the process of gradually changing from “high” to “low” and suddenly from low to high. The time variation of soil moisture was very large, and it was difficult to accurately describe the relationship between soil moisture and crops. Batista et al. (2013) had proposed a device to stabilize soil moisture using electricity. Recently, the negative pressure irrigation technology had been identified as Pressure Potential Difference-Crop Initiate Drawing Water (PCI) technology (Long et al., 2020), which can accurately, continuously, and stably control soil water content without any energy consumption. Previous studies had indicated that PCI can effectively improve crop yield and WUE compared with traditional irrigation (Bian et al., 2018; Zhao et al., 2019; Wang Z. et al., 2020; Yang et al., 2020; Zhu et al., 2020). However, the soil moisture under PCI is in a relatively stable state, and the effect of water deficit compensation does not exist in theory. The mechanism of crops’ efficient use of water under the condition of stable soil moisture (SSM) was not clear. Physiological and gene expression responses of plants under different SSMs were compared in Petunia (Kim et al., 2012), while the differences in the effects of stable and fluctuating soil moisture (FSM) on plants were not compared.

In this experiment, PCI technology and manual irrigation were used to form SSM and FSM, respectively. By observing malondialdehyde, proline, plant hormone, root activity, Δ13C, and WUE under different treatments, the physiological response of maize to temporal variations of soil moisture was explored. It is expected to lay the foundation for revealing the physiological mechanism of SSM to improve crop WUE.



MATERIALS AND METHODS


Study Site

The maize pot experiment was conducted from June to September, 2018, in the rain shelter house in the Chinese Academy of Agricultural Sciences (39.9°N, 116.3°E) in Beijing, China. The annual average temperature and precipitation of this site were 10–12°C and 565 mm, respectively, and it has a warm and semi-humid continental monsoon climate.



Pressure Potential Difference-Crop Initiate Drawing Water System

The PCI system (Patents, China ZL201610329413.3) is composed of four parts: a negative pressure generator, a water tank, a water delivery pipe, and a water seepage device (Figure 1). The heavy liquid-type negative pressure valve was used as a negative pressure generator to control the water supply pressure. The water tank was a sealed cylindrical PVC bucket (inner diameter 19 cm, height 50 cm) with a tube installed on it to observe the water level. The water delivery pipe is a transparent silicone hose connecting the water tank and the water seepage device. The water seepage device is a porous clay pipe (with an inner diameter of 1 cm, an outer diameter of 1.8 cm, and a length of 23 cm) that is water permeable and airtight. The water seepage device was buried in the middle of the potting bucket, 10 cm deep from the soil surface, and slightly inclined downward until the tail was about 1 cm lower than the head, which is conducive to the air discharge from the clay pipe. With the growth of crops and the absorption of soil moisture, the soil matrix potential decreases. The PCI system will start to irrigate when the soil matrix potential is lower than the negative pressure in the clay pipe because water will always move from the high potential region (PCI system) to the low potential region (soil). Here, the water level of the tank drops, and the air volume above the tank increases, thereby reducing the pressure in the tank and allowing the outside air to enter the tank through the silicone tube. Through this process, the dynamic balance of soil matrix potential and irrigation pressure is realized by the PCI system, thereby maintaining the soil moisture stability (Figure 1).
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FIGURE 1. Schematic diagram of pressure potential difference-crop initiate drawing water technology device (Wang et al., 2019).




Pots and Soil

Considering the specifications of the clay pipe and the uniformity of soil moisture distribution throughout the pot, pots with length, width, and height of 42, 26, and 25 cm were used for the experiment. The clay pipe was inserted into the middle of the soil through a hole (10 cm from the soil surface) punched in the middle of one side of the pot at an angle of 5–10° to the horizontal. Each pot was filled with 25 kg of soil and the texture of which was loamy clay. The basic physical and chemical properties of the soil are shown in Table 1.


TABLE 1. Soil basic physical and chemical properties.

[image: Table 1]


Experimental Design

Four treatments were established in this experiment, which was PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa treatment and manual irrigation treatment (MI), with four replicates per treatment. The maize cultivar “Zheng dan 958” was sown on June 25, 2018. Before sowing, each pot was applied with 2.3 g of urea, 8.5 g of superphosphate, 2.8 g of potassium sulfate, and 3 L of water. Six seeds were sown in each pot, and the seedlings were thinned at the third leaf stage, leaving one seedling per pot. The top application was applied with 4.7 g of urea per pot at the twelfth leaf stage. The water consumption of summer maize in the local field was 5.0–7.0 mm/day (Xiao et al., 2008). Considering that there was no water leakage in potting soil, an irrigation amount of 1 L was given to each pot every 2 days, equivalent to 3.1 mm/day, before the jointing stage. The PCI system was activated at the jointing stage until maturity. Then the PCI treatments were irrigated through the PCI system, and the MI treatment was surface irrigated manually every 3 days with the irrigation amount of 9.3 mm.



Sampling and Measurements


Soil Moisture

The soil moisture was measured every 4 days at the period of 17:00 to 18:00 from silking stage (2 weeks after the PCI system was initiated) to maturity. Three points were evenly taken around each maize plant using a soil moisture rapid measuring instrument (SU-LB, Beijing Meng Chuang Wei Ye Technology Co., Ltd., Beijing, China) with a measuring depth of 0–6 cm.



Soil Moisture Stability

The temporal variation coefficient (CV) is calculated as follows:
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Where σ is the SD of soil moisture observed at different times, and μ is the average value of soil moisture observed at different times. If CV ≤ 0.1, the soil moisture belongs to weak variations if 0.1 < CV < 1, it belongs to medium variation, and if CV ≥ 1, it belongs to strong variation (Zhu et al., 2020).

The fluctuation coefficient (δ) of soil moisture was calculated as follows:

[image: image]

Where θi is the observed value of soil water content (%) at i moment, θi–1 is the observed value of soil water content (%) at the last moment before i, and n is the observation times of soil water content. The fluctuation coefficient reflects the stability of soil moisture, and the smaller the value is, the more stable the soil moisture is (Zhu et al., 2020).



Physiological Characteristics


Plant Water Content and Stomatal Conductance

At the grain filling stage, the root, stem, leaf, bract, and cob were sampled and weighed immediately to obtain fresh weight. Then, the samples were heated at 105°C for 30 min and dried to constant weight at 70°C. The samples were weighed to obtain the dry weight.

[image: image]

The stomatal conductance was measured using a Li-6400 portable photosynthesis instrument (LI-COR, Lincoln, NE, United States) with an LED light source between 9:00 and 11:00 AM on a sunny day (Niu et al., 2020).



Malondialdehyde and Proline

Sampling was performed from 9:00 to 11:00 AM at the grain filling stage. The ear leaves of maize were sampled and immersed in liquid nitrogen immediately and then transferred to a –80°C freezer for later use. For the quantification of MDA, ear leaf (0.5 g) was determined by thiobarbituric acid method with the absorbance recorded at 450, 532, and 600 nm using a UV–vis spectrophotometer (Saheri et al., 2020). For the quantification of proline, ear leaf (0.5 g) was extracted with 5 ml of 3% sulfo SA solution, and the homogenate was heated in a boiling water bath for 10 min and then cooled. The cooled homogenate was centrifuged at 3,000 g for 10 min. Next, 2 ml of the supernatant was added with 2 ml of distilled water, 2 ml of glacial acetic acid, and 4 ml of 2.5% ninhydrin solution, and the mixture was put into a boiling water bath for 60 min and then cooled. The cooled mixture was added with 4 ml of toluene to extract the red substance. After standing the mixture, the toluene phase was used to measure the absorbance at a wavelength of 520 nm, and the proline content was calculated according to a standard curve (Saheri et al., 2020).



Abscisic Acid and Salicylic Acid

For the detection of ABA and SA, the ear leaf (50 mg) was ground with liquid nitrogen and added with 0.5 ml methanol/water/formic acid (15:4:1, V/V/V) at 4°C. The extract was vortexed for 10 min and centrifuged at 14,000 rpm for 5 min at 4°C. The supernatant was collected, and the extraction process was repeated. The combined extracts were dried with a stream of nitrogen and redissolved with 80% (v/v) methanol. The extract was ultraphoniced for 1 min and filtrated (PTFE, 0.22 μm; Anpel). The ABA and SA content were detected by an LC--ESI--MS/MS system (HPLC, Shim-pack UFLC SHIMADZUCBM30A system1; MS, AppliedBiosystems 6500 Triple Quadrupole2) (Guo et al., 2021).



Root Activity and Δ13C

The roots were taken out from the soil and washed with 0.01 mol/L phosphate-buffered saline. After washing, the roots were wiped dry and stored at 4°C for later use. The root activity of maize was measured with the triphenyl tetrazolium chloride method using 0.5 g fresh root as soon as possible (Khan et al., 2014). For the quantification of Δ13C, the ear leaf was dried at 80°C to constant weight, then the dried leaf was ground to a fine powder and passed through a 0.15-mm sieve. A 1 mg of the sample was determined by the combination of element analyzer (Flash 2000 HT, Thermo Fisher Scientific, Waltham, United States) and isotope mass spectrometer (Delta V advantage, Thermo Fisher Scientific, United States) (Gao et al., 2018). Four biological replicates were performed for the physiological indicators.




Water Consumption of Plant

The water consumption of the plant was calculated according to the theory of water balance:
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In the formula, ETk is the water consumption (L) of maize in the kth period, Mk is the irrigation amount (L) in the kth period, ΔW is the change of soil water storage (L), θmk is the mass water content of soil (%) at the kth moment, θmk–1 is the mass water content of soil (%) at the last moment before k, ms is the mass of the soil in the pot (kg), and ρw is the density of water (1 g.cm–3) (Li et al., 2017).



Water Use Efficiency

At the maturity stage, the shoot and root of maize were put into an oven at 105°C for 30 min and then dried to constant weight at 75°C. The biomass and grain yield were measured, respectively. WUE was calculated as follows:
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Statistical Analysis

ANOVA and correlation were performed with SPSS 12.5 (SPSS, Chicago, IL, United States), and the least significant difference (LSD) method was used to compare means at P < 0.05.




RESULTS


Soil Moisture and Its Stability

From the silking stage to the maturity stage, the average soil volume water contents of MI, PCI-5 kPa, -10 kPa, and -15 kPa were 17.40% (78% FC), 11.81% (53% FC), 10.55% (47% FC), and 8.59% (38% FC), respectively, indicating that the greater the PCI pressure was, the higher the soil moisture content became. The temporal variation coefficients of soil moisture in the MI, PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa treatments were 0.113, 0.068, 0.093, and 0.121, respectively, and the fluctuation coefficients were 0.120, 0.041, 0.074, and 0.066, respectively. Considering the variation coefficient and fluctuation coefficient, the PCI treatments were SSM with weak time variation, and the MI treatment was FSM with medium time variation (Table 2 and Supplementary Figure S1).


TABLE 2. Soil volumetric moisture content and its stability parameters under different treatments.
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Physiological Characteristics


Proline

Compared with MI treatment, the proline content of each organ tended to decrease under PCI treatments. The stem proline content of the PCI-5 kPa treatment was significantly lower than that of the MI treatment by 31.4%, and the proline content in the bract and cob of all PCI treatments was also significantly lower than that of the MI treatment (Figure 2). The bract leaf proline contents of PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa were significantly lower than MI by 29.9, 25.1, and 18.8%, respectively, and the cob proline contents of PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa were significantly lower than MI by 20.0, 16.6, and 12.2%, respectively. In the range of 38% FC to 53% FC under SSM conditions, the proline content in each organ gradually increased with decreasing soil moisture content. Among them, the stem proline contents of the PCI-5 kPa and -10 kPa treatments were lower than that of the -15 kPa treatment by 30.8 and 19.9%, respectively (Figure 2). The proline content varied in different organs in the order of bract > cob > leaf > stem > root. The average proline content of bracts was 23.7, 7.1, 3.2, and 1.0 times higher than that of roots, stems, leaves, and cobs, respectively, and that of cobs was 11.3, 3.0, and 1.1 times higher than that of roots, stems, and leaves, respectively.
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FIGURE 2. Proline content in different organs of maize under different treatments. Values represent mean ± SD. The least significant difference (LSD) method was used to test differences among treatments or organs at the P < 0.05 level. Different lowercase letters indicate significant differences among treatments within the same organ, and different capital letters on the average value of all treatments in each organ indicate significant differences among organs.




Malondialdehyde

The root MDA content of the MI treatment was significantly higher than that of the PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa treatments by 38.3, 25.6, and 20.4%, respectively. Moreover, the cob MDA of MI treatment was significantly higher than PCI-5 kPa, PCI-10 kPa, and PCI-15 kPa by 26.3, 24.1, and 16.0%, respectively. Stem MDA in the MI treatment was significantly higher than that in the PCI-5 kPa and PCI-10 kPa treatments by 29.8 and 18.6%, respectively, and bract MDA in the MI treatment was significantly higher than that in the PCI-5 kPa and PCI-15 kPa treatments by 10.1 and 12.4%, respectively. Within the range of 38% FC to 53% FC under SSM conditions, the MDA content of roots, stems, leaves, and cobs increased with decreasing soil water content. Among them, the MDA content in roots and stems at 38% FC was significantly higher than that at 53% FC, while the MDA content in bracts showed a trend of first increasing and then decreasing with decreasing water supply pressure (Figure 3). The MDA content differed in different organs of maize. The average MDA content of all treatments in leaves was 0.1, 1.9, 2.7, and 5.2 times higher than that in bracts, stems, cobs, and roots, and that in bracts was 1.5, 2.2, and 4.4 times higher than that in stems, cobs, and roots (Figure 3).
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FIGURE 3. Malondialdehyde content in different organs of maize under different treatments. Values represent mean ± standard deviation. The least significant difference method was used to test differences among treatments or organs at the P < 0.05 level. Different lowercase letters indicate significant differences among treatments within the same organ, and different capital letters on the average value of all treatments in each organ indicate significant differences among organs.




Abscisic Acid

The ABA content in the roots of the MI treatment was significantly higher than that of the PCI-5 kPa treatment by 40.3%. In addition, the ABA content in the leaves of the MI treatment was significantly higher than that of the PCI-5 kPa and PCI-15 kPa treatments by 42.1 and 30.1%, respectively; the ABA content in the bract was significantly higher than that by 40.6 and 28.2%; and the ABA content in the cob was significantly higher than that by 41.0 and 28.0%. Under 38% FC to 53% FC of SSM, the ABA content of stems and roots increased with the decrease in soil water content, and the ABA content of the PCI-5 kPa treatment was significantly lower than that of the PCI-10 kPa and PCI-15 kPa treatments. However, the ABA content in maize leaves, bracts, and cobs increased significantly at first and then decreased significantly with decreasing soil water content (Figure 4). To compare the ABA content in different organs, the average ABA content of the four treatments in each organ was calculated. The ABA content differed in different organs in the order of leaf > bract > root > cob > stem. The average ABA content in leaves was 7.4, 3.8, 2.3, and 0.3 times higher than that in bracts, roots, cobs, and stems, respectively, and that in bracts was 5.7, 2.9, and 1.7 times higher than that in roots, cobs, and stems, respectively.
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FIGURE 4. Abscisic acid content in different organs of maize under different treatments. Values represent mean ± SD. The least significant difference method was used to test differences among treatments or organs at the P < 0.05 level. Different lowercase letters indicate significant differences among treatments within the same organ, and different capital letters on the average value of all treatments in each organ indicate significant differences among organs.




Salicylic Acid

In the present study, neither the temporal variation in soil moisture (between SSM and FSM) nor the soil water content variation under SSM had effects on the SA content of maize (Figure 5). The content of SA differed among the different organs in the order cob > leaf > bract > root > stem. The average content of SA in the cob was 112.5, 66.0, 22.3, and 9.3% higher than that in the leaf, bract, root, and stem, respectively, while that in the leaf was 94.5, 51.9, and 12.0% higher than that in the bract, root, and stem (Figure 5).
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FIGURE 5. Salicylic acid content in different organs of maize under different treatments. Values represent mean ± SD. The least significant difference method was used to test differences among treatments or organs at the P < 0.05 level. Different lowercase letters indicate significant differences among treatments within the same organ, and different capital letters on the average value of all treatments in each organ indicate significant differences among organs.




Root Activity and Δ 13C

At the grain filling stage, the root activity of maize was significantly affected by soil moisture (Table 3). Compared with MI treatment, the root activity under -5 kPa, -10 kPa, and -15 kPa of PCI increased by 57.1, 28.6, and 8.7%, respectively. The root activity of maize increased with the increase in PCI water supply pressure in the range of 38% FC to 53% FC.


TABLE 3. Effects of different treatments on root activity and Δ13C of maize.
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As shown in Table 3, PCI treatments had significant effects on the Δ13C of maize bracts but not leaves. Compared with MI treatment, the bract Δ13C at PCI -5 kPa, -10 kPa, and -15 kPa was significantly increased by 18.3, 10.4, and 9.1%, respectively, indicating that SSM with 53% FC, 47% FC, and 38% FC was more beneficial to the improvement of bracts Δ13C than FSM with 78% FC. Additionally, in the range of 38% FC to 53% FC under SSM conditions, bract Δ13C had an increasing trend with increasing soil water content.




Correlation Analysis

The correlation between Δ13C and biomass as well as WUE was analyzed. Considering all the treatments, leaf Δ13C had no significant correlation with biomass, grain yield, or WUE; however, bract Δ13C showed a significantly positive correlation with biomass and biomass WUE. With MI treatment excluded, the above correlation remains, and the correlation coefficient between biomass and bract Δ13C is increased (Table 4).


TABLE 4. The correlation of Δ13C with biomass and water use efficiency.
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The correlations between different physiological indices were further analyzed (Figure 6), and the results indicated that root ABA was positively correlated with proline, MDA, ABA, and SA in leaves as well as proline, MDA, and SA in roots and negatively correlated with root activity and bract Δ13C. Moreover, root activity and bract Δ13C were negatively correlated with proline, MDA, ABA, and SA in leaves, roots, and bracts, and there was no significant correlation between leaf Δ13C and various physiological indices.
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FIGURE 6. Correlation analysis of various physiological indices. L-Pro, leaf proline; R-Pro, root proline; B-Pro, bract proline; L-MDA, leaf malondialdehyde; R-MDA, root malondialdehyde; B-MDA, bract malondialdehyde; L-ABA, leaf abscisic acid; R-ABA, root abscisic acid; B-ABA, bract abscisic acid; L-SA, leaf salicylic acid; R-SA, root salicylic acid; B-SA, bract salicylic acid; RA, root activity; L-Δ13C, leaf Δ13C; B-Δ13C, bract Δ13C; *represents a significant correlation at the P < 0.05 level and **represents a significant correlation at the P < 0.05 level.




Physiological Response of Maize Under Stable Soil Moisture

The soil moisture fluctuation coefficient was smaller under SSM conditions than under FSM conditions, which reduced the short-term water stress caused by the lower soil moisture, thereby reducing the root ABA content, and improving root activity. On the one hand, due to the lower content of ABA in roots, the amount of ABA transported to the leaves was also lower. As the role of ABA was to promote stomatal closure, less ABA weakened the stomatal limitation of leaves so that the 13CO2 absorbed by the leaves was relatively low, and the Δ13C was relatively increased. The water stress on plants was reduced under SSM conditions, so the accumulation of the osmotic regulating substance (proline) and the membrane lipid peroxidation product (MDA) was lower, which was conducive to the improvement of yield and WUE. On the other hand, higher root activity was favorable for nutrient uptake by roots, thus improving yield and WUE (Figure 7).
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FIGURE 7. Physiological changes in maize under stable soil moisture. The green font represents the decreased indices or weakened physiological process, and the red font represents the increased index or enhanced physiological process under SSM conditions. The dotted box represents the index or physiological process not measured in this study.





DISCUSSION


Physiological Responses of Maize to Temporal Variation in Soil Moisture

Plant roots cannot produce proline, and the proline in roots mainly comes from the transport of leaves (Verslues and Sharp, 1999), so the proline content in roots is the lowest (Figure 2). Previous studies suggested that the proline content of maize leaves at the grain filling stage is about 50–60 μg/g under normal water conditions, which increased to 60–100 μg/g under drought treatment (Shemi et al., 2021). The leaf proline content of PCI-5 kPa, -10 kPa, -15 kPa, and MI treatment were 48.8, 59.9, 63.6, and 67.2 μg/g, respectively. Only considering the accumulation of proline, the two treatments PCI-5 kPa and PCI-10 kPa had no water stress, and PCI-15 kPa and MI treatment caused water stress. ABA mainly existed in the leaf at the grain filling stage, and the ABA in the leaf was more sensitive to water treatment than in other organs. Additionally, the ABA was accumulated more in leaf under FSM condition than under SSM condition, which suggested that the maize was subjected to severe water stress under FSM condition than SSM (Figure 4). Previous studies under traditional irrigation conditions indicated that proline, MDA, and ABA in maize increased with the decrease of soil water content (Tayyab et al., 2020; Shemi et al., 2021), which was consistent with the changes of proline, MDA, and ABA in most organs of maize under PCI treatment. Interestingly, the average soil water contents and most organ water contents of PCI treatments were lower than that of MI treatment in this experiment (Table 2 and Supplementary Table S1), however, the proline, MDA, and ABA content in most organs of PCI treatments were lower than that of MI treatment at grain filling stage. The main reason was that the soil moistures of PCI treatments were in a stable state, while that of MI treatment was fluctuating. The stability of soil moisture under PCI can compensate for the influence of insufficient soil moisture to a certain extent, and in the case of high content of soil moisture with large temporal variation, maize would also produce adverse physiological reactions (Wang Z. et al., 2020). Previous studies had shown that under mild drought or short-term drought conditions, SA content increased slightly, but the difference was not significant (Guo et al., 2021; Mariotti et al., 2021). With the prolongation of the drought time, the SA content showed a trend of increasing first and then decreasing, and finally slightly higher than the control, but the difference was not significant (Abreu and Munné-Bosch, 2008). In the present study, the SA content of –5 kPa, –10 kPa, –15 kPa, and MI treatments also increased gradually, but the difference was not significant, indicating that MI treatment was subjected to mild or short-term drought compared with PCI treatment. The above results indicated that the proline, MDA, and ABA in most organs of maize under PCI treatments increased with the decrease of soil water content, and maize can maintain better physiological characteristics under the condition of SSM with lower water content than that of FSM.

In general, the root activity and Δ13C increased with the increase of soil water content. A previous study on wheat revealed that the root activity of wheat increased gradually with the soil water content increased from 40% FC to 70% FC (Wu et al., 2017). With the soil moisture measured by tensiometers, it was suggested that the Δ13C of the top spreading leaf of rice decreased gradually with the soil water potential changed from – 6 to – 8 kPa to – 30 to – 35 kPa (Gao et al., 2018). Only considering the same temporal variation of soil moisture in SSM, the results in the present study were consistent with the predecessors cited above, that is, in the range of 38% FC to 53% FC under SSM condition, the root activity, and bract Δ13C at the grain filling stage increased with the increase of soil water content. However, if all the treatments of SSM and FSM were considered, there was a contradiction between the results of the present study and that of the above literature, as bract Δ13C of SSM with an average moisture content of 53% FC was higher than that of FSM with an average moisture content of 78% FC. The above results indicated that the root activity and bract Δ13C increased with the increase of water content in the case of similar temporal variation of soil moisture. The SSM can improve the root activity and bract Δ13C at the grain filling stage with lower water content and make up for the negative effect brought by insufficient water content to a certain extent. The above correlation analysis revealed that ABA, osmotic regulating substances, and MDA decreased synergistically under PCI treatments, indicating that the degree of water stress and membrane lipid peroxidation under PCI treatments was slighter compared with MI treatment.



Correlation Between Water Use Efficiency and Δ13C

Determination of Δ13C was used as a relatively convenient method to evaluate the WUE of plants under water stress (Gao et al., 2018; Yang and Li, 2018). Carbon isotope discrimination value (Δ13C) reflects the comprehensive information of CO2 fixation during photosynthesis. Because of the larger molecular weight, the diffusion rate of 13CO2 in the air is slower than that of 12CO2, and plants preferentially absorb 12CO2 when fixing CO2. As the photosynthesis of maize leaf is stronger than that of bract (Langdale et al., 1988), and 12CO2 is preferentially absorbed when photosynthesis is strong, so 12CO2 in bract is less than that of leaf, and Δ13C was smaller than that of the leaf (Table 3). Different scholars hold different views on the positive or negative correlation between Δ13C and biomass as well as WUE (Gao et al., 2018; Yang and Li, 2018), which may be related to the degree or duration of water stress. Underwater stress, CO2 assimilation is affected by a stomatal limitation or non-stomatal limitation (Sarabi et al., 2019). Under severe or long-term water stress, non-stomatal limitation occurred in leaves (Liang et al., 2019). At this time, photosynthetic activity (ATP content, Rubisco content, and activity) of mesophyll cells decreased (Hou et al., 2015), or the water loss of epidermal cells around stomata was more severe than that of guard cells, which made the stomata passively enlarged and increased intercellular carbon dioxide concentration. With the increase of intercellular carbon dioxide, the utilization ratio of 12CO2 increased, and the utilization ratio of 13CO2 decreased, resulting in increased Δ13C. In this case, Δ13C was negatively correlated with biomass and WUE. Under mild or short-term water stress, stomatal limitation occurred in leaves (Zhang Y. J. et al., 2019). In the present study, the stomatal conductivity decreased in MI treatment (Supplementary Figure S2), resulting in decreased intercellular carbon dioxide concentration. With the decreased intercellular carbon dioxide concentration, the utilization ratio of 13CO2 increases, and Δ13C decreases. Lower stomatal conductance may reduce photosynthesis and thus inhibited plant growth and biomass accumulation (Supplementary Figure S2). In addition, higher ABA content may promote grain abortion (Wang H. et al., 2020), resulting in lower yield and WUE (Supplementary Table S2). Therefore, the bract Δ13C was positively correlated with biomass and WUE based on biomass (Table 4).

Previous studies on wheat had shown that the Δ13C in leaves, grains, and pedicels were positively correlated with grain yield (Sayre et al., 1995; Merah et al., 1999; Tambussi et al., 2007). The results in the present study revealed that the bract Δ13C had positive correlations with biomass and grain yield (Table 4), which was consistent with previous research results. Studies had shown that in the case of limited water, the correlation between Δ13C and biomass as well as grain yield was higher than that under adequate water conditions (Gao et al., 2018), and the present study further found that the correlation between bract Δ13C and biomass of maize was enhanced under SSM. This may be since stomatal characteristics are in different stable states under various SSM, and gas exchange was closely related to biomass accumulation. Bracts play an important role in grain filling and yield formation of maize (Cantrell and Geadelmann, 1981). They have higher carbon assimilation efficiency than leaves to promote the accumulation of photosynthetic products (Fujita et al., 1994). Bracts produce more biomass and grain yield per unit area than leaves (Sawada et al., 1995). This may be the reason why bract Δ13C had a significant positive correlation with biomass and WUE based on biomass, while the Δ13C of leaves does not correlate with them. The results of the present study revealed that SSM enhanced the correlation between bract Δ13C and biomass, and bractΔ13C was more suitable for evaluating the WUE of maize than leaf Δ13C.




CONCLUSION

In the present study, PCI and manual irrigation were used to form SSM and FSM with different soil moisture content in the pot experiment. The dynamic changes of soil water content from the sixth leaf stage to the maturity stage of maize under different water treatments were observed, and proline, MDA, ABA, SA, root activity, and Δ13C at the grain filling stage, as well as WUE throughout the growing season, were analyzed. Based on this study, the following conclusions can be drawn:

(1) SSM alleviated short-term or mild soil water stress of maize, thereby synergistically reducing the accumulation of root ABA, shoot ABA, osmotic regulating substances, and membrane lipid peroxidation products.

(2) SSM improved the root activity with even lower soil water content. The root activity of maize under the treatment of 53% FC with weak temporal variation was significantly higher than that of 78% FC with a medium temporal variation.

(3) The WUE of maize under SSM can be evaluated by bract Δ13C. The WUE based on biomass had a significant correlation with bract Δ13C at grain filling stage rather leaf Δ13C, and SSM enhanced the correlation between Δ13C and biomass. Therefore, compared with the leaf Δ13C, bract Δ13C was more suitable for evaluating WUE based on the biomass of maize.
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Climate change effects are unbalanced in all regions and cultivars linked to the wine industry. However, the impact of extreme weather events, such as drought and rising global temperatures, highlight the potential vulnerability in plant productivity, phenology, and crop water requirements that affect quality and harvests. Among adaptative measures for grapevine cultivars in existing or new winegrowing areas, the use of tolerant rootstocks to abiotic stress has been regarded as a mid-term strategy to face emerging constrains. The aim of this study was to compare naturalized or autochthonous rootstocks influence over grapevine cultivar performance and to characterize their response to deficit irrigation conditions. Data was collected from Cabernet Sauvignon and Syrah grafted plants for over 3 growing seasons (2018–2021) from a hyper-arid experimental field in Vicuña, Chile. Morpho-physiological parameters were determined throughout seasons and combinations where significant effects from rootstocks, irrigation treatment, and cultivar were observed over An and gs, thus modifying CO2 assimilation and intrinsic Water Use Efficiency (WUEi). Primary productivity and yield were also modified by rootstock depending upon cultivar hydric behavior. Interestingly, cluster and berry traits were unaffected despite how water productivity and integral water stress were modulated by rootstock. In both cultivars, it was observed that trait responses varied according to the irrigation conditions, rootstocks, and their respective interactions, thus highlighting a relative influence of the rootstocks in the processes of adaptation to the water deficit. Moreover, harvest date and acidity were modified by deficit irrigation treatment, and rootstocks did not modify phenological stages. Adaptation of grapevines to expected lower water availability might be improved by using suitable tolerant rootstocks, and maturity index can be modified through irrigation management.

Keywords: Vitis vinifera, naturalized rootstocks, V. berlandieri × V. rupestris, hydric behavior, deficit irrigation, gas exchange, water use efficiency


INTRODUCTION

Among environmental constraints, water scarcity is probably the most important threat all over the world (Jury and Vaux, 2005; Kijne, 2006; Berger et al., 2010), compromising agricultural production at several latitudes (FAO, 2018). Rapidly, the possibilities to generate and to manage new water sources for agriculture will be limited, and the instability of water resources will not only be detrimental to crop productivity, but will also generate substantial socioeconomic impacts (Postel, 2000; Polade et al., 2017). Considering the competition for water use among agriculture, human consumption, and industrial sectors, crop water demands could double by 2050, whereas the availability of freshwater is predicted to drop by 50%, owing to global climate change (CC; Gupta et al., 2020). Viticulture production is not an exception, since future projections of CC-driven changes or “climate crisis” suggest a lack of water to maintain current levels of production in all regions of the world, which will particularly impact Mediterranean ecosystems (Hannah et al., 2013). Furthermore, suitable zones for grapevine production based on temperature may be greatly affected in the Mediterranean regions (Santillán et al., 2019). Viticulture adaptation to CC in these regions (as most crops do) will require integrated strategies and major adaptive levers to cope with water availability and grapevine productivity and an increase in evapotranspiration that encompass different levels of organization: the crop (cultivar and rootstock), the cropping system (management techniques used), and the farming system, including farmers (del Pozo et al., 2019; Naulleau et al., 2021).

A recent systematic study identified current knowledge to evaluate adaptation strategies in the main vineyards worldwide (Naulleau et al., 2021), whose findings were as follows: (1) evaluation of a combination of adaptation strategies provides better solutions for adapting to CC; (2) multi-scale studies allow local constraints and opportunities to be considered; and (3) only a small number of studies have developed multi-scale and multi-lever approaches to quantify feasibility and effectiveness of adaptation (Naulleau et al., 2021). For instance, ecophysiological studies have contributed to maximize the use and productivity of water, i.e., irrigation technification, regulated deficit irrigation (Hsiao et al., 2007), soil mulch, and optimization of the orchard density and architecture (Ripoche et al., 2010). However, in mid-term, it will be necessary to incorporate increasing productivity, fruit quality and disease tolerance, criteria of water productivity [WP; g (MS)/mm (H2O) transpired], and water stress tolerance in cultivars and rootstock breeding (Warschefsky et al., 2016; Simonneau et al., 2017; Gupta et al., 2020). Thus, a water shortage scenario will demand to assess interaction effects of cultivar x rootstock x environment and their impacts in fruit attributes associated with its quality (Ibacache et al., 2016; Cochetel et al., 2017; van Leeuwen et al., 2019; Villalobos-González et al., 2019).

Under water deficit conditions, perennial plants display a continuum of mechanisms for dealing with low water availability between two edges: 1) drought evasion, which is found in species bearing high stomatal sensitivity (near-isohydric), or 2) drought tolerance, found in species bearing low stomatal sensitivity response to the ambient (near-anisohydric) and functional and morphological traits toward adaptation such as osmo-regulation (Schultz, 2003; Blum, 2011; Gupta et al., 2020). Stomatal closure is linked to systemic signaling from the roots rather than the shoot, as evidence that root physiological status plays a key role in controlling the shoot behavior (Lawlor, 2002). Traditionally, the plant hormone abscisic acid (ABA) plays an essential function as a phytochemical signal involved in the shoot-root communication, because of drop in soil water potential (Zhang et al., 2006). It is also considered the most prominent player in drought stress, directly affecting stomatal conductance (gs) at the guard cell level (Gupta et al., 2020). The physiological and molecular mechanisms driving the ABA effects are yet to be summarized (Gambetta et al., 2020).

In grapevines, the hydraulic and biochemical modes of stomatal regulation are interdependent, making a strict division between them extremely challenging both theoretically and experimentally (Medrano et al., 2003; Ollat et al., 2016; Buckley, 2019; Gambetta et al., 2020). Moreover, the relative contribution of these mechanisms is still unknown and likely dependent on genotype and environment (Lovisolo et al., 2016; Coupel-Ledru et al., 2017; Hochberg et al., 2018; Dayer et al., 2020). It has also been demonstrated that leaf hydraulic conductance (Kleaf) was downregulated by exogenous ABA, with strong variations depending on the genotype (Coupel-Ledru et al., 2017). Interestingly, variation between isohydric and anisohydric genotypes correlated with Kleaf sensitivity to ABA, with Kleaf being unresponsive to exogenous ABA in the most anisohydric genotypes (Coupel-Ledru et al., 2017). Recent work suggests that all genotypes regulate stomatal conductance to protect against more severe damage, such as petiole or leaf cavitation and leaf shedding (Dayer et al., 2020). However, it is not clear to what extent differences in regulation of vine water use between cultivars result from innate genotypic differences or environmental factors (Hochberg et al., 2018). Likewise, grapevines appear to almost always operate within a “safe” margin of water potentials in which stem cavitation is extremely rare (Charrier et al., 2018). Still, the exact vine mortality thresholds are still unknown. Thus, numerous gaps remain in understanding of what really configures a drought-adapted grapevine cultivar, making it difficult to robustly address future climate challenges (Gambetta et al., 2020). Also, unraveling mechanisms to explain how the regulation of aerial (cultivar) drought tolerance could be enhanced by a root-driven feedback regulation, where the role of rootstock might be crucial to determine such responses and sustain productivity, pointing toward an integrative approach that digs into the complexity of cultivar x rootstock x environment interaction (Franck et al., 2020).

Most of the worldwide vineyards are grafted on commercial rootstocks which are hybrids of mostly three species, namely, Vitis berlandieri, V. riparia, and V. rupestris, that were developed before 1930 from American Vitis species to control phylloxera damage (Serra et al., 2014; Berdeja et al., 2015). Rootstocks also provide support for cultivation under challenging soil conditions, including the presence of nematodes and insects, high salinity or active lime, and drought (Meggio et al., 2014; Serra et al., 2014; Walker et al., 2014). Limited long-term information on rootstock effects over yield and its components are available. Nevertheless, it is established that the response is primarily associated with the vigor level conferred to the scion by the rootstock (Dry and Loveys, 1998). This influences bud fruitfulness and vine productivity (Satisha et al., 2010; Ibacache et al., 2016). To sustain grapevine productivity and quality in CC warming, an increase for irrigation water will occur, generating big freshwater demands, considering the low adoption of measurements of RDI or PRD. Therefore, agricultural adaptation efforts that anticipate these multiple possible effects in Mediterranean agroecosystems are needed (Hannah et al., 2013; Wolkovich et al., 2018). By assessing the current effects of CC on V. vinifera, it is key to understand the plasticity associated with the ability to uptake water from soil in the continuous root/vine/environment (Santillán et al., 2019; van Leeuwen et al., 2019).

Although scion-rootstock interactions in drought tolerance have been studied (Serra et al., 2014; Tomás et al., 2014; Bianchi et al., 2020), the diversity of rootstocks adapted to dryer conditions is limited. Recent studies in rootstock effects were evaluated, and differences in fruit yield, pruning weight, budburst, fruit set, bunch weight, berry weight, berry diameter, and rachis weight between nine rootstocks in semiarid conditions were determined along with their effects on nutrient uptake (Ibacache et al., 2016, 2020). Therefore, grapevine rootstocks will undoubtedly play a fundamental role in the adaptation to future CC, especially to water shortage (Serra et al., 2014; Ollat et al., 2016; Delrot et al., 2020) and to improve WP, but mechanisms driving these processes are still elusive. In a grapevine meta-analysis contrasting stomatal conductance in response to water availability, rootstock genotype explained the greatest contribution to variability (19.1%) followed by the scion genotype (16.2%) (Lavoie-Lamoureux et al., 2017). Moreover, the effect of soil water-holding properties was analyzed and showed a scion-dependent effect which was dominant over rootstock effect in predicting gs values. Overall results suggest that a continuum exists in the range of stomatal sensitivities to water stress in V. vinifera, rather than an isohydric—anisohydric dichotomy, which is further enriched by diversity of scion-rootstock combinations and interactions with soils and intensity of water deficits (Levin et al., 2020).

In Chile, naturalized rootstocks were collected from arid regions of Northern Chile (Milla-Tapia et al., 2013) and studied in response to water deficit. Some selected genotypes induced significantly higher tolerance for morpho-physiological traits irrespective of scion and seasons associated with higher root growth at early stages (Franck et al., 2020). Further transcriptomic analysis was performed, determining that major differences in transcriptional behavior occurred at root level, suggesting scion-driven transcriptional regulation in response to water deficit (Franck et al., 2020). Despite the importance of grapevine phenology, studies on the effect of rootstock on the development of phenological stages are scarce in literature and have been carried out in few varieties and under different edaphoclimatic conditions (Loureiro et al., 2016; van Leeuwen and Destrac-Irvine, 2017; van Leeuwen et al., 2019).

To understand the effects and expected impacts of CC warming due to water deficit on grapevine productivity and fruit maturity, we conducted a multi-rootstock approach using two contrasting cultivars in regard to hydric behavior grafted on selected naturalized rootstocks to assess the array of response as study model for understanding adaptive responses that might confer better drought adaptation to specific clone/rootstock combinations on vegetative and fruit expression in hyper arid environment.



MATERIALS AND METHODS


Plant Material, Drought Stress Conditions, and Physiological Measurements

The field experiment was conducted during three growing seasons (2018/19, 2019/20, and 2020/21) at an experimental vineyard located at the Vicuña Experimental Center belonging to the Instituto de Investigaciones Agropecuarias (INIA) (30°02′S, 70°41′W, 630 m above sea level; Coquimbo Region, Chile). The climate of the area is classified as hyper-arid, with an average daily temperature of 16.1°C and a mean annual rainfall of 100 mm that concentrates in winter (June–September). The vineyard soil is a sandy loam alluvial Entisol and has a flat topography (<1%). The soil holds moderate depth (>50 cm) with no physical restrictions for root growth. A pit was made, determining that the roots were concentrated in the 30 cm depth. From 0 to 30 cm depth, a soil sample was taken, obtaining the following composition: sand (54.1%), slime (28%), clay (17.85), field capacity (11.2% v v−1), permanent wilting point (5.2% v v−1), pH value (7.3, calcareous soil), organic matter (1.5%), and electrical conductivity (2.3 dS m−1 in saturated paste). Cultivars Cabernet Sauvignon (CS, near-isohydric) and Syrah (Sy, near-anisohydric) were grafted onto two naturalized genotypes (R32 and R70) selected in northern Chile for their tolerance to water deficit (Bavestrello-Riquelme et al., 2012; Milla-Tapia et al., 2013; Franck et al., 2020), to commercial tolerant rootstock Ruggeri140 (140Ru), and to self-grafted vines (SG). Both varieties grafted onto rootstocks were assigned in a completely randomized design at planting.

The grapevines were planted during spring 2015 with a spacing of 1 ×2.5 m within north-south oriented rows, trained on a vertical shoot positioning (VSP) trellis system, formed in unilateral cordon, and cane pruned to a Guyot system leaving about 6–8 buds per vine. Due to the low rainfall that was characteristic during the seasons (<100 mm), it was necessary to apply water through irrigation. Thus, grapevines were drip irrigated using one irrigation line per row with emitters supplying water at a rate of 4 l h−1 spaced at 1 m (1 emitter per plant) located on the surface, 15 cm from the trunk. Weather variables (air temperature, relative humidity, solar radiation, precipitation, wind speed, and wind direction) were measured at 15 min time during the season, using an automatic meteorological station (Adcon Telemetry, A730, Klosterneuburg, Austria) located near the experimental vineyard (30 m). This information was used to calculate the reference evapotranspiration (ET0) using the Penman–Monteith model (Allen et al., 1998). Then, the actual evapotranspiration (ETa) was calculated by adjusting the ET0 by the crop coefficient (Kc) corresponding to each phenological stage, using the value described by Jara-Rojas et al. (2015). The reference evapotranspiration during the three seasons varied between 792.4 and 797.7 mm (September–April).

The experimental design consisted of two water regime treatments per cultivar with three replicates (blocks) of five grapevines each to cope for soil variability along the vineyard: full irrigation (T0) and 50% deficit irrigation (T1) via a drip irrigation system in both cultivars that was randomly distributed within rows. The 50% deficit irrigation was considered since the observed decline of precipitation over central Chile has been greatly accentuated by an uninterrupted sequence of dry years since 2010, with annual rainfall deficits ranging between 25 and 45% (Garreaud et al., 2020). Field trial received a standard agronomic management used in commercial vineyards in terms of irrigation, fertilization, pruning, pest, and disease management in each growing season.

Nutritional content of the soil was described elsewhere (Verdugo-Vásquez et al., 2021a). In brief, nutritional content of the soil at the beginning of the study was 40 mg kg−1 of available N, 8 mg kg−1 of available P, 105 mg kg−1 of available K, 8.2 meq 100 g−1 of available Ca, 2.0 meq 100 g−1 of available Mg, 22.0 mg kg−1 of available Fe, 7.0 mg kg−1 of available Mn, 6.3 mg kg−1 of available Zn, 11.4 mg kg−1 of available Cu, and 1.8 mg kg−1 of available B. The fertilization program consisted of applications of N, P2O5, and K2O (90, 50, 70 kg ha−1, respectively) during each growing season, via irrigation (fertigation), dividing the mentioned doses in each irrigation (~3 per week) during spring and early summer. It was only fertilized with N, P, and K because the other nutrients were at adequate levels. The sources of commercial fertilizers used were “Ultrasol Nit One 25,” “potassium sulfate,” and “Ultrasol Pro P.” Through foliar analyses carried out in veraison, it was determined that there were no deficiencies or excess of nutrients during the development of the study. Therefore, fertilization was not a limitation.

Physiological trait measurements included the stem water potential (Ψstem) taken from fully mature and healthy leaves (two per replicate) located in the center of the west facing vine canopy between 12:00 and 15:00 h (Solar noon; Coordinated Universal Time UTC−3) from November to March using a pressure chamber (PMS Instrument Co., model 600, Corvallis, Oregon, USA). For these measurements, the leaves were covered with completely hermetic aluminum foil bags for at least 1 h before the measurement. Then, leaves were cut and immediately placed in the chamber. Moreover, to describe the accumulated effect of the deficit irrigation treatments between rootstocks, the water stress integral (SIΨ) was calculated as follows (Myers, 1988):
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Where Ψstem is the average stem water potential for any interval (MPa day), c is the maximum value of Ψstem during the season, and n is the number of days in each interval (Moriana et al., 2007).

Also, the stomatal conductance (gs; mol H2O m−2s−1) and net assimilation rate (An; μmol CO2 m−2 s−1) were measured on fully sunny, developed, and healthy leaves located in the mid center of the canopy facing west using a portable infrared gas analyzer (LI−6400, LICOR Inc., Lincoln, Nebraska, USA) equipped with a 6 cm2 transparent leaf chamber. Environmental conditions in the leaf chamber were photosynthetically active radiation ≥ 2,000 μmol photon m−2 s−1, a molar air-flow rate setting at 500 μmol s−1, and a concentration of 400 μmol s−1 CO2 that was kept constant by a CO2 injector system provided by the manufacturer. These measurements were taken on the same days and times when the Ψstem was measured. Also, the intrinsic water use efficiency was calculated from the ratio between An and gs (An/gs; WUEi, μmol CO2 mol H2O−1).



Grapevine Phenology Determinations

The phenology observations were made using the scale proposed by Coombe (1995) and followed the procedure described by Verdugo-Vásquez et al. (2016). Briefly, 3 main phenological stages were observed (budburst, flowering, and veraison) through observations made every 5–7 days, expressing the dates of occurrence of the phenological stages in day of the year (DOY) for each cultivar and season. Additionally, the duration of the growth cycle from budburst to veraison was determined by calculating the number of days elapsed between both phenological stages (expressed in days).



Berry Maturity Measurements

From post-veraison (4–15 days after veraison) to harvest (defined when the berries reached between 22 and 23°Brix of total soluble solids), berry samplings (4 dates) were carried out following the procedure described by Verdugo-Vásquez et al. (2018). In each of the sampling dates, berry maturity parameters (total soluble solids, total acidity, and pH) were determined according to the Organization of Vine and Wine (OIV) protocol (International Organisation of Vine and Wine (OIV), 2021). With the evolution curves of total soluble solids, the day of the year when the berries reached 22.5°Brix was determined, recording this day as the harvest date.



Productivity Traits Measurements

At harvest, all bunches of the replicates were manually harvested and weighed in a digital weight scale, recording yield by vine (kg vine−1) and the number of bunches per vine. The bunch weight (g) was determined by dividing the yield by the number of bunches per plant. A sample of three clusters per replicate was taken to the laboratory where the following variables were determined: N° berries per bunch, berry weight, rachis length, rachis weight, and caliber. Vines of each replicate were manually pruned in winter, and the pruning weight (kg vine−1) was determined. Based on yield and pruning weight obtained, the Ravaz index was calculated as the ratio between yield and pruning weight, representing the balance between vine reproductivity and vegetative activity for each season. Scion trunk circumference (cm) was measured at the end of each season (May) at 30 cm above the ground using a metric tine. Water productivity (kg/m3) was determined by the quotient between the yield and the water applied per season in each treatment.



Statistical Analysis

Preliminarily, a four-way analysis of variance (ANOVA) considering all the factors (cultivar, season, rootstock, and irrigation) and the double interactions that consider the rootstock factor was performed. This analysis allowed to determine that the cultivar and season factors had a significant effect on most of the variables measured in this study (Supplementary Table 1). Therefore, each season and cultivar were considered separately, like the proposed methodology by Buesa et al. (2021). The variables were analyzed considering a completely randomized design with factorial arrangement, with two factors (rootstock and irrigation) and their interaction (RxI). Variables were subjected to an ANOVA, and the significance of the differences was determined by Tukey's test (p ≤ 0.05). Additionally, the percentage of variance explained by each factor (for a given variable) was calculated using the quotient between the sum of squares of the factor and the total, multiplied by 100. On the other hand, boxplots of the main variables were performed. ANOVAs and boxplots were made using the Xlstat Software version 2020.3.1 (Addinsoft SARL, Paris, France).

Regression analyses were performed to establish the relationships between An vs. gs, intrinsic Water Use Efficiency (WUEi) vs. gs under both treatments, namely, two cultivars and four rootstocks. For the case of WUEi, the data were transformed with the natural logarithm (ln WUEi) to increase the linearity of the slope in each cultivar-rootstock regression according to Tortosa et al. (2019).

A meta-analysis was applied to physiological trait responses to deficit irrigation in both cultivars and rootstocks based on Yan et al. (2016) and Zhang et al. (2018). This allowed to determine the different response patterns between cultivars and rootstocks under deficit irrigation, integrating magnitudes of the decline, and integrating results between seasons. The effect size for each observation was calculated as the response ratio (InR) to represent the magnitude of the responses of plant water status to deficit irrigation conditions:
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where XT1 and XT0 are the mean response values of each individual observation in the deficit irrigation treatment and control irrigation conditions, respectively.

The variance of the response ratio (LnR) was calculated as follows:
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where nT1, nT0, ST1, ST0, XT0, XT1 and are the sample sizes, standard deviations, and mean response values in the deficit irrigation and control irrigation conditions, respectively. To improve the accuracy of LnR and reduce its variability, the mean weighted response ratio (LnRR++) was calculated from LnRR:
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where m is the number of groups (e.g., rootstock), k is the number of comparisons in the ith group (measurement number throughout the three seasons), and W is the reciprocal of the variance that was considered as the weight of each LnR and calculated as follows:
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The meta-analyses were performed using the R software package (version 3.1.1) (R Development Core Team, 2008). The natural logs of the response ratios (RRs) for the individual and combined treatments were determined by specifying the rootstock as a random factor in the model in the “metafor” package. The effects of deficit irrigation on water status and gas exchange were considered significant if the 95% confidence intervals (CIs) of lnRR did not overlap with zero. The bigger the value is, the greater the influence of T1 on the vines. Therefore, to make the lnRR++ more visible, it was calculated the percent change (D, %) as follows:
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RESULTS


Hyper Arid Conditions Exhibited Reduced Variability Among Seasons

Main climatic characteristics of the three growing seasons under study are shown in Table 1. Vapor pressure deficit (VPD) showed a similar behavior pattern in the three seasons, increasing as the season progresses (from budburst to harvest, mean values). Within the seasons, Season 3 (S3) was the one that presented the lowest VPD value (mean value Bu-Ha, 12% lower) compared to seasons S1 and S2, which were similar (1.0–1.01 kPa). Reference evapotranspiration (ET0) showed a similar pattern between seasons, where ~50% of atmospheric demand (ET0) occurred in the Flowering-Veraison period (Fl-Ve), with similar values between the different seasons. Growing degree days (GDD) showed a behavior pattern like ET0 during the three growing seasons. S3 was the one that exhibited the lowest accumulation of GDD from Budburst to Harvest (Bu-Ha). Precipitation and maximum and minimum temperatures for the three growing seasons are shown in Supplementary Figure 1. The temperature patterns were similar between seasons, with S3 being the one that presented lowest values of minimum and maximum temperatures on average. Rainfall was concentrated during the winter months, with no rain during spring and summer. S2 was a season with lowest rainfall (7.9 mm), while S1 and S3 had more rainfall (36.2 and 52.3 mm, respectively), but far below the historical mean for the study site (96 mm).


Table 1. Vapor pressure deficit (VPD), reference evapotranspiration (ET0), and growing degree days (GDD) for the main phenological stages of both cultivars during 2018–2019 (S1), 2019–2020 (S2), and 2020–2021 (S3) seasons.
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Contrasting Physiological Responses of Cultivars Due to Deficit Irrigation

Overall, the evolution of the gas exchange was rather dynamic throughout the three growing seasons. It only showed significant differences at rootstock level during quite limited days of the season, and mainly observed under deficit irrigation conditions. Under T0 conditions, the An of CS and Sy on average were 11.1 and 12.3 μmol CO2 m−2 s−1, respectively, and considered all rootstocks (Supplementary Figures 2, 3 for CS and Sy, respectively). Regarding gs, both cultivars showed an average of 0.2 mol H2O m−2s−1 under T0 conditions. Plant water status displayed the same seasonal pattern than gas exchange (Supplementary Figures 4, 5 for CS and Sy, respectively). The average Ψstem during all growing seasons, regardless of the rootstocks, were −0.9 MPa and −1.0 MPa for CS and Sy, respectively (Supplementary Figures 6, 7). In addition, independent of the cultivar and rootstock combination, it was observed that the stress integral (SIΨ) was significantly higher during the last season (−93 MPa), followed by the second (−170 MPa), and finally the first season (−189 MPa). For CS vines, rootstock R70 (−141MPa) reached an SI significantly higher than showed by 140 Ru (−147 MPa) in average, whereas R32 and SG did not differ between both at the end of the study. This SIΨ was similar in Sy vines grafted on the different rootstocks (Table 2). The magnitudes of the T1 effect on physiological parameters during all growing seasons were frequently significant and oscillated to a greater or lesser extent according to the cultivar and rootstock as shown (Figure 1). In the case of CS, T1 decreased the An of R70, SG, and 140 Ru by 11, 13, and 19%, respectively, while the R32 was not affected. Also, the decrease of gs in the rootstocks R32, 140 Ru, and R70 by T1 were 25, 26, and 30%, respectively, which were lower than the observed in SG that had a decrease of 31%.


Table 2. Effect of different rootstocks and irrigation treatments on mean seasonal values of water stress integral (SIΨ).
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FIGURE 1. Percent change of intrinsic water-use efficiency (gray), stem water potential (black), stomatal conductance (blue), and assimilation rate (green) under two different moderators: hydric contrasting cultivars (CS—A; and Sy—B) and rootstocks (140Ru - triangle, R32-square, R70 -diamond, and SG-circle). Asterisks near the symbols specify the significance, and the error bars show the 95% confidence interval (CI).


Regarding Ψstem, the effect of T1 was significant in all rootstocks, with a decrease between 15 and 17%. The WUEi of CS under T1 was significantly increased by 16, 20, and 25% for SG, R32, and R70, respectively, whereas the effect of T1 was not significant for 140 Ru (9%). Regarding the impact of deficit irrigation (T1) on Sy vines, it was observed that the reductions of An were significant and that rootstocks 140 Ru (14%), R70 (17%), and R32 (21%) alleviated these reductions. In turn, the reduction of An in these rootstocks was less than the reduction observed in gs. Instead, the reduction of An in SG was greater than that of the other rootstocks and greater than the reduction in its gs. Moreover, the percentage changes in Ψstem and WUEi induced by T1 were significant and similar for all rootstocks, with a decrease and increase close to 20%. On the other hand, the responses of An were associated with the variations of gs through a significant non-linear relationship (α = 0.05) under optimal and deficit irrigation conditions for both cultivars and each rootstock as shown in Figure 2. In this regard, with a gs between 0.35 and 0.15 mol H2O mol m−2 s−1, it was observed that the An of CS and Sy was 12.0 and 13.4 μmol CO2 m−2 s−1 on average. Thus, between gs values of 0.15 and 0.05 mol H2O mol m−2 s−1, these An values decreased to 8.3 and 7.9 μmol CO2 m−2 s−1 in C S and Sy, respectively. Moreover, in both cultivars, it was observed that the correlation between An and gs increased with rootstocks under a well irrigated condition (T0). Instead, under deficit irrigation conditions (T1) it was observed that the same correlation decreased with rootstocks (Figure 1).
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FIGURE 2. The relationships between photosynthesis (An) vs. stomatal conductance (gs) in two cultivars (Cabernet Sauvignon, CS, and Syrah, Sy) over different rootstocks under two irrigation treatments.


The response of WUEi to the gs variations showed a significant relationship (α = 0.05) under control and deficit irrigation for both cultivars and each rootstock (Supplementary Figure 8). Under mild water stress conditions (gs between 0.15 and 0.35 mol H2O m−2 s−1 as proposed by Medrano et al., 2002), SG and 140 Ru efficiency were 70.5 and 73.1, respectively, whereas the WUEi for R32 and G7 were 67.2 and 64, respectively. Under similar mild water stress conditions, Sy did not shown differences of WUEi between rootstocks with a mean value of 65.6 μmol CO2 mol −1 H2O. Under higher water stress (gs between 0.05 and 0.15 mol H2O m−2 s−1), CS plants increase their WUEi to 88.7 μmol CO2 mol−1 H2O without differences between rootstocks. For Sy vines in the same treatment, it was observed that the WUEi in R70 was 78.5 μmol CO2 mol−1 H2O, whereas it was 83.3 μmol CO2 mol−1 H2O in average for the other rootstocks. On the other hand, these WUEi responses were linearized by means of natural logarithm. In this regard, the correlation (r) under T0 and T1 conditions were higher for self-grafted plants in CS. In turn, Sy vines showed a higher correlation (r) in plants grafted onto rootstock R32 and SG under T0 and T1 conditions, respectively. Furthermore, it was observed that SG and R70 displayed a lower slope when they were in T0 and T1 conditions in both cultivars, respectively (Figure 3).
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FIGURE 3. The relationships between linearized intrinsic water use efficiency (ln WUEi; An/gs) vs. stomatal conductance (gs) in two cultivars (CS and Sy) over different rootstocks under two irrigation treatments.




Irrigation Impacts in Phenology Are Influenced by Rootstocks

The percentage of variance explained by rootstocks, irrigation, and interaction for the phenological variables according to cultivar and season are shown in Table 3 (only the significant ones). As mentioned, in a more complete exploratory analysis, the factor that explained the greatest variance for the phenological variables corresponded to the season. This in turn considered the effect of the season, the cultivar, and their interactions (Supplementary Table 1). Regarding the rootstock factor, for both cultivars, there were specific effects on the date of occurrence of the main phenological stages during the 2019–2020 season. The irrigation factor affected the harvest date in both cultivars in two of the three seasons under study. For the interaction (RxI), there were specific effects in both cultivars. For the S1 and S3 seasons, the harvest date in both cultivars was earlier (between 8 and 10 days) in the irrigation treatment T1 (Figures 4A,C,D,F). For CS, the budburst date (S2) was affected by the different rootstocks, where 140-Ru presented a later budburst date (4 days later) compared to the other rootstocks (Figure 4B). For Sy, during the S2 season, the harvest date was affected by the rootstocks, where R70 presented a later harvest date (8 days later) compared to the other rootstocks (Figure 4E).


Table 3. Percent of variance explained by each factor (Rootstock and Irrigation) and the interaction (RxI) for the phenological variables in each cultivar and season.
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FIGURE 4. Boxplots showing the distribution of phenological variables by the factor that explained the largest amount of variance for each cultivar and season according to Table 2. (A) Harvest (Days of the year, DOY) based on to irrigation, cv CS, 2018–2019 season; (B) Budburst (DOY) based on to rootstock, cv CS, 2019–2020 season; (C) Harvest (DOY) based on to irrigation, cv CS, 2020–2021 season; (D) Harvest (DOY) based on to irrigation, cv Sy, 2018–2019 season (E) Harvest (DOY) based on to rootstock, cv Sy, 2019–2020 season; and (F) Harvest (DOY) based on to irrigation, cv Sy, 2020–2021 season. Within each figure, different lowercase letters present significant differences (p-value < 0.05).


The percentage of variance explained by rootstocks, irrigation, and interaction for the berry maturity evolution, according to cultivar and season (only the significant ones), is shown in Table 4. Rootstock factor affected the evolution of berry maturity, particularly for some dates and seasons, in both cultivars without consistency. On the other hand, the irrigation factor affected the three maturity parameters considered in almost all the dates of the 2018–2019 season (S1) for both cultivars, being more consistent for total soluble solids (TSS) and titratable acidity (TA). For the other seasons, the effect of the irrigation factor was not consistent, with specific effects in some maturity parameters and specific dates in both cultivars (Table 4). Regarding the interaction (RxI), it only affected some parameters and specific dates. During the 2018–2019 season (S1), treatment T1 (irrigation) presented for all sampling dates higher values of total soluble solids in both cultivars (Figures 5A,C) and lower values of titratable acidity (Figures 5B,D) with respect to the control (T0). The differences in total soluble solids were ~2°Brix, independent of the cultivar and sampling date, while for titratable acidity, the differences were higher in the CS cultivar (0.2%) than in Sy (0.13%).


Table 4. Percent of variance explained by each factor (Rootstock and Irrigation) and the interaction (RxI) for the maturity variables in each cultivar and season.
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FIGURE 5. Total soluble solids (TSS, °Brix, A,C) and Titratable Acidity (TA, %, B,D) measured at different days post—veraison for CS (A,B) and Sy (C,D) cultivars during the 2018-2019 season (S1). Asterisk (*) represents significant differences (p-value < 0.05).




Productivity Traits Are Modified by Treatment and Influenced by Both Cultivars and Rootstocks

Considering the season effect and its impact as a large source of variation captured in the measurements and experimental set-up and expected influence by cultivar scion (Supplementary Table 1; Table 5), we also measured the percentage variance in traits explained by rootstocks, irrigation, and their interaction (RxI). The highest variance percentage explained among Rootstock by Irrigation interaction was Pruning Weight trait in both cultivars CS and Sy in two out of three seasons. Particularly, in Season 1 where pruning weight trait were 28.6 and 23.5%, and in Season 3 were 34.1 and 18.5%. In season two, the most significant interaction RxI was the Caliber trait for CS (35.8%), followed by Rachis Length (31.8%) and Bunch number per plant (29.7%) in this cv. No significant interactions in RxI were detected in Sy during Season 2. Irrigation treatments also had a significative impact in several traits during the three seasons considered. The highest variance percentage explained during the first season was Pruning Weight (29.7%), followed by Ravaz Index (18.7%) in CS, Meanwhile, in Sy, the traits displayed a different composition, with Water Productivity with the highest variance explained (44.5%), followed by Yield (36.5%). During the second season, Ravaz Index displayed a higher variance (28.8%), followed closely by Water Productivity (27.7%) in CS vines. Again, during in this season, the highest variance percentages in Sy vines were exhibited by Trunk Circumference (31.1%) and Yield (30.5%). Finally, in the third season, Water Productivity (15.8%) and Trunk Circumference (10.6%) displayed the highest variance in CS vines. In Sy vines, Trunk Circumference (43.9%) displayed the highest variance, followed by Ravaz Index (37.2%). Interestingly, the variance percentages were higher in Sy in response to irrigation treatments.


Table 5. Percent of variance explained by each factor (Rootstock and Irrigation) and the interaction (RxI) for the productive variables in each cultivar and season.
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Rootstock explained a significant amount of variation in most traits measured in CS vines, in contrast to the behavior of Sy that explained most traits in response to Irrigation treatment. As such, the strongest effect for Trunk Circumference (68.7%), Bunch Number per plant (43.8%), Pruning Weight (37.3%), Ravaz Index (35.6%), Yield (35.1%), and Water Productivity (28.8%) were observed in CS vines in Season 1, while only Trunk Circumference (27.8%) and Pruning Weight (21.1%) were significant in Sy vines. During second season, the traits Trunk Circumference (69.2%), Bunch Number per plant (40.3%), Pruning Weight (38.6%), and Water Productivity (31.9%) displayed the strongest effect for CS. No significative effects were determined for Sy during this season. The third season recorded the strongest effect for Trunk Circumference (68.4%), followed by Pruning Weight (56.1%), Yield (50%), and Water Productivity (32.9%) in CS. In turn, Syr effects were significant in Yield (29%), Berry Weight (28.7%), Caliber (25.9%), and Pruning Weight (23.2%) for Season 3.



Rootstock Performance in Deficit Irrigation Is Linked to Cultivar Behavior

Focusing on the traits in which rootstock showed the strongest effect, we plotted the distributions for Water Productivity, Trunk Circumference, Pruning Weight, and Yield among all seasons (Table 5) and compared each of the rootstocks using a Tukey test (Figure 6). A common trend was observed, which was determined by the interaction with the cultivar scion. Commercial rootstock 140Ru obtained higher results and surpassed R32, R70 and SG (grafted control) in CS vines. Conversely, R32 exceeded the rest of rootstocks considered in the analyses, exhibiting the highest water productivity, trunk circumference, yields and pruning weights in Sy vines, although without significance in WP (but with decreases ranging from 13% to 22%) as shown in Figure 6. Trunk circumference in Sy was significantly higher for R32 (12.7 cm average with reductions of 10, 14, and 9% in 140 Ru, R70, and SG, respectively). The average yield for R32 in Sy (4.6 Kg/plant) was significantly higher than the other rootstocks and grafting control evaluated (a comparative decrease of 19, 28, and 22% for 140Ru, R70, and SG, respectively). Another productive trait was pruning weight, where R32 significantly exceeded the other rootstocks tested and controlled by having an average of 1.6 Kg/pl in three seasons compared to other tested rootstocks (0.9, 0.6, and 0.9 Kg/pl in 140 Ru, R70, and SG, respectively) (Figure 6). Similar results were observed when considering the behavior of the rootstocks in both cultivars under the T0 treatment (data not shown).


[image: Figure 6]
FIGURE 6. Functional responses of selected rootstocks for productivity attributes, including Water Productivity, Trunk Circumference, Yield, and Pruning Weight among seasons and cultivars. Within each panel, different letters represent significant differences (p-value < 0.05).





DISCUSSION

This study was designed to determine to what extent the plant water relations are modified by using naturalized rootstocks and whether this fit primary productivity and adaptation to harsh conditions typical of a hyper-arid zone that is expected to occur in Mediterranean regions due to CC (Morales-Castilla et al., 2019; IPCC, 2021). Considering the observed decline of precipitation over central Chile, which has been greatly accentuated by an uninterrupted sequence of dry years from 2010 to the present, with annual rainfall deficits ranging between 25 and 45% (Garreaud et al., 2020), the 50% deficit irrigation was a feasible projected decrease. This ongoing, multiyear dry spell has been referred to as the Central Chile Mega Drought (MD) due to its unprecedented longevity and large spatial extent in the historical record (CR2, 2015). Nevertheless, the phenological, physiological, and productive responses necessarily respond to the climatic conditions that are provisional between the growing seasons. Within the productive variables, grapevine phenology is fundamental for the planning of agricultural practice within the fields. For example, irrigation, fertilization, and the application of phytosanitary and hormonal products are programmed based on the date of occurrence of phenological states such as budburst, flowering, fruit set, and veraison. Indeed, the main factor that affects grapevine phenology is related to temperature (Parker et al., 2011). In this sense, the “season” factor, related to different climatic conditions (Table 1), was the most significant for the different phenological stages (Supplementary Table 1). The growing degree days accumulation (between budburst and harvest) did not vary between seasons (1,300–1,400 heat units), being like those reported in other wine-growing zones of Chile for the cv CS (Verdugo-Vásquez et al., 2016). Regarding the effect of the use of rootstocks and irrigation on the grapevine phenology, there is little information in literature (Keller et al., 2012; Sabbatini and Howell, 2013). It has been reported that modifications in the date of occurrence due to the use of rootstocks are related to indirect scion response, such as canopy density, as influenced by the rootstock's direct impact on scion vigor (Sabbatini and Howell, 2013). In this study, there were specific effects at the beginning of the season (budburst) for the cv CS (differences <5 days, Season S2), but the differences observed at the beginning of the season were not maintained throughout the season without significant differences for flowering, veraison, and harvest. For cv Sy, the differences due to the use of rootstocks were at the end of the season (harvest), but were also not consistent between seasons. It was observed that there is no consistency in the results between cultivars and seasons, which is why long-term studies are required to determine whether the use of rootstocks allows advancing or delaying phenological stages stably and the mechanisms by which differences are generated. For the “irrigation” factor, there were more consistent results between cultivars and seasons, wherein the decrease in irrigation (T1) advanced harvest date (at the same level of total soluble solids) for both cultivars. This advance was related to the accumulation of sugars, rather than differences in the beginning of the ripening period (veraison) since there were no differences due to the irrigation factor for budburst, flowering and veraison. At the within-field scale, it was determined that soil conditions (slope and total soil water availability) can affect grapevine phenology at the beginning of the season (budburst), and is associated with differences in the initial soil moisture (Li et al., 2016; Verdugo-Vásquez et al., 2021b). However, in this study, despite the differences in the water applied since the beginning of the season and the absence of rain in winter, there were no significant differences due to the irrigation factor for budburst.

Regarding fruit maturity, the “rootstock” factor only modified some specific dates and was not consistent between seasons. Similar results were observed by Keller et al. (2012), as they reported that scion effects and differences due to yearly climate variation far outweighed any differences due to rootstock for fruit maturity. On the other hand, the “irrigation” factor was more consistent in the results, showing that the decrease in irrigation increases the accumulation of sugars in the berries and decreases the titratable acidity, being the earliest harvest, as mentioned above. These results coincide with those reported in literature (Acevedo-Opazo et al., 2010; Cabral et al., 2021; Pérez-Álvarez et al., 2021), according to the time and intensity of water stress (Romero et al., 2022). The differences observed in maturity were more related to the general balance of grapevine (Ravaz index) than to berry weight in this study (Table 5).

Previous studies have also experimented with significantly different seasons, which predominate over the physiological parameters, such as Ψstem and gas exchange, that present dynamic fluctuations itself (Bascuñán-Godoy et al., 2017; Buesa et al., 2017; Romero et al., 2018; Levin et al., 2020). However, there is a high degree of co-regulation in the plant to cope with water deficits through their stomata. Since stomatal closure and regulation of leaf gas exchanges with the atmosphere, it is a key process in response to moderate water deficits both in the soil and in the atmosphere, therefore integrating internal signaling and environmental cues and complex genetic control and thus providing multiple layers of regulation to balance water loss and CO2 assimilation in dry environments (Chaves et al., 2016; Levin et al., 2020). In a physiological framework, several studies have already reported the different degrees of responses between cultivars, of which CS and Sy display contrast hydric strategy (Hochberg et al., 2012; Franck et al., 2020; Levin et al., 2020). In this fashion, the meta-analysis showed the extent of reductions in physiological parameters measured at T1 in contrast to T0. Thus, when integrating the effect magnitude of water deficit in CS self-grafted plants, it was determined that the decline of gs was greater than that of the An. On the contrary, in Sy self-grafted plants, the decline magnitude was greater in An than in gs (Figure 1). On the other hand, the rootstocks alleviated the percentual reductions of An caused by T1, which agreed with what was reported by Franck et al. (2020), who observed that the naturalized rootstocks grown in pots and under field conditions displayed a better performance.

During water deficit, photosynthesis is limited by both stomatal closure and impairment of the photosynthetic machinery (i.e., metabolic factors) in order to prevent dehydration, during which root system is the major interface between the plant and water availability of a drying soil (Gambetta et al., 2020). Thus, the rootstocks can contribute to the scion water loss through a combination of hydraulic and hormonal root-to-shoot signaling (Lovisolo et al., 2010). In this sense, the relationship of An vs. gs observed in two contrasting cultivars suggested that different rootstock genotypes (140 Ru, R32, R70) changed the An sensitivity to gs variations given the coefficients r obtained (Figure 2). Moreover, in the case of CS, the gs values (mol H2O m2 s−1) in which the An reaches the “Plateau” increased with the use of rootstocks (0.17 SG <0.19 R32 <0.22 R70 <0.26 140 Ru). Meanwhile, Sy decreased with R70 (0.23 mol H2O m2 s−1), remained with 140 Ru (0.26 mol H2O m2 s−1), and increased with R32 (0.29 mol H2O m2 s−1), suggesting a modulation effect. Considering An and gs behavior, and from an efficiency perspective (WUEi), rootstock may also modulate the variability in response to stomatal closure (correlation r), where calculated slopes demonstrated that 140 Ru and R32 were the most conservative for CS and Sy, respectively, in relation to WUEi—gs through regressions lines, enabling to compare the slopes between genotypes to highlight environmental and genetic differences (Tortosa et al., 2019).

It has been described that the regulation of stomatal closure is mediated by hydraulic, chemical, physical, and even electrical signals (Beis and Patakas, 2010). Among these signals, an integrated modeling approach suggested that both hydraulic and chemical signals are likely important for the rootstock-specific stomatal regulation. In addition, the coupled chemical-hydraulic factors most precisely describe the stomatal conductance underlying gas exchange of grafted grapevines, since factors controlling ABA biosynthesis (either in leaves or roots, or root system architecture) caused differences in the hydraulic conductance between the rhizosphere and the soil–root interface (Peccoux et al., 2018). In this sense, this study provides results that reinforces the previous conclusions obtained in which the hydraulic variability between grape cultivars is in turn strongly influenced by the ambient VPD (Villalobos-González et al., 2019; Gambetta et al., 2020). In the face of duration and intensity of water stress given by SIΨ, CS was sensitive to the accumulated effects of deficit irrigation at the end of the growing seasons. A naturalized rootstock R32 showed the least stress, even surpassing 140 Ru, which has been shown to be drought tolerant (Romero et al., 2018). Meanwhile, the SIΨ of Sy was indifferent to deficit irrigation in much of the experimental period. The SIΨ values agrees with what was reported by Zúñiga et al. (2018). However, the stress levels in this study were higher than those previously reported and are explained by the conditions of greater aridity in the experimental site as a natural laboratory for CC adaptation studies.

Nowadays, water use (i.e., the water consumed) and WUE (i.e., the efficiency of this consumed water to assimilate carbon, produce biomass, or fruit yield) are crucial parameters, especially in areas with increasing water scarcity that requires adaptation to CC, such as south Europe, West Asia, Western Australia, Chile, North Africa, and parts of South Africa (FAO, 2018; van Leeuwen et al., 2019; Naulleau et al., 2021). Despite the importance of rootstocks for the total water productivity and WUE of the crop, the variability of WUE in rootstocks has largely been underexplored, in addition to obtaining contradictory results (reviewed by Medrano et al., 2018). Moreover, the main role of rootstocks in plant water economy leads to the consideration of the genetic variability of WUE as a complementary target for current research (Medrano et al., 2018). In this regard, differences based upon the interaction among cultivar scion: commercial rootstock support the necessity of exploring differences both in cultivar hydric behavior and the interaction with the rootstocks, leading to change in crop performances depending on the cultivar (Tortosa et al., 2019; Franck et al., 2020; Romero et al., 2022). Thus, a tolerant rootstock, such as 140 Ru, was superior in the hydric conservative CS vines, whereas R32 overcame the 140 Ru performance in Sy vines, which were measured in traits such as water productivity, trunk circumference, and yields and pruning weights (Figure 6). Latter results may indicate enhanced abilities for water uptake and assimilation since near-anisohydric cultivars bears a “risky strategy” of water use. Indeed, 140 Ru exhibited better adaptive behavior as CS vines maintained slight unchanged An, gs, and WUEi levels under both well-watered and persistent water stress conditions. This might be associated to greater root water-uptake capacity and whole-plant hydraulic conductance, translating to high productivity and vigor (Romero and García-García, 2020; Romero et al., 2022). With respect to normal rainfall scenarios which could represent the T0 irrigation treatment (100% ETa applied), it was observed that rootstocks behavior differed in each cultivar under these conditions. For cv CS, 140 Ru was the one that presented the best behavior regarding the productive variables analyzed (N° bunches per plant, pruning weight, trunk circumference, among others), while R32 was the one that presented the best behavior with respect to the productive variables analyzed for cv Sy (yield, trunk circumference, water productivity, among others). These results highlight the need to carry out studies that consider different rootstock-scion combinations under different edaphoclimatic conditions.

In concert, CS displayed a conservative behavior in terms of lower gs and high rates of An-enhanced WUEi (Zamorano et al., 2021). Conversely, cv Sy showed increased WUEi due to reduced gs near-anisohydric behavior. This was characterized by less prone to rapid stomatal closure under water stress maintaining higher stomatal aperture and exhibiting substantial reductions in Ψstem. Thus, adjusting locally with lower stomata sensitivity to drought-induced ABA and being more dependent on hydraulic signals such as leaf water status (Coupel-Ledru et al., 2017). In this regard, the integral water stress observed in this study highlighted this condition since cv Sy was the one that accumulated more stress. This cultivar is efficient in terms of water use but shows limited heat dissipation due to its reduced gs, which can favor the occurrence of leaf sunburn under severe heat stress and drought (Costa et al., 2012). Other authors have demonstrated the mechanisms by which rootstocks modify the mentioned productive variables and found that the grafted plant modifies the absorption of light, increasing the assimilation of carbon compounds and therefore increasing the yield (Corso et al., 2016; Bascuñán-Godoy et al., 2017).

Recently, a signaling communication peptide has been identified in response to drought, where CLE25 peptide is produced in the roots and moves systemically through the plant vasculature to leaves to drive ABA production by activating biosynthetic enzyme NCED3 (Takahashi et al., 2018). This burst of ABA synthesis leads to stomatal closure and improved water balance, thereby promoting drought survival. This insight into small-peptide signaling in Arabidopsis may help to unravel conserved mechanisms in crops for root-to-shoot mobilization of stress signals (Gupta et al., 2020). Hence, the interaction with the rootstock and the ability of this to later explore and uptake water is fundamental for efficiently facing water deficit. Many traits and mechanisms are involved in the response of a rootstock by scion combination to water demand/water availability ratio. Hence, determining the optimal combination may enhance this adaptative processes. Rootstocks can differ by their capacity to extract water from the soil, which is primary linked to root biomass and to the hydraulic conductivity of the roots (Gomès et al., 2021). Lately, adaptation of viticulture requires a proper exploration of an optimal interaction of cultivar and rootstock, particularly when exploring new geographical areas, new training systems, new management practices, or new varieties, both for rootstocks and scions (Gomès et al., 2021). There are additional studies of water productivity in vineyards, but knowledge of the effect of irrigation reductions and its combined effect with grafted vines using rootstocks on secondary metabolism is still growing (Cáceres-Mella et al., 2018).

Hence, adaptations to CC require modifications in genotypes and viticulture techniques that can influence both phenology expression and grape ripening since rootstocks are able to trigger transcriptional changes on berry secondary metabolism which is relevant for berry composition and sensory properties (Berdeja et al., 2015). Moreover, studies for rootstocks conferring higher drought tolerance to the scion, driving carbon flux toward both accumulation of phenolic compounds, and alteration of anthocyanin profile, thereby altering grape quality at harvest, might be a target (Zombardo et al., 2020). In this regard, rootstocks that have novel drought tolerance mechanisms (i.e M4 rootstock) have shown greater synthesis of phenolic compounds such as stilbenes and flavonoids with enhanced capacity to scavenge and regulate the reactive oxygen species (ROS) levels that are generated under stress conditions and cause oxidative damage (Corso et al., 2015). In the naturalized R32 rootstock tissues grafted to cv Sy, the upregulation of genes of Phenylpropanoid metabolic process and pigment accumulation was determined in response to water deficit (Franck et al., 2020), enhancing plant survival in the presence of abiotic stress. M-rootstocks have also displayed adaptive traits, such as reducing the stomatal conductance and stem water potential while maintaining high photosynthetic activity with high Water Use Efficiency in water-limiting conditions (Bianchi et al., 2020). The capacity of M4 to satisfy the water demand of the scion under limited water availability has shown a delayed stomatal closure, allowing higher photosynthetic activity, which is also related to a reduced activation of ABA signaling both in the root and the leaf level (Prinsi et al., 2021). Therefore, the use of drought tolerant genotypes (scion, clones, and rootstocks) represents an environmentally friendly and cost-effective tool for adaptation to a changing climate (van Leeuwen et al., 2019).



CONCLUSIONS

Rootstock did not modify the main phenological stages, while irrigation treatment allowed modifying the harvest date. Moreover, harvest date and acidity were modified by deficit irrigation treatment and rootstocks did not modulate phenological stages. Adaptation of grapevines to expected lower water availability might be improved by using suitable tolerant rootstocks. In addition, maturity index can be modified through irrigation management.

The regulation and behavior of several physiological parameters related to the plant water status were contrasting among the cultivars studied. In turn, this behavior varied depending on how stressful the environmental conditions were between growing seasons. Under water deficit conditions, when photosynthesis was mainly limited by stomatal conductance, rootstocks showed the ability to adjust the sensitivity by which photosynthesis was restricted.

The dynamic responses and grapevine adaptation to water deficit were highly dependent on the cultivar hydric strategy (near-isohydric or near-anisohydric) and the interaction with the rootstock. Hence, the vine fitness performance will be determined by new environmental demands that will be imposed by climatic challenges, and such growth and developmental responses to drought, higher temperatures, or combined abiotic stresses will rely on the proper combination of both cultivar and rootstock.
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Treatments Dry mass Length Surface area

(g plant™) (m plant™) (em? plant™)
CW; Ny 10.60 +0.12a 2263+ 0.6b 9000 + 1535
AW,N; 11.11 £ 009 2418+ 43a 9792  150a
AW,N; 10.58 +0.13a 2306+ 3.8b 9243 £ 118b
AW,N, 9.60 + 0.3% 2216+ 1.2b 7882 + 160c

The values are the means + SE. The different lowercase letters in the columns denote
significant differences among the treatments (P < 0.05).
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Treatments Total N NUE IWUE

(g plant™") (997" (kg-ha="-mm’
CWiNy 8.41:£0.10b 2626+031bc 8341£056d 8344 6d
AW:N; 957+0.11a 27.12£031b 8934£047c  893:+5¢
AW,N; 82140230 2543032 1131241442 1131+ 14a
AW,N, 7.06:+0.14c 28.74+04% 10553+186b 1055+ 19

The values are the means + SE. The different lowercase letters in the columns denote
significant differences among the treatments (P < 0.05).
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Year Root traits Treatments 0-20 cm soil layer 20-40 cm soil layer
0 DAA 10 DAA 20 DAA 0 DAA 10 DAA 20 DAA
2017-2018 Root length density (cm cm—2) YN 1.39a 1.26a 1.09a 0.79a 0.70a 0.62a
JM 1.40a 1.26a 1.03b 0.80a 0.68a 0.59b
LX 1.39a 1.18b 0.88c 0.76b 0.62b 0.53¢c
Root surface area density (mm? cm~3) YN 12.82ab 10.30a 8.21a 6.43a 5.37a 4.21a
JM 12.99a 10.19a 7.24b 6.53a 5.04b 3.49b
LX 12.72b 8.60b 5.52¢ 5.83b 4.21c 2.81c
Root diameter (mm) YN 0.29a 0.26a 0.24a 0.26a 0.25a 0.22a
JM 0.30a 0.26a 0.22b 0.26a 0.24b 0.19b
LX 0.29a 0.23b 0.20c 0.24b 0.22c 0.17¢c
2018-2019 Root length density (cm cm—2) YN 1.47a 1.39a 1.17a 0.89a 0.81a 0.69a
JM 1.47a 1.3% 1.08b 0.90a 0.79a 0.65b
LX 1.46a 1.26b 0.94c 0.85b 0.70b 0.57¢
Root surface area density (mm? cm—3) YN 14.44a 12.52a 9.74a 7.71a 6.52a 5.13a
JM 14.39a 12.47a 8.35b 7.81a 6.03b 4.52b
LX 13.98a 10.33b 6.46¢ 6.69b 4.84c 3.63¢c
Root diameter (mm) YN 0.31a 0.29a 0.27a 0.28a 0.26a 0.24a
JM 0.31a 0.29a 0.25b 0.28a 0.24b 0.22b
LX 0.30a 0.26b 0.22¢c 0.25b 0.22¢c 0.20c

YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99; DAA, days after anthesis. Values followed by a different letter are significantly different (Duncan’s test, p < 0.05) within

the treatments in each year.
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Year Treatments ETc Planting-Jointing Jointing-Anthesis Anthesis-Maturity

(mm) ET (mm) CP (%) ET (mm) CP (%) ET (mm) CP (%)

2017-2018 YN 546.2a 193.1a 35.35¢ 140.2a 25.67b 212.9a 38.98a
JM 522.8b 194.4a 37.18b 142.4a 27.24a 186.0b 35.58b

LX 499.6¢ 191.4a 38.32a 139.9a 28.00a 168.3c 33.68¢

2018-2019 YN 658.4a 168.6b 25.61b 171.6a 26.07b 318.1a 48.32a
JM 644.8b 175.0a 27.14a 174.3a 27.04a 295.4b 45.82b

LX 623.8¢ 173.8ab 27.87a 172.0a 27.57a 278.0c 44.56¢

YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99; ET, crop evapotranspiration; CP, water consumption percentage. Values followed by a different letter are significantly
different (Duncan’s test, p < 0.05) within the treatments in each year.





OPS/images/fpls-12-814658/fpls-12-814658-g005.jpg
Grain vield (kg ha™)

14000

12000

10000

8000

6000

4000

2000

[ Grain yield
—0O— Water use efficiency

IO‘-/ e

T I

YN IM

Treatments

LX

19

18

17

16

15

14

Water use efficiency (kg ha! mm_l)

Grain vyield (kg ha™)

14000

12000

10000

8000

6000

4000

2000

I-

he

N\

IM

Treatments

LX

|9

18

LY

16

15

14

Water use efficiency (kg ha™ mm’l)





OPS/images/fpls-12-814658/fpls-12-814658-g004.jpg
>

10

w‘

MDA concentration (nmol g"' FW)

o
S
O

150

100

SOD activity (U g' FW)

50

0-20 cm 20-40 cm

10 20 0 10 20

0-20 cm 20-40 cm
Days after anthesis (d)

o—
O

o0

MDA concentration (nmol g FW) ®

D 350

(V3]
o
)

250

200

150

100

SOD activity (U g' FW)

50

0-20 cm 20-40 cm

10 20 0 10 20
0-20 cm 20-40 cm

Days after anthesis (d)






OPS/images/fpls-12-814658/fpls-12-814658-g003.jpg
Soil layer (cm)

Root weight density (10* gem™)

HE YN
M
I LX

Soil layer (¢m)

Root weight density (10™ g em™)






OPS/images/fpls-12-814658/fpls-12-814658-g002.jpg
Soil layer (cm)

0-20
20-40
40-60
60-80

80-100
100-120
120-140
140-160
160-180

180-200

Soil water consumption (mm)

20

—8— YN
—8— M
—v— LX

Soil layer (cm)

0-20
20-40
40-60
60-80

80-100
100-120
120-140
140-160
160-180

180-200

Soil water consumption (mm)

10

20

l






OPS/images/fpls-12-814658/fpls-12-814658-g001.jpg
=H
<
-Hi

140 |-

120 |

|
S - - - S =
-

o0 \O <t (@

L |

M

oy
—

-

140 - s YN

120 - I 1LX

s
=
] | | | |
S - S - S -
O o0 \O < N

y—

(wuryuondwmsuod 1djem [10S

s

Growth periods

Growth periods





OPS/images/fpls-12-814658/fpls-12-814658-e001.jpg
WUE = Y /ETc





OPS/images/fpls-12-725995/inline_14.gif





OPS/images/fpls-12-725995/inline_15.gif
CANEET: AN SR A





OPS/images/fpls-12-725995/inline_16.gif
Ry =RY





OPS/images/fpls-12-725995/inline_10.gif
il





OPS/images/fpls-12-725995/inline_11.gif
E=
P





OPS/images/fpls-12-725995/inline_12.gif





OPS/images/fpls-12-725995/inline_13.gif





OPS/images/fpls-12-725995/fpls-12-725995-g007.gif





OPS/images/fpls-12-725995/fpls-12-725995-t001.jpg
Parameter Steady state (3.1) Excised leaf (3.2) Changing VPD (3.3)

Water source potential ¥ (MPa) 0 Removed 0
Atmospheric potential s (MPa) -100 ~100 ~50 or =150
Baseline osmotic potential s Not used Not used Not used
Xylem hydraulic resistance R (MPa. m?. s. mmol~") 2 2 2
Xylem-to-air resistance Ry (MPa- m?- s mmol~') 50 50 50
Water-storage capaitance C (mmol- m~2. MPa~") Not used 300r 120 60 0r 120

Xylern-to-capacitor resistance R, (MPa- m2.s. mmol-') Not used 10r50 25 or 50
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Hybrids

Pioneer 30B80

NK 40

Suwan 4452

Description

Single cross hybrid
Highly adapted to major maize growing areas
Single cross hybrid
Widely adapted
Single cross hybrid
Widely adapted

Duration (days)

100-150

105-115

100-120

Grain yield (kg ha=1)

7083
7209

7747

Released by

Pioneer Hi-Bred (Thailand) Co., Ltd.

Syngenta Seeds Ltd.

National Corn and Sorghum Research
Center
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Treatments Maximum water content

Kernel water loss rate

Kernel filling duration

Kernel filling rate (mg

(mg kernel~) (mg kernel~! day~1) (days) day~ 1)
Water regimes
D1 225.102 3.06° 728 4.84b
D2 214.80P 3.08P 70P 4.942b
D3 206.62° 4,110 68° 4.38°
D4 209.41¢ 4.16P 65 4,990
D5 215.21P 5.772 61¢ 5.362
LSD (P < 0.05) 5.040 0.482 1.637 0.418
Hybrids
Pioneer 30B80 193.00° 4542 65b 4.45°
NK 40 236.502 4.27b 702 5.522
Suwan 4452 213.210 3.83¢ 66P 4,740
LSD (P < 0.05) 6.272 0.251 1.511 0.292
Interaction effect of water regimes and hybrids
D1
Pioneer 30B80 202.509" 3.5208 70cd 418N
NK 40 250.912 3.13de 7580 5.78%
Suwan 4452 221.90°def 2.54' 72b¢ 4 pOefani
D2
Pioneer 30B80 198.11hi 4.87° 63° 5.1 10cdef
NK 40 233.60°° 4.83° 762 5.45300
Suwan 4452 212.70efah 2.239 71cd 4 269N
D3
Pioneer 30B80 186.40f 3.56% 62°f 3.89
NK 40 225.40cde 3.04¢f 68d 4,930defg
Suwan 4452 208.12fn 5.72b 7380 4 319N
D4
Pioneer 30B80 190.50i 5.33% 689 4.40f9n
NK 40 228.82¢d 3.744 700d 5.438bc
Suwan 4452 208.91fdn 3.40% 579 5.150cde
D5
Pioneer 30B80 187.301 5.430¢ 63¢ 4.69defgh
NK 40 243.73% 6.622 62°f 6.032
Suwan 4452 21462419 5.27% 599 5.3680cd
LSD (P < 0.05) 14.02 0.562 3.378 0.901
CV (%) 3.84 7.81 2.95 7.82

FC, field capacity; PM, physiological maturity.

Treatment abbreviated as in Figure 3.

Means in each column with the same letter are not significantly different from each other at p < 0.05.





OPS/images/fpls-12-717178/fpls-12-717178-g009.jpg
e ) |

Days after anthesis

--=-D2

(-3 3w) o1yl JUdJU0D M-MM.@%@B AIp [oUID
OI}eJ JUAIUOD JAJeM-JYSIoMm AIp [UIdY m el ey fencllo] PI A

Days after anthesis





OPS/images/fpls-12-717178/fpls-12-717178-g010.jpg
4
© a
N
= a
© A
= -
(- o - (- - o -
\O w <t cnN @\ —
m (o §1) ANATONPUOD [BOLI)II[]

bc
D4

a
D3

Water regimes

I
O
(ap)

R <t N o\
cn cn cn cn

< (9,0) 2ameradwa) Adoue))

Water regimes





OPS/images/fpls-12-717178/fpls-12-717178-g011.jpg
etaxylem

vessel
Phloem

Vascular
bundle

Metaxylem vessel

Phloem

Vascular
bundle

Suwan 4452





OPS/images/fpls-12-717178/fpls-12-717178-g012.jpg
Abaxial surface

Phloem
Vascular bundle

Metaxylem vessel

©
N
N
Q
>
=
=
S
5
+~
=

Vascular bundle
Abaxial surface

Phloem






OPS/images/fpls-12-717178/fpls-12-717178-g005.jpg
Kernel water-dry weight (mg kernel!)

400

350

300

250

200

150

100

50

O Pioneer 3080 o NK 40 A Suwan 4452
o O
Expt. 1 o g
o KDW
A A
o A
O 0 O
A A
o © O
S B
<o O X
<
o 2B o=t A KWC
A f% [ ] - R A
7 14 21 28 35 42 49 56 63 70 77 84

400

350

300

250

200

150

100

50

0

- ONK 40 A Suwan 4452
- Expt. 2
KDW
i O <O 9
- O A A A
A
i o \
<o 8 A A
. © A A X
A X: A KWC
4 <O A O é
A
- A %
,af
0 7 14 21 28 35 42 49 56 63 70 77

Days after anthesis





OPS/images/fpls-12-717178/fpls-12-717178-g006.jpg
Final kernel weight (mg kernel'!') 3

380
360
340
320
300
280
260
240
220
200

y = 1.7675x - 73.456
R?=0.8572

180

200

220

240 260

Maximum water content (mg kernel!)

Final kernel weight (mg kernel') @

250
245
240
235
230
225
220

y=0.1871x +202.41
R =0.4143

150 165 180 195 210 225 240

Maximum water content (mg kernel!)





OPS/images/fpls-12-717178/fpls-12-717178-g007.jpg
Days from MKWC toPM >

10 4 y=-3.8148x+41.352
R*>=0.7126

Water loss rate (mg kernel-'day!)

Days from MKWC to PM

y=-2.1758x +31.795
- R2=0.6072

Water loss rate (mg kernel! day!)





OPS/images/fpls-12-717178/fpls-12-717178-g008.jpg
>

Final kernel weight (mg kernel!)

(@

Duration of kernel filling (days)

B
400 - 250 -
' ® o e ®
330 7 . ° 240 - /
L
300 - LI 230 | @ ¢
o ©
250 - 220 -
200 - y=46.765x+ 75911 210 - y=7.0592x +210.47
R*=0.6178 R*=0.3719

150 I I 1 200 T T I 1

3.5 4.5 5.5 6.5 3 3.5 4 4.5 5

Kernel filling rate (mg kernel! day') Kernel filling rate (mg kernel! day™')
D
80 - 30 -
d °
0 * 70 - bt
pr= 60 o ovovs”
60 - ° ¢ .
50 -
50 -
40 -
10 - y = 0.3797x + 57.698 y = 0.7842x + 46.206
R*=0.1452 30 - R2=0.5793

30 I I | I I 1 20 I I I I I 1

10 IS5 20 25 30 35 40 17 20 23 26 29 32 35

Days from MKWC to PM (days) Days from MKWC to PM (days)





OPS/images/fpls-12-722459/fpls-12-722459-t001.jpg
Treatments Stem Leaf Fruit Fruit Total

dry mass dry mass dry mass fresh mass biomass*

CW; Ny 91.0% 2.8ab 80.71.0b 2209+8.9b 4270 + 29 403.2 +5.4b
AW:N; 953 0.8a 880+07a 2505+ 2.5a 4578 + 24a 4539 +32a
AW,N; 87.6+0.3b 727 £27¢ 208.9 % 7.80¢ 4117 £ 64b 3797 £7.1¢
AW,N, 778+ 1.8¢ 680 1.60 2026 +2.7¢ 3874 + 38 358.0 + 2.5

*The total biomass was the sum of the dry mass of root, stem, leaf, and fruit. Values are the means = SE. The different lowercase letters in the column denote significant differences
among the treatments (P < 0.05).
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Treatment Final kernel weight (mg Reduction in kernel Kernel weight ear—1 (g) Reduction in kernel Stem weight depletion (% of
kernel~1) weight (%) weight ear~! (%) kernel weight ear—1)
Water regimes
D1 319.502 - 180.602 - 1.730°
D2 304.40°¢ 4.73 158.40°d 6.95 2.3434
D3 291.104 8.89 152,609 8.76 5.090°
D4 308.50P 3.44 168.80° 3.69 6.1302
D5 302.30° 5.38 162.60P° 5.63 5.310°
LSD (P < 0.05) 3.380 6.832 0.203
Hybrids
Pioneer 30B80 270.70° - 162.20P - 3.474b
NK 40 353.20° - 167.802 - 55102
Suwan 4452 291.70 - 163.80° — 3.378°
LSD (P < 0.05) 5.794 3.685 0.138
Interaction effect of water regimes and hybrids
D1
Pioneer 30B80 282.50f = 176.85b = 1.36
NK 40 368.232 = 177.59b = 1.86"
Suwan 4452 307.94° = 187.51a = 1.97h
D2
Pioneer 30B80 272.11fdh 3.68 158.63°f 10.30 2,020
NK 40 361.70% 1.77 166.06°% 6.49 3.569
Suwan 4452 279.53f9 9.22 150.659 19.66 1.45
D3
Pioneer 30B80 260.72" 7.72 149.389 15.53 404
NK 40 339.41d 7.82 160.209¢ 9.79 5.28d
Suwan 4452 273.23fn 11.27 148.079 21.03 5.95¢
D4
Pioneer 30B80 270.34fdh 4.32 166.78°d 5.69 5.31d
NK 40 354,13 3.83 170.68P° 3.89 9.012
Suwan 4452 301.21° 2.18 168.97P%d 9.89 408
D5
Pioneer 30B80 267.809" 5.20 150.34¢ 9.90 4.64¢
NK 40 342.520d 6.98 164.620% 7.30 7.85°
Suwan 4452 206.71¢ 3.64 163.71¢cde 12.69 3.449
LSD (P < 0.05) 12.960 8.239 0.309
CV (%) 2.49 2.94 4.40

FC, field capacity; PM, physiological maturity.
Treatment abbreviated as in Figure 3.
Means in each column with the same letter are not significantly different from each other at p < 0.05.
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Treatment Final kernel weight (mg Reduction in kernel Kernel weight ear—1 (g) Reduction in kernel Stem weight depletion (% of

kernel~1) weight (%) weight ear~! (%) kernel weight ear—1)

Water regimes

D1 246.602 - 162.402 - 16.80°

D2 244308 25 136.80° 15.76 7.264

D3 234.30° 4.99 120.90° 25.55 33.86°

D4 235.00P 4.70 131.10° 19.27 46.742

LSD (P < 0.05) 5.903 9.459 1.240
Hybrids

NK 40 241.27 = 141.91 - 33.80

Suwan 4452 237.42 - 133.68 - 18.54

LSD (P < 0.05)
Interaction effect of water regimes and hybrids

D1

NK 40 247.602 - 159.332 - 26.15°
Suwan 4452 245,702 - 165.532 - 7.45°
D2

NK 40 243.3080 1.74 147.36P 7.51 7.91¢
Suwan 4452 239.30% 2.60 126.159 23.79 6.61°
D3

NK 40 237.00%0 4.28 124,384 21.94 49.852
Suwan 4452 231.50P 5.78 117.459 29.05 17.889
D4

NK 40 236.90% 4.32 136.53° 14.31 51.272
Suwan 4452 233.1080 513 125,59 24.13 42.20°
LSD (P < 0.05) 13.72 9.461 3.354
CV (%) 3.05 3.65 6.81

FC, field capacity; PM, physiological maturity.
Means in each column with the same letter are not significantly different from each other at p < 0.05.
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Treatment Maximum water content Kernel water loss rate Kernel filling duration Kernel filling rate (mg
(mg kernel~) (mg kernel=! day~1) (days) day~")
Water regimes
D1 211.81a 2.72d 69.502 4.19
D2 192.32bc 3.44¢ 64.3520 434
D3 182.80° 3.88° 64.00° 3.72
D4 201.60%° 4,072 62.50P 4,06
LSD (P < 0.05) 11.34 0.178 5.183 ns
Hybrids
NK 40 212.03? 4.407 66 4.442
Suwan 4452 182.21° 2.65° 65 3.71°
LSD (P < 0.05) 23.75 0.97 ns 0.492
Interaction effect of water regimes and hybrids
D1
NK 40 231.302 3.54b° 722 42790
Suwan 4452 192.20P° 1.909 67° 4.10%
D2
NK 40 207.20%° 4,212 65%° 4,902
Suwan 4452 177.50P° 2.67% 640° 3.77%
D3
NK 40 197.102b° 4.80% 640° 4.26%
Suwan 4452 168.40° 2,950cd 64°° 3.18°
D4
NK 40 212,408 5.052 62° 4.328b
Suwan 4452 190.70P° 3.08Pcd 63%° 3.86%
LSD (P < 0.05) 33.40 1.191 3.706 1.284
CV (%) 9.00 17.94 3.02 16.73

FC, field capacity; PM, physiological maturity.
Treatment abbreviated as in Figure 3.

Means in each column with the same letter are not significantly different from each other at P < 0.05.





OPS/images/fpls-12-788651/fpls-12-788651-e005.jpg
WPE = Y/ET

(6)





OPS/images/fpls-12-788651/fpls-12-788651-e004.jpg
(5)





OPS/images/fpls-12-788651/fpls-12-788651-e003.jpg
n
ETy_ =10 (SWCy~SWCo)DiHi + 1+ P i(ln) (&)

i=1





OPS/images/fpls-12-788651/fpls-12-788651-e002.jpg
10X (SWCj — SWCp) - D; - H; ®)





OPS/images/fpls-12-788651/fpls-12-788651-e001.jpg
Soil water storage(mm) = ESWC;-D;-H; i(1,n)  (2)





OPS/images/fpls-12-788651/fpls-12-788651-e000.jpg
SWC(%) =

wi1-—
w2

x 100

(6]





OPS/images/fpls-12-788651/cross.jpg
3,

i





OPS/images/fpls-12-814658/fpls-12-814658-t003.jpg
Year Treatments Root TTC reduction activity (ng g~ h—1)

0-20 cm soil layer 20-40 cm soil layer

0DAA 10 DAA 20 DAA 0DAA 10DAA 20 DAA

2017-2018 YN 73.7a 60.2a 452a 59.3a 52.2a 32.6a
M 724a 51.7b 372b 56.1a 455b 259
LX 70.8a 43.6c 32.0c b557a 38.7c 20.7¢

2018-2019 YN 80.6a 61.7a 53.7a 61.7a 53.3a 39.1a
JM 75.8ab 52.5b 480b 60.2a 47.5b  35.5b
LX 714b 46.8c 422c 588a 41.8¢c 31.8¢c

YN, Yannong 1212; JM, Jimai 22; LX, Liangxing 99; DAA, days after anthesis.

Values followed by a different letter are significantly different (Duncan’s test,
p < 0.05) within the treatments in each year.
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A Chlorophyll a (mg/g FW) B Chlorophyll b (mg/g FW) C  Chlorophyll t (mg/g FW)
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Treatments

The proportion of different diameters of aggregates (%)

>5mm 3-56 mm 2-3 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm <0.25 mm >0.25 mm
CT 25.0bc 4.7¢ 3.5b 4.6¢ 7.5b 9.4c 43.2a 54.8d
S 26.2b 5.7b 4.2a 5.3b 6.7¢c 10.4b 42.5a 58.4c
OF 24.3¢c 5.8b 4.3a 7.0a 10.4a 12.9a 35.2b 64.8b
S+OF 34.4a 6.6a 4.4a 5.4b 7.7b 8.5d 33.1b 66.9a

CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling. Different lowercase letters within a column

mean significant difference between treatments by LSD test (P < 0.05).
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Index Wintering
Soil organic carbon 0.969*
Soil microbiomass carbon 0.963*
Soil microbiomass nitrogen 0.977*
Sucrase 0.968*
Cellulase 0.920
Urease 0.943
Protease 0.898

Jointing

0.978*
0.988*
0.999*
0.994*
0.864
0.928
0.695

Anthesis

0.960*
0.987*
0.992*
0.948
0.905
0.995
0.988*

Filling

0.959*
0.953*
0.968*
0.989*
0.958*
0.988*
0.628

*Means significant correlation at 0.05 level, and “means extremely significant

correlation at 0.01 level.
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Index Organic carbon Soil microbial Soil microbial Sucrase activity
biomass carbon biomass nitrogen

Cellulase activity

Urease activity

Protease activity

Dry matter accumulation 0.892** 0.858" 0.807** 0.894*
Soil water storage 0.384 0.698* 0.828"* 0.542

*Means significant correlation at 0.05 level, and **means extremely significant correlation at 0.017 level.

0.928"
0.475

0.780™
0.884*

0.326
0.713*





OPS/images/fpls-12-788651/fpls-12-788651-t002.jpg
Year Treatments Yield components Yield (kg.hm=2)  WPE (kg.hm=2.mm~1)

Spike length Number of spikes Number of 1,000-grain
(cm) ( x 10%.hm—2) grains per ear weightiness (g)
2016-2017 CT 7.0c 439.1d 38.0c 43.5b 7025.8d 16.5¢c
S 8.0a 608.7b 45.3a 43.2bc 7718.2b 20.0ab
OF 7.7b 473.9¢c 42.4b 42.7¢ 7386.5¢ 18.7b
S+OF 7.5b 625.2a 40.6b 44.7a 7841.4a 21.0a
2017-2018 CT 6.3c 520.4c 37.1¢ 43.1¢c 7578.3¢ 17.0c
S 7.0a 640.9b 43.1a 46.6b 9087.4b 23.1ab
OF 6.9ab 630.5b 41.3b 45.2b 9018.6b 22.5b
S+OF 6.7b 700.0a 42.3ab 48.7a 9355.5a 24 1a
2018-2019 CT 6.8c 437.0c 31.5¢ 42.1¢c 6591.2¢ 16.3d
S 7.3b 513.1b 36.5b 44.3ab 7593.2b 20.1¢c
OF 7.4ab 530.4b 37.9ab 44.0b 7625.4b 21.0b
S+OF 7.6a 600.0a 39.7a 45.9a 8475.8a 23.5a

WPE, yield water production efficiency,; CT, conventional tillage; S, subsoiling, OF, organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling.
Different lowercase letters within a column mean significant difference between treatments at three seasons by LSD test (P < 0.05).
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Year Treatments  STJ

2016-2017 CT 2487.0c
S 2869.6b
OF 3163.5a
S+OF 3269.6a
2017-2018 CT 2837.0c
S 3104.3b
OF 3287.0ab
S+OF 3334.8a
2018-2019 CT 1944.3c
S 2347.8b
OF 2415.2b
S+OF 2556.5a

JTB

4170.4¢
4521.7b
4652.2ab
4700.0a
4614.8¢c
5021.7b
5259.1a
5438.3a
3888.7d
4343.5¢
4523.0b
4884.8a

BTA

2640.0c
3304.3a
2977.4b
3269.6a
2572.2¢
3515.2b
3427.8b
3642.6a
2580.0c

ATH Total DM

3175.7¢c 12473.0c
3434.8b 14130.4b
3256.5¢ 14049.7b
3555.7a 14794 .8a
3366.5¢ 13390.4¢
4063.0b 15704.3b
3991.3b 15965.2b
4412.2a 16827.8a
2654.8¢c 11067.8¢c

3208.7ab 3482.6b 13382.6b

3087.1b
3332.6a

3675.5a 13700.9b
3834.8a 14608.7a

STJ, sowing to jointing; JTB, jointing to booting; BTA, booting to anthesis; ATH,
anthesis to harvest; Total DM, the total dry matter accumulation. CT, conventional
tilage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer organic fertil-
izer combined with subsoiling. Different lowercase letters within a column mean
significant difference between treatments at three seasons by LSD test (P < 0.05).
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Treatments Parameters Yield WPE

STB BTA ATH STB BTA ATH

CT DM 0.962"=0.182  0.934™ 0.234 0.275 0.299
WUE 0.722* 0516 0214 0129 0.280 0.278
S DM 0.889"* 0.916* 0.948™ 0.727* 0.715* 0.882**
WUE 0.868" 0.966™ 0.822** 0.718* 0.881** 0.732*
OF DM 0.745* 0.959** 0.877** 0.288 0.887** 0.943**
WUE 0.887** 0.823** 0.557 0.810™ 0.832** 0.790x%
S+0OF DM 0.660 0.907** 0.969 0.275 0.690* 0.813**
WUE 0.819" 0.633 0.971* 0.655 0.624 0.842**

DM, Dry matter accumulation; WUE, water use efficiency; WPE, yield water produc-
tion efficiency; STJ, sowing to jointing; JTB, jointing to booting;, BTA, booting
to anthesis; ATH, anthesis to harvest. CT, conventional tillage; S, subsoiling; OF,
organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling.
WPE, water production efficiency. *Means significant correlation at 0.05 level, and
**means extremely significant correlation at 0.01 level.
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Stem ¥ (MPa) Stem WC (g/g) Total NSC (mg/g DW) Field Growth (cm)

2 R Fanaz P 2 R Fuon P 2 R Fanan P B L Fan, e P
Acer 001 001 114 029 000 002 158, 021 7.73 017 396 006 006 000 005 082
Amelanchier -022 041 35855 <001 000 000 0205, 066 821 037 943, <001 074 001 059 044
Glecitsia 001 011 071 040 001 003 191, 017  -1325 005 083 038  -036 000 025 062
Gymnocladus -0.03 0.04 2215 0.14 0.00 0.00 0.08:60 0.77 -16.67 022 540150 <0.05 -0.06 0.00 0.08160 077
Malus -0.03 002 105 031 001 004 278, 010 631 004 075, 040  -167 010 1091 <001
Quercus 001 002 283 013 000 001 081, 032 5053 005 092, 035  -203 012 1858,  <0.01

N varies by cultivar and metric, so degrees of freedom are given with the F-statistics. Results where p <0.05 are highlighted in bold.
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Stem P, Estimate  95% Confidence Interval

Acer Py -137 -112 -161
Py -252 -234
Pu -3.77 -3.42
Amelanchier Py -1.70 -1.21
P -4.53 -4.16
P -8.66 -7.24
Gleditsia Py
Pso -0.33 -026
P -0.70 -057
Gymnocladus Pe
) -0.60 NA
Pu -075 NA
Malus Py -167 -1.40
P -3.56 -3.36
Pes -5.85 -5.36

N=3 for each cultivar. For Gleditsia and Gymnoclads, the stem Ps, was higher
than — 1MPa and P, was not estimated from the collected data.
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Species

Acer rubrum ‘Franksred’

Ametanchier x.
granditora

Gleditsia triacanthos
‘Skycole’
Gymnociadus dioicus
Malus ‘Prairfre’

Quercus rubra

Planting dates vary due to logistical issues that differed by cultivar. Xylem anatomy is also listed (i

Cultivar name

Red Sunset® maple

Autumn Briliance®
senviceberry
Skyline® honeylocust

Kentucky coffeetree
Praire fire crabapple

Red oak

Stock type First planting date

4-foot whips; 4-and  March 19, 2020
5-foot branched

saplings

3-and d-foot whips  April 2, 2020

3-and 4-footwhips  March 19, 2020
4-foot whips. April 2, 2020
5-foot whips on hardy  March 19, 2020

rootstock
4-foot whips. March 19, 2020

oW

Mid-season NSC
sample date

April 30, 2020

April 30, 2020
April 30, 2020

April 30, 2020
April 30, 2020

April 30, 2020

904;

Last planting date

June 18, 2020

May 21, 2020
May 21,2020

May 28, 2020
May 21, 2020

June 18, 2020

Xylem anatomy

Diffuse porous

Diffuse porous
Ring porous

Ring porous
Diffuse porous

Ring porous
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(-) and Soluble Sugar (+) in Stem (mg/g DW)
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Traits Proline PAL CAT POD PPO SL MsI CHLb CHL t PFW PDW CHL a RL RWC

Proline 1

PAL 0.99 1

CAT 0.69 0.756 1

POD 0.53 0.51 0.78 1

PPO 0.61 0.59 0.77 0.97 1

SL —0.29 —0.43 —0.43 0.22 0.17 |

MSI —0.03 -0.19 —0.53 0 —0.01 0.86 1

CHL b 0.37 0.38 0.43 0.45 0.52 —0.09 -0.2 1

CHLt 0.36 0.32 0.3 0.5 0.55 0.21 0.12 0.95 1

PFW -0.27 —-0.37 —-0.44 0 0.01 0.67 0.58 0.49 0.68 1

PDW —0.04 —0.13 —0.33 —0.01 0.03 0.48 05 0.63 0.79 0.95 1

CHL a 0.3 0.21 0.1 0.49 0.52 0.53 0.48 0.76 0.93 0.81 0.86 1

RL 0.48 0.41 0.01 0.18 0.22 0.14 0.34 0.74 0.83 0.65 0.84 0.83 1
RWC 0.5 0.41 —0.07 0.12 0.21 0.26 0.51 0.59 0.74 0.64 0.81 0.82 0.97 1

Relationship of water-stressed- 15 days of water stress at 60 DAT, morphological and physio-biochemical traits: SL-Shoot length, RL-Root length, RWC-Relative water
content, PFW-plant fresh weight, PDW-plant dry weight, CAT-catalase, POD-peroxidase, PPO- Polyphenol oxidase, PAL-Phenylalanine ammonia-lyase, CHL a-chlorophyll
a, CHL b-chlorophyll b, CHL t-total chlorophyll and MSI-membrane stability index. Values in bold differ from O with level of significance p = 0.05.
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Control Stressed % % % %
decrease decrease decrease decrease
inCHL a inCHL b in CHL t in SPAD

CHL a* CHL b* CHL t* SPAD values CHL a* CHL b* CHL t* SPAD values values
Water stress
at 30 DAT
Super Basmati 26.06 +£0.55% 1513 +0.732 4152+ 1.28% 81.97 £0.55% 1502+ 0.72° 10.07 +£0.219 2527 £0.529 71.17 £0.86°  42.40% 33.40% 39.14% 13.80%
DT-02 2320+ 0.83° 13.754+0.42°° 37.25+1.26° 81.82+0.74% 18.76 +£0.909 1258 +0.31° 31.57 £1.22¢ 77.60+0.52° 19.13% 8.50% 15.20% 5.20%
IR-55419 23.36 +£0.69° 13.97 +£0.30%® 37.63+0.60° 82.02+0.942 20.80+0.69° 12.92+0.63°° 33.99+1.63° 79.10+0.582  10.90% 7.50% 9.70% 3.60%
Water stress
at 60 DAT
Super Basmati 3279 +£0.56% 2322 +0.14° 56.42+0.71° 81.79+0.412 21.04+0.38° 1567 +£0.45° 36.97 +£0.83" 74.15+0.48° 35.80% 32.50% 34.50% 9.30%
DT-02 31.37 £0.85° 1853+ 0.119 50.30+0.979 81.83+0.14% 28.12+0.389 17.68+0.489 46.15+0.86° 77.73+0.35°  10.40% 3.90% 8.30% 5%
IR-55419 33.30+£0.228 2933 +0.54% 63.11 £0.76° 81.79+0.24% 31.89 +0.50°° 27.36+0.65° 59.63+0.14° 79.80 £0.472  4.50% 6.70% 5.50% 2.30%

Evaluation of water stress on CHL a-Chlorophyll a, CHL b- Chlorophyll b, CHL t-Chlorophyll t, *-mg/g FW, SPAD- Soil and Plant Analyzer Development, of different rice genotypes: Super Basmati, IR-55419, and DT-02
under net house conditions. Control- well-irrigated plants, Stressed-water stress for 15 days at 30 DAT, and water stress for 15 days at 60 DAT. After each water stress plants were removed to measure MSI, RWC, and
proline content. Data represented as means and means are an average of three biological replicates and each replicate has three plants (ten leaves per plant). Data represented as means and means with the same
letter differ non-significantly and with different letters differ significantly at p = 0.05 according to LSD.
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Traits

PPO
SL
RWC
PAL
CAT
PDW
CHLb
POD
CHL a
MSI
RL
PFW
CHL t
Proline

PPO

1
0.08
0.02
0.15
0.15
0.47
0.49
0.27
0.27
0.21
0.21
0.19
0.35
0.31

SL

0.99
0.99
0.96
0.97

RWC

1
0.99
0.99
0.89
0.88
0.97
0.97
0.98
0.98
0.98
0.94
0.96

PAL

1
1
0.94
0.94
0.99
0.99
1
1
1
0.98
0.99

CAT

1
0.94
0.93
0.99
0.99

1

1

1
0.98
0.99

PDW

1
1
0.98
0.98
0.96
0.96
0.96
0.99
0.98

CHL b

1
0.97
0.97
0.95
0.96
0.95
0.99
0.98

POD

S P R S S S S

CHLa

;
;
;
i
;
;

MSI RL PFW CHL t Proline

1
1 1
1 1 1

0.99 0.99 0.99 1

0.99 1 0.99 1 1

Relationship of water-stressed- 15 days of water stress at 30 DAT, morphological and physio-biochemical traits: SL-Shoot length, RL-Root length, RWC-Relative water
content, PFW-plant fresh weight, PDW-plant dry weight, CAT-catalase, POD-peroxidase, PPO- Polyphenol oxidase, PAL-Phenylalanine ammonia-lyase, CHL a-chlorophyll
a, CHL b-chlorophyll b, CHL t-total chlorophyll and MSI-membrane stability index. Values in bold differ from O with level of significance p = 0.05.
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Control Stressed % decrease % decrease % decrease

in plant in plant in grain
Plant Height*  No. of tillers  Plant weight**  Grain weight***  Plant Height*  No. of tillers  Plant weight**  Grain weight*** height weight weight
per plant per plant

Water stress
at 30 DAT
Super 11150 £3.708  9.8+250 7010 +2.462 27.95+2.12 81.50 + 1.298 3.8+ 0.5° 18.85 + 0.91f 4.95 + 3.0° 26.90% 73.11% 82.30%
Basmati
DT-02 91.75+1.71° 98+ 15% 4290+ 2.03° 34.05 + 1.342 73.75 + 3.30f 5.8+ 2.8° 20.00 + 1.19%"  11.85 + 0.92%d 19.60% 53.40% 65.20%
IR-55419 87.25+2999  105+£242  43.68+2.10° 31.25 + 3.462 72.50 + 2.08f 534 1.3° 25.68 + 1.33¢ 16.6 + 1.13b¢ 16.90% 41.20% 46.88%
Water stress
at 60 DAT
Super 100.50 +4.808 12+ 1.832 58.58 + 2.772 29.85 + 4.62 87.75+ 1.71° 6+ 0.82° 29.50 + 1.29¢ 6.55 4+ 0.92¢ 12.60% 49.60% 78.06%
Basmati
DT-02 9750+ 4.208  11.8+206% 61.13 £2.602 16.95 + 1.10¢ 88.00+2.16°  6540.58° 3523+ 1.50°d 10.85 + 0.59 9.70% 42.40% 35.90%
IR-55419 7925 +£1.71° 1054+ 1.91%  58.65 + 3.002 202 +1.8° 75.00+1.839  7.3+050° 37.88+1.62%° 15.1 + 1.3%d 5.40% 35.40% 25.20%

Evaluation of water stress on yield attributes: *plant height (cm), no. of tillers, **plant weight (g) and ***grain weight (g), of rice genotypes: Super Basmati, IR-55419, and DT-02 under net house conditions. Control-
well-irrigated plants, Stressed-water stress for 15 days at 30 DAT, and water stress for 15 days at 60 DAT. After each water stress plants were removed to measure MSI, RWC, and proline content. Data represented
as means and means are an average of three biological replicates and each replicate has three plants. Data represented as means and means with the same letter differ non-significantly and with different letters differ

significantly at p = 0.05 according to LSD.
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Control Stressed % % %
decrease decrease increase

MsI RWC Proline* MsI RWC Proline* in MSI in RWC in Proline

Water stress at 30 DAT

Super Basmati 38.65+£3.762 68.08+ 1.22° 2362 +0.98% 11.50+3.579 37.09+2.56° 29.48+1.07° 7020%  4550%  19.87%
DT-0-2 2272 +3.420 523045073 2952 +1.20° 14.67 +1.54%9 4507 +£4.54° 4672 +£2.32  35.40% 13.80%  36.80%
IR-55419 17.61 £1.517  60.40+5.497 27.004+1.01% 16.83+1.19% 5579+ 1.042 40.09 + 1.59° 21.50% 7.60% 32.65%
Water stress at 60 DAT

Super Basmati 1527 £1.497 5573 +3.68% 29.80+ 1.51° 8.71+0.34° 31.304+399° 46.00+ 1.39® 42.90%  43.70%  35.02%
DT-02 12294 0.95° 78.324+0.76% 30.43+ 1.06° 11.18+0.53°° 73.99 + 1.43%° 56.25 + 1.40? 9% 5.50% 45.90%
IR-55419 19.09 £ 2.16P° 7329 4+ 1.518b 17,52 +£0.49¢ 16.40 + 0.47P°9 70.84 +£4.98° 30.07 + 1.41°  14.10% 3.30% 41.70%

Evaluation of water stress on MSI-Membrane stability index, RWC-Relative Water Content, and proline *- pM/g. f. wt., of different rice genotypes: Super Basmati, IR-
55419, and DT-02 under net house conditions. Control- well-irrigated plants, Stressed-water stress for 15 days at 30 DAT, and water stress for 15 days at 60 DAT. After
each water stress plants were removed to measure MSI, RWC, and proline content. Data represented as means and means are an average of three biological replicates
and each replicate has three plants (ten leaves per plant). Data represented as means and means with the same letter differ non-significantly and with different letters
differ significantly at p = 0.05 according to LSD.





OPS/images/fpls-12-725995/inline_28.gif
B =1/ (CRDW, — ) Ry + W= ) R T (g =900 Ry)





OPS/images/fpls-13-834520/fpls-13-834520-t003.jpg
IR temperature IR temperature % increase in IR temperature % increase in IR temperature % increase in
before stress (°c) 5DAS (°c) IR-temperature at 10DAS (°c) IR-temperature at 15DAS (°c) IR-temperature at

5DAS 10 DAS 15 DAS
Water stress at 30 DAT
Super Basmati 31.840.872 34.0 4+ 0.942 6.50% 35.7 4+ 0.522 10.90% 37.340.472 14.70%
DT-02 31.940.732 33.0 +0.85° 3.30% 33.9+0.35° 5.90% 34.7 £0.61° 8.10%
IR-55419 31.64 0572 32.9 4+ 0.40 3.90% 32.9+0.71b 3.90% 34.2 +£0.82b 7.60%
Water stress at 60 DAT
Super Basmati 30.4 4+ 0.422 32.9 +0.732 7.60% 34.1 4+ 0.942 10.60% 35.0 + 0.642 13.10%
DT-02 30.8 + 0.542 31.94+0.47° 3.40% 32.4+0.78° 4.90% 33.3 + 0.59° 7.50%
IR-55419 30.9 + 0.662 31.1 4 0.54° 0.64% 32.0+0.61° 3.40% 33.0 £ 0.47° 6.40%

Effect of water withholding for 15 days at 30 days after transplantation (DAT) and 60 DAT on IR (Infrared temperature) of rice plants of different genotypes. Before stress-no
stress imposed, 5DAS-(5 days after stress), 10DAS-(10 days after stress), and 15DAS-(15 days after stress). Data represented as means and means are an average of
three biological replicates and there were four images per replicate. Means with the same letter differ non-significantly at p = 0.01 while different letters show statistical

significance according to LSD.
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Control Stressed % decrease % decrease % decrease % increase

inCHL a inCHL b inCHL t in Proline
Rice genotypes CHL a* CHL b* CHL t* Proline** CHL a* CHL b* CHL t* Proline**
SB 1016+ 024> 92940692 19.56 +0.452 16+0.50° 2.16+0089 272+0239 4.91+0.15° 18+ 1.07° 78.70% 70.70% 74.90% 11.11%
IR-56419 1178 £1.012 890+ 0.112 20.83+0.922 17+1.48° 10.00+0.05% 8.69+0.602 18.82+0.65% 22+ 2562 15.10% 2.30% 9.60% 22.70%
DT-02 978 £0.6128® 961 +043% 19504+ 1.042 16+068> 7.50+0.83° 582+0.08° 13.51+£0.77° 20+ 1.052 22.40% 39.40% 30.70% 20%
KSK-133 920 +0.73"° 695+ 0.35° 1626 +1.09° 14 +0.88° 4.02+0.389 4.08+098° 8.15+0.599 16+ 1.74° 56.30% 41.30% 49.90% 12.50%
DT-11 1046 +£0.68%° 92940692 19.88+0.012 15+0.77¢ 242+099¢ 213+0.049 4.58+1.04¢ 17 +2.20° 76.90% 77.10% 76.90% 11.80%

Effect of osmotic stress on physiological parameters: CHL a-Chlorophyill a, CHL b- Chlorophyll b, CHL t-Chlorophyll t, *- mg/g FW, **- wM/g. f. wt., of different rice genotypes: SB (Super Basmati), IR-55419, DT-02,
KSK-138, and DT-11 under hydroponic conditions. Control- plants grown under sterilized water for 4 days followed by 1/4th Hoagland solution for the whole experiment, Stressed-plants grown under sterilized water
for 4 days followed by 1/4th Hoagland solution with 5, 10, 15, and 20% PEG mediated osmotic stress, respectively, and duration for each stress level was 4 days. A 28 days old seedlings were removed to measure
chiorophyll and proline contents. Data represented as means and means are an average of three biological replicates and there were ten plants per replicate. Means with the same letter differ non-significantly at p = 0.01
while different letters show statistical significance according to LSD.
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Stressed

Control

Rice genotypes  Super Basmati  IR-55419-04 NIBGE-DT-02 KSK-133 NIBGE-DT-11  Super Basmati  IR-55419-04 NIBGE-DT-02 KSK-133 NIBGE-DT-11
Parameters

Shoot length 12.70 £0.36%° 1233+ 0.5%° 1263+ 0.93%° 1283+ 0.67%  12.77 + 0.65% 6.00 + 0.50f 11.47 £0.64%°9 1130 £0.80°€  10.17 +0.38%  10.00 =+ 0.56°
Root length 6.00 £ 0.30° 7.33 £ 0.582 7.03 + 0.352 6.00 + 0.30° 5.67 & 0.29° 2.79 + 0.15d 6.23 + 0.40P 6.10 + 0.36° 3.77 £ 0.21¢ 4.37 £0.32¢
Shoot fresh weight  0.027 4 0.003°°  0.031 + 0.005%° 0.032 +0.003%  0.023 +0.003%  0.020 + 0.002%" 0.019 +0.002°" 0.028 + 0.0047> 0.027 + 0.004°¢  0.018 £ 0.003"  0.016 + 0.004f
Shoot dry weight ~ 0.015 4 0.002°°¢  0.019 + 0.0022°  0.020 + 0.002%  0.013 + 0.001%%  0.010 4+ 0.002%' 0.009 & 0.001%  0.016 & 0.002°° 0.016 + 0.001°%* 0.010 + 0.002°%  0.008 + 0.001f
Root fresh weight ~ 0.032 + 0.003%¢  0.042 4 0.0042  0.036 + 0.004%¢  0.042 & 0.0042  0.033 £ 0.003°° 0.023 + 0.0029¢  0.039 + 0.003%  0.032 +0.003°  0.029 = 0.003%¢  0.020 + 0.004°
Root dry weight 0.018 +£0.002°  0.031 £0.0032  0.030 £0.0022  0.030 £ 0.0028  0.019 +£0.002° 0.012+0.001%  0.030 £0.0022  0.024 +0.003°  0.015 £ 0.002°¢  0.009 + 0.001©

Evaluation of osmotic stress on growth parameters: SL-Shoot Length (cm), RL-Root Length (cm), SFW-Shoot Fresh Weight (g), SDW-Shoot Dry Weight (g), RFW-Root Fresh Weight (g), RDW-Root Dry Weight (g), of
different rice genotypes: SB (Super Basmati), IR-55419-04, NIBGE-DT-02, KSK-133 and NIBGE-DT-11 under hydroponic conditions. Control- plants grown under sterilized water for 4 days followed by 1/4th Hoagland
solution for whole experiment, Stressed-plants grown under sterilized water for 4 days followed by 1/4th Hoagland solution with 5, 10, 15, and 20% PEG mediated osmotic stress, respectively, and duration for each
stress level was 4 days. A 28 days old seedlings were removed to measure growth parameters. Data represented as means and means are an average of three biological replicates and there were ten plants per
replicate. Means with same letter differ non-significantly at p = 0.01 while different letters show statistical significance according to LSD.
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Treatments

WW + AMF
WW-AMF
DS + AMF
DS-AMF

Pn (wmol/m? per second)

5.47 & 0.90a
2.50 £ 0.39¢
4.63 &+ 1.05b
1.92 + 0.68d

gs (wmol/m2 per second)

96.14 + 5.80a
28.45 + 4.60c
47.76 + 6.84b
23.47 + 4.41d

Ci (wmol/mol)

339.58 + 18.28a
233.22 £+ 18.03¢c
301.96 + 10.30b
187.90 £+ 16.53d

Tr (mmol/m?2 per second)

2.06 + 0.47a
0.61 & 0.26¢
110+ 0.42b
0.47 £ 0.10c

Data (means + SD, n = 4) followed by different letters in the column indicate significant differences (P < 0.05) between treatments.

Leaf temperature (°C)

34.01 + 0.62b
34.69 £+ 0.89a
34.57 £0.62a
34.64 £0.82a
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Treatment The range of soil moisture content (%)

Mean value of soil
moisture content (%)

Temporal variation coefficients
of soil moisture

Temporal fluctuation coefficients
of soil moisture

Ml

-5 kPa
-10 kPa
-15 kPa

13.98 (62.5%FC) ~ 19.96 (89.3%FC)
10.55 (47.2%FC) ~ 12.89 (57.6%FC)
9.12 (40.8%FC) ~ 12.23 (64.7%FC)
6.83 (30.5%FC) ~ 9.88 (44.2%FC)

17.40 (78%FC)
11.81 (63%FC)
10.55 (47%FC)
8.59 (38%FC)

0.113
0.068
0.093
0.121

0.120
0.041
0.074
0.066
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Soil texture Field capacity Soil bulk Alkaline hydrolysis Available Available oM EC pH
[ V/V) density nitrogen phosphorus potassium
Sand Silt Clay

% % % (%) (gom=3) (mgkg™") (mg kg™") (mg kg™") (Okg™") (mscm™") (%)
529 225 245 22.36 1.1 93.53 34.26 194.02 16.04 1292  6.66
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L-Pro

R-Pro

B-Pro

I-MDA

R-MDA

B-MDA

L-ABA

R-ABA

B-ABA

L-SA

R-SA

B-SA

L-A3C

B-A3C

1

0.657**

0.666**

0.723**

0.718**

0.467

0.670%*

0.803%*

0.706**

0.876%*

0.873%*

0.874%*

-0.059

L-Pro

0.657%*

0.779%*

0.511%

0.745**

0.469

0.513*

0.793%*

0.530%

0.576%

0.573*

0.574*

-0.276

R-Pro

0.666%* 0.723**

0L 797+

1

0.494

0.957**

0.644**

0.570*

0.785%*

0.619*

0.569*

0.568*

0.570*

-0.278

B-Pro

0.511*

0.494

1

0.431

0.228

0.581*

0.499*

0.593*

0. 779

0.7 79%=

0. 779%*

-0.067

IL-MDA R-MDA B-MDA I-ABA R-ABA

0.718**

0.745%*

0.957** 0.644**

0.431

1

0.674**

0.645%*

0.863%*

0.694**

0.589*

0.588*

0.589*

-0.215

0.467 0.670%*

0.469

0.228

0.513*
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Season Trait

Cabernet Sauvignon

RxI

Syrah

Rxl

st Yield
Ne° Bunch per plant
Bunch Weight
N Berries per bunch =
Berry weight -
Rachis length =
Rachis weight -
Caliber -
Water productivity 288
Pruning weight 37.3
Trunk circumference: 68l
Ravaz index

s2 Yield
N° Bunch per plant
Bunch weight
N Beries per bunch
Berry weight
Rachis length
Rachis weight
Caliber
Water productivity
Pruning weight
Trunk Circumference
Ravaz index

s3 Yield
N© Bunch per plant
Bunch weight
N Beries per bunch
Berry weight
Rachis length
Rachis weight
Caliber
Water productivity
Pruning weight
Trunk circumference
Ravaz index

185

106

277

288

16.8
7.4
106

286
244

299
29.7

19.7

it
172

21
278

203
282

2356

16.7

185

Only factors which explained a significant portion of the variance (b < 0.05) are plotted, and percentage of variance explained is indicated using the value (%) and color. Darker colors

explain a higher variance in each cultivar and season.

R, Rootstock; |, Irrigation; S1, 2018-2019 season; S2, 2019-2020 season; S3, 2020-2021 season. - data not available.
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Season Days post-Veraison Variable Cabernet Sauvignon Syrah
R I Rl R I Rxl
st 15 Tss 269 332 30
A 229 414 {78
PH
2 Tss 214
T ! 248
pH 252
32 Tss 354 847
™ [ 24
pH 36.1
a7 Tss 321 265
A 1 457
PH
s2 5 Tss 146
™
pH ]
@ Tss 167
T
pH
24 Tss 1.7
s 238
pH 267
32 Tss
A 23 136
pH
s3 4 Tss
™
pH
12 Tss
TA 216
pH
22 TSS
A 219 85 178
pH
30 Tss 219 289
A 2 5] 503
pH

Only factors which explained a significant portion of the variance (p < 0.05) are plotted. The percent variance explained by each factor is indlicated using the value (%) and color. Darker
colors explain a higher variance in each cultivar and season.
R, Rootstock; |, Irrigation; S1, 2018-2019 season; S2, 2019-2020 season; S3, 2020-2021 season; TSS, Total soluble solids; TA, Titratable Acidity.
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Season Variable Cabernet Sauvignon Syrah

R 1 Rxl R I Rxl

st Budburst
Flowering
Veraison
Days Bu-Ve 202
Harvest (22.5°Brix) )] B
s2 Budburst 839 303
Flowering
Veraison
Days Bu-Ve
Harvest (22.5°Brix) (2]
S8 Budburst
Flowering
Veraison
Days Bu-Ve

Harvest (22.5°Brix) ] B

Only factors which expleined a significant portion of the variance (o < 0.05) are piotted.
The percent variance explained by each factor s indicated sing the value (%) and color
Darker colors explain  higher variance in each cultivar and season.

R, Rootstock; I, Imigation; S1, 2018-2019 season; S2, 2019-2020 season; S3, 2020~
2021 season; Days Bu-Ve, Days between budburst and veraison.
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Rootstock (R)
R32

R70

140Ru

sG
Treatment (T)
0

™

Season (5)
2018-2019
2019-2020
2020-2021
ANOVA

R

T

s

RxS

RxT

SxT

70 (contro) indicates

Cabernet Sauvignon

—144
—141
—147
—144

-133
—154

-180
—160
-92

0.0851

<0.001
<0.001
0.1758
0.7049
<0.0001

that vines were

Stress integral (MPa)

& o &

—15
—18
—16
—15¢

—13
=17

—19
=17
—o4

Syrah

4
3
1
]

00w

8
4 b

»

7 c
9 b

0.0395
<0.001
<0.0001
0.3885
0.1896
<0.0001

irigated 100% according fo actual
evapotranspiration. T1 corresponds to a sustained deficit inigation in which vines were
irrigated with the 50% of actual evapotranspiration throughout the experimental period.
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Enzyme

LDH
ADH

MDH.

Cultivar

XHO8
ZH4
XHO8
ZH4
XHO8
ZH4

3d

0.037 £ 0.024
0.041 £0.028
0.047 £ 0.035
0.023 £ 0.035
0.685 + 0.021
0.631 £0.014

Waterlogging treatment time (d)

6d

0.278 +0.087
0.287 +0.064
0.514 £0.027
0.281+0.024
0.637 +0.028
0.573 +0.026

9d

1.145 0,015
12160053
0.719.+0.023
0.484 +0.032
0.606 +0.028
0.522 +0.011

12d

1.406 = 0.061
0.907 £ 0.056
1.018 £ 0.025
0.617 £0.042
0.448 £ 0.041
0.392 + 0.034

15d

0.145 £0.018
0.283 +0.027
0.330 +0.033
0.159 + 0.037
0.381+0.027
0.304 +0.022
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Enzyme activity (U mg™' FW)
Significance

Treated with Treated without level

waterlogging  waterlogging (CK)

Enzyme Cultivar

LoH ZHa 0.907 +0.056 0.461 £ 0.016
XHO8 1.406 = 0.061 0.791 £ 0.026
ADH ZH4 0617 +0.042 0.024 £ 0.016
XHO8 1.018 £ 0.025 0.758  0.024

'p <0.05; “p <0.01; and "p < 0.001.
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Protein ID SWISS-PROT description (function) Log2FC(up/down) Value of p
ZH4(sensitive cultivar)hub DAPs
T2BOMO Fructose-bisphosphate aldolase, cytoplasmic isozyme 1.1874/Up 000024
AOA444YPI3 Fructose-bisphosphate aldolase 8, cytosolic 1.1311/Up 000012
AOAd44YY24 Enolase 2.1478/Up 5.86E-07
AOA445BILY Glyceraldehyde-3-phosphate dehydrogenase GAPC2, cytosolic 2.0870/Up 8.28E-06
AOA444YYU4 Pyruvate kinase, cytosolic isozyme 1.4266/Up 000042
AOA444XSI4 Pyruvate kinase 1, cytosolic 2.2689/Up 3.93E-06
AOA445BU22 ATP-dependent 6-phosphofructokinase 3 1.8147/Up 2.91E-06
AOA445CFHT ATP-dependent 6-phosphofructokinase 3 2.7801/Up 9.14E-07
AOA444Y8U1 ATP-dependent 6-phosphofructokinase 3 3.2192/Up 1.52E-06
AOA445BORY Pyrophosphate-fructose 6-phosphate 1-phosphotransferase subunit alpha 1.0808/Up 000022
XH08(waterlogging-tolerant cultivar) hub DAPs
AOAd44YY24 Enolase 2.3791/Up 7.18E-08
T2B9MO Fructose-bisphosphate aldolase, cytoplasmic isozyme 1.3983/Up 1.336-05
AOA444YPO3 Fructose-bisphosphate aldolase 8, cytosolic 1.2305/Up 3.62E-05
AOA444Y0J8 Phosphoglycerate kinase 3, cytosolic 1.0122/Up 0.00017
AOA445BOL1 Glyceraldehyde-3-phosphate dehydrogenase GAPC2, cytosolic 2.1833/Up 251E-06
AOAd44YYU4 Pyruvate kinase, cytosolic isozyme 1.9405/Up 5.32E-06
AOA444XSI4 Pyruvate kinase 1, cytosolic 28732/Up 3.68E-08
AOAAA5ASFO Llactate dehydrogenase A 1.1019/Up 000022
AOA445CFH7 ATP-dependent 6-phosphofructokinase 3 1.8693/Up 000121
AOA444Y8U1 ATP-dependent 6-phosphofructokinase 3 21321/Up 000061
ZH4 vs. XH08 hub DAPs

AOA445ASFO L-lactate dehydrogenase A 1.1019/Up 0.00022
AOAG44WVTO Phosphoenolpyruvate carboxykinase —~1.6541/Down 000057
AOAG45AXE0 Pyruvate, phosphate dikinase, and chioroplastic 34700/Up 000108
AOA444ZMO3 NAD"-dependent malic enzyme 59 kDa, mitochondial 1.5282/Up 9.15€-05
ADA445B4CH Aspartate aminotransferase 1 1.4908/Up 5.38E-07
ADA444X6X2 Aspartate aminotransferase 1 1.7880/Up 3.93E-05
AOA445ARZ8 Glutamate dehydrogenase A —1.0087/Down 0.000108
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Season

VPD (kPa)

ET0 (mm)
GDD (Cd)

VPD (kPa)

£70 (mm)
GDD (°Cd)

VPD (kPa)

E70 (mm)
GDD (°Cd)

Variable

Min

Max

Mean
Accumulated
Accumulated
Min

Max

Mean
Accumulated
Accumulated
Min

Max

Mean
Accumulated
Accumulated

Bu-FI

0.42
1.65
0.96
186.2
308.5
0.32
194
0.98
156.8
2238
0.39
157
0.85
1822
267.0

Fl-Ve

0.63
1.64
1.00
4118
661.4
0.56
1.82
1.02
4449
7439
0.47
12
0.87
4052
636.6

Ve-Ha

0.65
1.50
1.08
199.7
4148
0.71
1.52
1.03
190.8
387.9
0.61
129
0.92
208.2
386.1

Bu-Ha

0.42
1.65
1.00
797.7
1,384.7
0.32
1.94
1.01
792.4
1,3586.7
0.39
1.57
0.88
7956
1,289.7

Bu, Budburst; Fl, Flowering; Ve, Veraison; Ha, Harvest; Min, Minimum; Max, Maximum.
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Dry biomass Dry grain WUEg WUEy

weight
L-A"3C +0.260 -0.129 +0.366 -0.165
(0.288) (-0.124) (+0.435) (-0.144)
B-A'3C +0.625" +0.312 +0.788™ +0.276
(+0.733™) (+0.513) (+0.738™) (40.500)

L-A"3C, leaf A'3C; B-A"3C, bract A'3C. Values are Pearson correlation coeffi-
cients, + indicates positive correlation, — indicates a negative correlation, **
indicates significant correlation at the P < 0.01 level and the values in brackets
indicate the correlation coefficient without considering Ml treatment.
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Treatment Root activity A3C in maize A3C in maize
(mg/g/h) leaf (%o) bract (%o)
-5 kPa 4.56 4+ 0.302 5.04 4+ 0.18%* 4.37 £0.078
-10 kPa 3.73+0.57° 5.06 £ 0.18%* 4.08 +£0.14P
-15 kPa 3.15 +0.58P¢ 4.98 £ 0.15%* 4.03 +0.19°
Ml 2.90 £ 0.41°¢ 497 +0.18%* 3.70 £ 0.09°

Data are the mean + SD of the observed values, and different lowercase letters
within the same column indicate significant differences among the treatments at
the P < 0.05 level using the least significant difference (LSD) method.

“Indlicates a significant difference between A'3C in leaves and bracts under

the same treatment.
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Field capacity (FC)
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Milk to PM

= Field capacity Water deficit

0 opad
11111 T°F1Y

-

Tensiometer Installation

0-30 cm depth

0-60 cm depth

— Soil surface
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Comparison of treatments

DS vs. WW in non-AMF seediings

DS vs. W in AMF seedlings
AMF vs. non-AMF under WW.

AMF vs. non-AMF under DS

+ and | indlicate that the variable is increased or decreased.

Terpenoids

Phytol
Capsanthin
-Caryophylene
a-Terpineol
Sweroside
Limonin
Roseoside
Sweroside
Albiflorin
(-)-Camphor
Capsanthin
Artemisinin
a-Terpineol
Phytol
f-Caryophylene

Category

Terpene
Terpene
Terpene
Terpene
Terene

Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene

KEEG ID

C01389
©08584
009629
c16772
c17071
©03514
ci7o71
C17457
00809
©08584
009538
c16772
C01389
©09629

lonization model

M-H]-

M+H}+
M+H+
M+HJ+
M+HJ+
M+HJ+
M+H+
M+H}+
M+H}+
M+H}+
M+H}+
M+H}+
M+H]+
M-H)-

M+H}+

p-value

0.039
0.034
0.038
0.014
0.027
0.003
0.002
0.008
0.014
0.025
0.027
0.032
0.008
0.034
0.001

vIP

1.70
1.55
1.61
1.66
1.57
1.39
1.32
1.39
1.30
1.21
1.22
1.21
1.29
1.53

Fold change

2.621
0.761
0.581
071l
1.631
0.521
0171
0.38)
0.501
0.791
0.801
0611
0.701
0.381
1781
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S. No

Gene/
TFs

Mode of action

(A) Genes associated with water use and ROS-AOS: Stomatal closure

1.

Ca2* ATPase gene (OSACA6)
OsCPK4 (Calcium dependent protein kinase)
ZmCPK11 (Calcium dependent protein kinase)

ZFP36 (abscisic acid (ABA)- and hydrogen peroxide
(H202)-responsive CoHa-type ZFP gene)

OSTZF1 (CCCH-type zinc finger gene family)

Guard Cell Hydrogen Peroxide-Resistant 1 (GHR1)

Cyclin H- (GYCH-))

Ring finger ubiquitin E3 ligase (OSHTAS)
Heme oxygenase (HY1)

Changes in several physiological indices
ABA-induced antioxidant defense
Abscisic acid (ABA)-mediated stomatal movement

ABA-induced upregulation of the expression and the
activities antioxidant system Regulated by protein kinases
(MAPKs) in ABA signaling (ABA-induced antioxidant
defense)

Induced by abscisic acid, methyl jasmonate, salicyiic acid
and Hz0p; Delays leaf senescence

ABA and hydrogen peroxide regulated stomatal movement
under drought stress

Positively regulate stomatal opening by controling ROS
homeostasis

Stomatal closure and ABA induced drought tolerance
ABA hypo/hyper sensitive regulation of stomatal closure

(B) Genes associated with water use and ROS-AOS: Root architecture

1

NAC ANAC054/CUCH (Downregulation)
MADS AGL6/RSB1 (Downregulation)
MYB MYB2

Ca?+ ATPase gene (OSACAG)

NAC2

Shoot apical meristem formation and auxin-mediated lateral
root formation

Involved in axillary bud formation; control of flowering time
and lateral organ development
Inhibits cytokine-mediated branching

Changes in several physiological indices

Increase in root length

(C) Genes associated with water use and ROS-AOS: Leaf senescence

1.

MYB44

NAC ANACO92/ORE1

GhTZFT (cotton GCCH-type tandem zinc finger gene)
MYB37/RAX1 (Downregulation)

OSTZF1 (CCCH-type zinc finger gene family)

SNACS (ONAC003, LOC_Os01g09550)

Ca2*+ ATPase gene (OSACA)

Regulates ethylene signaling

Regulator of leaf senescence

Delays leaf senescence by inhi
species accumulation
Regulates axillary meristem formation

ing reactive oxygen

Induced by abscisic acid, methyl jasmonate, salicylic acid
and Hz0p; Delays leaf senescence

Reduces levels of H;0z, malondialdehyde (MDA), and
relative electrolyte leakage

Changes in several physiological indices

(D) Genes associated with growth and ROS-AOS: Photosynthesis

1.

10.

1.

NAC ANAC054/CUCH (Downregulation)
MYB37/RAX (Downregulation)

MYB44

NAC ANACO92/ORE1

GhTZF1 (cotton CCCH-type tandem zinc finger gene)
HB (HB2/HAT4)

(NAC) ANAC068

(PSAOXT gene) Alternate oxidase gene

Ca?+ ATPase gene (OSACAG)

OsCPK4 (Calcium dependent protein kinase)

SNAC3 (ONAC003, LOC_Os01g09550)

Shoot apical meristem formation and auxin-mediated lateral
foot formation

Regulates axillary meristem formation

Regulates ethylene signaling

Regulator of leaf senescence

Delays leaf senescence by inhibiting reactive oxygen
species accumulation

Involved in cell expansion and cell proliferation
Mediates cytokine signaling during cell division
Regulated ROS by affecting alternate oxidase pathways
Changes in several physiological indices

ABA-induced antioxidant defense

Reduces levels of H,O,, malondialdehyde (MDA), and
relative electrolyte leakage

(E) Genes associated with growth and ROS-AOS: Cell division and expansion

1

Ca?*+ATPase gene (OSACAG)

MYB MYB37/RAX1 (Downregulation)
NAC ANAC054/CUCH (Downregulation)
HB (HB2/HAT4)

(NAC) ANAC068

KUODAT (KUAT)
SNAC3 (ONACO03, LOC_0s01g09550)

OsCPK4 (Calcium dependent protein kinase)

Changes in several physiological indices
Regulates axillary meristem formation

Shoot apical meristem formation and auxin-mediated lateral
root formation

Involved in cell expansion and cell proliferation
Mediates cytokinin signaling during cell division

Leaf development, decreases peroxidase activity

Reduces levels of H,0, malondialdehyde (VDA), and
relative electrolyte leakage

ABA-induced antioxidant defense

(F) Genes associated with growth and ROS-AOS: Shift from vegetative to reproductive phase

1.

MADS AGL6/RSB1 (Downregulation)
MYB21

SEP2/AGL4 (Downregulation)
SEP1/AGL2 (Downregulation)
AP2/EREBP (RAV2/TEM2)

(NAC) ANAC089

AP2/EREBP (SN2)

ABIBVP1 AP2/B3-like

MADS SEP2/AGL4 (Downregulatior)
MADS SEP1/AGL2 (Downregulatior)
WRKY51

WRKY25

SgNCED1

TaOPR1 (12-oxo-phytodiencic acid reductases)

Anther gene (Ghd7)

Involved in axillary bud formation; control of flowering lateral
organ development

Petal and stamen development

Flower and ovule development

Flower and ovule development

Repressor of flowering

Negative regulator of floral initiation

Represses flowering

Seed development

Flower and ovule development

Involved in flower and ovule development

Repression of jasmonate-mediated signaling

Involved in response to various abiotic stresses
ABA-induced antioxidant defense (Drought and salt stress)

ABA-induced antioxidant defense

Regulates heading and yield potential

Plant/
Transformation
receptor
Tobacco

Rice

Maize

Rice

Rice

Arabidopsis

Soybean

Arabidopsis

Rice

Arabidopsis

Arabidopsis

Arabidopsis

Arabidopsis

Tobacco

Arabidopsis

Arabidopsis
Arabidopsis
Avabidopsis
Avabidopsis
Rice
Rice

Tobacco

Arabidopsis
Arabidopsis
Avabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Avabidopsis
Pea
Tobacco
Rice

Rice

Tobacco

Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis

Arabidopsis
Rice

Rice

Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabicopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis

Rice

References

Huda et al.
(2013)
Campo et al
(2014)
Ding etal.
(2013)

Zhang et al.
(2014)

Janetal. (2013)

Hua et al.
(2012) and
Tripathi et al.
(2016)
Zhou'etal
(2014)

Liu et al. (2016)
Xie et al. (2015)

Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Huda et al.
(2013)
Gunapati et al,
(2016)

Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Zhou etal.

(2014)

Balazadeh
etal. (2012)

Janetal. (2013)

Fang et al
(2015)
Huda et al.
(2013)

Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Zhou etal.
(2014)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Dinakar et al.
(2016)
Huda et al.
(2013)
Campo et al.
(2014)

Fang et al.
(2015)

Huda et al.
(2013)
Keller et al.
(2006)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Luetal. (2014)
Fang et al
(2015)

Campo et al.
(2014)

Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Balazadeh
etal. (2012)
Zhang et al.
(2009)
Dong et al.
(2013)
Weng et al.
(2014)
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Phenological stage

PHASE |
Vegetative growth

Flower/inflorescence
development

Fruit set/endocarp
growth

PHASE I

Endocarp schlerification
(pit hardening)

PHASE IlI

Fruit growth due to cell
expansion (table and oil
olives)

Oil quantity and quality
(oil olives)

Response

Maximum growth

Significant growth reduction
Strong growth reduction
Maximum inflorescence
development and flowering
Significant reduction in flowers
and inflorescences

Maximum fruit set

Little or no effect on endocarp
growth

Reduction in endocarp growth
and fruit size at harvest
Reduction in endocarp growth
and fruit size at harvest;
possible effect on the flower
induction of next season

No significant yield reduction
with rehydration next phase.
Negligible fruit drop.

Significant yield reduction. Fruit
drop.

Fruit shrinkage. Permanent
injury to table olives.

No significant yield reduction.
No significantly lower fruit size.

No significant effect on oil
accumulation

Increase in phenolic
compounds

Increase in oil extractability
Decrease phenolic compounds

SWP range

At or near baseline, (> about
—1 MPa)

—1.0to —1.2 MPa

—2 Mpa

At or near baseline, (> about
—1 MPa)

—2 MPa
At or near baseline, (> about
—1 MPa)
—2 MPa
—3 MPa

Lower than —3 MPa; —4 MPa
(predawn stem water potential
values)

—2to -3 MPa

—3to —4 MPa

Below —4 MPa

At or near baseline, (> about
—1.5 MPa)

> —2 MPa

Linear increase from —2 to
—3 MPa

—3 MPa
Below —3 MPa

References

Pérez-Lépez et al., 2007; Pierantozzi et al., 2020; Hueso
et al., 2021

Moriana et al., 2012; Gémez del Campo, 2013
Moriana et al., 2012; Gémez del Campo, 2013
Rapoport et al., 2012; Hueso et al., 2021

Beya-Marshall et al., 2018

Rapoport et al., 2012

Gomez del Campo, 2013; Gémez del Campo et al., 2014

Gomez del Campo, 2013; Gémez del Campo et al., 2014

Gucci et al., 2019

Moriana et al., 20083, 2012; Fernandez et al., 2013; Giron
et al., 2015; Ahumada-Orellana et al., 2017

Moriana et al., 2003; Gémez del Campo, 2013;
Ahumada-Orellana et al., 2017; Corell et al., 2020

Girdn et al., 2015; Corell et al., 2020; Martin-Palomo et al.,
2020

Moriana et al., 2003; Hueso et al., 2019

Sénchez-Rodriguez et al., 2019

Fernandez et al., 2011; Garcia et al., 2013
Sanchez-Rodriguez et al., 2019

Phenological phases are based on Goldhamer (1999) and Ferndndez et al. (2013).
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Air temperature (°C) Air relative humidity (%)

10 20 30 40 50 60
5 -030 -027 -028 -019 -0.16 —-0.11
10 -041 -037 -033 -028 -0238 -0.18
15 -054 -050 -044 -039 -033 -0.26
20 -069 -063 -057 -051 044 -0.36
25 -084 -078 -071 -0.64 -056 —-047
30 -1.00 -093 -08 -078 -069 —-0.59
35 -119 -111 102 -093 -083 -0.72

40 —-140 —-130 -—-120 -1.10 -098 -—-0.86
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Density Equation parameters Fit statistics

A B C m TSS  Model SS Fit
HD 0.566 247 0.0266 —-0.096 6.81 6.59 0.97
SHD 0.613 1.37  0.0685 -0.13 9.57 9.25 0.97

SWP = msVPD + C — Ax(1 — e 8,
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Country

Argentina

Argentina

Argentina

Spain
Spain

Spain

Spain
Spain

Italy

Italy

Site

Aimogasta (La
Rioja)
Aimogasta (La
Rioja)
Chilecito (La
Rioja)

Ciudad Real

Coria del Rio
(Seville)

Dos Hermanas
(Seville)

Carmona (Seville)

Coria del Rio
(Seville)

Marsala

Sciacca

United States (CA) Genoa

United States (CA) Haro

United States (CA) Nielsen

References GPS

Correa-Tedesco 28°33'S, 66°49'W

etal, 2010

Agliero-Alcaras 28°35'S, 66°42'W
etal., 2021

Unpublished 29°09'S, 67°26'W
Unpublished 39°N, 5°6'W
Martin-Palomo 37°N, 6°3'W
etal., 2020

Corell et al., 2020 37°25'N,5°95'W

Unpublished 37.5°N, 5.7°W
Unpublished 37°N, 6°3'W
Marra et al., 2016 37°46'28"N,
12°30'19"E
Marino et al., 2016, 37°32'N, 13°02'E
2021
Unpublished 39°54'16.04"N,
122°17/14.20"W
Unpublished 39°49'N,
122°23'W
Unpublished 39°44'59.36"N,

122°8/51.97"W

Year cv

2005-2007 Manzanillo

2009-2010 Manzanillo

2017-2018 Arbequina

2012-2015 Cornicabra
2014-2016 Manzanillo

2015-2017 Manzanillo

2017-2019 Arbequina
2015 Manzanillo
2008-2009 Arbequina

2014-2015 Nocellara del

Belice and

Olivo di

Mandanici
2011 Manzanillo
2011 Manzanillo

2009, 2011 Manzanillo

AGE Soil Density
6 Loamy sand 8 x4
10 Loamy sand 8 x4
4 Gravelly sand 4x15
14 Shallow clay loam 7 x 4.76
43 Sandy loam 7 x5
30 Sandy loam 7 x4
11 Sandy loam 4x15
2 Sandy loam 4x15
4 Sandy clay loam 1.5 %35

34

>10

>10

6,8

Sandy clay loam 5 % 8,8 x 2,0 T

Loam, gravelly loam 7.7 x 3.6
Gravelly loam, 9.0 x5.8
sandy loam

Sandy loam 3.6 x55

Use

Table

Table

o]l

Qil
Table

Table

Qil
Table

Qil

Qil, table

Table

Table

Table
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Leaf Conductance (mmol m= s-7)
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\d ToL mP GmP HARM ST HMP Yr ssi

yi 1.00

TOL 0.04 1.00

MP -0417 091 1.00

GMP -0.18 0.90 1.00 1.00

HARM -0.19 0.90 1.00 1.00 1.00

Bl -0.09 092 0.99 0.99 0.99 1.00

HMP -017 0.88 0.99 1.00 1.00 0.99 1.00

Yr 0.24 021 -0.06 -0.06 -0.06 0.03 -0.02 1.00

ssi 0.16 -0.04 -0.26 -0.26 -0.26 -0.18 -0.21 0.95 1.00

Y1, yield index; TOL, tolerance index; MR, mean productivty; GMP, geometric mean productivity; HARM, harmonic mean; ST, stress tolerance index; HIMP, harmonic mean
Pproductivity; Y, yield reduction; and SSI, stress susceptibilty index.
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E. Index (Mg ha~')

Year Season pp
Rainfed Inrigated

2012 353 507 659
2014 215 49.6 78.4
2015 169 527 865
2016 365 704 779
2017 208 522 769
2018 17 423 789
2019 239 67.9 939

Average 2586 56.4 798
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Regression parameters in function of the environmental index (E. index)

Cultivar Average yield* yield vs. E. index number of tubers vs. E. index weight of in
E.index
R b (slope) P R b (slope) P R b (slope) P

Desiree 547175 046 091 <0.0001 028 NG 0.0026 05 073 <0.0001
Kard-INIA 587+144 058 069 <0.0001 0.16 NG >0.05 049 058 <0.0001
Patagoria-

INIA 762199 075 113 <0.0001 005 NG >0.05 086 076 <0.0001
Puyehue-NIA ~ 67.25+185 051 0.86 <0.0001 0.05 NG >0.05 061 054 <0.0001
Yagana-INIA  59.69 + 18.1 0.49 083 <0.0001 0.09 NG >0.05 059 051 <0.0001
Yaike 7328+234 061 119 <0.0001 005 NG >0.05 081 0.59 <0.0001
Porvenir 7942£179 074 094 <0.0001 008 NG 0.0 067 072 <0.0001

“Average yield for all years and treatments.
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Drought tolerance indices

HMP
yr

ssi

Yield index
Tolerance index
Mean productivity
Geometric mean
productivity

Harmornic mean
Stress tolerance index
Harmoric mean
productivity

Yield reduction

Stress susceptibilty
index

Formula

Yok
Yo=Y
¥ + Yoh2

Mo x Yy
@xY,x Yy
Yo+ Ys)

(Y x Ys)X;?
@xY,x Yy
(Yp +Ys)
1= (Y/Y;)
(1= (/Y
[1 - (/X

References

Linetal., 1986
El-Hendawy et al., 2017
El-Hendawy et al,, 2017

Krishnamurthy et al., 2016

Nikneshan et al., 2019
Fernandez, 1993

Fernandez, 1993
Golestani and Assad, 1998

Nikneshan et al., 2019
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Depth
om
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
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Drought treatment was applied to some of the 5-week-old well-watered plants by withholding water for 6 days and rewatered for recovery thereafter. Tubers were harvested from both
well-watered and drought-stressed plants of 56 genotypes at their maturity. The data represent the mean from three experiments + SE.
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Photosynthetic parameters  Water conditions ~ Bannock Russet  Nipigon Onaway Denali Fundy Russet Norkotah

A (pmol CO, m=2 s71) ww 20.08 £ 3.24 1172+£2.00 17.83+£282 17.05+3.14 1632+ 3.4 11.94 +0.54
D 558" £1.10 539" £234 244" +£020 474°£078 2.64"+£035 3.92" £0.52
ETR (kmol e~ m=2 s7) ww 90+ 12 678 96 +6 96+ 14 95+8 8116
D 43" +9 38 +4 37" +8 33+7 50" +7 36" +2
NPQ ww 0.39 £ 0.08 0.66 £0.14 0.30£0.05 0.57 £0.02 0.39 £0.05 0.50 £ 0.07
D 0.74" £0.12 0.81 £0.06 1.40"£0.09 089*+005 153 +0.11 1.15*£0.17
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Total Chl (mg m™?) ww 362 £33 497 £ 61 699 £ 68 510£59 480 + 30 232+ 19
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The measurements were performed on the fully expanded terminal leaflets of 5-week-old well-watered plants or drought-stressed plants (analyzed after 6 days of withholding watering).
The data represent the mean from three experiments  SE. Significant differences of the means between well-watered (WW) and drought-stressed (D) plants within each cultivar are
indicated by the symbol " (P < 0.05). ETR, electron transport rate; NPQ, non-photochemical quenching.
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