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Natural abundance of the stable isotope (δ13C and δ15N) in plants is widely used to indicate water use efficiency (WUE). However, soil water and texture properties may affect this relationship, which remains largely elusive. Therefore, the purpose of this study was to evaluate δ13C as affected by different combinations of alternate wetting and drying irrigation (AWD) with varied soil clay contents in different organs and whole plant and assess the feasibility of using δ13C and δ15N as a physiological indicator of whole-plant water use efficiency (WUEwhole-plant). Three AWD regimes, I100 (30 mm flooded when soil reached 100% saturation), I90 (30 mm flooded when reached 90% saturation) and I70 (30 mm flooded when reached 70% saturation) and three soil clay contents, 40% (S40), 50% (S50), and 60% (S60), were included. Observed variations in WUEwhole-plant did not conform to theoretical expectations of the organs δ13C (δ13Corgans) of plant biomass based on pooled data from all treatments. However, a positive relationship between δ13Cleaf and WUEET (dry biomass/evapotranspiration) was observed under I90 regime, whereas there were no significant relationships between δ13Corgans and WUEET under I100 or I70 regimes. Under I100, weak relationships between δ13Corgans and WUEET could be explained by (i) variation in C allocation patterns under different clay content, and (ii) relatively higher rate of panicle water loss, which was independent of stomatal regulation and photosynthesis. Under I70, weak relationships between δ13Corgans and WUEET could be ascribed to (i) bigger cracks induced by water-limited irrigation regime and high clay content soil, and (ii) damage caused by severe drought. In addition, a negative relationship was observed between WUEwhole-plant and shoot δ15N (δ15Nshoot) across the three irrigation treatments, indicating that WUEwhole-plant is tightly associated with N metabolism and N isotope discrimination in rice. Therefore, δ13C should be used cautiously as an indicator of rice WUEwhole-plant at different AWD regimes with high clay content, whereas δ15N could be considered an effective indicator of WUEwhole-plant.
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Introduction

As one of the world’s most widely cultivated crops, rice provides calories for half the world’s population (Runkle et al., 2021). Nearly two-thirds of the total rice production depends on flooded irrigation (Umesh et al., 2018). However, water for agriculture is facing increasing challenges due to land degradation, water scarcity, chemical contamination, and extreme weather caused by climate changes (Kümmerer et al., 2018). Since crop yield losses due to water deficit is greater than those attributed to other environmental stressors worldwide, efficient use of water resources is of paramount significance (Gao et al., 2018). At leaf level, water use efficiency (WUE) is often defined as the ratio between carbon fixation (An) and stomatal conductance to water vapor (gs) (so-called intrinsic WUE, viz WUEi). The WUE at whole-plant level (WUEwhole-plant) is usually represented by three functions: (i) WUET=Total dry biomass/transpiration (T) (Topbjerg et al., 2014), (ii) WUEET=Total dry biomass/evapotranspiration (ET), and (iii) WUEI=Total dry biomass/irrigation amount (I) (Gao et al., 2018). The WUE based on transpiration contains information about plant photosynthesis with water physiological processes and seems to be most relevant for crop physiological traits (Impa et al., 2005). The WUEET and WUEI are mainly determined from dry matter production and soil water loss (relating to transpiration and soil surface evaporation for WUEET, and relating to transpiration, soil surface evaporation as well as seepage and percolation of soil for WUEI, respectively). Therefore, the WUEET and WUEI can be used as an integrated indicator of environmental conditions affecting plant water relations and dry matter production (Zhao et al., 2004).

Instead of traditional flooded irrigation of rice, an efficient water–saving practice, called alternate wetting and drying (AWD) irrigation, has been widely used. This irrigation practice introduces unsaturated soil conditions into the irrigation scheduling during the growing season, which allows a reduction in the water layer depth until the soil is slightly dry before the next irrigation (Oliver et al., 2019). Numerous studies have demonstrated that AWD improves WUEwhole-plant by 35–63% (Reis et al., 2018; Oliver et al., 2019; Haque et al., 2021; Song et al., 2021). However, several studies reported that the low soil water potential during drying stage of AWD would adversely affect crop physiology and growth, eventually reducing the yield and exhibiting a low WUEwhole-plant (Walley et al., 1999; Carrijo et al., 2017). In addition, seepage and evapotranspiration vary with different statuses of water and soil in the field, for instance, seepage values during cultivated stage were observed to be as high as 25 mm day−1 due to soil cracks in rice fields (Datta et al., 2017). Therefore, it remains debatable whether WUE is improved under AWD, especially in different soil types.

Soil clay content is another factor that can directly or indirectly affect WUE. Clay content affects the ability of soil to retain carbon (C), water, and nutrient ions, thus affecting the biophysiochemical processes in plants (Silver et al., 2000). The interaction between soil texture and irrigation regime is complex. Soil with high clay content expend and swell periodically under AWD in paddy fields, easily causing cracks whose volumes are affected by the severity of the drought (Al-Jeznawi et al., 2020; Bordoloi et al., 2020). The existence of cracks can promote the evaporation rate through the increased soil–air interface, aggravating the damage of drought (Cheng et al., 2021). Moreover, cracks offer a preferential flow path (closely related to seepage and percolation) in subsequent irrigation, accelerating water and fertilizer infiltration and influencing plant physiological responses, hence indirectly reducing yield and WUE (Wang et al., 2018; Cheng et al., 2021). Meanwhile, the tearing effect of cracks on the root system under the high clay content will also affect the plant dry matter allocation and physiological processes, therefore affecting WUE (Ma et al., 2008; Ren et al., 2021). Due to the influence of cracks and soil texture, soil with different clay contents not only differs in evaporation and leakage, but also leads to varied plant physiological responses, such as photosynthesis, transpiration, and C transfer and allocation (Awale et al., 2013; Dou et al., 2016). Therefore, the responses of varying types of WUE, such as WUET, WUEET, and WUEI, to AWD regimes may differ in the presence of different clay contents.

The theory linking δ13C and WUE has been well established, and the physiological basis of such relationship is also well understood. Plants are known to vary in their discrimination against heavy isotope of carbon during the assimilation process of CO2 by photosynthetic carboxylase (30‰) and the diffusion process of atmospheric CO2 through stomata into leaves (4.4‰) (Domergue et al., 2022). Therefore, environmental factors affecting any of the An and gs could have a direct effect on δ13C in plants (Livingston et al., 1999). For example, under drought condition, the isotope discrimination for 13C is relatively low, leading to an enriched 13C in plant matter (Domergue et al., 2022). As a result, there exists a positive linear relationship between δ13C and WUEi in many crop species under drought conditions. Since WUEwhole-plant is highly related to WUEi, the δ13C in plant dry matter is supposed to be strongly correlated with the WUEwhole-plant (Blankenagel et al., 2022).

Although several studies found that δ13C in leaf is positively correlated with WUEwhole-plant under a certain degree of water deficit (Gouveia et al., 2019a; Mininni et al., 2022), the change of WUEwhole-plant is not always consistent with the change of plant δ13C under different irrigation regimes (Walley et al., 1999; Zhao et al., 2004). For instance, Zhao et al. (2004) found that δ13C in rice leaf at different growth periods was negatively correlated or even uncorrelated with WUE under varied irrigation regimes. Under a slight degree of water deficit for AWD, the cracks are probably small or do not exist (Alhaj Hamoud et al., 2018), while high clay content may suggest a changed stomatal conductance or photosynthetic capacity through the improved water and nitrogen condition in soil (Silver et al., 2000), eventually affecting δ13C value in plants. Nonetheless, under severe degree of water deficit for AWD, the soil with high clay content may strongly swell and shrink, leading to the formation of cracks (Al-Jeznawi et al., 2020). This could tear roots and influence the biomass allocation of plant organs (Silver et al., 2000), hence in turn it may affect δ13C in plant dry matter. However, the effect of different irrigation regimes as a function of varied soil clay contents on δ13C remains unknown. Additionally, the isotopic signatures of individual organs are more readily available for physiological and biochemical analysis compared to the whole-plant. The question thus arises as to whether δ13Corgans can be used to predict information on δ13Cwhole-plant. In particular, the internal partitioning and metabolism of primary assimilation may generate δ13C differences between plant organs (Robinson et al., 2000). Therefore, we hypothesized that different AWD regimes under varied soil clay contents could influence the C allocation and δ13C values in various organs, by influencing the soil condition such as water and fertilizer. The relationship between δ13Corgan and δ13Cwhole-plant, and between δ13Corgan and WUEwhole-plant as a function of varied soil clay contents might be modified accordingly.

In addition to δ13C, the N isotope composition (δ15N) of plant was also reported as a physiological indicator responding to drought stress conditions (Ulrich et al., 2019). The WUEwhole-plant is closely related to the WUEi (An/gs) of leaves as previously discussed (Blankenagel et al., 2022). Hence, any factor influencing An and/or gs would have a direct effect on WUEi, in turn affecting WUEwhole-plant. It was reported that WUEi was positively correlated with leaf nitrogen concentration ([N]leaf) under well-watered conditions (Topbjerg et al., 2014; Tang et al., 2017). Considering the variation of [N]leaf and δ15N in plants were both closely linked to N metabolism in plants (Yousfi et al., 2013), it is suggested that there is a link between WUEwhole-plant and δ15N in plants. Consistent with this, Yousfi et al. (2012) showed that leaf δ15N was negatively correlated with transpiration efficiency in durum wheat exposed to salinity and water deficit. A similar relationship between δ15Nleaf and WUE has also been reported in potato (Topbjerg et al., 2014). However, Cao et al. (2014) revealed that WUE was positively correlated with δ15N in poplar (Populus) genotypes. The reasons for this discrepancy remain unknown. In addition, different AWD regimes under varied soil clay contents could also affect N metabolism as well as [N]leaf and δ15N in different organs by influencing soil water and fertilizer conditions, therefore it might alter the relationship between the δ15N and WUE, which, however, also remains unclear.

In this study, an experiment was conducted to investigate the C allocation and 13C distribution in various organs of rice plants as influenced by different irrigation regimes and clay contents. We hypothesized that different irrigation regimes and clay contents could lead to changes in gs and An of rice, thus affecting changes in WUE, δ13C, and δ15N. The combined application of different irrigation regimes and soil clay contents may cause C allocation changes, affecting the relationship between WUE and δ13C, as well as between δ13Corgan and δ13Cwhole-plant. Therefore, the main objectives of this study were to (1) investigate the effect of clay content on carbon allocation of rice organs under three irrigation regimes; (2) evaluate the effect of different irrigation regimes and clay contents on WUE and δ13C at the organ and the whole-plant levels, and (3) comprehensively analyze the relationships between (i) WUE and δ13Corgan, (ii) WUE and δ15Norgan, and (iii) δ13Cwhole-plant and δ13Corgan.



Materials and methods


Experimental site

The experiment was conducted at the Experimental Farm of the Soil and Water Engineering Department of Hohai University, Nanjing, China (longitude 118°83′E and latitude 31°95′N) during July and October, 2016. The area has a typical humid subtropical monsoon climate with an annual precipitation of 1062 mm. The mean temperature is 15.5°C. The used cylindrical pots were 51 cm in height and had a 16 cm inner diameter. Each pot was firstly filled with 1.2 kg gravel-sand soil at the bottom and then covered with 8 kg of dry soil. A drainage hole at the bottom of each pot and a movable basin under the pot were used to collect percolation water. Detailed information about the experimental pots was reported in Wang et al. (2022).



Experimental design

The experiment had nine treatments, consisting of three water regimes and three soil clay contents. Each treatment was replicated four times. The pots were placed under a plastic shelter on a randomized complete block design. For the three water treatments, the pots maintained 25 mm of water over 7 d after transplanting to ensure plant establishment. After that, the upper limit in all the treatments was set as 30 mm flooding water, and the lower limits were 100%, 90%, and 70% of saturated soil water content, respectively (denoted as I100, I90, and I70, respectively). The specific irrigation process in this study is shown in Wang et al. (2022). The soil treatment was controlled using three different soil clay contents, i.e. 40%, 50%, and 60% (denoted as S40, S50 and S60, respectively). The original soil (i.e. S40) had a sand, silt, and clay fraction of 20.81%, 38.94%, and 40.25%, respectively. The S50 and S60 treatments were formed by mixing with respective amounts of pure clay. The selected physicochemical properties and corresponding measurements of soil are same as reported in Wang et al. (2022).

Two seedlings of rice (Oryza sativa L cv. Nanjing44) were transplanted in each pot on 20 July, 2016. Potassium phosphate (0.10 g P kg−1 soil) and potassium sulfate (0.13 g K kg−1 soil) were applied and incorporated before transplanting. In addition, all pots were fertilized with urea (0.15 g N kg−1 soil) in a four-split-application during vegetative and reproductive growth stages.



Soil water content and soil crack volume

The original pot weight with dry soil was recorded. The gravimetrical soil moisture content was measured by weighing the pots based on weight loss every day:

 

The length, depth, and width of soil cracks were recorded by a steel rule with a 2mm diameter steel rod when the soil water content reached the lower limit of irrigation (100%, 90%, 70% saturated moisture respectively) before each irrigation event. The soil crack volume was calculated by assuming triangular shape of the cracks (Bandyopadhyay et al., 2003):

 

where d, w and l are the depth, width, and length of the crack (cm), respectively.

The data of average crack volume was shown in Supplementary Figure 1.



Plant sampling and measurements


SPAD, panicle length and dry biomass

The relative chlorophyll content (SPAD) was estimated with a portable chlorophyll meter (SPAD-502, Konica Minolta, Japan). All SPAD readings were taken at the middle portion of fully expanded flag leaf of rice at the full heading stage and were determined between 08:00 h and 11:00 h on a sunny day. The SPAD values of each pot were the average readings of five randomly selected flag leaves. After harvest of rice, the panicle length was measured by a ruler. In addition, grain, stem, leaf, and root samples were separately collected in paper bags. All samples were oven dried at 70°C for 72 h to a constant weight to measure the dry biomass.



Carbon concentration, carbon and nitrogen isotopic composition

After weighing, the rice samples were ground into a fine powder and sieved (2mm), and 0.1 g of fine powdered rice organs was used for measurement of isotopic composition. Carbon concentration([C], %), carbon isotopic composition (δ13C, ‰) and nitrogen isotopic composition (δ15N, ‰) in plant organs were determined using an Elemental Analyzer System (vario PYRO cube, Elementar Analysensysteme GmbH, Germany) interfaced with an Isotope Mass Spectrometer (Isoprime 100, Elementar Analysensysteme GmbH, Germany). The carbon content in organ (Corgan) was calculated from the [C]organ and the dry biomass of the respective organ. The whole plant C content (Cwhole-plant) was calculated from the Cgrain, Cstem, Cleaf, and Croot. The C allocation (%) of organ was defined as the ratio of Corgan to Cwhole-plant. The δ13C and δ15N value of rice organs can be calculated as:

 

where R is the ratio of 13C/12C or 15N/14N.

The δ13C whole-plant was calculated as follows:

 



Evapotranspiration and WUE

The amounts of irrigation and percolation water were measured after each irrigation event and were shown in Supplementary Figure 2. The total evapotranspiration (ET) over the growing season for each pipe was determined as the summation of difference between total irrigation water volume and percolation water volume. The accumulative transpiration was calculated by subtracting the water evaporation from the evapotranspiration, as shown in Supplementary Figure 2. The detailed measurement of the surface evaporation loss was displayed in Supplementary information. Water use efficiencies (WUEs) were computed as

 

 

 




Statistical analysis

All data were analyzed with SPSS software (version 13.0, SPSS Inc., Chicago, IL, USA). The data were firstly tested for normality and homogeneity using the Shapiro-Wilks test and the Cochran’s C-test, respectively. Then, differences between either irrigation regimes or soil clay content for the variables measured were tested using two-ways analysis of variance. When significant differences were detected, multiple comparisons of means were carried out with Duncan’s test at a 5% confidence level. In addition, a linear regression analysis was carried out to determine the relationship between (i) WUE and δ13Corgans, (ii) WUE and δ15Norgans, and (iii) δ13Corgans and δ13Cwhole-plant. Pearson correlation analysis was performed to test for correlations among δ15Norgans, δ13Corgans, [C] organs, C allocation rate to diverse organs, SPAD of flag leaves, and crack volume at a 5% confidence level.




Results


SPAD and panicle length

There were significant differences (p< 0.01) in the SPAD values under different water regimes and soil clay contents (Figure 1A). The AWD application (I90 and I70) decreased the SPAD values compared with flooding regime, whereas the elevated clay content significantly increased the SPAD. Compared to I100, the SPAD values under the I90 and I70 regimes decreased by 6.07% and 14.01%, respectively, across soil clay contents. The SPAD values under S50 and S60 increased by 8.42% and 16.08%, respectively, compared to S40, across water regimes. There was no significant (p > 0.05) interaction between the water regime and clay content on SPAD values. In addition, as shown in Figure 1B, the panicle length was significantly influenced by irrigation as well as soil clay content. Across soil clay content, the I70 and I90 regimes significantly decreased the panicle length by 31.60% and 6.49%, respectively, compared to I100. Across irrigation regimes, the panicle length notably increased with the increased clay content (p<0.01).




Figure 1 | The output of two-way analysis of variance (ANOVA) for (A) SPAD readings of flag leaves and (B) panicle length as influenced by different water regimes and soil clay contents (mean ± SD; n = 4). I70, I90 and I100 represent irrigation regimes of flooding with 30mm (upper limit) as the soil water reaches 70% of saturation (lower limit); flooding with 30mm (upper limit) as the soil water reaches 90% of saturation (lower limit) and flooding with 30mm (upper limit) as the soil water reaches 100% of saturation (lower limit). S40, S50, and S60 indicate soil clay content with 40%, 50% and 60% respectively. I, S, and I×S indicate irrigation regime, soil type, and the interaction between irrigation regime (I) and soil type (S), respectively. ns and ** represent no significance and p<0.01, respectively.





Biomass, ET, and WUE

Figure 2 shows the effects of water regimes and soil clay contents on the dry biomass of rice organs, evapotranspiration (ET) and WUEET. The two-way analysis of variance revealed significant (p< 0.01) differences between the total dry biomass of rice due to the application of different water regimes and soil clay contents (Figure 2A). The total biomass notably increased with elevating clay content, but decreased with a reduction in lower-limit of AWD. Compared to S40, the soil treatment S50 and S60 increased the total biomass by 21.72% and 46.65%, respectively, across irrigation regime. The ET was only significantly affected by the irrigation regimes (p<0.01). The ET under I100 was significantly higher than that under I90 and I70 regimes, across soil clay content. There were also significant (p< 0.01) differences for total transpiration under different water regimes and soil clay contents (Supplementary Figure 2C). With reduction in the lower-limit from 100% to 70% of saturated water content, the transpiration values decreased by 16.39% across soil clay contents. In addition, the transpiration value under S40 was 15.62% greater than that under S60, across water regimes. There was no significant interaction between the water regime and soil clay content on transpiration (p > 0.05).




Figure 2 | The effect of treatment and output of two-way analysis of variance (ANOVA) for (A) dry biomass of grain, stem, leaf, and root, (B)evapotranspiration (ET), and (C) WUEET of rice as influenced by different water regimes and soil clay contents (mean ± SD; n = 4). I70, I90 and I100 represent irrigation regimes of flooding with 30mm (upper limit) when the soil water reaches 70% of saturation (lower limit); flooding with 30mm (upper limit) as the soil water reaches 90% of saturation (lower limit); and flooding with 30mm (upper limit) as the soil water reaches 100% of saturation (lower limit). S40, S50, and S60 indicate soil clay content with 40%, 50% and 60% respectively. Different letters mean significant differences (p<0.05). I, S, and I×S indicate irrigation regime, soil type, and the interaction between irrigation regime (I) and soil type (S), respectively. ns and ** represent no significance and p<0.01, respectively.



Figure 2C showed significant (p< 0.01) differences in WUEET under different water regimes and soil clay contents. I100 resulted in the highest WUEET while the lowest WUEET value was observed under I70, when analyzed across the soil clay contents. With the increase in soil clay content, the WUEET significantly increased. WUEET under S50 and S60 increased by 22.97% and 56.08%, respectively, compared to S40, across the water regimes. As shown in Figure 2C, no interaction (p > 0.05) on WUEET was found for the water regime and soil clay content treatments. The effect of water regimes and soil clay contents on the WUET and WUEI is shown in Supplementary Figure 3. Increased clay content significantly enhanced both WUET and WUEI. For WUET, across soil clay contents, the highest value and the lowest value were was found in I90 and I70 application, respectively.



C concentration and allocation

For all organs of rice, leaf C concentration ([C]) was significantly affected by soil clay content application (p<0.05, Table 1). The C allocation in the grain and leaf was both affected (p< 0.01) by water regimes and soil clay contents (Table 1). Differences (p< 0.01) in stem C allocation were also found under the different water regimes. The root C allocation varied with the soil clay contents (p< 0.05). Specifically, C allocation in the leaf was higher (p< 0.01) under I70 than that under I100, across the soil clay content treatments, whereas a contrary trend was observed for grain. The stem C allocation was highest in I70 and lowest in I90. With increased clay content, across the irrigation treatments, the C allocation in the grain markedly decreased, but the C allocation in the root significantly increased. For example, the highest value of root C allocation, as an average, was 11.72% under S60 while the lowest value was 9.30% in S40.


Table 1 | The output of treatments and two-way analysis of variance (ANOVA) for the carbon concentration ([C]) values in grain, stem, leaf, and root, and C allocation of grain, stem, leaf, and root subjected to different water regimes and soil clay contents.



Under the I100 and I70 regimes, significant differences were found among the three soil clay contents for C allocation of several organs. However, under the I90 regime, it was similar among the three soil clay contents for all organs. For instance, when increasing the soil clay content from 40% to 60%, the grain C allocation decreased by 9.03% in I100 and 10.48% in I70. The interaction between the water regimes and clay contents was not significant (p > 0.05) for any [C] and C allocation in the different organs.



Variations of δ13C in plant organs and whole-plant

The δ13Cgrain was affected (p< 0.05) by the soil clay content and the interaction between water regime and soil clay content (Figure 3A). With the increasing soil clay content, the δ13Cgrain decreased under I70 and I100 regime, but showed a different trend under the I90 regime. Across water regimes, the δ13Cgrain under S40 (-25.70‰) was significantly higher than that under S60 (-26.97‰). The lowest and highest δ13Cgrain (-27.49‰–24.94‰) were found under the I70-S60 and I100-S40 treatments, respectively.




Figure 3 | The effects of treatments and output of two-way analysis of variance (ANOVA) for δ13C values in (A) grain, (B) leaf, (C) stem, (D) root and (E) whole-plant as influenced by different water regimes and soil clay contents (mean ± SD; n = 4). I70, I90 and I100 represent irrigation regimes of flooding with 30mm (upper limit) as the soil water reaches 70% of saturation (lower limit); flooding with 30mm (upper limit) as the soil water reaches 90% of saturation (lower limit) and flooding with 30mm (upper limit) as the soil water reaches 100% of saturation (lower limit). S40, S50, and S60 indicate soil clay content with 40%, 50% and 60% respectively. Different letters mean significant differences (p<0.05). I, S, and I×S indicate irrigation regime, soil type, and the interaction between irrigation regime (I) and soil type (S), respectively. ns, *, ** and represent no significance, 0.01<p<0.05, and p<0.01, respectively.



The δ13C values in both leaf and the whole-plant level were significantly influenced by the interaction of water regimes and soil clay contents (Figure 3B, E, p<0.01). For I70, the δ13Cleaf was highest in S40, followed by S50 and S60. For I90, the δ13Cleaf showed an increasing trend with the elevated soil clay content. For I100, the δ13Cleaf decreased with clay content in the order of S50, S40, and S60 applications. The δ13Cwhole-plant showed similar variations as the δ13Cleaf with varied soil clay contents. The lowest δ13Cleaf and δ13Cwhole-plant existed under I90-S40, while the lowest values of δ13Cleaf and the δ13Cwhole-plant existed under the I90-S60 and I70-S40, respectively. In addition, δ13C increased slightly from shoot to root. Especially, under I100-S40, the δ13C in grain was significantly higher than that in other organs.



Relationships between WUE and carbon isotopic composition, and nitrogen isotopic composition

There was no significant relationship found between WUEET and δ13C in rice organs based on the pooled data of nine treatments (Supplementary Figure 4). Nevertheless, across the soil clay content treatments, there was a significantly positive relationship between WUEET and δ13Cleaf (R2=0.73, p<0.01) under I90 irrigation regime (Figure 4B), whereas there was no significant relationship between δ13Corgans and WUEET under I100 or I70 AWD regimes (Figure 4A, C). The WUEI and WUET presented a similar trend for their relationships with rice δ13Corgans (Supplementary Figure 5). Significant relationships were found between (i) WUEI and δ13Cleaf (R2=0.78, p<0.01), (ii) WUEI and δ13Cstem (R2=0.39, p<0.05), and (iii) WUET and δ13Cleaf (R2=0.71, p<0.01) under I90 regime. Across the irrigation regimes, no significant relationship was observed between δ13Corgans and WUEs under any soil treatments (p>0.05, data not shown).




Figure 4 | Relationships between WUEET and carbon isotope composition of diverse rice organs (δ13Corgans) (A–C); and between δ13C whole-plant and δ13Corgans (D–F) as influenced by different water regimes. *, ** and represent 0.01<p<0.05, and p<0.01, respectively.



Furthermore, a linear regression was carried out to reveal the variation tendency of the δ13Cwhole-plant with the δ13Corgans under three water regimes (Figure 4D-F). The δ13Cwhole-plant could be expressed as a function of the δ13Cgrain under I100 (R2=0.38, p< 0.05) and I70 regimes (R2=0.73, p< 0.01), respectively. For I90 regime, there were significantly positive relationships between (i) δ13Cwhole-plant and δ13Cgrain (R2=0.82, p<0.01), (ii) δ13C whole-plant and δ13Cstem (R2=0.86, p<0.01), and (iii) δ13Cwhole-plant and δ13Cleaf (R2=0.59, p<0.01).

The SPAD values are positively correlated with the WUEET across the irrigation regimes (R2=0.72, p<0.01, Figure 5). Additionally, there was a significantly negative correlation between WUEI and δ15Ngrain (R2=0.14, p<0.05), and between WUEI and δ15Nleaf (R2=0.22, p<0.01) (Figure 6) based on pooled data. The WUEET was negatively correlated with δ15N in grain (R2=0.24, p<0.01), stem (R2=0.15, p<0.05), and leaf (R2=0.21, p<0.01) (Figure 6). Similarly, the WUET was significantly and negatively correlated with grain (R2=0.23, p<0.01), stem (R2=0.16, p<0.05), and leaf (R2=0.20, p<0.01) (Figure 6).




Figure 5 | The relationship between SPAD and WUEET as influenced by different water regimes and soil clay contents. ** represents p<0.01.






Figure 6 | Relationships between three kinds of water use efficiency (WUEI, WUEET, WUET) and nitrogen isotope composition of diverse rice organs (δ15Ngrain, δ15Nstem, δ15Nleaf, δ15N root) as influenced by different water regimes and soil clay contents. ns, *, ** and represent no significance, 0.01<p<0.05, and p<0.01, respectively.





Pearson correlation analysis

Pearson’s correlations among SPAD, δ13C and δ15N of diverse organs are shown in Table 2. The δ15Ngrain (r= -0.50, p< 0.01), δ15Nstem (r= -0.42, p< 0.05) and δ15Nleaf (r= -0.44, p< 0.01) showed a strong negative correlation with SPAD value. In addition, a significantly positive relation between (i) δ13Cgrain and δ13Cstem (r= 0.40, p<0.05), (ii) δ13Cgrain and δ13Cleaf (r= 0.41, p<0.05), and (iii) δ13Cstem and δ13Cleaf (r= 0.54, p<0.01) were found in the current study.


Table 2 | Pearson correlation coefficients for SPAD reading, δ13C values in grain, stem, leaf, and root, and δ15N of grain, stem, leaf, and root.



The correlations between the crack volume, [C] and the C allocation of diverse organs are shown in Supplementary Table 1. With increasing crack volume, the C allocation to grain decreased in varying degrees (r=-0.69, p<0.01) while the C allocation to stem and leaf increased (r=0.47, p<0.01 and r=0.81, p<0.01, respectively). However, the crack volume did not have a significant correlation with any organs [C] (Table S1). Furthermore, the [C]grain was negatively correlated with the [C]stem (r=-0.40, p< 0.05). For the C allocation of diverse organs, the C allocation to stem and leaf in rice showed a strong negative correlation with grain (r=-0.66, p<0.01 and r=-0.69, p<0.01, respectively).




Discussion


Effects of irrigation regimes and soil clay contents on WUEs

Water-saving irrigation regime, such as AWD, can improve WUE while maintaining or even increasing rice yield (Song et al., 2021). Consistent with this, in the current study, an increased WUET of rice was observed when reducing the lower-limit of irrigation from 100% to 90% of saturated water content, though the differences were not statistically significant (Supplementary Figure 3). Nevertheless, when the irrigation lower-limit further decreased to 70% of saturated water content, a significantly lower WUET was observed compared to I100 and I90 regimes (Supplementary Figure 3), which mainly due to the higher degree of water deficit in AWD under the I70 treatment (Carrijo et al., 2017). It has been reported that slight drought stress could induce partially stomatal closure, hereby decreasing transpiration and improving WUET (Ma et al., 2021). Whereas, severe drought stress impaired carbon fixation and physiological disorders in plants, such as the reduction of photosynthetic capacity, leading to decreased WUET (Wang et al., 2020). A previous study also indicated that SPAD values of leaves were closely related to photosynthetic capacity (Wang et al., 2012). The significantly lower SPAD values of I70 compared to I90 and I100 (Figure 1A) could indicate the decreased photosynthetic capacity in I70. Consequently, the biomass of I70 was significantly decreased with a reduction in WUET compared to I100 (Figure 2A and Supplementary Figure 3). Similarly, WUEET of I70 was observed significantly lower than those of I100 and I90 (Figure 2C).

In addition to irrigation regimes, the clay content of soil also affected the WUEET and WUET of rice. In the present study, the WUEET and WUET increased with the elevation of soil clay contents (Figure 2C and Supplementary Figure 3) (Fotovat et al., 2007). Similarly, Dou et al. (2016) found that, compared to sand soils, the plants grown in clay soil exhibited higher WUE due to better nitrogen status by increased availability of organic matters and water in clay soil as well as improved nitrogen uptake for plants. Consistent with this, higher SPAD values was observed in the presence of elevated clay content (Figure 1A), which could increase plant photosynthesis capacity (Wang et al., 2012), in line with higher biomass production under this treatment (Figure 2A). WUEI showed a similar changing trend under different irrigation regimes with varied clay content as WUEET and WUET (Figure 2C and Supplementary Figure 3), implying that the three WUEs were mainly regulated by photosynthesis associated with biomass production (Fotovat et al., 2007).



Effect of irrigation regimes and soil clay contents on carbon allocation and δ13C values of different organs

Previous studies reported that carbon allocation in different organs of crops could be induced by irrigation regimes (Arndt and Wanek, 2002; Oliver et al., 2019; Liu et al., 2020). In this study, there were significant differences in C allocation to different organs of rice grown under different irrigation regimes (Table 1). Regarding aboveground organs, C allocation to grain decreased significantly with reduced level of irrigation, but a contrary trend was observed for stem and leaf (Table 1). This result is in contrast to the finding of Song et al. (2021) showing that AWD promoted carbohydrate transfer from stem to grain compared to flooding irrigation. A possible explanation is that moderate drought stress could increase the transfer of C to grain, but this could not occur under severe drought stress due to the drought damage (Oliver et al., 2019). Additionally, Liu et al. (2020) suggested that when plants were exposed to drought stress, the new carbohydrates were preferentially transported from shoot to root, and consequently resulted in an increase of C allocation to root. However, in the current study, the C allocation to belowground organs were not affected by irrigation regimes (Table 1). The phenomenon may be attributed to the larger cracks formed in AWD, which could stretch and tear the roots and might influence the C allocation among organs by inducing root-pruning signal (Supplementary Table 1) (Bordoloi et al., 2020).

In addition to irrigation regime, soil clay content also affected the C allocation of different organs in rice (Table 1). Under I100 and I70 treatment, C allocation to grain varied with clay contents (Table 1), possibly due to the changed water and nitrogen status of soil as affected by the increased clay contents (Fotovat et al., 2007), as previous studies indicated that C allocation of plants differed significantly with respect to the water and fertilizer conditions (Xu et al., 2007). Nonetheless, under the I90 treatment, similar C allocation was observed among organs under different clay contents (Table 1). The possible reason for this discrepancy is ascribed to the soil clay content-induced cracks. For the I100 regime, no soil crack was observed with high soil water potential (Supplementary Figure 1). Therefore, the different clay contents under the same irrigation regime led to the differences in the ability of soils to retain C, water, and nutrient ions, which might impact the C allocation to grain and leaf (Table 1) by affecting plant photosynthetic capacity (Zhao et al., 2021). For I70, the crack volumes were positively correlated with soil clay contents (Supplementary Figure 1), which in turn may significantly influence the soil water and fertilizer contents due to enhanced preferential flow (Cheng et al., 2021). Hence, the C allocation pattern in rice was changed accordingly (Table 1). Regarding I90, the potential increase in N leaching loss associated with enlarged crack volumes (detailed information shown in Wang et al., 2022) was largely offset by the rise in nitrogen retention capacity associated with increased clay content, thereby restricting the variation in the availability of water and nitrogen in soil and C allocation in rice.

It has been widely accepted that variation in allocation patterns in plants could result in δ13C changes in plant organs (De Souza et al., 2005). Compared to autotrophic organs (leaves) that supply plants with carbon, heterotrophic organs (stems, grains and roots) tend to be rich in 13C (Zhang et al., 2015). The difference of δ13C values among organs under I90 was significantly smaller than those under I100 and I70, though there was still a tendency for increased δ13C from leaf to root (Figure 3). Other potential reasons for organ-specific differences in δ13C could be related to the differences in fractionation processes during the enzymatic reactions, and the chemical composition of different organs, such as the amounts of lipids and lignin (Kano-nakata et al., 2014; Zhang et al., 2015). It was found that δ13Cwhole-plant also showed a strong correlation with δ13Cleaf under the I90 regime (Figure 4E), which was in agreement with the finding of Gouveia et al. (2019b). Moreover, δ13Cgrain showed the most consistent and significant correlation with δ13C whole-plant under three irrigation regimes (I100, I90 and I70) (Figure 4D-F). This result may be attributed to the isotopic fractionation during the allocation and transfer processes of carbon within plants (Sanchez-Bragado et al., 2014). As shown in equation 4, δ13C whole-plant was the integrated δ13C values of different organs. Similarly, as indicated by Araus et al. (1993) and Zhu et al. (2021), δ13Cgrain was the result of the combined δ13C values of assimilates produced by different photosynthetic organs, such as the ears and the flag leaves, responsible for grain filling after anthesis, and the remobilization of nonstructural carbohydrate reserves stored in the specific organ, such as the sheaths and culm. Thus, accordingly, δ13Cgrain showed the most consistent correlation with δ13C whole-plant across different treatments, and might be a priority indicator of δ13C whole-plant. The strong negative correlation between [C]grain and [C]stem found in this study (p<0.05, r=-0.40, Supplementary Table 1) further supported the aforementioned speculation. However, there were weak correlations between other δ13Corgans (δ13Cleaf, δ13Cstem, δ13Croot) and δ13Cwhole-plant under I100 or I70 treatment (Figures 4D, F). We speculated that this weak correlation may be related to variations in carbon allocation patterns under the two regimes with varied soil clay contents (Table 1).



Relationship between δ13Corgans and WUE and δ13Cwhole- plant

Farquhar and Richards (1984) reported that Ci/Ca was negatively related to WUEi, while Ci/Ca was negatively related to organ δ13C. Thus, it could be concluded that there was a positive relationship between organ δ13C and WUEi. However, in this study, there was no significant correlation between δ13Corgans and WUEwhole-plant based on pooled data (Supplementary Figure 4). This phenomenon could be explained as follows. First, the possible varied leaf boundary layer conductance among different treatments might result in WUEi independence from stomatal conductance, Ci/Ca and δ13C (Cernusak et al., 2009). In this study, although we did not measure leaf boundary layer conductance between the intercellular spaces and the atmosphere, the significantly higher water loss through transpiration as well as the increased leaf biomass for I100, compared to I70 (Figure 2A and Supplementary Figure 2), might indirectly indicate the varied microclimate and plant statuses caused by different irrigation regimes. Second, the degree of dark respiration, changed mesophyll conductance (gm) under different environmental conditions, and varied proportions of uncontrolled water loss to the transpiration might disturb the relationship between Ci/Ca, δ13C and An/T (photosynthesis rate/transpiration rate) (Farquhar et al., 1989), which consequently result in a poor relationship between organs δ13C and WUEwhole-plant. Interestingly, when the data were grouped into different irrigation regimes, relationships between δ13C and WUEwhole-plant varied with changed irrigation regimes (Figure 4 and Supplementary Figure 5). For I90, there was a significant positive relationship between δ13C and WUEwhole-plant, which was in agreement with the findings by Mininni et al. (2022). However, there were no significant relationships between the WUE and δ13Cwhole-plant in I100 and I70 treatment. For I100, the poor relationship between δ13C of plant organs and WUEwhole-plant might be related to the relatively higher rate of panicle water loss. As indicated by Scartazza et al. (1998), most water loss through panicle was cuticular, which was independent of stomatal regulation and photosynthesis. Hence, high rates of panicle transpiration might disturb the relationships between δ13C and WUE in rice. In this study, increased panicle length (Figure 1B) as well as greater grain weight (Figure 2A) for I100 compared to I90 and I70 might indicate that the relatively higher proportions of panicle water loss to total transpiration would disturb the relationship between δ13C and WUE in rice under I100. Furthermore, changes of carbon allocation pattern for I100 with varied soil clay content (Table 1) might also lead to a breakdown in the relationship between δ13Cleaf and WUEwhole-plant (Wen et al., 2022). For I70, the weak relationship between δ13C and WUEwhole-plant (Figure 4 and Supplementary Figure 5) might be due to physiological damages under severe water deficit, such as severely reduced photosynthetic enzyme activity and consequently disrupted photosynthetic process (Bogati and Walczak, 2022). In addition, for I70, the bigger cracks formed in this water-limited irrigation regime were associated with the stimulated leaching of water and nitrogen. Meanwhile, the tearing effect of cracks on the root system under the high clay content together with the reduced availability of water and nitrogen in I70 might deteriorate the physiological disorder process, which consequently results in breakdown of the relationship between δ13Cleaf and the WUEwhole-plant.



Relationship between organs δ15N and WUE

In contrast to the relationship between δ13C and WUEwhole-plant, which varies with irrigation regimes, we found a significant negative correlation between δ15Nleaf and WUEwhole-plant based on pooled data (Figure 6). This result is consistent with the findings of Topbjerg et al. (2014) and Yousfi et al. (2012) but contrasting to the results of Cao et al. (2014). WUEwhole-plant is known to be highly associated with WUEi, controlled by either An or gs, or a combination of both, and could be improved by enhancing the An or by lowering gs. In this study, with the elevated soil clay content, the WUEET significantly increased (Figure 2C), mainly due to the increased photosynthetic capacity. SPAD has been extensively used to indicate the [N] and photosynthetic capacity in the leaf in the last few years, and a higher SPAD would mean a higher An (Fotovat et al., 2007). With the increased clay content, the [N]leaf increased accordingly, thereby increasing the An and WUEET. Consistent with this, SPAD was significantly positively correlated with WUEET in this experiment (Figure 5). In addition, if the increased WUEi was only linked to SPAD, then a positive correlation between SPAD and δ13Cleaf associated with time-integrated WUEi would be expected. However, in the present study, there was no clear relationship between SPAD and δ13C (p>0.05, Table 2), indicating that other factors may control increased WUEET, such as decreased stomatal conductance in response to abiotic stress (Desrochers et al., 2022). As mentioned previously, SPAD had a significant positive correlation with clay content (Figure 1A). Under water-saving irrigation, with the increase of clay content, larger cracks formed in field could stretch and tear the roots, which is similar to the effect of root pruning (Bordoloi et al., 2020), which could decrease both stomatal conductance and transpiration due to the pruning-induced root signals (Ma et al., 2008; Feng et al., 2022). In this study, the large cracks observed under the same AWD regime with high clay content might suggest a strong stress signal generated by root pruning. Consequently, the stomatal conductance of rice was speculated to be reduced accordingly. Meanwhile, previous studies have shown that reduced gs would lead to a reduction in the loss of ammonia and nitrous oxide, hence decreasing δ15N in leaf (Yousfi et al., 2012). Therefore, increased WUEET and WUET caused by reduced gs (Yan et al., 2020) was expected to be negatively correlated with δ15Nleaf, which is consistent with the results of this study.

Another reason for the negative relationship between 15N and WUEwhole-plant might be the decreased  transport from root to shoot of plants exposed to stress-condition (Yousfi et al., 2012). Due to the fractionation induced by nitrate reductase (NR),   not assimilated in the roots would be enriched in 15N and exported to shoots for assimilation, causing an increased δ15N in shoots relative to roots (Zhang et al., 2017). Hence, stress conditions would restrict   transport from the roots to the shoots, therefore increasing 15N in root while decreasing it in the shoots compared with the flooding irrigation (Yousfi et al., 2012). In our study, the clay contents in soil were positively correlated with SPAD (Figure 1A). Moreover, as shown in Supplementary Figure 1, the soil clay contents were also positively correlated with crack volume under AWD. As suggested aforementioned, higher crack volumes under AWD might imply a strengthened abiotic stress for crop, and consequently reduced   from root to shoot, and ultimately resulted in the decrease of δ15N in shoot. Thus, a negative relationship between SPAD and shoot δ15N was likely to be found (Table 2). In this study, the C and N allocation to roots were significantly increased with the elevated soil clay content (Table 1), which further demonstrated that the large crack reduced the export of   from roots to shoots. Moreover, the WUEET showed a significant positive correlation with SPAD (Figure 5), but a negative correlation with δ15N (Figure 6). Hence, the SPAD values tend to be negatively correlated with the δ15N (Table 2) and further supported that the increased WUE was probably due to a combination of An and gs. However, it should be noted that 15N in plants can also be influenced by the variations of soil nutrients (Tang et al., 2017), which was limited by the occurrence of cracks. In this case, the discrimination process for 15N during the N uptake tends to be slight, resulting in an increased 15N in plants while the WUE was decreased by the crack. Therefore, a significant negative relationship between the WUE and δ15N was found (Figure 6), but further trials are needed to examine the actual underlying mechanism.




Conclusions

WUEwhole-plant generally increased with higher soil clay content. Variations in WUEwhole-plant were not consistent with variations in δ13C of organs under varied irrigation regimes with high clay contents. The rice δ13C leaf was closely and positively related to the WUEwhole-plant under I90 regimes, whereas δ13C organs was not related to WUEwhole-plant under I100 or I70 water regime. Among the organs, significant correlations were observed between δ13Cgrain and δ13Cwhole-plant under I100, I90 and I70 regimes. In addition, based on pooled data, WUEwhole-plant showed a significant negative correlation with δ15Nshoot. Therefore, it is suggested that δ13C could not be used as a reliable indicator of differences in WUEwhole-plant associated with changes in irrigation regimes and clay content, whereas δ15N could be considered as an effective indicator of WUEwhole-plant.
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Plants are exposed to increasingly severe drought events and roots play vital roles in maintaining plant survival, growth, and reproduction. A large body of literature has investigated the adaptive responses of root traits in various plants to water stress and these studies have been reviewed in certain groups of plant species at a certain scale. Nevertheless, these responses have not been synthesized at multiple levels. This paper screened over 2000 literatures for studies of typical root traits including root growth angle, root depth, root length, root diameter, root dry weight, root-to-shoot ratio, root hair length and density and integrates their drought responses at genetic and morphological scales. The genes, quantitative trait loci (QTLs) and hormones that are involved in the regulation of drought response of the root traits were summarized. We then statistically analyzed the drought responses of root traits and discussed the underlying mechanisms. Moreover, we highlighted the drought response of 1-D and 2-D root length density (RLD) distribution in the soil profile. This paper will provide a framework for an integrated understanding of root adaptive responses to water deficit at multiple scales and such insights may provide a basis for selection and breeding of drought tolerant crop lines.
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Introduction

Root system underpins the development of terrestrial vegetation as it anchors plants in the soil and provides the main route through which plants acquire water and nutrient from the soil (Sebastian et al., 2016; Ma et al., 2018; Fromm, 2019; Gupta et al., 2020). Plants are routinely exposed to myriad environmental stresses threatening plant survival, growth, and reproduction in the natural ecosystems (Huang et al., 2014; Kramer-Walter et al., 2016) and affecting crop yield and quality (Maqbool et al., 2022) in the agricultural system (FAO, 2020). Drought is one of these stresses (Gupta et al., 2020) and root has evolutionarily become the first organ that senses the changes in soil moisture and adapts to them at morphological, anatomical, and molecular scales (Amtmann et al., 2022). Fresh water availability is projected to decline by 50% owing to climate change, whereas water demand for agriculture is expected to double by 2050 (Gupta et al., 2020). Overcoming the water challenge in agriculture is central to achieving Zero Hunger, one of the 17 goals proposed in the 2030 Agenda for Sustainable Development (FAO, 2020). Hence, producing high-yielding crops under water-limiting conditions, particularly in the dryland agricultural system, is required to ensure global food security. Despite the significant advances made in the understanding of adaptive mechanisms of above-ground parts under changing climate, such research in plant root systems has not received due attention (Li et al., 2021; Moran et al., 2017). Hence, root has become an important target for genetic selection and modification in an effort to enhance crop resilience and maintain yield and quality under water-limiting conditions (Fromm, 2019; Kamoshita et al., 2008). A better understanding of plant root systems has been widely recognized as a key component of the second green revolution (Lynch, 2007), especially in the regions with low-input agricultural systems (Villordon et al., 2014). In this case, the patterns of root growth and responses under water-limiting conditions are fundamental aspects regarding crop production especially in arid areas (White, 2019).

Root system architecture (RSA) is the spatial distribution of roots in the soil profile (Lynch, 1995; Koevoets et al., 2016; Pandey and Bennett, 2019), and it is primarily shaped by length, branching, angle, and thickness. RSA is characterized by a series of traits including rooting depth, root growth angle, root-to-shoot ratio, root diameter, root length density, root surface area, root volume, root distribution, and root tip frequency and root hair development (Germon et al., 2020; Siddiqui et al., 2021). Roots have developed the ability to change the RSA traits in response to water stress (‘plasticity’) (Fromm, 2019; Gupta et al., 2020; Siddiqui et al., 2021; Kang et al., 2022). Nevertheless, these traits are not equally sensitive to drought (de Vries et al., 2016; Stagnari et al., 2018). A review showed that drought decreased total root length and tip frequency, increased rooting depth and had no effect on root branching in tree species (Brunner et al., 2015). It is becoming increasingly evident that considerable inter- and intraspecies variations are present in the drought response of RSA (Guenni et al., 2002; Belachew et al., 2018; Berny-Miery et al., 2019; Fromm, 2019). Plasticity of plant traits are closely associated with drought tolerance which is generally evaluated as the capability of surviving and maintaining growth and yield under drought conditions (Volaire and Lelievre, 2001; Feller and Vaseva, 2014; Gao et al., 2015; Suseela et al., 2020). Similar to the plasticity of shoot traits that have a great impact on plant reproductive performance (Funk et al., 2021), root traits are also highly correlated with crop yield (Uga et al., 2013; Ogura et al., 2019) and yield stability (Sandhu et al., 2016) under drought conditions. Therefore, understanding how RSA is responding to water stress and regulated by genetic and metabolic mechanisms in plants has great importance on agricultural sense, which can be potentially manipulated for crop improvement.

A number of recent reviews have focused on how root traits respond to drought at a certain scale (s) (Wasson et al., 2012; Comas et al., 2013; Lynch, 2013; Khan et al., 2016; Valliyodan et al., 2017; Lynch, 2018; Ye et al., 2018; Kim et al., 2020; Siddiqui et al., 2021). A meta-analysis study of root traits, based on 128 published studies under field conditions, has shown that drought significantly decreased root length and root length density, while it increased root diameter and root-to-shoot biomass ratio (Zhou et al., 2018). A whole-genome meta-analysis was performed to find out candidate genes and genomic regions involved in controlling RSA traits under well-watered and drought stress conditions in rice (Daryani et al., 2022) and other major cereal crops including maize (Guo et al., 2018), bread wheat (Darzi-Ramandi et al., 2017; Soriano and Alvaro, 2019; Bilgrami et al., 2020), and durum wheat (Iannucci et al., 2017). Specifically, plant hormones are known to play critical roles in the molecular regulation of RSA traits under drought and the progress has been reviewed by Ranjan et al. (2022). Beyond these factors, root distribution in the soil, generally described by the distribution of root length density (RLD), at different dimensional scales determines the efficiency of water and nutrient uptake (Ahmadi et al., 2011; Ahmadi et al., 2014; Thidar et al., 2020). A few studies have shown that plants adjusted root distribution under drought conditions to access water available in different soil layers (Jongrungklang et al., 2012; Fitters et al., 2017; Morris et al, 2017; Song et al., 2020; Shabbir et al., 2021). However, up-to-date knowledge on responses of RSA in a wide range of plant species at multiple scales has not been well analyzed.

Therefore, this paper synthesizes up-to-date knowledge on RSA drought responses in a wide range of plant species at multiple scales (Figure 1). We briefly summarized the genes and QTLs and hormones that are involved in the drought response of root traits. We then statistically analyzed the drought responses of typical root traits under controlled manipulative experiments and discussed the underlying mechanisms. We finally generalized the responses of 1-D root length density distribution to drought and well-watered conditions in the soil profile. Meanwhile, we discussed the effects of water deficit on 2-D root length density distribution and 3-D RSA and its regulation mechanism.




Figure 1 | Framework integrating the root responses to water stress at genetic and morphological levels.





Methods


Literature search and data selection

We screened the literature using different combinations of key words that indicate water availability (“water deficit”, “water stress”, “water deficiency”, “water shortage”, or “drought”) and describe the root traits (“root growth angle”, “root depth”, “root length”, “root diameter”, “root dry weight”, “root-to-shoot ratio”, “root length density”, and “root hair”) in Web of Science (https://www.webofscience.com/). Among the over 2000 articles found, we obtained the papers for the analysis of root trait response to drought based on the following criteria: 1) the experiment was conducted in well-controlled environments (e.g. pot, PVC tube, box, and small plots in field); 2) at least 3 biological replications were performed; and 3) data are available and obtainable under both well-watered and water-stressed conditions.



Data extraction

Data for gene, QTL and hormones were extracted and summarized from the related papers. Data for the root trait analysis and 1-D distribution of root length density in the figures were extracted using GetData Graph Digitizer and data in the tables were copied.



Data analysis

In the analysis of molecular manipulation of RSA under drought, we compiled a dataset of 109 records of genes and QTLs involved in the drought response of root traits in different plant species from 52 published papers; we also complied a dataset including 105 records of hormones from 29 published papers for the analysis. In the analysis of root traits in response to drought, we collected 808 pairs of data under well-watered and water-stressed conditions from 79 published papers. The number and percentage of papers reporting each trait in different species were presented (Figure 2). Ratio of drought response was calculated as the value of root traits observed under water-stressed condition divided by that under well-watered condition. Meta-analysis for drought response ratio of root traits was performed with the method from Zhou et al. (2018). In the study of one-dimensional root distribution to drought, 156 pairs of RLD data under well-watered and water-stressed conditions were collected from 6 published papers. Data were normalized with respect to the maximum values of sampling depth and RLD observed under each water availability condition in each selected paper. An exponential function was fitted between normalized depth and root length density. The number of 2-dimensional and 3-dimensional root distribution studies in response to drought was too small for a valid statistical analysis. Hence, we presented typical results in published studies as an example to discuss the effects of water deficit on 2-D root density distribution and 3-D RSA and its regulation mechanism.




Figure 2 | The number and percentage of papers reporting different root traits of different plant species with tap (A, C) and fibrous (B, D) root systems. Grasses in the tap root system include weed from Maganti et al (2005) and Paspalum dilatatum from Vasellati et al. (2001). Grasses in the fibrous root system (indicated by * in (B, D) include Perennial grass Dactylis glomerata from Bristiel et al. (2019), switchgrass from Liu et al. (2019), and perennial native grasses from Vega et al. (2020).






Results and discussion


Genes, QTLs and hormones involved in the drought response of root traits

The responses of RSA traits to drought are controlled by a complex regulation network involving sensing, signaling, and gene expression in a wide range of plants, as reviewed by Janiak et al. (2016). Several literature reviews have discussed these genes and QTLs in drought responses in cereal crops (Siddiqui et al., 2021), centering on rice (Kim et al., 2020), wheat (Kulkarni et al., 2017; Li et al., 2021), and grain legumes (Ye et al., 2018). A very recent review (Ranjan et al., 2022) has summarized the genes, QTLs, transcription factors, mRNAs involved in RSA responses to drought in a wide range of plants. A number of genes and QTLs governing the responses of RSA to drought have been identified in a variety of plants (Figure 3). Wheat is the most intensively studied crop, followed by rice and Arabidopsis. Among the root traits of interests, root length and root dry weight under drought are associated with the largest number of genes (Figure 3). These two traits reflect the overall growth of the root system and hence it has received sufficient attention. For instance, root length under drought was associated with QTLs including CRL1, PRL2, PRL3, SRL2, SRL7, and SRL9 in maize (Li et al., 2017) and QTRL.cgb-3B in wheat (Liu et al., 2013). Root dry weight under drought was associated with Qrdws.uwa-4AL and Qrdws.uwa-5AL in wheat (Ayalew et al., 2017) and qRDW1_2, qRDW1_5, and qRDW1_8 in sorghum (Mace et al., 2012). Root angle was regulated by DEEPER ROOTING 1 (DRO1), a rice quantitative trait locus and higher expression of DRO1 increases the root growth angle (Uga et al., 2013). Root diameter was enlarged by the overexpression of OsNAC5 (Jeong et al., 2013) and OsNAC10 (Jeong et al., 2010) in rice roots under drought. Very recently, the regulation of lateral root diameter by QHB and OsWOX10 has been identified under mild drought in rice (Kawai et al., 2022).




Figure 3 | Genes and QTLs involved in the drought responses of root traits in different plant species reported in the literature. Different colors of lines and flows represent different crops. Data and references are included in Supplementary Table 1 and Supplementary File 1, respectively.



A recent genome-wide association study (GWAS) on the roots of two contrasting rice varieties under drought revealed 288 differentially expressed genes from the families of NAC, AP2/ERF, AUX/IAA, EXPANSIN, WRKY, and MYB (Abdirad et al., 2022). This finding warrants further research into verifying the roles of these genes in the differential RSA responses to water stress as one variety enhanced growth and root exploration to access water to avoid water deficit, whereas the other relied on cell insulation to maintain water and antioxidant system to withstand water stress (Abdirad et al., 2022).

We also covered species not yet been reviewed such as poplar (Zhou et al, 2020b), apple (Geng et al., 2018), and alfalfa (Wan et al., 2021) to complement published reviews (Figure 3). Poplar, a biofuel crop grown on marginal lands with insufficient water and nutrient resources, are the most well studied tree species in the molecular mechanism modifying RSA in response to drought (Dash et al, 2017; Dash et al, 2018; Wang et al., 2020). PtabZIP1-like gene was reported to enhance lateral root formation and biomass growth under drought stress (Dash et al., 2017). A recent study demonstrated that WUSCHEL-related homeobox gene PagWOX11/12a promoted root elongation and biomass growth in poplar in response to drought stress (Wang et al., 2020). Additionally, transgenic apple plants over expressing MdMYB88 or MdMYB124 had higher root-to-shoot ratios under long-term drought stress (Geng et al., 2018). Compared with annual crops, the genetic control of RSA in perennial trees to drought is poorly understood due to the lack effective phenotyping tools.

Plant hormones, such as abscisic acid (ABA), auxin, cytokinin, ethylene, gibberellic acid (GA), jasmonic acid (JA), salicylic acid (SA), and brassinosteroid (BR), are known to mediate root growth which contribute to development of RSA under normal and droughted conditions (Dalal et al., 2018; Karlova et al., 2021; Ranjan et al., 2022). Wheat, rice, and Arabidopsis are the most studied species (Figure 4) as they are the source for staple food for mankind or serve as the model plant in scientific research. Root length, root dry weight and root-to-shoot ratio are the most studied traits, as they are closely associated with the function of the root system (Figure 4). The number of studies involving ABA is the largest, followed by auxin and cytokinin (Figure 4). ABA plays the most critical role in regulating RSA. The records of ABA account for 34.3% of the total observations and it is involved in the regulation of almost all root traits under water stress (Figure 4). Moderate water stress in tomato increased the primary root length in the wild type but failed to enhance it in the mutant which lacked a fundamental gene in the ABA biosynthetic pathway and therefore had a lower ABA concentration compared to the wild type, suggesting that ABA played a positive role in mediating the regulation of primary root elongation under drought (Zhang et al., 2022). Higher expression of DRO1 was shown to increase root growth angle under drought but it was negatively regulated by auxin (Uga et al., 2013). Cytokinin is known as a negative regulator of root growth (Ranjan et al., 2022) and the degradation of it was reported to increase the length of lateral roots and root dry weight, leading to improved drought tolerance in barley (Pospíšilová et al., 2016). In addition to a single hormone, Rowe et al. (2016) revealed how the hormonal network including ABA, auxin, ethylene, and cytokinin influence root growth under water stress. As the interplay of hormones in shaping RSA is very complex even under well-watered condition, drought will add a new layer of complexity and greater knowledge is needed to understand the complex hormonal crosstalk in the drought response of RSA.




Figure 4 | Hormones involved in the drought responses of root traits in different plant species reported in the literature. The numbers of observations are also shown. Crops are listed on the left-hand side and root traits on the right-hand side. Crops and root traits are connected by specific flows in different colors representing different hormones involved. Data and references are included in Supplementary Table 2 and Supplementary File 2, respectively.



ABA and auxin played roles in xerotropism, hydropatterning, and xerobrancing (Giehlvon Wiren, 2018; Orman-Ligeza et al., 2018; Dinneny, 2019; Lucob-Agustin et al., 2021), which contribute to the drought response of RSA. When water supply in soils is sufficient and homogeneous, the root system is likely to develop symmetrically around the root axis. When water availability in top soil layers is limited and sufficient water is retained in deep soil layers, auxin is involved in the mediation of root growth towards deep soil layers. This phenomenon is termed as xerotropism, in which the response of roots to gravity is enhanced to form deeper roots (Lucob-Agustin et al., 2021). When roots are exposed to differential water availabilities on either side of the root, formation of roots hairs and aerenchyma (plant tissues containing enlarged gas-filled intercellular spaces) is induced on the side exposed to air while formation of lateral roots are enhanced on the side in direct contact with water (Giehlvon Wiren, 2018). This phenomenon is termed as hydropatterning. Auxin has been reported to promote the initiation of lateral roots on the side in contact of water, determining whether and in which direction lateral roots form (Orosa-Puente et al., 2018). When roots encounter dry soil patches or air, ABA has been reported to repress lateral root formation there (xerobranching) (Orman-Ligeza et al., 2018). In soils that are not completely dry or flooded, an air-water interface forms between soil particles (Giehlvon Wiren, 2018). Such variation in soil water availability stimulates the growth towards water and this response, termed as hydrotropism, is also auxin-dependent (Lucob-Agustin et al., 2021). Hydrotropism guides the growth of roots to water while hydropatterning alters the distribution of root hairs and lateral roots along the circumference of the root surface (Giehlvon Wiren, 2018).



Responses of typical root traits to drought

Positive, negative, and null responses to drought in each root trait are reported in the literature and they are indicated by the ratio > 1, < 1, and =1, respectively (Figure 5). The inconsistent results are likely due to the different timing and intensity of water stress and the crops (Kato et al., 2006; Rauf and Sadaqat, 2007; Kamoshita et al., 2008;  Kano et al., 2011; Padilla et al., 2013; Larson and Funk, 2016). The distribution of the ratio values determined the average ratio of each trait, which can be used to demonstrate the overall impact of drought on each trait (Figure 5). Due to the contrasting and diversified results (Olmo et al., 2014; Welles and Funk, 2021), generalizations need to be made very cautiously regarding the response of root traits to drought. The root traits in both the tap root and fibrous root systems follow a similar pattern in response to water stress (Figure 5).




Figure 5 | The drought response of typical root traits reported in the fibrous root (A) and tap root (B) systems in 70 published papers. (C) shows data from both the fibrous and tap root systems. Ratio is calculated as the value observed under water-stressed condition divided by that under well-watered condition. Data and references are included in Supplementary Table 3 and Supplementary File 3, respectively.



In the fibrous root system (Figure 5A), water stress increased root hair density, root hair length and root-to-shoot ratio by 49.4%, 35.8%, and 21.6%, respectively. Water stress decreased root dry weight and root length by 21.9% and 19.8%, respectively. There are different reasons accounting for the increased root-to-shoot ratio in response to drought. In most cases, water stress decreased the dry matter accumulation in both shoot and root with a greater reduction in the root system, leading to an enhanced root-to-shoot ratio. Increased root dry weight accompanied by decreased shoot dry weight also occurred, which also caused increased root-to-shoot ratio. Although water stress had no effect on the mean of root depth, root growth angle, and root diameter, both positive and negative effects on the traits have been reported in the literature as reflected in the distribution of the ratio values (Figure 5). In the tap root system (Figure 5B), water stress caused an increase in root hair density, root growth angle, and root-to-shoot ratio by 27.3%, 25.3%, 42.6%, respectively. Water stress induced a decrease in root dry weight and root length by 26.5% and 3.4%, respectively. Similar to the fibrous root system, in most cases water stress decreased the dry weight in both shoot and root with a greater reduction in the root system, leading to an enhanced root-to-shoot ratio. Inconsistent responses to drought reported in each trait (Figure 5) reflected the different strategies plants used to deal with drought.

Root growth angle is generally defined as the degree between the horizontal and the root (Lynch, 2022). Larger root growth angles result in root elongation towards the deeper soil layers and this is believed to be an important trait for the access to and capture of deep soil water under drought (Vega et al., 2020; Lynch, 2022). Larger root growth angle contributed to higher yield as reported in maize (Ali et al., 2015) and rice (Uga et al., 2013) under water-limited conditions. Therefore, larger root growth angle is considered as a desirable trait of drought tolerance in the breeding program. However, some species do not increase root growth angle under drought (Figure 5). Introducing genes such as DRO1 into the cultivar may enable the crop to avoid drought by increasing rooting depth and hence maintain yield under drought conditions. Growth angle largely determines root depth and larger rooting depth is associated with steeper root angles (An et al., 2017; Alahmad et al., 2019).

Root depth determines plants’ ability to capture water in the deep soil layers (Nippert and Holdo, 2015; Nardini et al., 2016). A deeper root system under drought is achieved by the continued and sustained growth of root systems even at extremely low water availabilities, which might increase the mechanical strength of the soil and penetration impedance for the roots (Rich and Watt, 2013). Root depth has been reported to affect seasonal progression of water status, gas exchange, and maintenance of vascular integrity (Nardini et al., 2016). Plants in different ecosystems differ considerably in rooting depth (Schenk and Jackson, 2002) and drought-tolerant species tended to be deep-rooted while drought-sensitive ones were shallow-rooted (Padilla and Pugnaire, 2007; Zhou et al., 2020a). Nevertheless, recent evidence in Arabidopsis has also shown that shallow rooting system is developed under drought for capturing water in the surface soil (Ogura et al., 2019). This new discovery challenges the conventional thinking of deep rooting and drought tolerance and opens up a debate over whether deep or shallow rooting benefits plants under drought. This shallow rooting pattern could occur in the ecosystem where rainfall happens within a short period of time. This shallow rooting strategy has also been adopted in succulent plants (e.g. cacti) in order to capture moisture in the topsoil owing to the light and brief desert rain (Schenk and Jackson, 2002). Nevertheless, it remains to be investigated whether this strategy is applicable to crops depending on the water availability in the soil profile. Water is mostly stored in the deep soil layer in the dryland agricultural system although water in the topsoil layer is temporarily available following sporadic rainfall. In contrast, water is constantly available in the topsoil layer during the growing season of the crops in the irrigated system.

Root hairs are specialized structures in the shape of tubular protrusions (typically 10 μm in diameter) arising from root epidermis and emerging behind the root elongation zone and they represent about 2% of the root mass (Marin et al., 2021). Root hair density and length are important traits affecting root water uptake (Mackay and Barber, 1987; Brown et al., 2012; Wang et al., 2016; Carminati et al., 2017). Negative and positive responses of these traits to water stress have been reported (Figure 5). Among the 22 wheat genotypes examined, most genotypes showed increased root hair density and length with only a couple of exceptions (Robin et al., 2021). Similar to the proliferation of lateral roots (Robin et al., 2021), increased root hairs significantly increase the contact area between roots and the surrounding soil (White and Kirkegaard, 2010) and facilitates water uptake under abiotic stresses (Xiao et al., 2020a; Xiao et al., 2020b; Kohli et al., 2022). Root hairs also play an important role in plant-microbe interaction (Fromm, 2019). Root hairs, together with mucilage secretion from roots and microbes, form the rhizosheath (Karanja et al., 2021; Zhang et al., 2021), which can facilitate the water uptake in the sheathed region under water deficit (Zhang et al., 2020). It remains to be investigated regarding the drought adaptive mechanism behind the genotypes without increased root hair proliferation. The possible adaptive strategies these plants adopted might include the changes in the root hydraulic properties (Leitner et al., 2014; Tron et al., 2015) or the osmotic adjustment of root cells (Palta and Turner, 2019), which also contributed to increased root water uptake.

Root diameter is a measure of root thickness. Building both finer and thicker roots in response to drought has been reported (Figure 5) and both responses are considered to benefit crops under drought. Building finer roots under drought is considered as a strategy for conserving resources when dry matter production is reduced (Henry et al., 2012). Finer roots may also benefit the crop under drought by increasing the surface to volume ratios of roots and hence the surface area of roots in contact with soil, allowing for increased withdrawal of water from the soil (Palta et al., 2011; Comas et al., 2013; Awad et al., 2018). On the other hand, thicker roots may be advantageous under drought because they have been hypothesized to be more capable of branching and producing more lateral roots, thereby increasing root length density and exploring deep soil layers and thus, enhancing drought tolerance (Ingram et al., 1994; Trillana et al., 2001). Rice plants that were genetically modified to have increased root diameter have been reported to have a higher yield under drought (Jeong et al., 2010; Jeong et al., 2013).

Root-to-shoot ratio is the ratio of the root and the shoot on a dry weight basis (Whitmore and Whalley, 2009). Increased root-to-shoot ratio under drought conditions has been widely reported and it is a drought avoidance strategy allowing the allocation of resource (dry matter) to the root for efficient water and nutrient acquisition (Figure 5). However, decreased root-to-shoot ratios have also been reported (Figure 5). Although continued investment in root growth reduced the risk of crop failure under water stress, it penalized shoot growth during dry periods. Particularly, continued root growth under drought could result in permanently retarded shoot growth at a critical developmental stage. Hence rather than grow a large root system in response to drought, a plant may allow part of the root system to die during drought and start new growth when favorable conditions return. These views proposed in much of the older literature were discussed in a review (Whitmore and Whalley, 2009). The responses of root-to-shoot ratio are also dependent on other factors such as cultivar (Ovalle et al., 2015; Moles et al., 2018) and the degree of drought (Liu and Li, 2005). Water restriction increased the root-to-shoot ratio of the deep-rooted saplings, while it had no significant effect on the shallow-rooted saplings (Ovalle et al., 2015). In an experiment where two spring wheat cultivars were subjected to mild and severe water stress, an increase in root-to-shoot ratio was observed under moderate water stress for the drought-tolerant cultivar and under severe water stress for the drought-sensitive cultivar (Liu and Li, 2005). This was explained by the significantly reduced respiration rate in the drought-tolerant cultivar under moderate drought. The diminished costs of maintaining root function allow the drought-tolerant plants to maintain a relatively large root system for water capture (Liu and Li, 2005).

Root length can be a measure of the overall growth of the root system. It is not surprising that inconsistent and dynamic responses of root length to drought have been reported (Figure 5). Total measurable root length did not necessarily reflect the root’s ability to take up water as it was argued that only a fraction of the total root length is active in water and nutrient uptake (Robinson et al., 1991; Sharma et al., 2018). Although the long and deep roots may not directly contribute to water uptake, they are functionally important in transporting the water and nutrients taken from active root parts to the rest of the plant (Sharma et al., 2018). Increased root length under drought condition may come at a significantly increased expense of root metabolic cost (Hasanuzzaman et al., 2019). Hence, for the genotypes that are capable of gaining more water by increasing root length at reduced metabolic costs, greater productivity can potentially be achieved under drought (Hasanuzzaman et al., 2019). Therefore, the selection of plant genotypes for long root length also needs to consider the metabolic cost to the plant, and otherwise increased metabolic cost could decrease the yield.

Root responses to drought are dependent on the soil types differing in texture, depth, water-holding capacity, and root penetration resistance (Cairns et al., 2004; Annicchiarico, 2007; Cairns et al., 2011; Menge et al., 2016; Palta and Turner, 2019). In the low rainfall environment (e.g. Mediterranean-type climate), clay soils are more susceptible to subsoil compaction and poor drainage than sandy soils (Palta and Turner, 2019), which may hinder the rapid profuse growth and proliferation of the root system. It was not surprising that faster early root growth improved grain yield and water use efficiency on deep sandy soils with low water-holding capacity while such advantage disappeared on clay soils with better water-holding capacity (Palta and Turner, 2019). Despite a decrease in root dry weight under drought in many studies (Figure 5), there was a trend towards the concentration of the roots in the topsoil layer (25–30 cm) in fine-textured soils (e.g. clay) under drought (Christian, 1977; Palta and Turner, 2019). This was attributed to the high soil water-holding ability, which might prevent most water from reaching deeper soil layers (Palta and Turner, 2019). For soils with a high root penetration resistance due to underground mechanical impedance, developing more lateral roots in the shallow soil layer in response to drought stress was an appropriate strategy; in contrast, for soils without or with a low penetration resistance, enhancing the root development into the deep wet soil layer under drought is more suitable (Menge et al., 2016). In agricultural practice, shallow soil is commonly seen in lowland fields containing a hardpan, which is approximately 20cm beneath the soil surface. Hardpan restricts root growth into deeper soil layers, hence water and nutrient uptake is limited in the shallow soil layer (Lucob-Agustin et al., 2021).

Root responses to drought are also associated with the life cycle of the plants (Thorup-Kristensen et al., 2020). Short-lived species might be more flexible and plastic to changes in soil water availability than species with a long life cycle. Compared with perennial plants, annual, short-lived plants may have a different strategy of capturing water in the soil (Lombardi et al., 2021). It was reported that in the semi-arid grasslands, short-lived grass species showed greater rhizosheath thickness and fine root development compared to successional climax grasses (Hartnett et al., 2013). These adaptive responses indicated that enhanced rhizosheath development, which aided in water uptake and retention the rhizosphere, and extensive fine root system, which aided in water acquisition, might be important traits of short-lived grasses coping with drought conditions. Many perennial species, such as trees, have a tap root system. It was shown that plasticity of root biomass allocation was lower in tap-rooted species than fibrous-rooted species (Fry et al., 2018). When water was only available in the deep soil layers under drought conditions, fibrous–rooted species changed their biomass allocation to evenly distribute their roots through the soil profile while tap-rooted species remained largely the same. The lack of response of tap-rooted species was attributed to the adaptation of taproots: they are already designed to forage in deeper soil layers and no change is necessary in response to drought (Fry et al., 2018).



Responses of 1D/2D root length density distribution and 3D RSA to drought

Root length density (RLD) is generally described as the length of roots per unit of soil volume (Liang et al., 2017; El, Hassouni et al, 2018). RLD was larger in the surface soil layers and it decreased exponentially with soil depth (D) under both control and water stress conditions (Figure 6). Water stress decreased RLD almost at all depths and such decrease was most pronounced in the surface soil layers and it decreased with soil depth. The fitted equations between RLD and D areRLDww=1.22×e-3.42×D (n=154, R2 = 0.41, P<0.001) for well-watered condition and RLDws=0.83×e-3.14×D (n=154, R2 = 0.47, P<0.001) for water-stressed condition, respectively.




Figure 6 | The distribution of root length density (RLD) at different soil depth (D) under well-watered (ww) and water-stressed (ws) conditions. Data are normalized with respect to the maximum values of soil depth and RLD observed under each water availability condition in each paper. Under well-watered condition, RLDww=1.22×e-3.42×D (n=154, R2 = 0.41, P<0.001). Under water-stressed condition, RLDws=0.83×e-3.14×D (n=154, R2 = 0.47, P<0.001). Original data are obtained from Figure 4 in Zhan et al. (2015), Figure 5 in Gao and Lynch (2016), Figure 5 in Fitters et al. (2017), Figure 2 in Ahmadi et al. (2018), Figure 7 in Faye et al. (2019), and Figure 5 in Hamedani et al. (2020).



Similar to root dry weight and root length that reflect the growth of the whole root system (Figure 4), responses of RLD at the whole root level to drought are also inconsistent (Li et al., 2010; Padilla et al., 2015; Belachew et al., 2019). It has been argued that it is not the RLD of the whole root system, but the distribution of RLD in the soil profile is important for water extraction under drought (Vadez et al., 2013). A larger root system alone may not contribute much to drought tolerance if the large root portion is not distributed into moist soil (Jongrungklang et al., 2011). A number of studies have documented the distribution of RLD in response to drought in wheat (Zuo et al., 2006; Steinemann et al., 2015; Ali et al., 2018), barley (Ahmadi et al., 2020), chickpea (Purushothaman et al., 2017), sesame (Hamedani et al., 2020), maize (Zhan et al., 2015; Gao and Lynch, 2016; Jia et al., 2018), and melon (Sharma et al, 2018). These studies revealed different strategies in response to drought and in many cases RLD in the topsoil was more negatively affected by water stress (Figure 6). However, there are exceptions. RLD in the topsoil was increased in sorghum subjected to severe water deficit (Liang et al., 2017) and a similar increase was also reported in lettuce exposed to late drought (Kerbiriou et al., 2013). Although the interpretation for such increases is unclear, it might be a strategy to sustain shoot growth at the expense of root growth (Kerbiriou et al., 2013).

Increased RLD in deep soil layers under drought is generally considered as a worthy trait for plant breeders (Thangthong et al., 2018). The rice genotype with higher root length density in deep soil layers was reported to maintain dry matter production in two genotypes tested under a simulated rainfed lowland condition (Kameoka et al., 2015). The increase in drought duration makes this pattern more pronounced (Thangthong et al., 2016). However, the adjustment of RLD distribution under drought does not always confer yield and growth advantages depending on the genotype. A study demonstrated that both pearl millet lines (“SL28” and “LCICMB1”) reduced root growth in the dry topsoil layers and reoriented their root growth in deeper soil layers under drought conditions (Faye et al., 2019). However, SL28 showed a very strong and significant reduction in grain production in response to drought even though roots were reoriented to the deep soil layers. Similarly, it was reported that some peanut genotypes with high RLD under terminal drought had low yield (Koolachart et al., 2013). This inconsistent effect of RLD adjustment on crop yield suggested that RLD alone might not be used as a selection criterion for drought tolerance. It remains unclear how RLD distribution in conjunction with other root traits confer drought tolerance.

The center of RLD at 2-dimensional scale was shifted downwards in response to drought (Figure 7). RLD in the deep soil layer was increased under water stress while it was decreased in other layers of the soil. This change allows the roots to obtain water present in the deep soil layer. This change requires increased root growth angle and root depth (Figure 4). In agricultural practice, the response of 2-dimensioanl distribution of RLD to drought is affected by irrigation method (Oliveira et al., 1996; Perez-Pastor et al, 2014). The root system has been reported to tend to preferentially grow in the dripper zone under subsurface deficit irrigation. Perez-Pastor et al (2014) studied the RLD distribution of apricot trees in response to full irrigation at 100% of ETc (control), continuous deficit irrigation at 50% of ETc, and two regulated deficit irrigation. RLD values at the soil surface close to the drip-line band nearly doubled in the deficit irrigated treatments compared with those in the control treatment. In contrast, far from the drip line, RLD values in the control treatment were higher than those in all the deficit irrigation treatments. However, the tendency of growing towards emitters can adversely affect the utilization of water stored in the deeper soil profile. Hence, cultivars having the ability to extend root growth deeper in the soil profile under water deficit are promising to overcome the limitation of subsurface irrigation (Sharma et al., 2018).




Figure 7 | The horizontal and vertical distributions of root length density (RLD, cm cm-3) in the soil profile under well-watered (A) and water-stressed (B) conditions. The figure is adapted from Figure 6 in Shabbir et al. (2021).



The responses of horizontal and vertical distributions of RLD to water deficit were also dependent on whether the plant was grown in narrow deep soil or shallow wide soil (Zhang et al., 2019). Zhang et al. (2019) investigated the distribution of RLD of Loliumperenne L. (a perennial grass) grown in these two soil environments subjected to full irrigation and two levels of deficit irrigation. RLD tended to decrease from the center outward in the wide shallow soil, or from the surface to bottom in the narrow deep soil under all three treatments. The RLD in each soil ring in the shallow wide soil decreased gradually with decreased water supply, however, decreased supply had no significant effect on the distribution of RLD in the deep narrow soil.

Plant roots have diverse and complex 3D formations, which determines plants’ efficiency in acquiring water and nutrients in the soil (Morris et al, 2017). New technologies such as magnetic resonance imaging(MRI) and X-ray computer tomography (X-ray CT), ground penetrating radar (GPR) have been adopted to observe roots on 3D scale in the lab and the field (Rellan-Alvarez et al., 2015; Morris et al., 2017; Fan et al., 2022). 3D models have been developed to quantify RSA. Dunbabin et al. (2013) reviewed six widely used models including RootTyp, SimRoot, ROOTMAP, SPACSYS, R-SWMS, and RootBox. Until now, these models have aided in elucidating the root distribution and root function in interaction with variable environmental conditions (Leitner et al., 2010; Dunbabin et al., 2013) including drought. Here we present the key findings of 3D root distributions under drought. Using a combination of RootBoxand R-SWMS, Leitner et al. (2014) studied the role of root architectural and functional traits of maize in dealing with water stress at the flowering stage subjected to two hydrological scenarios (when most of the water is located at the top of the profile and when the water content increased in depth). The three phenotypes with different RLD profiles include P1 (with more roots at the top), P3 (with deeper rooting distribution), and P2 (an intermediate distribution). Simulations revealed that P1 was more efficient in water uptake than P2 and P3 when most of the water is located at the top, but has low ability to deal with a drier upper layer and that P3 outperformed P1 and P2 when the water content increased in depth. This corresponds to previous findings (e.g. Schenk and Jackson, 2002; Preti et al., 2010) showing that superiority of a given root architecture was dependent on the water regime. A deep and steep phenotype is beneficial only in situations where crop water supply depends on subsoil moisture while allocation of roots near the surface is more preferential when crops can rely on high in-season rainfall (Leitner et al., 2014). A similar conclusion was reached in a study modeling transpiration of 48 root architectures in 16 drought scenarios with distinct soil textures, rainfall distributions, and initial soil moisture availability (Tron et al., 2015). When sufficient rainfall is available before the growing season, root depth is a key trait for exploiting water stored in deep soil layers, especially in fine soils; when plant water supply mainly relies on rainfall events during the root system development, root density, especially near the soil surface, represents the most relevant trait for the exploration of soil moisture (Tron et al., 2015). These two studies (Leitner et al., 2014; Tron et al., 2015) also emphasized that that mere architectural description is insufficient to find root systems of optimum functionality and it required to consider the hydraulic traits of the root system, which did not fall into the scope of the current paper.




Conclusion and prospect

Land plants adjust RSA to variable soil water availabilities for survival, development, and reproduction. Much progress has been made in the understanding of how the interplay of genes and hormones contribute to a single RSA trait (e.g. root growth angle) in different plants under drought (Figures 3–5). The inconsistent responses of a single RSA trait to drought (Figure 5) indicated that attention needs to be paid to understand how these RSA traits coordinate to shape the RSA at the 2- and 3- dimensional scales, which determines the function of the root system for optimal water uptake. Adjustment of RSA at the whole root system level in response to drought requires sensing the spatial and temporal dynamics of soil moisture and reallocating the dry matter within the root system at different soil depths. In the agricultural system, in order to breed optimal RSA suited for drought, it is important to exploit the mechanisms regulating root plasticity and sense ability at multiple levels. Other environmental stimuli and management strategies such as irrigation also impact RSA in the agricultural system. It is essential to gain an integrated multi-scale (molecular, cellular, tissue, and organ levels) understanding of the mechanisms regulating the drought responses of RSA. Such knowledge will aid in selecting and breeding crops with root ideotypes that are better adapted to different drought scenarios under different environments and management strategies. Given the complexity of RSA traits, high-throughput screening methods and GWAS will be helpful for in depth evaluating the drought adaptive responses of root system. A comprehensive and systematic understanding of RSA adaptive responses to drought at multiple levels will play an essential role in selection and breeding of drought tolerant crops, and water management in agricultural practice, which will help combat hunger and ensure food security in the context of global climate change.
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Nanomaterials, including multiwalled carbon nanotubes (MWCNTs), have been recently applied in agriculture to improve stress resistance, leading to contradictory findings for antioxidant responses and mineral nutrient uptake. A pot experiment involving maize in low-salinity sandy loam soils was conducted with the application of different concentrations (0, 20, 50 mg/L) of MWCNTs and the growth-promoting rhizobacterium Bacillus subtilis (B. subtilis). The dose-dependent effects of MWCNTs were confirmed: 20 mg/L MWCNTs significantly promoted the accumulation of osmolytes in maize, particularly K+ in the leaves and roots, increased the leaf indoleacetic acid content, decreased the leaf abscisic acid content; but the above-mentioned promoting effects decreased significantly in 50 mg/L MWCNTs-treated plants. We observed a synergistic effect of the combined application of MWCNTs and B. subtilis on plant salt tolerance. The increased lipid peroxidation and antioxidant-like proline, peroxidase (POD), and catalase (CAT) activities suggested that MWCNTs induced oxidative stress in maize growing in low-salinity soils. B. subtilis reduced the oxidative stress caused by MWCNTs, as indicated by a lower content of malondialdehyde (MDA). The MWCNTs significantly increased the leaf Na+ content and leaf Na+/K+ ratio; however, when applied in combination with B. subtilis, the leaf Na+/K+ ratio decreased sharply to 69% and 44%, respectively, compared to those of the control (CK) group, the contents of which were partially regulated by abscisic acid and nitrate, according to the results of the structural equation model (SEM). Overall, the increased osmolytes and well-regulated Na+/K+ balance and transport in plants after the combined application of MWCNTs and B. subtilis reveal great potential for their use in combating abiotic stress.
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1 Introduction

Thirty-three percent of irrigated farmland and twenty percent of arable land in the world have been affected by salinization (Mustafa et al., 2019). Soil salinization adversely affects plant growth and has become one of the major limiting factors for crop productivity worldwide (Sarma et al., 2012). Several methods have been used to ameliorate soil salinity and to improve the salt stress tolerance of various plant species, such as irrigation and soil leaching, chemical amelioration, and the use of genetically modified plants or salt-resistant varieties (Chu et al., 2016; Hafeez et al., 2021). However, the high cost, technical requirements, consumption of resources, labor intensiveness, and potential environmental hazards have relatively constrained their application.

Nanoparticles (NPs) are particles of matter that exist at the nanoscale level, ranging from 1 to 100 nm in size (Shweta et al., 2017). Multiwalled carbon nanotubes (MWCNTs) are carbon-based NPs that are relatively environmentally safer than metal NPs. The adsorption and penetration capabilities of MWCNTs make them unique carriers for fertilizers and agrochemicals (Chhipa and Joshi, 2016). The hypertonic and high-sodium environmental conditions observed under salt stress usually prevent plants from easily taking up water and nutrients. Studies have shown that MWCNTs have the potential to improve nutrient use efficiency and alleviate macro- and micronutrient deficiencies in plants (Shang et al., 2019; Hu et al., 2021). MWCNTs interact with nutrients through hydrogen bonding, surface tension, viscous forces, or transient dipole interactions in the soil (Tiwari et al., 2013; Monreal et al., 2015; Shang et al., 2019). Moreover, MWCNTs can act as nutrient microcarriers that enter plants through pores within the cell wall and membrane or ion channels or via endocytosis to promote water and nutrient absorption (Mastronardi et al., 2015; Monreal et al., 2015). The physicochemical state and morphology of plants also change in the microenvironment where MWCNTs and plants coexist. Seddighinia et al. (2019) stated that MWCNTs increase the uptake of water and nutrients because of changes in the vascular system structure in plant stems and roots through the promotion of the elongation of shoots and roots. According to recent reports, MWCNTs affect the activities of key enzymes involved in regulating nitrogen and carbon metabolism, resulting in the accumulation of plant carbohydrates (sugars and starch, soluble proteins, and nitrogen) (Hu et al., 2021). In addition, MWCNTs may act as plant growth-promoting compounds to increase plant biomass under salt stress (Vithanage et al., 2017). Zhao et al. (2019) also reported that MWCNTs enhance nitrate reductase-dependent nitric oxide biosynthesis, maintain the ionic and oxidative balance, and promote plant growth under salt stress.

As a tool to guarantee food security under both climate change and various ecological constraints that is cost-effective and environmentally friendly, MWCNTs, which can be used in small amounts and thus are efficient, may be used as convenient tools to increase crop yields and ensure the sustainability of land production (Shang et al., 2019). However, several reports have been released describing the concentration-dependent effects of MWCNTs on plant growth. Generally, optimal concentrations of MWCNTs promote growth, but excessive concentrations may exert negative or even toxic effects. For example, Mondal et al. (2011) reported that a low concentration of MWCNTs (23 mg/L) effectively improved the germination rate of mustard seeds, promoted root and shoot elongation, accelerated the water absorption of seeds, and improved the stability of the cell membrane, while a higher concentration (46 mg/L) inhibited seed water absorption, germination, and embryo development. Similarly, adverse effects of high concentrations of MWCNTs (100 mg/L) on the agronomic traits, photosynthesis, and antioxidant enzyme activities of basil under salt stress have also been reported, which was proposed to result from oxidative stress caused by the aggregation of MWCNTs in the plants (Gohari et al., 2020). However, Lin and Xing (2007) found no biological toxicity of high-dose treatments (up to 2000 mg/L MWCNTs) in various crop species. Similar to other NPs, the size, shape, concentration, and surface functionalization of MWCNTs play crucial roles in their application (Hatami et al., 2017). Some effective new strategies must be developed to avoid the possible adverse effects of NPs. Most notably, some attempts to promote plant growth through microbial-nanomaterial composites have been reported in recent years. The development of nanocomposites containing active Bacillus thuringiensis has further improved the efficacy and shelf life of pesticides and reduced the required dose (Koul, 2019). Furthermore, Ahmed et al. (2021) used Azotobacter salinestris ASM strains that were resistant to metal NPs to circumvent the toxic effect of NPs through extracellular polymer-mediated chelation and biomass adsorption, reducing the absorption of metal NPs by roots and increasing the seed germination rate, photosynthetic activity, biomass, and yield.

Bacillus subtilis (B. subtilis), a widely used environmentally friendly plant growth-promoting rhizobacterium (PGPR) that tolerates high-temperature, high-pH, and hyperosmotic conditions (Ashwini and Srividya, 2014), is widely present in nature and synthesizes bioactive substances, such as antimicrobial and insecticidal components, siderophores and chelators (Saikia et al., 2018), and exopolysaccharides (Upadhyay et al., 2011). The potential application of B. subtilis for salt resistance and plant growth promotion has also been documented (Sarma et al., 2012). B. subtilis can increase nutrient availability and the uptake of plant macronutrients such as potassium, nitrogen, and phosphorus (Ramesh et al., 2014) through nitrogen fixation and phosphate or potassium solubilization (Li et al., 2021). By secreting phytohormones such as indoleacetic acid (IAA), abscisic acid (ABA) and gibberellins (GAs) (Idris et al., 2004) and by increasing osmolyte contents and antioxidant enzyme activities, B. subtilis has been shown to significantly improve plant stress resistance.

The combined application of B. subtilis and MWCNTs has recently been targeted for pollutant removal (Hartono et al., 2018), but the potential of this approach for plant growth promotion and stress protection has not been investigated. As mentioned previously, MWCNTs have been reported to enhance nutrient or ion absorption by plants, but contrasting results and opinions have been reported concerning the antioxidant response and accumulation of important ions, namely, Na+ and K+, in plants under salt stress (Martinez-Ballesta et al., 2016; Zhao et al., 2019). Focusing on agronomic traits, osmolytes, lipid peroxidation and antioxidant activities, and nutrient and ion absorption of plants, we applied B. subtilis and different concentrations of MWCNTs separately or in combination to maize plants under salt stress to explore the potential independent and combined effects of these treatments on the salt tolerance of maize.



2 Results


2.1 Agronomic traits

B. subtilis, MWCNTs, and their combination increased the maize dry/fresh weight and plant height to different degrees. As shown in Table 1, compared with that of the control (CK) group, the dry weight of the M20 group (addition of 20 mg/L MWCNTs) increased by approximately 20.0%, with no significant changes in fresh weight or plant height; the dry/fresh weights or plant height of the M50 group (addition of 50 mg/L MWCNTs) didn’t change significantly compared with those in the CK group. The maize in the BS (B. subtilis) and BM20 (addition of 20 mg/L MWCNTs with B. subtilis) treatment groups presented similar agronomic traits, including plant height and dry/fresh weight, and the last two parameters increased by approximately 30% and 15%, respectively. The plants in the BM50 group (addition of 50 mg/L MWCNTs with B. subtilis) presented the largest dry/fresh weight and were the tallest. Compared with those in the CK group, the dry/fresh weights and plant height of the BM50 group increased significantly by approximately 26.5%, 32.5%, and 8.9%, respectively.


Table 1 | Effects of B. subtilis and MWCNTs on maize agronomic traits, osmolyte contents, and endogenous hormone contents under salt stress.





2.2 Osmolytes

Compared with that in the CK group, the nitrate-nitrogen contents of the plants from the M20, BS, BM20, and BM50 treatment groups increased significantly (P < 0.05) (by approximately 15.1%, 23.8%, 19.8%, and 20.5%, respectively), but not the M50 treatment group. As shown in Table 1, the interaction between B. subtilis and MWCNTs exerted a significant effect on the nitrate-nitrogen content (P < 0.001). The soluble sugar contents in the plants receiving the M20, M50, and BM50 treatments were significantly lower (by approximately 10%) than those in the CK group, and no significant differences were observed between the BS, BM20, and CK treatments (Table 1, P < 0.05). After the combined application of MWCNTs with B. subtilis, the content of soluble sugars increased compared with that in plants treated with MWCNTs alone; for example, the soluble sugar content in the plants from the BM20 group was significantly greater than that in plants from the M20 group (Table 1, P < 0.05). According to the two-way analysis of variance, the interaction between B. subtilis and MWCNTs exerted a significant effect on the contents of proline (Supplementary Table 1, P < 0.001) and soluble sugars (Table 1, P < 0.05).



2.3 Endogenous hormones

Table 1 shows the plant ABA and IAA contents following the different treatments. Compared with that in the CK group, the ABA content in the leaves of the plants receiving each treatment decreased significantly (P < 0.05), but the range of decrease was different. The ABA contents decreased by 18.0% and 19.3% in the M20 and M50 groups, respectively, when MWCNTs were applied alone, but they increased to some extent in the BS, BM20, and BM50 groups.

The IAA content in the leaves of the plants from the M20 group was significantly higher than that in the CK group, but the opposite result was observed for the BM20 group (Table 1, P < 0.05). No significant differences in IAA contents were observed between the other treatment groups and the CK group (Table 1, P < 0.05). As shown in Table 1, both ABA and IAA contents were significantly affected by the interaction of B. subtilis and MWCNTs (P < 0.001).



2.4 Lipid peroxidation and antioxidant activities

MWCNTs increased the MDA content in maize plants, while B. subtilis inoculation reduced it (Figure 1A, P < 0.05). Coapplication of MWCNTs and B. subtilis reduced the MDA content compared with treatment with MWCNTs alone, although the difference was not significant (Figure 1A, P < 0.05).




Figure 1 | Effects of different treatments on lipid peroxidation and antioxidant activities. (A) MDA contents, (B) proline contents, (C) POD activity, and (D) CAT activity. The MDA and proline contents and POD and CAT activity data are presented as the means of five replicates ± SE and were compared using Duncan’s multiple range tests. Within each figure, the values with the same lowercase letter are not significantly different. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.



The proline contents in the plants from the M20, BS, BM20, and BM50 groups were significantly higher than those in the CK group (Figure 1B, P < 0.05). The proline content in maize did not change significantly after the application of 50 mg/L MWCNTs alone compared with the CK group but increased significantly after MWCNTs were applied in combination with B. subtilis (Figure 1B, P < 0.05).

The M20 and M50 treatments increased CAT and POD activities in maize plants (Figures 1C, D, P < 0.05). The BS treatment did not significantly change POD activity but significantly reduced CAT activity (Figures 1C, D, P < 0.05). The BM20 and BM50 treatments both significantly decreased the POD activity in maize leaves (Figure 1C, P < 0.05). The BM20 treatment significantly decreased CAT activity, but the BM50 treatment significantly increased CAT activity in maize leaves (Figure 1D, P < 0.05).



2.5 Na+ and K+ absorption and distribution

The contents of Na+ and K+ in the leaves of each treatment group are shown in Figure 2. The K+ contents in the leaves of plants in the M20 and M50 groups were significantly higher than those in the CK group, and the content of Na+ and the Na+/K+ ratio were also significantly higher (Figures 2A, C, E, P < 0.05). The K+ contents in the leaves of plants in the BS, BM20, and BM50 groups were significantly higher than those in the CK group; however, the Na+ contents were significantly lower, resulting in significantly lower Na+/K+ ratios (Figures 2A, C, E, P < 0.05). In particular, the Na+/K+ ratio decreased significantly in the BM20 and BM50 groups (by approximately 31.3% and 56.0%, respectively) (Figure 2E, P < 0.05).




Figure 2 | Effects of different treatments on the Na+ and K+ contents and the Na+/K+ ratio. (A) Leaf K+ contents, (B) root K+ contents, (C) leaf Na+ contents, (D) root Na+ contents, (E) leaf Na+/K+ ratio, (F) and root Na+/K+ ratio. The Na+ and K+ contents and the Na+/K+ ratio data are presented as the means of three replicates ± SE and were compared using Duncan’s multiple range tests. Within each figure, the values with the same lowercase letter are not significantly different. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.



Compared with those in the CK group, the root K+ contents in the plants from the M20, M50, BS, and BM50 treatment groups increased by approximately 54.0%, 39.2%, 24.5%, and 24.3%, respectively, but decreased in the BM20 treatment group. Significant differences in root Na+ contents were not observed between the plants in the CK and in each of the other treatment groups, but the root Na+ contents in the plants from the M20 and BM50 treatment groups were slightly higher than those in the CK group. The root Na+/K+ ratio of the plants in the M20, M50, and BS treatment groups was significantly lower than that in the CK treatment group, but no significant differences were observed between the BM20, BM50, and CK treatment groups (Figure 2B, D, F, P < 0.05).



2.6 Principal component analysis

As shown in Figure 3, the loadings of leaf Na+ content, POD content, leaf Na+/K+ ratio, root K+ content, nitrate-nitrogen content and agronomic traits for the first principal component were the largest. In addition to POD content and agronomic traits, they are all indicators that characterize the content and proportion of important inorganic ions in plants. The first principal component mainly characterized the information related to ionic balance. Leaf K+, nitrate-nitrogen, ABA content, root K+ content, proline content and agronomic traits constituted the largest loadings of the second principal component. In addition to ABA content and agronomic traits, they are all indicators that characterize the content of Inorganic and organic osmolyte in plants. The second principal component mainly represented information related to osmolyte. With respect to the first principal component, BM50 had the highest score, and M50 and M20 had the lowest scores. The BM50 treatment tended to reduce the leaf Na+/K+ ratio and enhance plant growth, whereas the M50 and M50 treatments exerted the opposite effects. Regarding the second principal component, compared with the CK treatment, the M50, M20, BS, BM20, and BM50 treatments tended to increase the osmolyte contents.




Figure 3 | Results of the PCA of select parameters of plants receiving different amendment treatments. DW, FW, PH, NN, SS, ABA, RNK, PR, IAA, RN, POD, LN, LNK, LK, RK, MDA, and CAT represent dry weight, fresh weight, plant height, nitrate-nitrogen content, soluble sugar content, ABA content, root Na+/K+ ratio, proline content, IAA content, root Na+ content, POD activity, leaf Na+ content, leaf Na+/K+ ratio, leaf K+ content, root K+ content, and MDA content, respectively. The treatments were as follows: CK, no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.





2.7 Correlation analysis and structural equation model analysis

As shown in Figure 4, significant positive correlations were observed among plant height, fresh weight, and dry weight (P < 0.05). The leaf Na+/K+ ratio was significantly negatively correlated with various agronomic traits, such as plant height and fresh/dry weight (Figure 4, P < 0.05). The nitrate-nitrogen content was not only significantly positively correlated with plant height and dry/fresh weight but also significantly negatively correlated with leaf Na+ content and the leaf Na+/K+ ratio (Figure 4, P < 0.05). Although the ABA content was significantly negatively correlated with the leaf K+ content, Na+ content, leaf Na+/K+ ratio, root K+ content, MDA content, and POD activity, it was significantly positively correlated with the root Na+/K+ ratio (Figure 4, P < 0.05). The proline content was significantly positively correlated with the nitrate-nitrogen content and K+ content, each of which is an important osmolyte (Figure 4, P < 0.05). POD activity was significantly positively correlated with the leaf K+ content, Na+ content, leaf Na+/K+ ratio, and root K+ content, but it was significantly negatively correlated with nitrate-nitrogen content, plant height and fresh/dry weight (Figure 4, P < 0.05).




Figure 4 | Results of Spearman’s correlation analysis of select parameters of plants receiving different treatments. DW, FW, PH, NN, SS, ABA, RNK, PR, IAA, RN, POD, LN, LNK, LK, RK, MDA, and CAT represent dry weight, fresh weight, plant height, nitrate-nitrogen content, soluble sugar content, ABA content, root Na+/K+ ratio, proline content, IAA content, root Na+ content, POD activity, leaf Na+ content, leaf Na+/K+ ratio, leaf K+ content, root K+ content, and MDA content, respectively.



Three plant agronomic traits constituted large loadings of both the first and the second principal component according to the results of the PCA (Figure 3), and they showed significant correlations with many other parameters. Considering the results of our correlation analysis and PCA, plant height was selected as a proxy for maize growth and salt tolerance and as the dependent variable, and an SEM was constructed to analyze the mediating effects of the leaf Na+/K+ ratio, nitrate-nitrogen content, root Na+/K+ ratio, and ABA content on plant height. Our hypothesized SEM fit the data well (χ2 = 0.972, df = 3, χ2/df = 0.324, P = 0.808; comparative fit index (CFI) = 1.000; root mean square error of approximation (RMSEA) = 0.000). As shown in Figure 5 and in Table 2, regarding the total standardized effect, the nitrate-nitrogen content was the strongest predictor of maize plant height under salt stress, with a total effect of 0.805, followed by the leaf Na+/K+ ratio (λ = -0.624) and root Na+/K+ ratio (λ = -0.331). The leaf Na+/K+ ratio had the greatest direct effect on plant height (λ = -0.624). The nitrate-nitrogen content exerted a direct positive effect on plant height and a direct negative effect on the leaf Na+/K+ ratio; thus, the nitrate-nitrogen content had the greatest total effect on plant height. On the one hand, ABA content exerted a direct negative effect on the leaf Na+/K+ ratio, which promoted plant growth; on the other hand, ABA content had a direct positive effect on the root Na+/K+ ratio, which inhibited plant growth. The total standardized effect suggests that ABA content has an overall positive effect on maize plant height, although the effect is rather small. Overall, the SEM showed that the nitrate-nitrogen content and the leaf Na+/K+ ratio were the most important drivers of maize plant height.




Figure 5 | Effects of four variables on the height of maize plants growing in low-salinity soil, based on the SEM. The relationships among the plant height, leaf Na+/K+ ratio, root Na+/K+ ratio, nitrate-nitrogen content, and ABA content were explained by a SEM. The path coefficients are presented above the arrows. A thicker line indicates a stronger effect (* = p < 0.05, ** = p < 0.01, and *** = p < 0.001).




Table 2 | The contribution of each variable to plant height based on the direct, indirect, and total effects according to the result of the SEM.






3 Discussion


3.1 MWCNTs and Bacillus subtilis improved maize osmoadaptation by increasing osmolyte levels

Salinity is one of the most important environmental constraints limiting land productivity. In the short term, salt stress first leads to osmotic stress, which reduces the moisture content; in the long term, salt stress causes a cytoplasmic nutrient imbalance in plants, an accumulation of sodium ions, and ionic stress, which subsequently result in yellowing and necrosis (Acosta-Motos et al., 2017). Plants have a variety of traits to combat salts in the soil solution. The most essential trait is osmotic adjustment; all cells must accumulate sufficient amounts of osmolytes to counterbalance the extra osmotic pressure in the soil solution and maintain turgor (Munns and Gilliham, 2015). Soluble sugars are important compatible osmolytes. The content of soluble sugars in maize leaves was slightly reduced in response to the application of MWCNTs (Table 1, P < 0.05). According to SAINAO et al. (2020), the soluble sugar content of rice roots exposed to 1000 mg/L MWCNTs (whose outer diameter was less than 30 nm) decreased significantly, which may reflect an oxidative response caused by the infiltration and blockage of MWCNTs in plant roots. Jiang et al. (2012) suggested that under the stimulation of the highest concentration of silver NPs, plant photosynthesis was inhibited, which led to a reduction in carbohydrate levels. B. subtilis has been reported to promote the accumulation of osmolytes in plants (Saleem et al., 2021), increase the activity of antioxidant enzymes (Medeiros and Bettiol, 2021), and reduce reactive oxygen species (ROS) accumulation in plants under salt stress. The combined use of B. subtilis and MWCNTs results in greater soluble sugar accumulation than the use of MWCNTs alone, suggesting the potential of B. subtilis to provide oxidative protection while stimulating the production of organic osmolytes.

Potassium and nitrate are important inorganic osmolytes that help maintain intracellular osmolarity, thereby enabling control of cell turgor pressure that is critical for cell expansion, stomatal movement, and pollen tube growth (Kroeger et al., 2011; Saito and Uozumi, 2019). In this experiment, the nitrate-nitrogen content in the plants in the M20, BS, BM20, and BM50 groups increased significantly (Table 1, P < 0.05). Moreover, B. subtilis exerted a very significant effect on the nitrate-nitrogen content in maize (Table 1, P < 0.001). It has been reported that B. subtilis could reduce the loss of soil nitrate-nitrogen (Sun et al., 2020; Yang et al., 2021), accelerate nitrate-nitrogen absorption, transport, and transformation (Nakano and Zuber, 1998), and improve its use rate (Rong-fa et al., 2019). Several studies have also shown that carbon NPs adsorb nitrogen in ammonia, release hydrogen ions, and facilitate the uptake of water and nutrients by plants (Wu et al., 2010; Vithanage et al., 2017). In the present study, two-way ANOVA revealed significant effects of MWCNTs on both root and leaf K+ contents (Supplementary Table 1). The potential of MWCNTs to promote water and ion uptake by plants has received increasing attention. MWCNTs have also been shown to promote K+ uptake by plants under saline stress and normal conditions (Martinez-Ballesta et al., 2016; Zhao et al., 2019; Joshi et al., 2020). Chen et al. (2020) performed a rectification of an ion current (RIC) assay, and found that carbon nanomaterials preferentially transport K+ to a greater extent than other cations in plant cells. The increase in nitrate accumulation in maize by B. subtilis and the promotion of K+ uptake in maize by MWCNTs are important mechanisms to improve the salt tolerance of maize, consistent with the SEM results (Figure 5).

Compared with that in M50, the greater accumulation of organic and inorganic osmolytes in M20 partially explains the increase in dry weight and plant height, and treatment with B. subtilis alone and in combination with MWCNTs increased the K+/nitrate uptake and proline accumulation, which helped maintain cell turgor pressure.



3.2 MWCNTs and Bacillus subtilis affected maize lipid peroxidation and antioxidant activities

According to Figure 1A, MWCNT-treated maize exhibited an increase in lipid peroxidation under saline stress, but B. subtilis released oxidative stress in maize plants, as indicated by the lower MDA content. Hong et al. (2022) observed increased MDA contents in MWCNT-treated cabbage, and Ghanbari et al. (2017) confirmed the dose-dependent toxicity of MWCNTs due to the increase in mitochondrial ROS formation. Inoculation with B. subtilis under saline stress conditions reduced plant MDA levels (Hidri et al., 2019).

Proline, a nonenzymatic antioxidant and one of the most high-affinity compatible osmolytes, is involved in quenching ROS and protecting membrane and protein structures (Anwar Hossain et al., 2014). In this study, 20 mg/L MWCNTs significantly increased the proline content in maize leaves, but the proline content decreased significantly to the CK level after treatment with an increased concentration of MWCNTs (Figure 1B, P < 0.05). Karami and Sepehri (2018) also observed a similar concentrate-dependent phenomenon in barley under salt stress. According to Rahmani et al. (2020), high concentrations of MWCNTs (up to 1000 mg/L) still promote proline synthesis in Salvia miltiorrhiza leaves under normal conditions. Different plant species and growth environments led to different results. B. subtilis significantly increased the proline content in maize, which was also significantly higher than that in the CK group after the bacteria were applied together with 50 mg/L MWCNTs (Figure 1B, P < 0.05).

The increased nonenzymatic and enzymatic antioxidants, and the increased MDA contents in our study suggested oxidative stress in maize caused by higher concentrations of MWCNTs under salt stress, which was alleviated by the application of B. subtilis, as indicated by the lower MDA contents. Hatami et al. (2017); Karami and Sepehri (2018), and Rahmani et al. (2020)also observed oxidative stress induced by MWCNTs in plants.



3.3 MWCNTs and Bacillus subtilis regulated maize ion balance

Our SEM showed that the contents of Na+, K+, nitrate, and ABA exerted significant direct or indirect effects on the height of maize plants under salt stress (Figure 5). Na+ toxicity is considered one of the main factors leading to cell death under salt stress, and K+ is an important ion to maintain electrolyte and osmotic balance; thus, plant cells must maintain a lower Na+/K+ ratio to resist salt stress (Kader et al., 2006). Leaves are the main sites of photosynthesis and other metabolic activities and are the main organs that experience the effects of Na+ toxicity (Zhang et al., 2018). The plants in the BS, BM20, and BM50 groups all showed significant decreases in the leaf Na+/K+ ratio (Table 2, P < 0.05). Significant changes in leaf Na+ and K+ contents were also observed by Saleem et al. (2021) and other researchers in their related studies on the increase plant salt tolerance induced by B. subtilis. In the M20 and M50 groups, both the leaf Na+ and K+ contents increased significantly. Martinez-Ballesta et al. (2016) suggested that more effective water uptake caused increased Na+ and K+ contents in MWCNT-treated plants. The root K+ content in the M20 and M50 groups significantly increased, but the root Na+ content did not change significantly. Some contradictory results were reported in previous studies. Zhao et al. (2019) observed a significant increase in the K+ content and a significant decrease in the Na+ content in the roots of 20 mg/L MWCNT-treated rape plants. However, Martinez-Ballesta et al. (2016) observed no significant change in the K+ content and a significant increase in the Na+ content in the roots of 10 mg/L MWCNT-treated broccoli plants. These differences in results are possibly due to differences in plant type and the concentration of applied MWCNTs.

According to the SEM, nitrate exerted a direct negative effect on the leaf Na+/K+ ratio. The application of a certain dose of nitrate promoted root Na+ efflux (Dai et al., 2015) and reduced Na+ accumulation in plants under salt stress (Rao and Sharma, 1995; Jaenicke et al., 1996). Nitrate, a substrate, participates in the process of nitric oxide-induced plant tolerance; as a result, this phenomenon reduces the absorption of Na+ by plants under salt stress and reduces the Na+/K+ ratio (Zhao et al., 2019). The uptake of soil K+ and nitrate by most plants is positively correlated and mutually promoted (Coskun et al., 2017). Some nitrate transporters expressed in plants, such as NRT1.1 (Fang et al., 2020) and NRT1.5 (Wang et al., 2004), are also involved in K+ transport.

The plant endogenous hormone ABA is an important signaling compound in the plant salt stress response. During the early stages of stress responses, ABA promotes plant survival by regulating the osmotic balance and ion absorption and closing stomata to reduce water loss, but the prolonged overaccumulation of ABA in the leaves of plants under salt stress inhibits plant growth (He and Cramer, 1996; Chen et al., 2001; Zhang et al., 2021). In the present study, the ABA content in the plant leaves decreased after the application of MWCNTs, consistent with the findings from a study by Zhang et al. (2017a). Low ABA levels are often maintained in the leaves of B. subtilis-treated plants (Barnawal et al., 2017; Woo et al., 2020; Akhtyamova et al., 2021). In our study, a significant negative correlation was observed between the ABA content and leaf/root K+ content (Figure 4, P < 0.001), and PCA revealed a close relationship between the K+ content and ABA content (Figure 3, P < 0.001). The change in the ABA content also exerted a significant effect on the leaf and root Na+/K+ ratios according to the SEM, suggesting that ABA is involved in the process of Na+ and K+ absorption, transport, and recycling. High-affinity potassium transporter (HKT) genes, whose expression is regulated by NaCl and ABA, are known to be involved in Na+ or K+ transport in higher plants (Shkolnik-Inbar et al., 2013; Zhang et al., 2019). B. subtilis GB03 emits a volatile signal that induces salt tolerance, and this signal induces increases the expression of the HKT1 gene in Arabidopsis leaves and promotes Na+ transport from the shoots to the roots (Zhang et al., 2008).According to the results of our study, ABA might be a candidate for that signal. Among all the treatments, the BM50 treatment resulted in the maximum plant height and dry/fresh weight of maize, which is likely related to the decrease in the leaf Na+/K+ ratio in response to the increase in ABA and nitrate contents.




4 Materials and methods


4.1 Materials

B. subtilis AB 90008 was purchased from the China Center for Type Culture Collection (http://cctcc.whu.edu.cn/) and maintained on lyophilized powder. The bacteria were activated, after which the activated strains were inoculated in LB broth and grown overnight (27 °C, 220 R/min). The culture broth was then centrifuged at 6000 rpm for 10 min, and the bacteria were resuspended in phosphate buffer (OD600 = 0.8) for later use (Idris et al., 2004).

MWCNTs (98% purity) were purchased from Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences (http://www.cocc.cn/). The inner diameter, outer diameter, and tube length were 2-5 nm, 5-15 nm, and 0.5-2 µm, respectively, and the specific surface area was greater than 350 m2/g. The MWCNTs were suspended in ultrapure water to final concentrations of 20 mg/L and 50 mg/L. Afterward, the MWCNT solutions were sonicated at 44 kHz for half an hour in an ultrasonic cleaner for dispersion.

Maize (Hunong No. 101) seeds purchased from the local market were immersed in 75% alcohol for 30 s and 2% sodium hypochlorite for 15 min for sterilization and ultimately washed with ultrapure water three times. The sterilized seeds were subsequently soaked in one of three solutions of MWCNTs at three different concentrations for 20 h before sowing.

The soil used in the experiment was collected from Yanqi Hui Autonomous County, Bayingolin Mongol Autonomous Prefecture, Xinjiang Uygur Autonomous Region (sandy loam with 42.6% sand, 53.3% silt, and 4.1% clay; saturated conductivity, 0.419 dS/m; pH, 7.78; nitrate-nitrogen, 3.36 mg/kg; ammonium nitrogen, 0.16 mg/kg; available potassium, 9.60 mg/kg; and available phosphorus, 10.32 mg/kg).



4.2 Experimental design

A pot experiment was conducted in a greenhouse at the agricultural and environmental station of Wuhan University. The conditions included a 13-to-14-h photoperiod of natural daylight and maximum and minimum temperatures of 32 °C and 14 °C, respectively. The experiment was performed in accordance with a completely randomized two-way factorial design representing all combinations of three concentrations of MWCNTs with B. subtilis AB 90008 in slightly saline soil. Six treatments were established, each consisting of ten replicates: control (CK), no addition of MWCNTs or B. subtilis; M20, addition of 20 mg/L MWCNTs without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS, addition of B. subtilis without MWCNTs; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTs with B. subtilis.

As calculated according to the fertilizer demand for maize growth, 1.92 g of urea, 1.38 g of calcium peroxide, 3 g of potassium sulfate, and 1067 g of air-dried soil were mixed together and added to each pot after the pots were autoclaved twice at 120 °C for 20 min. Four seeds were sown into each pot, and two remained after germination. The seeds were sown on May 7, 2021, and harvested on June 4; thus, the plants grew for 4 weeks in total. During the experiment, all the materials, seeds, soil, and bacterial solutions were prepared and applied as described in Section 4.1.The pots were weighed and irrigated with sterilized water daily to maintain the soil moisture content at approximately 75% of the field capacity. The maize seedlings were irrigated with sodium chloride solutions every two days at the first-leaf stage of maize to induce the salt stress rather than salt shock (Shavrukov, 2013). Each pot was first irrigated with 50 mL of a 150 mmol/L sodium chloride solution, then 50 mL of a 250 mmol/L sodium chloride solution, and finally 50 mL of a 350 mmol/L sodium chloride solution. The salt solution irrigation was stopped when the soil saturated conductivity reached 5.9 dS/m (low-salinity soil resulting in an approximately 50% reduction in maize yield or a 30% decrease in dry matter (Ayers and Westcot, 1976; Katerji et al., 2003)), according to the conversion formula between soil saturated conductivity and total salt content obtained from our experiment: TDS = 0.375ECe – 0.5064 (TDS: soil total salt content and ECe: soil saturated conductivity).

Moreover, each seedling from the BS, BM20, and BM50 treatment groups was irrigated with 5 ml of a B. subtilis AB 90008 solution (OD600 = 0.8), and 5 ml of phosphate buffer were applied to the CK, M20, and M50 treatment groups at the first leaf stage of maize. After one week, each seedling in the BS, BM20, and BM50 treatment groups was irrigated with 5 ml of the B. subtilis AB 90008 solution for a second time (5 ml of phosphate buffer each for the remaining groups). At the same time, 5 ml of the MWCNT solution were applied to each plant in the M20, M50, BM20, and BM50 treatment groups (5 ml of sterilized ultrapure water each for the remaining groups).



4.3 Agronomic and physiological studies

Agronomic traits such as plant height and dry/fresh weight of maize shoots were measured on June 4, 2021. IAA, ABA, proline, and MDA contents were measured using the double-antibody sandwich ELISA method. The anthrone colorimetric method was performed to determine the soluble sugar content (Eisenhauer et al., 2015). The salicylic acid colorimetric method was performed to determine the nitrate-nitrogen content (Yang et al., 1998). CAT activity was measured using the method reported by Cakmak and Marschner (1992). POD activity was measured using the method reported by Cakmak and Marschner (1992). The Na+ and K+ contents in the maize leaves and roots were determined by performing flame photometry according to Berry et al. (1946) using a flame photometer (FP6410, INESA, China).



4.4 Statistical analysis

R version 4.0.2 was used for data analysis and figure construction. As the nitrate-nitrogen content, POD activity, CAT activity, leaf K+ content, and leaf Na+/K+ ratio did not conform to a normal distribution, Box–Cox transformation was adopted, and the λ value was calculated using maximum likelihood estimation with the power transform function in the car package of R. The transformed and original data that conformed to a normal distribution and whose variance was homogeneous were subjected to one-way and two-way ANOVA. The aov function in R was used for one-way ANOVA, and then the duncan.test function was applied for Duncan’s posttest to judge whether different treatments had significantly different effects on the height, soluble sugar content, IAA content, ABA content, nitrate-nitrogen content, proline content, MDA content, POD activity, CAT activity, Na+ and K+ contents, and the Na+/K+ ratio in the leaves and roots of maize. Two-way ANOVA and simple-effect analysis were performed with the MANOVA function in the bruceR package of R. PCA was performed (Leps and Smilauer, 2003) using the prcomp function in R to explore the main differences in the effects of the different treatments.

The growth and development of plants is the comprehensive performance of various physiological and metabolic activities of plants. A correlation analysis was performed to measure the correlation degree between the agronomic traits and other physiological indexes of plants, as well as the correlation degree between other physiological indexes under the experimental conditions, using Spearman’s method. The SEM is a quantitative approach in which systems are considered probabilistic networks to study causal relationships and provide scientific answers and causal understanding (Eisenhauer et al., 2015). An SEM was constructed to quantify and verify the causal relationships between maize plant height, nutrient and ion accumulation, and endogenous hormone contents. Furthermore, based on the SEM, multiple mediating effects were analyzed to partition direct and indirect effects and clarify the multiple pathways by which one entity may influence another (Zhang et al., 2017b). The SEM was constructed using the sem function of the lavaan package in R. Given the small amount of data and the fact that some of the data did not conform to a normal distribution, the nonparametric percentile bootstrapping method was applied in our SEM (Preacher and Hayes, 2004). The maximum likelihood (χ2), CFI, and RMSEA were used to examine the fitness of the SEM.




5 Conclusions

A pot experiment was conducted to investigate the potential of MWCNTs and B. subtilis to combat salt stress in maize plants. The dose-dependent effects of MWCNTs were confirmed: 20 mg/L MWCNTs promoted the accumulation of osmolytes in maize, particularly K+ in the leaves and roots through a process mediated by ABA, but the above-mentioned promoting effect decreased significantly in 50 mg/L MWCNTs-treated plants. The increased lipid peroxidation and antioxidant activities suggested that MWCNTs induce oxidative stress in maize growing in low-salinity soils and that B. subtilis reduced the oxidative stress caused by MWCNTs, as indicated by the lower MDA content. Notably, the addition of MWCNTs at all concentrations hastened leaf Na+ accumulation, exacerbating the Na+/K+ imbalance, but this effect was completely reversed after the addition of B. subtilis. The combination of 50 mg/L MWCNTs and B. subtilis induced an osmotic adjustment in maize by increasing osmolytes and regulated the ion balance by decreasing the leaf Na+/K+ ratio through the mediating effects of ABA and nitrate, maximizing the height and dry/fresh weight of maize. Taken together, the results of this study indicated that B. subtilis and MWCNTs synergistically improved maize salt tolerance.
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Introduction

Warming and drought brought about by climate change seriously harm sustainable agricultural production in southern Xinjiang. It is still unclear how irrigation can improve the ability of crops to cope with climate change.



Methods

Therefore, in this study, we calibrated and validated the AquaCrop model using data collected in cotton production from 2017 to 2018. The model effectively simulated the growth, biomass, and yield of cotton plants at the experimental site under different warming and irrigation conditions. The meteorological data collected from 1987 to 2016 were used in a simulation to predict cotton production under 3 temperature scenarios (temperature increased by 0°C, 1°C, and 2°C) and 6 levels of irrigation (198, 264, 330, 396, 495, and 594 mm) to explain the modulating effect of plastic film mulching-coupled drip irrigation on cotton production in terms of increasing temperatures under climate change in southern Xinjiang.



Results and discussion

Model prediction showed that an increase in temperature reduced cotton yield under a low irrigation level, while an increase in irrigation mitigated the impact of climate change on cotton yield. An increase of 1°C did not significantly reduce cotton yield at 198–330 mm of irrigation. Under a 2°C increase, 396–594 mm of irrigation was required to ensure plant growth and yield formation. Both aboveground biomass and yield increased with the rise in the irrigation level at the same temperature. High water use efficiency was achieved at 495 mm of irrigation without significant yield loss. Therefore, in the low-temperature scenario, it can be preferentially considered to achieve sustainable water use through water management, while in the high-temperature scenario innovative agricultural measures are required to avoid yield loss. Optimizing irrigation strategies can reduce warming-induced damage to crops under climate change.





Keywords: climate change, AquaCrop model, irrigation quota, warming, predicting yield




1 Introduction

Climate changes, characterized by temperature rise, the uncertain amount and patterns of precipitation, and elevated atmospheric CO2 concentration (Piao et al., 2010), are widely concerned issues in global agricultural development (Nie et al., 2022). Studies have shown that world agricultural production growth is expected to decrease at an annual rate of 1.5% by the year 2030 and then a further reduction of 0.9% by 2050, compared with 2.3% growth per year since 1961 (Dubey and Sharma, 2018). The impact of climate change on crop yields was mainly reflected in temperature increase, with an average yield loss of 2.58% per°C at the national level in China. Subregional yield changes ranged from -12.70% to -2.57% per°C, with crop yields being more vulnerable in Northeast China and Northwest China than in other subregions (Liu et al., 2020). Probably the most common strategy for addressing current and future climate change-related challenges and adapting proper agricultural practices is to focus primarily on improving agricultural water productivity by changing the planting date, crop variety, and irrigation water-saving approach (Davarpanah and Ahmadi, 2021). However, the drivers (greenhouse gases) and impacts of climate change (rainfall variability and increasing temperature) are projected to evolve with time, thereby determining their effect on plants’ phenology and yield production is likely to become more complex in the future (Poulter et al., 2013). Hence, there is a need to enhance the understanding of climate impacts on agricultural systems to better manage crops and mitigate the effects of future climate change (Anwar et al., 2020).

Crop models coupled with long-term weather data provide an opportunity for evaluating yield variability by simulating numerous potential scenarios (Masasi et al., 2020). Crop models can be used to understand the effects of climate change, such as the choice of crop’s optimum planting date (Kazeem and Rasaq, 2015), the creation of an irrigation schedule ensuring increased water productivity (Linker et al., 2016; Tsakmakis et al., 2018), and the assessment of climate change impacts on crop yield (Voloudakis et al., 2015). Based on the APSIM model, Chen et al. (2019) concluded that future climate scenarios (RCP 4.5 and RCP 8.5) might lead to cotton yield increase because the carbon fertilization effect mitigated low-temperature stress, thereby slightly increasing cotton yield. Chen et al. (2011) used the COSIM cotton model to simulate cotton production under SRES A2 and B2 emission scenarios and concluded that planting cotton in the Shiyang River basin would be expanded in the future, as there is a certain potential for cotton production. Based on the DSSAT model, Adhikari et al. (2016) found that under climate change, the cotton yield would decrease by 2.0%~14.9% when disregarding the increase of CO2 concentration; however, while considering the increase in CO2 concentration, the cotton yield would increase by 30%~53%. Studies have shown that the intensity and direction of climate change impacts on crop production are complex and uncertain and may result in net positive or negative outcomes (Irmak et al., 2022). Generally, climate change is expected to put pressure on crop production and has already caused yield losses (Lobell et al., 2011; Asseng et al., 2014). Increased frequency of co-occurring high temperatures and shortage of water (Alizadeh et al., 2020) suppresses crop yields by causing heat and water stress in crops (Lesk et al., 2016). The climate impacts are crop and site-specific, and cannot be generalized for different regions/crops; thus, reiterating the need to conduct crop and site-specific impact assessments (Rashid et al., 2019).

Located in the hinterland of Eurasia, southern Xinjiang has a typical continental arid climate and features sufficient sunlight, abundant heat, scarce precipitation, and dry air (Hu et al., 2019). Southern Xinjiang’s unique climate environment is conducive to the growth of cotton, high quality, and high yield (Wang et al., 2020). However, the extreme warm events (2017–2035), poor temperature index, warm days, and extreme maximum temperature will increase in the Tarim River basin in the future. In addition, the drought in the central part of the basin may be more severe, while the mountainous areas around the Tarim Basin will tend to become wet (Chen et al., 2017), which may bring new challenges to the sustainability of regional crops (Li et al., 2019). In face of increasing water shortage, climate change, and climate change uncertainty, increasing agricultural water efficiency and productivity is needed to reduce negative environmental impacts (Vanuytrecht et al., 2014; Alvar-Beltrán et al., 2021). Therefore, to improve irrigation efficiency, irrigation techniques and irrigation strategies should be used as a means to improve overall irrigation management, to make rational use of the existing water resources (Li et al., 2019).

This paper takes the mulched cotton by drip irrigation in the oasis as the study object, mainly studying the following contents: (1) the model parameters were localized in this study, and the applicability of the AquaCrop model in the simulation of cotton growth and yield was verified. (2) By changing input parameters, the effects of warming and irrigation on cotton growth, biomass accumulation, and yield formation under climate change were simulated, and the impact of the environment on cotton production was determined. (3) This study identifies the optimal irrigation scheme for cotton planting systems under climate change to make rational use of existing water resources and provide a theoretical basis for sustainable cotton production under future climate change.



2. Materials and methods


2.1 Experimental site

The experiment was conducted at the Soil and Water Conservation Monitoring Station (81°17′56″E, 40°32′36″N, altitude 1100 m.a.s.l) of the 1st Division of Xinjiang Production and Construction Corps, China. The region has a typical inland extremely arid climate, with an annual average precipitation of 50 mm, annual evaporation of 2218 mm, and an annual average temperature of 11.3°C. The soil is sandy loam, which is uniform in the depth of 0~100 cm, with the bulk density of 1.58 Mg m-3, and the field capacity of 0.24 g g-1. The electrical conductivity is about 2 dS cm-1. The groundwater table is on average 3 m below the soil surface.



2.2 Experimental design<

The randomized complete block design experiment with three levels of irrigation was carried out in the 2017 and 2018 seasons. From the beginning of the cotton budding period, irrigation would be applied when the difference between crop evapotranspiration (ETC
, mm) and precipitation (P, mm) reaches 30 mm (Fan et al., 2019). At present, the irrigation treatment of cotton under film-mulched drip irrigation in southern Xinjiang is around 30 mm, which is slightly different among regions. Therefore, three irrigation levels were designed as: T1: 30 × 0.8 = 24 mm, T2: 30 × 1.0 = 30 mm, T3: 30 × 1.2 = 36 mm, respectively. Irrigation scheduling for the three treatments in 2017 and 2018 is shown in 
Table 1
. Each treatment had three replicas, and each plot area was 154 m2 in size (length of 22 m and width of 7 m, respectively).


Table 1 | 
Irrigation scheduling of cotton in 2017 and 2018.




The cotton (Gossypium hirsutum L.) variety was “Xinluzhong 46” with a planting density of 1.6×103 plants hm-2. In 2017, the sowing date of cotton under film mulched drip irrigation was April 3, and the harvest was completed on October 1. In 2018, the sowing date was April 15, and the harvest was completed on October 12. The planting pattern of cotton under film-mulched drip irrigation is shown in 
Figure 1
. The drip-line diameter was 16 mm, and the emitter spacing was 20 cm. The flow rate was 3.0 L h-1 with a pressure of 0.1 MPa. Fertilization, pesticide spraying, and other agronomic measures were carried out according to local practices.




Figure 1 | 
Schematic diagram of cotton planting pattern (unit:cm).






2.3 Modeling methodology


2.3.1 Essence of AquaCrop

AquaCrop consists of atmosphere modules, soil modules, crop modules, and management modules. The AquaCrop model can simulate biomass and yield production based on the amount of water transpired from the green canopy cover under the governing environmental conditions (Raes et al., 2009).

The final seed cotton yield (Y) is derived as the product of Biomass (B) on the harvesting day, and the harvest index (HI), i.e., the percentage ratio of seed cotton yield to aboveground dry biomass, as:

 

Biomass is estimated throughout the growing season as the product of water productivity (WP*) and the ratio of daily transpiration (Tr
) and reference evapotranspiration (ET0
):

 

The model calculates the daily transpiration Tr
 according to an empirical parameterization, as:

 

where, KS
 represents the soil water crop coefficient integrating water logging, stomatal closure and early senescence effects; CC* is the canopy cover adjusted for micro-advective effects; KCTr,x
 is the crop coefficient for maximum crop transpiration (determined by the characteristics that distinguish a crop with a complete canopy cover from the reference grass.



2.3.2 Meteorological parameters

Meteorological data were continuously measured during the experimental period by a standard automatic weather station (Hobo, Onset Computer Corp., USA) located near the experimental field. The data were taken every 5 s, and 15 min averages were recorded by a data logger. The ET0
 was calculated using the FAO Penman-Monteith method. Meteorological data in the 2017–2018 seasons are shown in 
Figure 2
.




Figure 2 | Meteorological data in 2017and 2018. ET0: Reference crop evapotranspiration; RHmean: Relative humidity; u: Wind speed; P: Precipitation.







2.3.3 Crop parameters

The AquaCrop crop growth simulation model was used to assess the response of cotton to climate change. According to the calibration procedure of Vanuytrecht et al. (2014), canopy cover, aboveground biomass, and yield were calibrated in order. For cotton under film-mulched drip irrigation, the model was calibrated using the experimental data in 2018 and validated using the data in 2017. The crop parameters are shown in 
Table 2
.


Table 2 | 
Crop parameters of AquaCrop model.






2.3.4 Soil data

The physical soil characteristics were directly measured in the field and input into AquaCrop (
Table 3
). Additionally, there is no impermeable layer near the soil surface, and the groundwater table depth is 3 m. The parameters were input into the AquaCrop model, and a soil data file was generated.


Table 3 | 
Soil physical properties.







2.4 Scenario simulation<

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) and related research reports, in Northwest China, under extreme conditions, the future average temperature change will be around 1.5–2°C, and the future average precipitation change will range between 10% and 20% by the end of the 21st century (2081–2100) (IPCC, 2013). Therefore, in this study, we calibrated and validated a model based on the meteorological data collected from 1987 to 2016 and used the model in a simulation with 6 irrigation levels and 3 warming treatments, for a total of 18 scenarios (
Table 4
). The irrigation levels were TS1 (30×0.6 = 18 mm), TS2 (30×0.8 = 24 mm), TS3 (30×1.0 = 30 mm), TS4 (30×1.2 = 36 mm), TS5 (30×1.5 = 45 mm), and TS6 (30×1.8 = 54 mm). The warming treatments were W1 (+ 0°C), W2 (+ 1°C), and W3 (+ 2°C).


Table 4 | 
Simulation scenarios.






2.5 Statistical analysis<

The outputs of the AquaCrop model were assessed with the root mean square error (RMSE), normalized root mean square error (NRMSE), Synergy index (d), and relative error (RE), which were calculated from Eq (4) to Eq (7) (Young et al., 2017).

 

 

 

 

where, Pi
 is the predicted value, Oi
 is the measured value, Ō is the average of the measured values, and n is the number of samples.




3 Results


3.1 Model calibration and validation<

Canopy cover, aboveground biomass, soil moisture, crop yield, and ET were calibrated using the experimental data in 2018. The statistical indicators for calibration errors are shown in Table 5. Model accuracy for canopy cover, aboveground biomass, and soil moisture in 2018 was relatively high, NRMSE and RE for canopy cover, aboveground biomass, and soil moisture were both<15% for all treatments, and that d and R2 were both close to 1. For the predicted crop yield and ET, NRMSE and RE were both<10%, with d and R2 both relatively low. Comprehensive analysis showed that the predicted and measured values for 2018 were in very good agreement.


Table 5 | 
Calibration and validation of AquaCrop model.




The AquaCrop model was validated using the experimental data in 2017, and the statistical indicators for each treatment are shown in Table 5. For canopy cover, RMSE for different treatments was in the range of 2.33%~5.90%, and NRMSE was in the range of 3.71%~10.00%; d and R2 were in the range of 0.98~1.00. For aboveground biomass, RMSE for the different treatments was in the range of 628.54~1071.81 kg hm-2, NRMSE was in the range of 10.36%~17.36%, d was in the range of 0.98~0.99, and R2 was in the range of 0.96~0.99. The comparative analysis of simulated and measured soil moisture contents shows acceptable fitness both for different treatments with the RMSE of 0.98%~1.37%, NRMSE of 4.63%~5.89%, d of 0.90~0.95 and R2 of 0.72~0.88, respectively. NRMSE was<20% for both measured and predicted values in each treatment, and d and R2 were both close to 1. These values indicate that the AquaCrop model well represents the dynamic changes in canopy cover, aboveground biomass, and soil moisture.

By correlating the observed and simulated actual evapotranspiration (ET) and cotton yield, RE for the different treatments was -4.51%~1.24% and -8.60%~-6.79%. Comprehensive analysis showed that the AquaCrop model underestimated ET and cotton yield, meanwhile overestimated canopy cover, aboveground biomass, and soil moisture. However, it testifies to the calibration and validation accuracy of the AquaCrop model scenarios analyses.



3.2 Atmospheric temperature change and the number of affected days during the cotton growth period under climate change<

Low temperatures (<12°C) occurring in the early growth stage stunt cotton plant growth. High temperatures (>35°C) occurring in the mid-growth stage adversely affect pollen viability, cotton boll size, the number of seeds, and shedding of flower buds and young cotton bolls, thereby reducing water use efficiency and cotton yield (Pettigrew, 2008; Li et al., 2020). The mean temperature (Tmean), maximum temperature (Tmax), minimum temperature (Tmin), and the number of temperature-affected days during the growing period of cotton plants collected from 1987 to 2016 are shown in Figures 3A–D. In W1, which had no warming treatment, 5 and 60 days had an average Tmean and Tmin lower than 12°C, respectively; none of the days had a Tmean or Tmin higher than 35°C, and Tmax was higher than 35°C and lower than 12°C for 13 and 0 d, respectively. The number of days for cotton plants to be exposed to low temperatures (<12°C) decreased with the increase in Tmean and Tmin. Compared with W1 (no warming), W2 (1°C increase) and W3 (2°C increase) increased Tmean by 34.15% and 54.88% and Tmin by 18.13% and 32.96%, respectively. The number of days that cotton plants were exposed to high temperatures (>35°C) was not affected by the increase of Tmean and Tmin. With the increase in Tmax, the number of days that cotton plants were exposed to high temperatures increased. W2 and W3 increased the number of days in which cotton plants were exposed to high temperatures by 82.65% and 188.27%, respectively, compared with W1. The exposure time of cotton plants to low temperatures was not affected by the increase in Tmax.




Figure 3 | 
Atmospheric temperature change and the number of days that are affected by temperature stress during the cotton growth period under climate change from 1987 to 2016. (A) Average and stress temperature. (B) Maximum and stress temperature. (C) Minimum and stress temperature. (D) Stress days.






3.3 Effect of warming and irrigation on the biomass, yield, water consumption, and water use efficiency of cotton plants under climate change<

The effects of warming and irrigation on cotton yield under climate change are shown in Figure 4A. Cotton yield increased with an increase in irrigation levels at different temperatures. The cotton yield under irrigation levels TS2–TS6 was 20.48%, 39.03%, 55.00%, 65.57%, and 66.93% higher, respectively than that under TS1. In TS5 and TS6, the cotton yield was significantly higher than that in TS1–TS4, and the difference between TS5 and TS6 was not significant. Cotton yield decreased with the increase in temperature under irrigation levels TS1–TS4, and W2 and W3 reduced cotton yield by 2.40% and 4.92%, respectively, compared with W1. In contrast, the yield in TS5 and TS6 increased with the temperature rise, and W2 and W3 increased the cotton yield by 0.52% and 0.51%, respectively, compared with W1. In the TS1–TS3 irrigation levels, W3 significantly reduced cotton yield compared with W1, while it was not significantly affected by warming in TS4–TS6.




Figure 4 | 
The effects of irrigation and warming on cotton biomass, yield, water consumption, and water use efficiency under climate change. TS1: 18 mm; TS2: 24 mm; TS3: 30 mm; TS4: 36 mm; TS5: 45 mm; TS6: 54 mm. (A) Cotton yield. (B) Aboveground biomass. (C) Water consumption. (D) Water use efficiency. Lowercase letters a–f indicate the significant difference among treatments at 0.05 level.




Aboveground biomass is an important indicator of plant adaptation to environmental factors and provides a basis for determining the optimal allocation of photosynthetic products between vegetative and reproductive growth. Figure 4B indicates that the changing trend of cotton biomass is consistent with that of the yield at the same temperature. Compared with TS1, TS2–TS6 increased biomasses by 19.19%, 36.86%, 52.37%, 62.92%, and 64.49%, respectively. Cotton biomass significantly increased in TS5–TS6 compared with TS1–TS4. The biomass showed an overall decreasing trend with the increase in temperature, except for a significant difference with the temperature change in irrigation level TS3. Overall, a high irrigation level favored the formation of cotton biomass and yield, and elevated temperatures only adversely affected the formation of biomass and yield at a low irrigation level.

The effects of warming and irrigation on the water consumption of cotton plants under climate change are shown in Figure 4C. Water consumption increased with an increase in irrigation level at all temperatures. TS5 and TS6 significantly increased cotton yield compared with TS1–TS4, and there was no significant difference in yield between TS5 and TS6. The water consumption of cotton plants increased with an increase in temperature at different irrigation levels. W3 significantly increased water consumption compared with W1 in irrigation levels TS5–TS6, while water consumption in TS1–TS3 quotas was not significantly affected by temperature. Figure 4D indicates that the change trends in water use efficiency and water consumption at different temperatures were the same. At W1 and W3 temperatures, TS2–TS6 significantly increased water use efficiency compared with TS1. However, the water use efficiency under different irrigation levels was reduced with an increase in temperature. At the TS1 irrigation level, W1 significantly increased water use efficiency compared with W3.




4. Discussion

The impact of climate change on crop production can be revealed using experimental, modeling, and analytical approaches (Ahmadi et al., 2015; Lenka et al., 2019; Rashid et al., 2019; Lenka et al., 2021). Considering the complexity of farmland ecosystems and the limitations of field experiments, using crop models to simulate the growth process and yield of crops is an important way to cope with the impact of climate change and human activities on agricultural production and to achieve water saving and yield increase (Akumaga et al., 2017; Zhao et al., 2018);. In our study, the AquaCrop model was used to evaluate the impact of irrigation and warming on cotton yield in the oasis area under climate change, and the accuracy of the calibration and validation of the AquaCrop model was validated for scenario analysis. The results show that NRMSE for Canopy cover, aboveground biomass, and soil moisture was<20% for all treatments and that d and R2 were both close to 1. REs for ET and seed cotton yield predictions were -4.51~1.24% and -8.60~-6.79%, respectively. Voloudakis et al. (2015) used the AquaCrop model to simulate the response of the yield of Greek cotton to different climate scenarios, which provided a basis for formulating future irrigation plans in the area. In addition, based on 8 climate factors under the IPCC AIB emission scenario, the AquaCrop model was used to analyze the relationship between cotton yield and climate change, and the prediction showed an upward trend in cotton yield (Voloudakis et al., 2018). Based on the AquaCrop model, Li et al. (2021) concluded that for every 1°C increase in the mean temperature in Xinjiang, cotton yield decreased by 1.64%, and for every 1% increase in precipitation and 1 ppm increase in CO2 concentration, cotton yield increased by 0.09% and 0.05%, respectively. These studies demonstrate that the AquaCrop model is applicable for simulating climate change, and the results may vary with different regions, climates, soil textures, and irrigation water quality.

The main biophysical processes of crop production, such as soil evaporation, plant evapotranspiration, nutrient cycling, and plant growth (Durodola and Mourad, 2020) largely depend on climatic conditions and fluctuations (Kheir et al., 2019). Based on the analysis of meteorological data collected from 1987 to 2016, during the cotton growth period, the number of days in which the average Tmean and Tmin were lower than 12°C (low-temperature stress) was 5 and 60 d, respectively. A Tmean and Tmin higher than 35°C (high-temperature stress) were not observed. Tmax was higher than 35°C on 13 d, but no days had a Tmax lower than 12°C. There are large temperature differences between day and night in southern Xinjiang, and for about one-third of the growth period, cotton plants are subjected to low-temperature stress at night. Drip irrigation underneath plastic mulch film not only increased soil temperature and preserved moisture but also contributed to the cumulative air temperature required for the growth of cotton plants (Zumilaiti et al., 2018), which mitigated the impact of low temperature on cotton growth and yield. Meanwhile, climate change leads to warm and dry weather, which reduces the number of days in which cotton plants are exposed to low temperatures (<12°C) but increases the number of days they are subjected to high temperatures (>35°C).

Climate change has dramatically increased the demand for water in agricultural production in southern Xinjiang. In this situation, an adjustment in irrigation strategy is required to cope with the impact of climate change and to reduce the water demand in agricultural irrigation. The cotton yield under irrigation levels TS1–TS4 showed a decreasing trend with an increase in temperature, indicating that warming might directly affect cotton yield by impairing morphological development and plant growth (Anwar et al., 2020).Cotton yield in irrigation levels TS5–TS6 increased with the temperature rise, and the difference between them was not significant, indicating that irrigation was effective for increasing yield and mitigating high-temperature stress, which could be used to directly relieve water stress on crops and indirectly reduce heat stress to reduce the dependence of crop yield on climatic conditions and even reverse the response in some cases (Luan et al., 2021). Warming might directly affect crop evapotranspiration and the need for crops for irrigation water (Nie et al., 2022). In our study, evapotranspiration increased with the rise in temperature because, at high temperatures, air can hold more water, increasing the potential for evapotranspiration (Muluneh, 2020). Therefore, under low-temperature conditions, water should be saved for sustainable water use through improving water management. Under high-temperature conditions, innovative agricultural measures are required to reduce yield loss, and an optimized irrigation strategy is needed to mitigate warming-induced damage to crops under climate change.

Determining the effect of weather conditions on crop growth based on historical data is of great significance for guiding future agricultural production. In our study, data collected from 1987 to 2016 were used to simulate cotton production under 18 weather scenarios. Cotton biomass and seed cotton yield increased with the increase in irrigation level, and there was no significant difference in cotton biomass and seed cotton yield between TS5 and TS6. Similarly, Tan et al. (2018) concluded that irrigation levels around 406–462 mm were appropriate for cotton production equipped with drip irrigation and plastic film mulching in southern Xinjiang, and variations in climate, soil texture, and irrigation water quality might lead to some discrepancies. Excessive or inadequate irrigation was not helpful, while an appropriate amount of irrigation was useful for improving cotton yield. This is because an appropriate amount of water is conducive to the accumulation of aboveground biomass, while excessive irrigation causes fertilizer leaching that leads to low efficiency in fertilizer absorption and utilization, reducing the vegetative and reproductive growth of plants and thereby reducing cotton yield (Cui et al., 2018). Both the water consumption and water use efficiency of cotton plants increased with an increase in irrigation level, which was consistent with the change in yield. This stems from the fact that cotton yield is decided by biomass and harvest index, and cotton biomass and water consumption are closely related (Paredes et al., 2015). In our study, TS1–TS3 irrigation levels mitigated the adverse effect of a 1°C increase on cotton production, while increased irrigation levels (TS4–TS6) were required for the growth and yield formation of cotton plants when the temperature increased by 2°C.

Increasing irrigation is a technical measure that is very effective in adapting to the changing climate as shown in a paper (Luan et al., 2021). However, in many regions, irrigation is unsustainable to expand or impossible to implement due to water scarcity (Rosa et al., 2020). This may mean that increasing irrigation leads the agricultural system down a cul-de-sac (Bird et al., 2015). Therefore, the adaptation of agricultural practices perse, such as shifting sowing time, changing cultivars, and land use options, should also be explored as regional strategies to minimize the overall impact of global warming on cotton production (Teixeira et al., 2013).



5.  Conclusions.

Calibration and validation of the AquaCrop model showed that the model could accurately simulate cotton canopy cover, aboveground biomass, and seed cotton yield, which suggests that the AquaCrop model can be suitably adapted for use in an oasis area. The model prediction indicated that the aboveground biomass and yield of cotton under the same warming dates increased with the increase in irrigation levels. At an irrigation level of 495 mm, higher irrigation water efficiency was obtained, and it is ensured that no significant reduction in cotton yield occurred. Warming will reduce cotton production under the low irrigation level while increasing the irrigation level can reduce the dependence of cotton yield on climate change and improve the temperature resistance of cotton. This study will supply useful knowledge about the impact of different irrigation schedules on crop growth under future climate, and help to optimize the selection of feasible irrigation schedules to balance the relationship between water scarcity and dependable crop yield.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

HW: investigation, data analysis, writing—original draft. ZY, LZ and FZ: methodology, software, data analysis. WH: conceptualization, writing—review and editing. XW: resources, funding acquisition, supervision, project administration. YG: idea, formal analysis, writing—review and editing. All authors contributed to the article and approved the submitted version.




Funding

This research was supported by the Major Science and Technology Project of Xinjiang Production and Construction Corps (2021AA003 and S2021BC1158), the Tarim University President’s Fund Project (TDZKSS202146), and the National Key R&D Program of China (2022YFD1900505).



Conflict of interest

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



References

 Adhikari, P., Ale, S., Bordovsky, J. P., Thorp, K. R., Modala, N. R., Rajan, N., et al. (2016). Simulating future climate change impacts on seed cotton yield in the Texas high plains using the CSM-CROPGRO-Cotton model. Agric. Water Manage. 164, 317–330. doi: 10.1016/j.agwat.2015.10.011


 Ahmadi, S. H., Mosallaeepour, E., Kamgar-Haghighi, A. A., and Sepaskhah, A. R. (2015). Modeling maize yield and soil water content with AquaCrop under full and deficit irrigation managements. Water Res. Manage. 29, 2837–2853. doi: 10.1007/s11269-015-0973-3


 Akumaga, Uv., Tarhule, A., and Yusuf, A. A. (2017). Validation and testing of the FAO AquaCrop model under different levels of nitrogen fertilizer on rainfed maize in Nigeria, West Africa. Agric. For. Meteorol. 232, 225–234. doi: 10.1016/j.agrformet.2016.08.011


 Alizadeh, M. R., Adamowski, J., Nikoo, M. R., AghaKouchak, A., Dennison, P., and Sadegh, M. (2020). A century of observations reveals increasing likelihood of continental-scale compound dry-hot extremes. Sci. Adv. 6, aaz4571. doi: 10.1126/sciadv.aaz4571


 Alvar-Beltrán, J., Heureux, A., Soldan, R., Manzanas, R., Khan, B., and Dalla Marta, A. (2021). Assessing the impact of climate change on wheat and sugarcane with the AquaCrop model along the indus river basin, Pakistan. Agric. Water Manage. 253, 106909. doi: 10.1016/j.agwat.2021.106909


 Anwar, M. R., Wang, B., Liu, D. L., and Waters, C. (2020). Late planting has great potential to mitigate the effects of future climate change on Australian rain-fed cotton. Sci. Total Environ. 714, 136806. doi: 10.1016/j.scitotenv.2020.136806


 Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., Cammarano, D., et al. (2014). Rising temperatures reduce global wheat production. Nat. Clim. Change 5, 143–147. doi: 10.1038/nclimate2470


 Bird, D. N., Benabdallah, S., Gouda, N., Hummel, F., Koeberl, J., La Jeunesse, I., et al. (2015). Modelling climate change impacts on and adaptation strategies for agriculture in Sardinia and Tunisia using AquaCrop and value-at-risk. Sci. Total Environ. 543, 1019–1027. doi: 10.1016/j.scitotenv.2015.07.035


 Chen, C., Pan, X. B., Zhang, L. Z., and Pang, Y. M. (2011). Impact of climate change on cotton production and water consumption in shiyang river basin. Trans. Chin. Soc Agric. Engin. 27, 57–65. doi: 10.3969/j.issn.1002-6819.2011.01.009


 Chen, X. P., Qi, Z. M., Gui, D. W., Gu, Z., Ma, L. W., Zeng, F. J., et al. (2019). Simulating impacts of climate change on cotton yield and water requirement using RZWQM2. Agric. Water Manage. 222, 231–241. doi: 10.1016/j.agwat.2019.05.030


 Chen, Y. N., Wang, H. J., Wang, Z. C., and Zhang, H. (2017). Characteristics of extreme climatic/hydrological events in the arid region of northwestern China. Arid Land Geogr. 40, 1–9. doi: 10.13826/j.cnki.cn65-1103/x.2017.01.001


 Cui, Y. S., Wang, F., Sun, J. S., Han, Q. S., Wang, J. L., and Li, N. (2018). Effects of irrigation regimes on the variation of soil water and salt and yield of mechanically harvested cotton in southern xinjiang, China. Chin. J. Appl. Ecology. 29 (11), 3634–3642. doi: 10.13287/j.1001-9332.201811.028


 Davarpanah, R., and Ahmadi, S. H. (2021). Modeling the effects of irrigation management scenarios on winter wheat yield and water use indicators in response to climate variations and water delivery systems. J. Hydrol. 598, 126269. doi: 10.1016/j.jhydrol.2021.126269


 Dubey, S. K., and Sharma, D. (2018). Assessment of climate change impact on yield of major crops in the banas river basin, India. Sci. Total Environ. 635, 10–19. doi: 10.1016/j.scitotenv.2018.03.343


 Durodola, O. S., and Mourad, K. A. (2020). Modelling the impacts of climate change on soybeans water use and yields in ogun-ona river basin, Nigeria. Agriculture 10 (12), 593. doi: 10.3390/agriculture10120593


 Fan, K., Gao, Y., Wang, X. P., Wang, H. B., and Duan, A. W. (2019). Study on cotton drip irrigation under film mulching in southern xinjiang based on meteorological information. Agr Res. Arid Areas. 37, 83–90. doi: 10.7606/j.issn.1000-7601.2019.03.10


 Hu, L. T., Hu, Q., Pan, X. B., Ma, X. Q., Xu, L., Wang, X. R., et al. (2019). Effects of global warming and plastic mulching on cotton-planting zoning with different matures in xinjiang. Trans. Chin. Soc Agric. Engin. 35, 90–99. doi: 10.11975/j.issn.1002-6819.2019.02.012


 IPCC
(2013). “The physical science basis,” in Contribution of working group I to the fifth assessment report of the intergovernmental panel on climate change. Eds.  T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press), 1–1535.


 Irmak, S., Sandhu, R., and Kukal, M. S. (2022). Multi-model projections of trade-offs between irrigated and rainfed maize yields under changing climate and future emission scenarios. Agric. Water Manage. 261, 107344. doi: 10.1016/j.agwat.2021.107344


 Kazeem, O. R., and Rasaq, B. (2015). A review of crop growth simulation models as tools for agricultural meteorology. Agric. Sci. 6, 1098–1105. doi: 10.4236/as.2015.69105


 Kheir, A. M. S., Baroudy, E. A., Aiad, M. A., Zoghdan, M. G., Abd El-Aziz, M. A., Ali, M. G. M., et al. (2019). Impacts of rising temperature, carbon dioxide concentration and sea level on wheat production in north Nile delta. Sci. Total Environ. 651, 3161–3173. doi: 10.1016/j.scitotenv.2018.10.209


 Lenka, N. K., Lenka, S., Mahapatra, P., Sharma, N., Kumar, S., Aher, S. B., et al. (2019). The fate of 15N labeled urea in a soybean-wheat cropping sequence under elevated CO2 and/or temperature. Agric. Ecosys. Environ. 282, 23–29. doi: 10.1016/j.agee.2019.04.033


 Lenka, N. K., Lenka, S., Yashona, D. S., Shukla, A. K., Elanchezhian, R., Dey, P., et al. (2021). Carbon dioxide and/or temperature elevation effect on yield response, nutrient partitioning and use efficiency of applied nitrogen in wheat crop in central India. Field Crops Res. 264, 108084. doi: 10.1016/j.fcr.2021.108084


 Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme weather disasters on global crop production. Nature 529, 84–87. doi: 10.1038/nature16467


 Li, N., Lin, H. X., Wang, T. X., Li, Y., Liu, Y., Chen, X. G., et al. (2020). Impact of climate change on cotton growth and yields in xinjiang, China. Field Crops Res. 247, 107590. doi: 10.1016/j.fcr.2019.107590


 Linker, R., Ioslovich, I., Sylaios, G., Plauborg, F., and Battilani, A. (2016). Optimal model-based deficit irrigation scheduling using AquaCrop: A simulation study with cotton, potato and tomato. Agric.Water Manage. 163, 236–243. doi: 10.1016/j.agwat.2015.09.011


 Liu, Y., Li, N., Zhang, Z. T., Huang, C. F., Chen, X., and Wang, F. (2020). The central trend in crop yields under climate change in China: A systematic review. Sci. Total Environ. 704, 135355. doi: 10.1016/j.scitotenv.2019.135355


 Li, N., Yao, N., Li, Y., Chen, J. Q., Liu, D. L., Biswas, A., et al. (2021). A meta-analysis of the possible impact of climate change on global cotton yield based on crop simulation approaches. Agric. Syst. 193, 103221. doi: 10.1016/j.agsy.2021.103221


 Li, F. W., Yu, D., and Zhao, Y. (2019). Irrigation scheduling optimization for cotton based on the AquaCrop model. Water Resour. Manage. 33, 39–55. doi: 10.1007/s11269-018-2087-1


 Lobell, D. B., Schlenker, W., and Costa-Roberts, J. (2011). Climate trends and global crop production since 1980. Science 333, 616–620. doi: 10.1126/science.1204531


 Luan, X. Y., Bommarco, R., Scaini, A., and Vico, G. (2021). Combined heat and drought suppress rainfed maize and soybean yields and modify irrigation benefits in the USA. Environ. Res. Let. 16, 064023. doi: 10.1088/1748-9326/abfc76


 Masasi, B., Taghvaeian, S., Gowda, P. H., Marek, G., and Boman, R. (2020). Validation and application of AquaCrop for irrigated cotton in the southern great plains of US. Irrig. Sci. 38, 593–607. doi: 10.1007/s00271-020-00665-4


 Muluneh, A. (2020). Impact of climate change on soil water balance, maize production, and potential adaptation measures in the rift valley drylands of Ethiopia. J. Arid Environ. 179, 104195. doi: 10.1016/j.jaridenv.2020.104195


 Nie, T. Z., Tang, Y., Jiao, Y., Li, N., Wang, T. Y., Du, C., et al. (2022). Effects of irrigation schedules on maize yield and water use efficiency under future climate scenarios in heilongjiang province based on the AquaCrop model. Agronomy 12, 810. doi: 10.3390/agronomy12040810


 Paredes, P., Wei, Z., Liu, Y., Xu, D., Xin, Y., Zhang, B., et al. (2015). Performance assessment of the FAO AquaCrop model for soil water, soil evaporation, biomass and yield of soybeans in north China plain. Agric. Water Manage. 152, 57–71. doi: 10.1016/j.agwat.2014.12.007


 Pettigrew, W. T. (2008). The effect of higher temperatures on cotton lint yield production and fiber quality. Crop Sci. 48, 278–285. doi: 10.2135/cropsci2007.05.0261


 Piao, S. L., Ciais, P., Huang, Y., Shen, Z., Peng, S. S., Li, J. S., et al. (2010). The impacts of climate change on water resources and agriculture in China. Nature 467, 43–51. doi: 10.1038/nature09364


 Poulter, B., Pederson, N., Liu, H. Y., Zhu, Z. C., D’Arrigo, R., Ciais, P., et al. (2013). Recent trends in inner Asian forest dynamics to temperature and precipitation indicate high sensitivity to climate change. Agric. For. Meteorol. 178, 31–45. doi: 10.1016/j.agrformet.2012.12.006


 Raes, D., Steduto, P., Hsiao, T. C., and Fereres, E. (2009). AquaCrop-the FAO crop model to simulate yield response to water II: Main algorithms and software description. Agron. J. 101, 438–447. doi: 10.2134/agronj2008.0139s


 Rashid, M. A., Jabloun, M., Andersen, M.N., Zhang, X. Y., and Olesen, J. E. (2019). Climate change is expected to increase yield and water use efficiency of wheat in the north China plain. Agric. Water Manage. 222, 193–203. doi: 10.1016/j.agwat.2019.06.004


 Rosa, L., Chiarelli, D. D., Rulli, M. C., Dell’Angelo, J., and D’Odorico, P. (2020). Global agricultural economic water scarcity. Sci. Adv. 6, eaaz6031. doi: 10.1126/sciadv.aaz6031


 Tan, S., Wang, Q. J., Zhang, J. H., Chen, Y., Shan, Y. Y., and Xu, D. (2018). Performance of AquaCrop model for cotton growth simulation under film-mulched drip irrigation in southern xinjiang, China. Agric. Water Manage. 196, 99–113. doi: 10.1016/j.agwat.2017.11.001


 Teixeira, E. I., Fischer, G., Velthuizen, H. V., Walter, C., and Ewert, F. (2013). Global hot-spots of heat stress on agricultural crops due to climate change. Agric. For. Meteorol. 170, 206–215. doi: 10.1016/j.agrformet.2011.09.002


 Tsakmakis, I. D., Zoidou, M., Gikas, G. D., and Sylaios, G. K. (2018). Impact of irrigation technologies and strategies on cotton water footprint using AquaCrop and CROPWAT models. Environ. Processes 5, 181–199. doi: 10.1007/s40710-018-0289-4


 Vanuytrecht, E., Raes, D., Steduto, P., Hsiao, T. C., Fereres, E., Heng, L. K., et al. (2014). AquaCrop: FAO's crop water productivity and yield response model. environ. Model. Software 62, 351–360. doi: 10.1016/j.envsoft.2014.08.005


 Voloudakis, D., Karamanos, A., Economou, G., Kalivas, D., Vahamidis, P., Kotoulas, V., et al. (2015). Prediction of climate change impacts on cotton yields in Greece under eight climatic models using the AquaCrop crop simulation model and discriminant function analysis. Agric. Water Manage. 147, 116–128. doi: 10.1016/j.agwat.2014.07.028


 Voloudakis, D., Karamanos, A., Economou, G., Kapsomenakis, J., and Zerefos, C. (2018). A comparative estimate of climate change impacts on cotton and maize in Greece. J. Water Clim. Change 9, 643–656. doi: 10.2166/wcc.2018.022


 Wang, X. P., Wang, H. B., Si, Z. Y., Gao, Y., and Duan, A. W. (2020). Modelling responses of cotton growth and yield to pre-planting soil moisture with the CROPGRO-cotton model for a mulched drip irrigation system in the tarim basin. Agric. Water Manage. 241, 106378. doi: 10.1016/j.agwat.2020.106378


 Young, M. W., Mullins, E., and Squire, G. R. (2017). Environmental risk assessment of blight-resistant potato: use of a crop model to quantify nitrogen cycling at scales of the field and cropping system. environ. Sci. pollut. Res. 24, 21434–21444. doi: 10.1007/s11356-017-9769-8


 Zhao, Y., Mao, X. M., and Bo, L. Y. (2018). Simulation of soil moisture dynamics and seed-maize growth under different mulching and irrigation conditions. Trans. Chin. Soc Agric. Mach. 49, 195–204. doi: 10.6041/j.issn.1000-1298.2018.09.024


 Zumilaiti, T., Lin, T., Yan, C. R., Dilibaier, D., Deng, F. N., Wu, F. Q., et al. (2018). Effect of plastic film mulching duration on soil temperature and moisture in field and cotton water comsumption and yield in xinjiang. Trans. Chin. Soc Agric. Engin. 34, 113–120. doi: 10.11975/j.issn.1002-6819.2018.11.014





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

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





ORIGINAL RESEARCH

published: 09 January 2023

doi: 10.3389/fpls.2022.1097998

[image: image2]


Characterization of cadmium accumulation mechanism between eggplant (Solanum melongena L.) cultivars


Chuang Shen, Ying-Ying Huang, Qiong Liao, Bai-Fei Huang, Jun-Liang Xin, Luo Wang and Hui-Ling Fu *


Research Center for Environmental Pollution Control Technology, School of Chemical and Environmental Engineering, Hunan Institute of Technology, Hengyang, China




Edited by: 

Yang Gao, Farmland Irrigation Research Institute (CAAS), China

Reviewed by: 

Yan Xia, Nanjing Agricultural University, China

Jiali He, Shenyang Agricultural University, China

*Correspondence:
 Hui-Ling Fu
 fuhl040816@hnit.edu.cn

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


Received: 14 November 2022

Accepted: 19 December 2022

Published: 09 January 2023

Citation:
Shen C, Huang Y-Y, Liao Q, Huang B-F, Xin J-L, Wang L and Fu H-L (2023) Characterization of cadmium accumulation mechanism between eggplant (Solanum melongena L.) cultivars. Front. Plant Sci. 13:1097998. doi: 10.3389/fpls.2022.1097998



Excessive cadmium (Cd) accumulation in vegetables due to farmland pollution constitutes a serious threat to human health. Eggplant has a tendency to accumulate Cd. To investigate the mechanism of the differences in Cd accumulation levels between high-Cd (BXGZ) and low-Cd (MYQZ) eggplant cultivar, physiological and biochemical indicators and mRNA expression of eggplant were examined using photosynthetic apparatus, biochemical test kits, Fourier transform infrared (FTIR) spectroscopy and transcriptome sequencing, etc. The results of biochemical test kits and FTIR revealed that MYQZ enhanced pectin methylesterase (PME) activity, and lignin and pectin content in the root cell wall, which was associated with the upregulation of PME, cinnamyl-alcohol dehydrogenase and peroxidase (PODs). Higher levels of cysteine and glutathione (GSH) contents and upregulation of genes associated with sulfur metabolism, as well as higher expression of ATP-binding cassette transporters (ABCs), cation exchangers (CAX) and metal tolerance proteins (MTPs) were observed in MYQZ. In BXGZ, the higher stomatal density and stomatal aperture as well as higher levels of Ca2+ binding protein-1 (PCaP1) and aquaporins and lower levels of A2-type cyclins (CYCA2-1) are consistent with an enhanced transpiration rate in BXGZ. Furthermore, a more developed root system was shown to be associated with higher levels of auxin response factor (ARF19), GATA transcription factors (GATA4, 5 and 11) and auxin efflux carrier component (PIN5) in BXGZ. In conclusion, highly active PME, and higher levels of lignin and pectin in MYQZ are expected to reduce Cd toxicity, while Cd translocation can be inhibited with the help of ABC and other Cd transporters. As for BXGZ, the uptake and translocation of Cd were enhanced by the developed root system and stronger transpiration.




Keywords: eggplant, cadmium, root retention, translocation, cell wall



1 Introduction

Agricultural cadmium (Cd) pollution has posed a serious threat to farmland ecology and agricultural product safety due to its high biological toxicity and mobility (Kumar and Sharma, 2019). According to the survey of Li et al. (2018), 86% of paddy fields in the eastern Hunan area of China are subject to Cd contamination. Huang et al. (2017) reported that 70% to 90% of the accumulated Cd in humans is derived from the gastrointestinal intake of vegetables. Therefore, how to effectively reduce the accumulation of Cd in crops, inhibit the entry of Cd into the food chain, and ensure the safety of agricultural products has become a hot research topic among many interdisciplinary areas such as soil science, pollution ecology, environmental science and food science (Deng et al., 2020).

Eggplant (Solanum melongena L.) is a popular vegetable with high economic and nutritional value. According to the statistics collected by Agriculture Organization of the United Nations (FAO), China yielded 365,932,000 tons of eggplant in 2020 (FAOSTAT, 2020). However, eggplant has a tendency to accumulate excessive Cd, even when growing in lightly contaminated soils (Yuan et al., 2019). To control the Cd accumulation level of eggplant in a safe range through pollution-safe cultivar (PSC) strategy, a low-Cd cultivar (MYQZ) and a high-Cd cultivar (BXGZ) were obtained in our previous study (Shen et al., 2021). The low-Cd cultivar showed high Cd retention and sequestration ability in the root, leading to reduced Cd transportation from roots to fruits in eggplants. While the relevant molecular mechanisms are yet to be not well established.

The main stages of Cd uptake and its movement have involved root uptake, xylem loading and translocation to shoots (Uraguchi and Fujiwara, 2013). The lower Cd concentrations in the seeds of Triticum aestivum and Ricinus communis and shoot of Solanum melongena cultivars may be related to their lower root uptake capacity of Cd, but also to the relatively low capacity of Cd translocation through xylem and phloem (Qin et al., 2015; Ye et al., 2018). The molecular mechanism of Cd uptake and transport in plants has been relatively well investigated. The iron-regulated transporter 1 (IRT1) the principal root transporter for Cd uptake from the soil, and plants overexpressed IRT1 inclined to accumulate more Cd than wild-type plants (Barberon et al., 2014). Natural resistance-associated macrophage protein (NRAMP5) is also a key Cd transporter contributing to Cd uptake, and knockdown of OsNramp5 has been employed to obtain rice cultivars with low Cd accumulation (Tang et al., 2017; Ismael et al., 2019). OsHMA3 regulates Cd sequestration in the vacuole of roots, and the overexpression of OsHMA3 of rice showed that Cd accumulation was considerably elevated in roots and intensely decreased in shoots (Miyadate et al., 2011; Sasaki et al., 2014). Transporters such as ABCs (ATP-binding cassette transporters) and CAXs (cation exchanger) that localize to the vacuolar membrane are responsible for Cd sequestration in root vacuoles and the reduction of Cd translocation and accumulation in the shoots (Shahid et al., 2017; Huang et al., 2020).

Transpiration pull is an important force for Cd translocation from roots to shoots. It has been found that plants modulate transpiration by controlling root water uptake (Cai et al., 2022) and regulating stomatal density and closure under Cd stress (Agurla et al., 2018; Tao et al., 2021). Similar studies between high- and low-Cd cultivars of pakchoi, wheat and sweet potato demonstrated that longer root, more root tips, larger root surface and volume contributed to higher Cd uptake and translocation (Kubo et al., 2011; Xia et al., 2016; Xin et al., 2017). Furthermore, sulfur metabolism-related products such as phytochelatins (PCs), glutathione (GSH), and metallothionein (MT) are able to chelate free Cd ions in plants through the sulfhydryl groups, an important process for the detoxification and accumulation of Cd in plants (Gill and Tuteja, 2011; Yang et al., 2021). Cell wall components and the degree of methylation of the cell wall determine the ability of the root cell wall to adsorb Cd, and ultimately influences the translocation of Cd to shoot (Zhu et al., 2012). Pectin, cellulose, hemicellulose and lignin, etc., are important components of the root cell wall, containing many functional groups (-COOH, -OH, -SH, etc.), which help to adsorb and fix Cd ions and reduce its entry into the protoplasts, thus greatly reducing the toxicity of Cd suffered by plants (Loix et al., 2017; Wu et al., 2020). Nevertheless, studies on the physiological, biochemical and molecular mechanisms of low Cd accumulation in crops have mainly emphasized on grain crops, while relatively few researches have been conducted on vegetables, especially eggplant.

Therefore, based on the low-Cd and high-Cd eggplant cultivars identified in our previous study, the mechanism of Cd uptake, transport and accumulation of eggplant at the physiological, biochemical and genetic levels are explored in the present study. We hypothesized that (i) the differences in the expression of genes involved in Cd uptake and transport contribute to the variation in Cd accumulation between low-Cd and high-Cd eggplant cultivars; (ii) physiological and biochemical distinctions related to Cd stress between low-Cd and high-Cd eggplant cultivars could also be the primary factor responsible for the differences in Cd accumulation capacity. The results of this study are expected to shed light on the mechanisms of Cd accumulation in eggplant, as well as to facilitate the screening and breeding of Cd-PSC vegetables.



2 Materials and methods


2.1 Plant materials and experimental design

The high-Cd cultivar (BXGZ) and low-Cd cultivar (MYQZ) of eggplant used in this study were obtained from a previous screening trial. Eggplant seeds of BXGZ and MYQZ were surface sterilized with 5% hydrogen peroxide and sown in a Petri dish for germination. Seedlings were transferred to sand and grew for one week after germination. Then eggplant seedlings with consistent growth condition were selected and planted in 500 ml cups for hydroponics with half-strength Hoagland solution. Seedlings were grown in a plant culture chamber at of 28°C and 250 μmol/m2/s light intensity (14 h per day), and the half-strength Hoagland solutions were changed every 3 days to ensure optimal growth conditions for eggplants. After 10 days of growth, seedlings of each eggplant cultivar were randomly divided into 2 groups, one was treated with Cd-free half-strength Hoagland solutions as control (CK), and the other was treated with Cd concentration of 10μM half-strength Hoagland solutions as an experimental group (Cd). The samples of eggplant seedlings were harvested after 2 weeks of culture and 3 seedlings were used as biological replicates for each treatment.



2.2 RNA sequencing, analysis and validation

Total RNAs of eggplant root samples were isolated through EASYspin Plant RNA kit (Aidlab, China). Four cDNA libraries with 3 biological replicates each were constructed from reverse transcription of total RNA and sequenced with the Illumina HiSeq2500 (Illumina, CA, USA). The raw data have been uploaded in the SRA database of NCBI, and the BioProject accession number is PRJNA908752. To ensure high quality sequencing, the raw reads were processed to clean reads using fastp 0.18.0. Gene expression levels for each cDNA library were normalized by fragment per kilobase of transcript per million mapped reads (FPKM). Differentially expressed genes (DEGs) were identified by the criteria of false discovery rate (FDR) < 0.05 and |log2 fold-change value| ≥1. Gene Ontology (GO) and KEGG pathway analyses of the DEGs were accomplished through Blast2GO 2.8 and BLASTX.

RNA-Seq results were verified by quantitative real-time PCR (qPCR). The cDNA templates used for qPCR were obtained through the reverse transcription of the remaining total RNA with the help of PrimeScript™ RT Master Mix kit (Takara, Japan). Five DEGs were randomly selected for qPCR experiments on CFX96 Touch instrument (Bio-Rad Laboratories, Hercules, CA) coupled with SYBR Green II PCR Master Mix kit (Takara, Japan), and the qPCR results were calculated using the ΔΔCt method (Schmittgen and Livak, 2008).



2.3 Determination of Cd concentrations, pectin methylases and peroxidase activity, cysteine synthase, glutathione and oxidized glutathione concentrations

Samples of 0.1 g of oven-dried plants were fully digested in a microwave oven (Microwave Digester XT-9900A, Shanghai Xintuo Analytical Instruments Co., Ltd., China) with HNO3:H2O2 (10:3, v/v). The digested samples were fixed to 15 ml with 1% nitric acid, and then Cd concentrations were measured by flame atomic absorption spectrophotometer (Hitachi Z-2300, Japan). To ensure data accuracy and quality control of the test, plant GBW07605 (provided by the National Research Center for CRM, China) was used as the certified reference material with a recovery rate of 97.21% and a relative standard deviation of 3.2% for Cd.

The fresh root samples of BXGZ and MYQZ treated with the CK and Cd were used for this experiment. The pectin methylesterase (PME) activity, cysteine synthase, glutathione (GSH), oxidized glutathione (GSSG) and peroxidase (POD) activity were tested according to the instructions of PME, cysteine synthase, GSH, GSSG and POD assay kits from Suzhou Comin Biotechnology (China), respectively.



2.4 Measurement of transpiration rate and stomatal characteristics

The transpiration rate of eggplant was measured using the portable photosynthetic apparatus HM-GH60 (Hengmei Electronic Technology Co., Ltd, China). The epidermal cells of the eggplant leaves were carefully excised and photographed by an optical microscope (Olympus BX53, Olympus Corporation, Japan). The stomatal density was analyzed via the number of stomata divided by the leaf area. All the tested leaves were picked from the same position of three different eggplant seedlings under the same light condition.



2.5 Determination of root cell wall lignin contents and characteristics

The lignin extraction of eggplant root cell wall was performed according to the method of Gao et al. (2021). Fresh samples of 2g of roots were well ground in liquid nitrogen and then thoroughly mixed with 20 ml of 75% ethanol. After standing in an ice bath for 20 min, the root samples were centrifuged at 8000g for 10 min at 4°C. The collected precipitates were sequentially washed with 14 ml of acetone, methanol/chloroform (1:1) and methanol each for 10 min, and then centrifuged at 5000g for 10 min at 4°C to refine the precipitates. The refined precipitates were air-dried at 40°C to obtain root cell walls and then stored at 4°C for further use. Thoroughly grind 1 μg of root cell walls and 150 mg of potassium bromide (KBr) with an agate mortar and then press into thin slices. The thin slices were placed into a Fourier transform infrared (FTIR) spectroscopy (Nicolet iS20, Thermo Fisher, USA) to identify the absorbance values of the functional groups of the root cell wall in the wavelength range of 400-4000 cm-1 with a resolution of 4 cm-1.



2.6 Root morphological analysis

Root systems of BXGZ and MYQZ were scanned with Epson Perfection V700 Photo (Seiko Epson Corporation, Japan). The data of the root surface area and tip number were identified on scanned images of BXGZ and MYQZ with the help of root image analysis software Win-RHIZO Pro (Regent Instruments, Canada). Three roots of BXGZ and MYQZ under each treatment were randomly selected for replication.



2.7 Statistical analysis

Both SPSS 23.0 (IBM Inc., USA) and Excel 2016 (Professional Edition, Microsoft, USA) were used to perform statistical analysis and figure development. Two-way analysis of variance (ANOVA) and least significant difference (LSD) tests were employed to determine the significance of data. Results were considered statistically significant when p<0.05.




3 Results


3.1 Biomass and cadmium concentration of eggplants

The results of two-way ANOVA showed that shoot and root biomasses (dry weight, DW) were significantly affected by Cd treatment and cultivar (p<0.01), but not by treatment×cultivar (p>0.05) (Table S1, S2, supporting information), indicating that the shoot and root biomasses eggplant were determined by both Cd treatment and cultivar. BXGZ and MYQZ were in good growth status under CK treatment, and both shoot and root biomass of BXGZ were significantly higher than those of MYQZ (p<0.05) (Figures 1A-C). Under Cd treatment, the shoot and root biomass of BXGZ decreased by 10.7% and 27.1%, respectively, while a 18.1% and 47.6% reduction of shoot and root biomass were observed in MYQZ, in comparison to the CK treatment (Figures 1A-C). Despite the significant reduction in biomass in both BXGZ and MYQZ, the reduction was more pronounced in the root system, and biomass reduction in BXGZ was significantly lower than that in MYQZ (p<0.05), indicating that Cd treatment exerts a greater impact on the root and BXGZ exhibited a stronger Cd tolerance in comparison to MYQZ.




Figure 1 | The growth status (A), shoot biomass (B), root biomass (C), the shoot and root Cd concentrations (D, E) eggplants exposed to 10 μM Cd for 2 weeks. Values are the mean ± standard error (n = 3). Different small letters indicate significant differences (p < 0.05) among the four treatments.



To verify the stability of Cd accumulation of eggplant, Cd concentrations were also measured. Two-way ANOVA revealed that shoot and root Cd concentrations (DW) were significantly affected by Cd treatment and cultivar (p<0.01), as well as by treatment×cultivar (p<0.01) (Table S3, S4, supporting information). The Cd accumulation levels of BXGZ and MYQZ were consistent with the results of our previous soil experiments. The shoot Cd concentration of MYQZ was significantly lower than that of BXGZ (p<0.05), while the root Cd concentration of MYQZ was significantly higher than that of BXGZ (p<0.05), indicating that BXGZ and MYQZ were stable in Cd accumulation characteristics and significant differences existed between them for Cd uptake and translocation (Figure 1D).



3.2 Overview of the RNA-sequencing results

To investigate the variation of molecular mechanisms between BXGZ and MYQZ in response to Cd stress, the differences in the quantity and function of DEGs between BXGZ and MYQZ under CK and Cd treatments were comparatively analyzed. A total of 1183 up-regulated and 717 down-regulated DEGs were identified in BXGZ compared to MYQZ under CK treatment (BXGZ-CK vs MYQZ-CK), and 1918 up-regulated and 1267 down-regulated DEGs were observed in BXGZ compared to MYQZ under Cd treatment (BXGZ-Cd vs MYQZ-Cd). In the comparative analysis of BXGZ-Ck vs BXGZ-Cd and MYQZ-Ck vs MYQZ-Cd, the number of both up-regulated and down-regulated DEGs was also higher in BXGZ than in MYQZ, indicating that there were significant genotypic differences between BXGZ and MYQZ, as well as BXGZ were more responsive to Cd stress (Figure S1). The qPCR result of five randomly selected genes was consistent with the transcriptome profiles, indicating the credibility of the RNA-sequencing results (Figure S2).

To elucidate the specific functions of the DEGs obtained in BXGZ-Cd vs MYQZ-Cd, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed. The majority of DEGs were enriched in the GO term of oxidoreductase activity (GO:0016491), nucleic acid binding transcription factor activity (GO:0001071), component of plasma membrane (GO:0005887 and 0031226), L-phenylalanine catabolic and metabolic process (GO:0006559 and GO:0006558) and sulfur compound metabolic process (GO:0006790), etc. (Figure 2). For the KEGG pathways, the biosynthesis of secondary metabolites (such as phenolic and flavonoid biosynthesis), phenylpropanoid biosynthesis, glutathione metabolism, cysteine and methionine metabolism, plant hormone signal transduction and sulfur metabolism were enriched (Figure 2). Most of these enriched GO and KEGG terms are associated with plant growth and stress resistance (Huang et al., 2022). Therefore, the enrichment analysis of GO and KEGG suggested that BXGZ and MYQZ have different strategies to cope with Cd stress, mainly focusing on antioxidant, sulfur metabolism, and phenylalanine synthesis, etc.




Figure 2 | The GO (A) and KEGG (B) analysis of the DEGs in BXGZ-Cd vs MYQZ-Cd.





3.3 The DEGs involved in transpiration, root development, cell wall components, sulfur metabolism and cadmium transporters

Based on the results of DEGs, the schematic diagram of DEGs in response to Cd stress were summarized (Figure 3). Two genes related to stomatal development and closure were identified, namely Ca2+-binding protein-1 (PCaP1) and A2-type cyclins (CYCA2-1). PCaP1 was identified to trigger stomatal closure by involving in Ca2+ signaling, and the overexpression of CYCA2-1 was observed to result in reduced stomatal density (Nagata et al., 2016; Qu et al., 2018). The expression level of PCaP1 in MYQZ was significantly higher than that in BXGZ, while CYCA2-1 showed the opposite (Figure 3). Aquaporins has been confirmed to enhance transpiration by regulating the water uptake in roots (Sinclair et al., 2017). The expression level of aquaporins in BXGZ roots was also significantly higher than that in MYQZ (p<0.05) when subjected to Cd stress (Figure 3).




Figure 3 | The schematic diagram of DEG in response to Cd stress between different treatments in the roots of BXGZ and MYQZ. The expression heatmap was arranged as BXGZ-CK, BXGZ-Cd, MYQZ-CK, and MYQZ-Cd from left to right. The expression level of each DEG was averaged by the 3 biological samples and then normalized to a z-score.



The DEGs related to lateral root development such as auxin response factor (ARF19), GATA transcription factors (GATA4, 5 and 11) and auxin efflux carrier component (PIN5) were shown significantly higher levels in BXGZ than in MYQZ (p<0.05) under either CK or Cd treatment, and the expression of these genes was significantly down-regulated in both cultivars under Cd treatment (Figure 3).

The expression levels of cinnamyl-alcohol dehydrogenase (CAD14) and PODs (PER3, 52, 53 and 72) related to lignin synthesis were significantly higher in MYQZ than in BXGZ (p<0.05) (Figure 3). In addition, the expression levels of pectin related genes such as pectin methylesterase (PME 26, 40 and 46) were significantly higher (p<0.05) and PME inhibitor (PMEI 7 and 9) were significantly lower (p<0.05) in MYQZ than BXGZ (Figure 3), respectively.

The differences in the expression of sulfur metabolism-related genes between MYQZ and BXGZ under CK treatment were not significant (p>0.05) or slightly higher in MYQZ than in BXGZ (Figure 3). However, under Cd stress, the expression levels of genes concerned with sulfate transporters (SULTR1;3 and SULTR4;2), ATP sulfurylase (APS1), adenylylsulfate reductase (APR2), cysteine synthase (RCS3) and glutathione S-transferase (GST1 and 3) were significantly higher in MYQZ than in BXGZ (p<0.05), respectively, indicating a more intensive level of sulfur metabolism in MYQZ under Cd treatment.

Four types of Cd transport-related membrane proteins were identified. Among them, the Cd transporter located on the cell membrane was iron-regulated transporter 1 (IRT1), which serves to enhance the Cd uptake by roots (Barberon et al., 2014). The expression of IRT1 was relatively low in both MYQZ and BXGZ under CK treatment but was significantly elevated (p<0.05) only in MYQZ under Cd treatment. The other three types of Cd transporters were all located on the vacuole, namely ATP-binding cassette transporters (ABCC4, 9 and 17), cation exchanger (CAX5) and metal tolerance protein (MTP4 and 10), and these three transporters are mainly in charge of transporting Cd from the cytoplasm to the vacuole where it can be compartmentalized (Huang et al., 2020). In terms of overall expression levels, these three types of Cd transporters were not significantly (p>0.05) different under CK treatment, while they were significantly higher (p<0.05) in the roots of MYQZ than BXGZ under Cd treatment (Figure 3).



3.4 Stomatal characteristics and transpiration rate under Cd treatment

The stomatal distribution per unit area of eggplant leaves on both the front and back sides under Cd treatment was shown in Figure 4. The density of stomata on the front sides of both BXGZ and MYQZ leaves was significantly lower than that on the back sides, and the density of stomata of BXGZ was significantly higher than that of MYQZ (p<0.05) (Figure 4). Accordingly, the differences in expression levels of PCaP1and CYCA2-1 in MYQZ and BXGZ were consistent with our microscopic observations.




Figure 4 | The micrographs of front and back epidermis (A), stomatal density (B), and transpiration rate (C) of BXGZ and MYQZ. Values are the mean ± standard error (n = 3). Different small letters indicate significant differences (p < 0.05) among the four treatments.



The transpiration rate was significantly affected by Cd treatment and cultivar (p<0.01), but not by treatment × cultivar (p>0.05) (Table S5, supporting information). The transpiration rate was positively correlated with the density of stomata and the expression level of aquaporins in eggplant, which was significantly higher in BXGZ than in MYQZ under Cd stress (p<0.05) (Figure 4), suggesting that BXGZ showed stronger transpiration rate under Cd stress.



3.5 Root morphology and development

BXGZ showed more developed lateral roots than MYQZ, and both the root development of BXGZ and MYQZ was affected by Cd stress (Figure 1). The number of root tips was affected by Cd treatment, cultivar and treatment × cultivar (p<0.01) (Table S6, supporting information), while the root surface area was only affected by Cd treatment and cultivar (p<0.01) (Table S7, supporting information). Under Cd stress, the root tips and surface area of BXGZ were significantly higher than those of MYQZ (p<0.05), and its root tips and surface area decreased at a significantly lower level than those of MYQZ (p<0.05) (Figure 5A, B). Although Cd stress affected eggplant root development, in terms of root tip number and root surface area, the roots of BXGZ were significantly less affected compared to MYQZ, which may be attributed to the difference in Cd tolerance between the cultivars




Figure 5 | The root tips (A) and surface area of (B) BXGZ and MYQZ under different treatments. Values are the mean ± standard error (n = 3). Different small letters indicate significant differences (p < 0.05) among the four treatments.





3.6 Lignin, PME and functional groups of root cell walls

Lignin is produced in a combination of three lignin monomers (H-, G-, and S-lignin) through the processing of phenylalanine catalyzed by multiple enzymes. The lignin content of eggplant roots was affected by Cd treatment, cultivar (p<0.01) and treatment × cultivar (p<0.05) (Table S8, supporting information). The results of lignin content of eggplant roots were in agreement with the expression levels of genes related to lignin synthesis as well, which were significantly higher in MYQZ than in BXGZ (p<0.05) (Figures 6). The results of two-way ANOVA showed that the PME activity in eggplant roots was affected by Cd treatment, cultivar (p<0.01) and treatment × cultivar (p<0.05) (Table S9, supporting information). As shown in Figure 6, PME activity in MYQZ was significantly higher than that in BXGZ under both CK and Cd treatments (p<0.05). PME activity in BXGZ showed almost no effect under Cd stress (p>0.05), while its activity in MYQZ was significantly elevated after Cd treatment (p<0.05).




Figure 6 | The lignin contents (A), PME activities (B) and FTIR spectral analysis (C) of BXGZ and MYQZ under different treatments. Values are the mean ± standard error (n = 3). Different small letters indicate significant differences (p < 0.05) among the four treatments.



The characteristics of the functional groups of root cell walls were determined by the absorbance values at different wavelengths by FTIR spectroscopy. As shown in Figure 6, the FTIR wave peaks of eggplant root cell walls were most significant at 3397, 1655 and 1046 cm-1, representing the O-H of polysaccharides (Regvar et al., 2013), C=O of protein and C-C or C-O of pectin and polysaccharides respectively (Gao et al., 2021). In addition, the elevated absorbances were observed at 2902, 1720, 1513, 1238 and 1157 cm-1, which were assigned to the C-H of cellulose and pectin, C=O of methyl-esterified pectin, aromatic ring of lignin, amide III and C-C or C-O of lignin and polysaccharides respectively (Regvar et al., 2013; Lahlali et al., 2017). In terms of relative absorbance values, the content of functional groups associated with pectin and lignin was significantly higher in MYQZ cell walls than in BXGZ (p<0.05) under either CK or Cd treatment. Moreover, Cd stress led to a significant elevation in the content of relevant groups in the cell wall of MYQZ, while these groups of BXGZ was only slightly increased at 3397, 2902 and 1238 cm-1 (Figure 6).



3.7 Indicators involved in sulfur metabolism and POD activities

The sulfur metabolism pathway is an important contributor of thiol groups (-SH) in plants, which can chelate with Cd ions and reduce the toxicity of Cd to plants. The results of two-way ANOVA showed that cysteine content was significantly affected by cultivar (p<0.01) and treatment × cultivar (p<0.05) (Table S10, supporting information). The GSH content was only affected by both Cd treatment and cultivar (p<0.01) (Table S11, supporting information). As for GSSG and POD contents, they were significantly affected by Cd treatment, cultivar and treatment × cultivar (Table S12, S13, supporting information). In addition, the content of cysteine in the roots of MYQZ was significantly increased (p<0.05) and significantly higher than that of BXGZ (p<0.05) (Figure 7). The contents of GSH and GSSG in BXGZ and MYQZ were also significantly increased under Cd stress (p<0.05), but the content in MYQZ was remarkably higher than BXGZ (p<0.05) (Figure 7B). The content of peroxidase (POD) was consistent with the expression level of POD (PER3, 52, 53 and 72), both of which exhibited significantly higher in MYQZ than in BXGZ under Cd stress (p<0.05) (Figure 7).




Figure 7 | The cysteine contents (A), GSH contents (B), GSSG contents (C) and POD activities (D) of BXGZ and MYQZ under different treatments. Values are the mean ± standard error (n = 3). Different small letters indicate significant differences (p < 0.05) among the four treatments.






4 Discussion

As an important vegetable, the investigation of Cd accumulation characteristics of eggplant is of great importance. The root and shoot Cd concentrations of BXGZ and MYQZ were consistent with previous studies, suggesting the Cd accumulation capacity of eggplant should be cultivar-dependent. Studies have shown that the growth dilution (same uptake but larger biomass) contributes to the reduction of Cd concentration (Shi et al., 2016; Ismael et al., 2019). However, the biomass of BXGZ was significantly higher than that of MYQZ under both CK and Cd treatments. According to Dai et al. (2021), there was no significant correlation between the Cd content of plants and their biomass, instead it was mainly affected by the root uptake and fixation, transpiration and Cd transporters. To investigate the mechanisms underlying the differences in Cd accumulation capacity of eggplant, the molecular and physiological mechanisms of BYQZ and MYQZ, which are closely related to Cd accumulation, were investigated in this study.


4.1 Root cell wall formation contributed to cadmium fixation in eggplant

The root cell wall is an important organ for plants to achieve self-protection against environmental stresses (Guo et al., 2021). Increased content of cell wall components bound to Cd ions has been observed in plants such as Oryza sativa L. (rice), Zea mays L. (maize), as an effective strategy for plants to cope with Cd stress (Vatehová-Vivodová et al., 2018; Riaz et al., 2021). The stronger the root cell wall fixation of Cd, the lower the amount of Cd that can enter the root cells, and the less can be transported to the shoot and fruit (Huybrechts et al., 2019).

Among the components of the cell wall, pectin is considered to be the main Cd binding molecular, owing to the strong ion exchange activity (Loix et al., 2017; Guo et al., 2021). The Cd ions (Cd2+) binding capacity of pectin requires the catalytic release of its free carboxyl groups (-COOH) group by PME (Wu et al., 2020). It has been widely demonstrated that higher PMEs expression levels and PMEs activity enhance Cd binding of cell walls and impede Cd2+ entry into cells (Wu et al., 2021a; Huang et al., 2022). In this study, roots of MYQZ under Cd treatment exhibited lower PMEI and higher PME expression levels and activity, and FTIR absorbance also revealed that root cell wall of MYQZ contained more pectin, which ultimately led to stronger fixation of Cd by the MYQZ root cell wall.

According to the studies of Brassica chinensis L. and Vicia sativa, lignin content was involved in the differences of Cd tolerance and Cd accumulation characteristics between high- and low-Cd cultivars (Rui et al., 2016; Wang et al., 2020). In Brassica chinensis L., approximately 14.1% of Cd was adsorbed by lignin in the high-Cd cultivar, while 14.5% of Cd was adsorbed by the lignin of the low-Cd cultivar (Wang et al., 2020). The lignin synthesis-related genes (CADs and PODs), lignin content as well as FTIR analyses of lignin (peaks at 1238 and 1157 cm-1) in MYQZ were significantly higher (p<0.05) than that of BXGZ in this study, which are consistent with our previous study (Shen et al., 2021), revealing that the distribution of Cd in the root cell wall is significantly higher in MYQZ than in BXGZ. Collectively, differences in lignin should also be an important factor in determining the Cd accumulation characteristics of eggplant.



4.2 MYQZ enhanced vacuole compartmentalization of Cd via sulfur metabolism and Cd transporters

Sulfur metabolites such as GSH and PCs containing thiol groups (-SH) are crucial for plant growth in response to environmental stress (Cui et al., 2020). Plants have been shown to minimize the toxicity of Cd by elevating the GSH content and promoting the complexation of GSH and Cd2+ with the help of GST (Zhang et al., 2021). In this study, the sulfate transporter (SULTR1;3 and SULTR4;2) as well as the enzymes (APS1, APR2, RCS3, GST1 and 3) involved in sulfur metabolism and chelation of Cd were with significantly higher (p<0.05) expression in MYQZ than in BXGZ, and the contents of GSH, GSSG and their precursor cysteine were much higher (p<0.05) in MYQZ under Cd stress. Although MYQZ is Cd intolerant in terms of the biomass results, the enhanced sulfur metabolism should contribute to the mitigation of Cd toxicity.IRT1 is an important metal transporter that contributes to Cd uptake by roots (Barberon et al., 2014). The overexpression and knockdown of IRT1 have been revealed to cause dynamical Cd contents increases and decreases in Brassica chinensis and Arabidopsis thaliana (Connolly et al., 2002; Wu et al., 2021b). Here we observed that the expression of IRT1 was significantly higher (p<0.05) in MYQZ than in BXGZ under Cd stress. In addition, ABC, CAX, and MTP are key transporters responsible for transporting Cd2+ from the cytoplasm to the vacuole, which should contribute to the retaining of Cd2+ in root vacuoles for the sake of eliminating the Cd translocation and accumulation in shoot (Yang et al., 2022). The DEGs analysis showed that ABC, CAX, and MTPs were also expressed at significantly higher levels (p<0.05) in MYQZ than in BXGZ. In this study, although the higher expression level of IRT1 in MYQZ could certainly promote the Cd uptake, it was very likely that the presence of ABCs, CAXs and MTPs constrained Cd in the vacuole and reduced the translocation of Cd to the shoot.



4.3 Root development and transpiration promote Cd uptake and translocation in BXGZ

The root tip is the most active root region for Cd uptake (Lux et al., 2011). It was observed that Cd accumulation in rice was positively correlated with the number of root tips, with fewer root tips leading to less Cd accumulation (Huang et al., 2019). Comparative studies of high- and low-Cd cultivars in potato and hot pepper revealed that high-Cd cultivar possessed longer root length, more root tips, larger root surface area and root volume, which should contribute to its higher Cd uptake and translocation (Huang et al., 2015; Xin et al., 2017). Our previous study revealed that the Cd net uptake via root of BXGZ under low and high Cd treatment was were significantly higher than those of MYQZ (Shen et al., 2021). In this study, with the significantly higher expression of root development genes (ARF19, GATA4, 5, 11 and PIN5), BXGZ showed a more developed root system of BXGZ under Cd treatment, indicting the root development of eggplant should be a key factor affecting the Cd net uptake via roots.

Transpiration pull is the main driving force for Cd translocation from roots to shoots in plants (Khanna et al., 2022). Studies in Arabidopsis and grapevine uncovered a positive correlation between aquaporin expression levels and plant transpiration (Pou et al., 2013; Macho-Rivero et al., 2018). Moreover, the density and aperture of stomata are also the factors affecting the transpiration of plants (Carins Murphy et al., 2014). In Sedum alfredii, ABA regulated the transpiration rate by depressing the expression of root aquaporin (SaPIP), stomatal density and size, resulting in reduced Cd translocation from roots to shoots (Tao et al., 2021). Studies demonstrated that PCaP1 promoted the stomatal closure, while CYCA2-1 contributed to the stomatal development, both of which can affect transpiration rate in plants (Nagata et al., 2016; Qu et al., 2018). The higher expression level of aquaporin and CYCA2-1, and stomatal density along with the higher transpiration rate, which inevitably lead to a stronger driving force for translocation of Cd to the shoot of BXGZ. Conversely, the higher expression of PCaP1 and the corresponding lower density and transpiration rate would limit the transport of Cd to the shoot in MYQZ.




5 Conclusion

This study attempted to elucidate the mechanisms underlying the differences in Cd accumulation capacity between eggplant high-Cd cultivar (BXGZ) and low-Cd cultivar (MYQZ). On the one hand, MYQZ enhanced the fixation of Cd in the cell wall system by up-regulating the PMEs, CADs and PODs as well as enhancing pectin activity and lignin content in the root cell wall. Meanwhile, the Cd toxicity was also minimized by higher sulfur metabolism of thiol (SH)-containing products in MYQZ minimized Cd toxicity and reduced Cd translocation by compartmentalizing Cd within the vacuole through the higher expression of ABCs, CAXs, and MTPs. On the other hand, the uptake and translocation of Cd by BXGZ can be enhanced by the developed root system and stronger transpiration rate. Moreover, the relatively weak Cd fixation in the root of BXGZ should also be responsible for the easier translocation of to the shoot via the symplast and apoplast pathways.
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Water shortage and wastage are critical challenges to sustainable agricultural development, especially in arid and semiarid regions worldwide. Isatis indigotica (woad), as a traditional Chinese herb, was planted in a large area in a cold and arid environment of Hexi. Regulated deficit irrigation can reduce the growth of some vegetative organs by changing the accumulation and distribution of photosynthetic products in crops, thus increasing the economic yield of crops. In agricultural production, crop productivity may be improved by mulched drip irrigation and deficit irrigation. Hence, a field experiment was conducted to investigate the responses of photosynthesis, malondialdehyde, osmotic regulators, antioxidant enzyme activities, and the yield of woad to water deficit at different growth stages. The growth stage of woad was divided in four stages: seedling, vegetative growth, fleshy root growth, and fleshy root maturity. During vegetative growth, fleshy root growth, and fleshy root maturity, three water gradients were set for plants with mild (65–75% in field water capacity, FC), moderate (55–65% in FC), and severe (45–55% in FC) deficits, respectively. In contrast, an adequate water supply (75–85% in FC) during the growth period was designed as the control (CK). The net photosynthetic rate (Pn), transpiration rate, and stomatal conductance of woad significantly decreased (P< 0.05) by moderate and severe water deficits. Still, rehydration after the water deficit could produce a noticeable compensation effect. In contrast, malondialdehyde and proline accumulation significantly increased under moderate and severe water deficits. At the same time, the superoxide dismutase, peroxidase, and catalase all had high activities (increased significantly by 19.87–39.28%, 19.91–34.26%, and 10.63–16.13% compared with CK, respectively), but yields were substantially lower, compared to CK. Additionally, the net photosynthetic rate was negatively correlated with antioxidant enzyme activity. The economic yield of plants subjected to continuous mild water deficit during both vegetative and fleshy root growth was not significantly different from that in CK. Still, the water use efficiency improved significantly. Therefore, the continuous mild water deficit during vegetative and fleshy root growth could improve the physiological and biochemical mechanisms of the plant, representing an optimal irrigation strategy for woad in cold and arid areas.
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1 Introduction

Water shortage is a serious ecological problem critical to limiting crop growth and production (Rampino et al., 2006; Monreal et al., 2007; Gui et al., 2021; Sheteiwy et al., 2021a; Sheteiwy et al., 2021b; Sheteiwy et al., 2022). Plant water status, photosynthesis, productivity, and water utilization are affected by soil moisture and irrigation systems (Hamoud et al., 2019). Therefore, to overcome the water scarcity problem, efficient agricultural water conservation technologies are urgently needed to enhance water utilization in sustainable crop production (Kang et al., 2002). However, regulated deficit irrigation (RDI) is an irrigation strategy that ensures optimal water status during the phenological period when the crop is most sensitive to water stress and limits other stages (Chai et al., 2016; Galindo et al., 2018). The RDI strategy reduces crop evapotranspiration and can improve irrigation management for null or low yield losses (Carbonell-Barrachina et al., 2015; Lahoz et al., 2016). In addition, mulched drip irrigation is an excellent water-saving technology with the advantages of improving the yield and utilization efficiency of water and fertilizer, weed control, labor input saving, soil erosion reduction, and so on. This technology has been widely used to allow crop cultivation in arid and semiarid areas. It has been shown in previous studies that irrigation combined with plastic film mulching reduced vegetative growth and soil evaporation, improved soil water storage, and increased crop yield and water productivity (Fabeiro et al., 2001; Du et al., 2010). Research on deficit irrigation has been extensively conducted on many foods and cash crops to maintain their productivity and economic benefits in water-scarce areas. Regulated deficit irrigation can save a large amount of irrigation water, reduce crop evapotranspiration, maintain or increase crop yield, and improve crop quality under limited water resources (Patane et al., 2011; Santesteban et al., 2011; Chai et al., 2016; Lahoz et al., 2016).

Photosynthesis is the basis of dry matter formation and the primary determinant of plant yield increases. At the same time, water is an essential raw material required for photosynthesis. Photosynthesis can reflect the response of plants to variable soil moisture levels (Gaju et al., 2016). Changes in photosynthetic rate are closely related to changes in soil microclimates (Fan et al., 2019; Gyimah et al., 2020; Li et al., 2021). Suitable soil water content has a positive effect, while a severe water deficit harms plant photosynthesis (Reich et al., 2018). Plants have evolved mechanisms to rapidly sense stress, actively regulate their stress resistance responses, and address various environmental stresses. As the most prevalent stress factor among abiotic stresses, water stress is vital in limiting crop yield (Bodner et al., 2015). Plants are usually subjected to many physiological and biochemical changes after water stress. Water stress decreases the photosynthetic capacity and causes a significant accumulation of reactive oxygen species (ROS) in crops, causing photooxidative effects and structural damage (Brito et al., 2019). Lipid peroxidation, membrane deterioration, and DNA modification are caused by ROS (Gao et al., 2021; Sheteiwy et al., 2022), negatively affecting crop growth and yield formation (Hao et al., 2019).

Plant tissues contain ROS-scavenging enzymes to control ROS levels and protect cells from stressful conditions (Mittler, 2002; Lv et al., 2022). Additionally, biosynthesis and accumulation of low molecular weight organic compounds, such as osmoregulation, are critical for sustaining osmotic potential under stress (Chaves et al., 2003). Crops improve their adaptability to water stress by accumulating organic solutes, such as proline, soluble carbohydrates, and sucrose (Shao et al., 2005; Zhang et al., 2009; Marcinska et al., 2013; Ahmad et al., 2018).

Isatis indigotica (woad) is the basal plant of Daqinye (woad leaves), Banlangen (woad root), and one of the basal plants of Qingdai. Woad is used to cure encephalitis B, mumps, influenza virus, epidemic cerebrospinal meningitis, bacterial and viral infections, and to prevent and control fatal severe acute respiratory syndrome (Tang and Eisenbrand, 1992; Zhu, 1998; Han et al., 2011; Kim et al., 2012; Zhang et al., 2021). Woad is cultivated mainly in northern Chinese regions. It has less strict requirements for light, heat, temperature, and other natural environments. Due to its drought-tolerant characteristics, this species is more suitable for planting in well-drained sandy soils and loam. Minle County of Gansu Province is in the middle of the Hexi Corridor and is located in a typically irrigated agricultural area. Therefore, the cultivation of woad is mainly irrigated. Due to the lack of scientific guidance on irrigation period and amount, traditional flood irrigation technology causes water resource waste, affecting the growth of woad, influencing economic benefits, and resulting in disproportionate input and output.

It is essential to study physiological processes, such as drought resistance and the rehydration recovery mechanism, to enhance the water productivity of woad. Previous studies on woad were mainly focused on its pharmacological effects and chemical composition. Still, there was a low focus on the physiological response of woad to water deficit and rehydration. Moreover, studies on the osmoregulatory response and antioxidant enzyme activities of woad leaves were also scarce. Accordingly, the focus of this study was to investigate the photosynthetic characteristics, the response of the antioxidant protection system, and the osmotic protection function of woad under different water deficit and rehydration conditions. We hypothesized that this study would: (1) investigate the effects of water stress at different reproductive stages on photosynthetic response mechanisms, antioxidant defense mechanisms, and the yield of woad plants and (2) determine the optimal degree and duration of water stress to provide a theoretical foundation for optimal woad cultivation.



2 Materials and methods


2.1 Site description

The field experiment was conducted in 2019 at Yimin Irrigation Experiment Station (38°39′N, 100°43′E, mean altitude 1970 m), Minle County, Zhangye City, Gansu Province (Figure 1). The experimental station was located in the middle of the Hexi Corridor of Gansu Province, which belonged to the continental desert steppe climate. The annual sunshine time and dryness were 2,932 h and 5.85, respectively. The average annual temperature, evaporation, and rainfall were 7.6 °C, 1,638 mm, and 183–345 mm, respectively. The basic climatic information obtained during the experiment is shown in Table 1. Agricultural soil was light loamy soil. The content of organic matter was 12.4 g·kg-1. The contents of alkali-hydrolyzed nitrogen, available phosphorus, and available potassium were 57.3 mg·kg-1, 15.9 mg·kg-1, and 191.7 mg·kg-1, respectively. The soil bulk density and field water capacity in the 0–100 cm soil layer was 1.46 g·cm-3 and 24 cm3·cm-3, respectively.




Figure 1 | Location of experimental site (Minle, China).




Table 1 | The basic climatic information in 2019.





2.2 Experimental materials

Woad was planted in open fields. It was sown on May 4th and harvested on October 10th, 2019. The sowing density was 830,000 plants per hectare, and the size of each plot was 2.7 m × 5 m. The experimental land was mechanically tilled and weeded before sowing. A total of 220 kg·ha-1 of urea (46% N content), 330 kg·ha-1 of calcium superphosphate (12% P2O5, 10% S, and 16% Ca content), and 120 kg·ha-1 of potassium fertilizer (60% K2O content) were applied as base fertilizer. Three drip irrigation belts were installed per plot and covered with colorless mulch.



2.3 Experimental design

The woad growth stage can be divided into four different growth stages (Figure 2): seedling stage (May 4th - June 8th), vegetative growth stage (June 9th - July 20th), fleshy root growth stage (July 21st - August 30th), and fleshy root maturity stage (August 31th - October 10th). For soil moisture, an adequate water supply treatment (75–85% field water capacity, FC) and three water deficit treatments [mild water deficit (65–75% FC), moderate water deficit (55–65% FC), and severe water deficit (45–55% FC)] were set up. Since all growth stages of woad are affected by water deficit, six water stress conditions were established under limited irrigation treatments. Adequate irrigation treatment was used as a control (CK) during the growth period (Table 2). The experiment was a single-factor randomized trial with three replicates per treatment and 21 plots. The irrigation amount was measured using a water meter, and soil moisture was contained to the design level. Before sowing, the soil moisture in the 0–100 cm soil layer was adjusted to about 85% of the field water capacity.




Figure 2 | Schematic diagram of the growth period division of woad.




Table 2 | Experimental design.





2.4 Measurements and calculations


2.4.1 Photosynthetic physiological and ecological indicators

The changes in the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) of woad were measured using a portable photosynthetic measurement system (LI-6400, LI-COR, USA) from 9:30 am to 10:30 am in sunny and cloudless weather (measured on June 7, July 19, August 28 and October 7, respectively). The water use efficiency of woad plants (WUEL) was calculated as the ratio of the Pn to the Tr.



2.4.2 Malondialdehyde

MDA was determined using the method proposed by Li et al. (2010). Fresh woad leaves were weighed (0.5 g) and ground with 2 ml of 10% trichloroacetic acid (TCA) and a little quartz sand until the sample was homogenized. The homogenate was ground by adding 8 mL of 10% TCA and centrifuged at 4000 r·min-1 for 10 min. A total of 2 ml was taken from the supernatant. The reference was 2 ml of distilled water. A total of 2 ml of 0.6% thiobarbituric acid (TBA) was added, mixed well, boiled in a water bath at 100 °C for 15 min, cooled rapidly, and then centrifuged. The absorbance values of the supernatants at 450 nm, 532 nm, and 600 nm were measured. The MDA content was calculated using the following formula:

	

where Vt was the total volume of the extract (ml), V1 was the volume of the reactant (ml), and Fw was the mass of the fresh sample (g).



2.4.3 Proline

Pro was determined using the acidic ninhydrin method (Bates et al., 1973). Fresh woad leaves were weighed (0.3 g). A total of 5 ml of sulfosalicylic acid was added, boiled in a water bath for 10 min, and filtered. A total of 2 ml of filtrate was aspirated with 2 ml of glacial acetic acid and acidic ninhydrin mixture. The sample was boiled in a water bath for 40 min and cooled. Then, 4 ml of toluene was added, and the sample was thoroughly shaken. After static stratification, the supernatant was taken for colorimetry at 520 nm.



2.4.4 Leaf antioxidant enzyme activity


2.4.4.1 Enzyme solution preparation

Fresh woad leaves were weighed (0.5 g) into a mortar, poured into a centrifuge tube with 5 ml phosphate buffer (pH 7.8), and ground in an ice bath. The sample was cryogenically centrifuged for 20 min at 10,000 rpm. The supernatant (enzyme solution) was poured into test tubes and stored at 0–4°C until use, and used for the enzyme assay.



2.4.4.2 Measurement of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities

SOD was determined using the method proposed by Tewari et al. (2006). POD was determined using the method proposed by Nakano and Asada (1981). CAT was determined using the method proposed by Dhindsa et al. (1981).




2.4.5 Yield and water use efficiency

When woad plants were mature, 1 m × 1 m sample squares were selected to extract woad and then weighed to calculate the yield. WUE was calculated using the following formula:

	

where WUE was the water use efficiency of woad (kg·ha-1·mm-1), Y was the yield of woad (kg·ha-1), and ET was the total water consumption (mm) of woad during the entire growth period.




2.5 Data analysis

Data were processed using Microsoft Excel 2013 and plotted using Origin 2021. The data were analyzed by one-way analysis of variance (ANOVA) with IBM SPSS 23.0, and the least significant difference (LSD) was compared between the mean values of each treatment when the P value ≤ 0.05. A linear function was used to fit the model between Pn and antioxidant enzyme activity at different growth stages.




3 Results


3.1 Effect of water deficit on the photosynthesis of woad

The Pn, Tr, and Gs had a single-peaked curve variation, with an increasing and then decreasing trend in the entire woad growth stages (Table 3). The Pn and Gs in each water deficit treatment peaked at the fleshy root growth stage, while Tr peaked at the vegetative growth stage. The photosynthetic parameters (Pn, Tr, and Gs) increased the most in the vegetative growth stage and decreased the most in the fleshy root maturity stage. The changes in the Pn, Tr, and Gs of leaves were not significantly (P > 0.05) different among treatments applied to seedlings. In vegetative growth, Tr and Gs of plants in the T4 treatment were the highest and increased significantly (P< 0.05) by 16.96% and 26.04%, respectively, compared with CK. During vegetative growth, the leaf Pn of individuals in CK was the largest. No significant differences were seen in leaf Pn among individuals in the T1, T4, and T6 treatments during the vegetative growth, which was significantly lower than that of CK. At vegetative growth, the Pn, Tr, and Gs of individuals in the T2 treatment were significantly reduced (P< 0.05) by 13.87%, 18.80%, and 15.94%, respectively, compared to CK. At the same time, the Pn, Tr, and Gs of plants in treatment T3 were significantly reduced by 22.08%, 46.28%, and 38.40%, respectively. These indicate that the decrease of Pn, Tr, and Gs increases with the aggravation of water deficit.


Table 3 | Effects of different water deficits on the Pn, Tr, and Gs of woad leaves.



The Pn of plants in T1 and T6 during fleshy root growth was significantly enhanced by 7.31% and 5.75%, respectively, and Gs also increased significantly (P< 0.05) by 19.23% and 10.15%, respectively, compared to CK. The Pn and Gs of plants in the T2 treatment increased by 3.78% and 9.74% compared with the T5 treatment during fleshy root growth. The Pn, Tr, and Gs of plants in the T3 treatment during fleshy root growth increased compared to those in vegetative growth. This result was an indication that rehydration during fleshy root growth stage produced a compensation effect on plant photosynthesis. After entering the fleshy root maturity stage, woad plants began to senescence. Pn, Tr, and Gs of leaves in each water deficit treatment were obviously reduced compared to fleshy root growth. Pn, Tr, and Gs of T3 at fleshy root maturity were the smallest and significantly lower than CK. Compared to T4, the Pn, Tr, and Gs of plants in the T6 treatment significantly decreased at fleshy root maturity, indicating that the photosynthesis of woad leaves was also affected by the water deficit period.

Water use efficiency of leaves (WUEL) had a parabolic variation of decreasing followed by increasing throughout the reproductive period, except for T3 (Table 3). The highest WUEL was found at the seedling stage and no significant difference in WUEL was observed among treatments. The highest WUEL was recorded in the vegetative growth period of T3, with a significant (P< 0.05) increase of 44.97% compared to the control CK. The WUEL of plants in the T1, T4, and T6 treatments was lower than CK at vegetative growth, but no significant differences were observed among treatments. The WUEL in T2 during vegetative growth increased (P > 0.05) by 6.57% compared to CK. The lowest WUEL was found in plants in CK at fleshy root growth, and WUEL increased in all water deficit treatments compared to CK. Plants in T2, T3, and T5 were significantly different from CK. The remaining treatments were not significantly different from CK. In fleshy root maturity, the WUEL was at the same level in plants in the T1, T4, and CK treatments. T2, T3, T5, and T6 treatments at fleshy root maturity increased significantly by 3.74–16.61% compared to CK. These results indicated that different water deficit levels and periods had different effects on WUEL.



3.2 Effects of water deficit on leaf physiological and biochemical indices


3.2.1 Leaf malondialdehyde

The MDA content was at the same level (P > 0.05) in all treatments at the seedling stage (Figure 3). After entering the vegetative growth, the MDA content of CK was the lowest. The MDA content of other treatments increased significantly (P< 0.05) by 6.30–48.55%. The MDA content in the T3 treatment was significantly increased by 14.89% compared to the T2 treatment. This result showed that the MDA of woad leaves was increased by the water deficit treatment, and the increase was greater with more extensive water deficits. No significant difference was observed among treatments T1, T6, and CK during fleshy root growth. At fleshy root growth, The MDA content of plants in T1 were reduced by 6.20% compared to T4, while T2 was reduced by 4.91% compared to T5, indicating that rehydration treatment was beneficial in reducing the MDA content in woad leaves. The MDA content of plants in the T1 and T4 treatments decreased significantly by 4.14% and 5.07%, respectively, compared to the T6 treatment. The results showed that the MDA content of woad leaves was affected by both the degree and the period of water deficit.




Figure 3 | Response of malondialdehyde in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.2.2 Leaf proline

Pro content was correlated with the level of plant water stress. The more water is lost by plants, the more Pro they produce. As shown in Figure 4, the change patterns of Pro and MDA contents of woad leaves were similar throughout the entire growth period. No significant difference (P > 0.05) was found in Pro content among treatments at seedlings. The Pro content of each water deficit in vegetative growth increased significantly (P< 0.05) by 13.70–45.81% compared with the CK. The highest Pro content was observed in T3, illustrating that the water deficit increased Pro content in woad leaves. Such an increase was more significant with an increase in the level of water deficit. At fleshy root growth, the Pro content in T1 and T6 treatments decreased compared to T4, while T2 had a significant decrease of 15.31% compared to T5. This indicates that the compensation effect produced by the rehydration treatment was beneficial in reducing the Pro content. At fleshy root maturity, the Pro content of plants in the T1 and T4 treatments returned to levels close to the CK. Meanwhile, Pro content in treatments T3 and T5 was significantly higher than CK, by 22.85% and 29.55%, respectively. This indicates that the rehydration effect after mild water deficit adjustment would reduce Pro content due to its rehydration compensation effect. In contrast, severe water deficit adjustment and long-term moderate water deficit caused severe plant damage, and the rehydration compensation effect was not apparent after rehydration.




Figure 4 | Response of proline in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.2.3 Leaf antioxidant enzyme activity

The SOD, POD, and CAT activities in woad leaves had an increasing trend at first and then a decreasing trend with the advancement of the growth period. SOD and POD activity increased rapidly to a maximum at fleshy root growth. In contrast, CAT peaked during vegetative growth. At the late growth stage, water deficits or sufficient water supply affected enzyme activity and reduced its ability to removed peroxide (Figures 5–7).




Figure 5 | Response of superoxide dismutase activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).






Figure 6 | The response of peroxidase (POD) activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).






Figure 7 | Response of catalase activity in woad plants in different water deficits. Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).




3.2.3.1 SOD

The SOD activity of woad leaves was lowest in seedlings (Figure 5). Still, no significant differences were observed among treatments (P > 0.05). The SOD activity of CK leaves was lowest in vegetative growth, while the SOD activity of the other treatments increased. At vegetative growth, the leaf SOD activities of T1 and T4 were increased (P > 0.05) compared to CK. In contrast, in the T2 and T3 treatments, SOD activity was significantly enhanced (P< 0.05) by 19.86% and 39.28% compared to CK. The SOD activity of T3 at vegetative growth was significantly enhanced by 16.20% compared to T2. This illustrates that with the increase in water deficit, woad plants would have higher SOD activity under their protective mechanism to resist the damage caused by adversity. At fleshy root growth, the SOD activity of the leaves increased to the peak compared with vegetative growth. The SOD activity of T1 was significantly reduced by 5.16% compared to T4. The SOD activity of T2 was significantly reduced (P< 0.05) by 11.13% compared to T5, which showed a specific rehydration compensation effect. The SOD activity of woad leaves in all treatments at fleshy root maturity decreased compared to fleshy root growth. This was probably due to the gradual senescence of the plant, which produced excess reactive oxygen species and metabolic dysregulation in the plant. SOD activity did not differ significantly between T1, T4, and CK. Still, the SOD activity of plants in the T6 treatment increased significantly by 8.21% compared to plants in the T1 treatment.



3.2.3.2 POD

The changes in the POD and SOD activities of woad plants were similar (Figure 6). No significant differences (P > 0.05) were observed in POD activity among all treatments at seedlings. In vegetative growth, the POD activity of the leaves of plants in the T3 treatment was the highest, with a significant increase of 34.26% compared to CK. In vegetative growth, the POD activity of the T2 and T5 leaves increased significantly (P< 0.05) by 19.91% and 22.23% compared to CK, respectively. In contrast, the POD activity in T3 was significantly higher (P< 0.05) than that of T2 and T5. This indicates that with the increase in the water deficit, the POD enzyme activity in woad plants will be enhanced with the increase of SOD activity. Jointly, this may eliminate the excess ROS in the plant to resist the damage caused by drought. At fleshy root growth, the POD activity values of each treatment reached the maximum value, and the POD activity of T1 decreased (P< 0.05) by 6.14% compared to T4. At the same time, the POD activity of T2 was reduced (P< 0.05) by 10.80% compared to T5. Rehydration after water deficit could significantly reduce POD activity in leaves. The POD activity in the leaves of plants in all treatments in fleshy root maturity was significantly lower than that in fleshy root growth. Still, no significant differences were observed in POD activity among the plants in the T1, T4, and CK treatments. This illustrates that the POD activity recovered to a similar level of CK after rehydration in mild water deficit.



3.2.3.3 CAT

The lowest CAT activity was observed in the leaves of woad seedlings, but no significant differences (P > 0.05) among treatments (Figure 7). After entering the vegetative growth stage, leaf CAT activity increased rapidly, reaching a peak. Still, the lowest CAT activity was found in CK, while CAT increased in other water deficits compared to CK. During vegetative growth, the CAT activity of T3 significantly improved by 16.13% compared to CK. At the same time, the CAT activity of the T2 and T5 treatments increased significantly by 10.63% and 11.59%, respectively, compared to CK. Compared with the vegetative growth stage, the activity of CAT decreased significantly (P< 0.05) in fleshy root growth. No significant difference in CAT activity between T6 and CK was observed at fleshy root growth. In contrast, the CAT activity of the T2 treatment was significantly reduced by 8.49% compared to T5, indicating that the rehydration treatment would produce a specific compensation effect. No significant difference in CAT activity at fleshy root maturity among the T1, T4, and CK treatments. Still, the leaf CAT activity in T6 increased significantly by 3.89% compared with CK. The CAT activity of the woad leaves was increased by a mild deficit treatment at the fleshy root maturity stage.





3.3 Effects of water deficit on yield and WUE in woad

The yield of woad in the T1 and T4 treatments did not decrease compared to CK (Figure 8). WUE in treatments in plants in the T1 and T4 was enhanced significantly (P< 0.05) by 7.84% and 6.92%, respectively, compared to CK. This demonstrated that a mild water deficit at the vegetative and fleshy root growth periods improved the WUE without significantly affecting the woad yield. The WUE of plants in the T6 treatment was not reduced significantly (P > 0.05) compared to CK. Nevertheless, the yield was significantly reduced by 6.74%. The economic yield of woad in the other water deficits decreased significantly by 9.80–17.74% compared to CK. WUE of plants in the T5 treatment was reduced significantly (P< 0.05) by 10.24% compared to CK. It was shown that significant decreases in the yield was caused by moderate and severe water deficits, and significant decreases in the WUE was caused by severe water deficits, with decreases being more extensive with the water deficit degrees. Both yield and WUE were significantly lower in T6 compared to plants in the T1 and T4 treatments. This meant that the water deficit period also influenced the yield and WUE of woad.




Figure 8 | Response of yield and water use efficiency in different water deficit treatments. Different lowercase letters mean the significant differences among treatments according to LSD (P< 0.05). Data were presented as mean ± SE (n = 3).





3.4 Correlation analysis


3.4.1 Correlations between Pn and antioxidant enzyme activity

It is shown in Figure 9 (A–I) that there were significant and negative linear correlations between An and other antioxidant enzyme activity (P< 0.05). As for the fitting equation of SOD activity and Pn (Table 4), the slopes of the three growth stages were consistent with the advancement of the growth process. The intercept tended to increase and then decrease, while R2 (coefficient of determination) tended to decline and then increase. It was also shown that the POD activity and Pn fitting equations had a similar trend. However, the slope, intercept, and R2 of the fitting equation for CAT activity and Pn decreased with the advancement of the growth stage. The highest dispersion was observed in the fitting equations for SOD activity against Pn and POD activity against Pn at fleshy root growth. At the same time, the highest dispersion was observed in the fitting equations for CAT activity and Pn during the fleshy root maturity period.




Figure 9 | The relationship between Pn and the antioxidant enzyme activities of woad. (A–C) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. (D–F) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. (G–I) describe the relationship between Pn and SOD in vegetative growth, fleshy root growth and fleshy root maturity, respectively. Pn: the net photosynthetic rate; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase.




Table 4 | The fitting equation, coefficient of determination (R2), and residual sum of squares (RSS) of Pn and antioxidant enzyme activity of woad under water deficit at different growth stages.





3.4.2 Correlations among leaf photosynthetic parameters, physiological and biochemical indices, yield, and WUE

The correlations between Pn, Tr, WUEL, Gs, MDA, Pro, SOD, POD, CAT activity, yield, and WUE are analyzed in detail in Figure 10. The Pn, Tr, Gs, and WUE were positively correlated with yield (P< 0.01). In contrast, MDA, Pro, SOD activity, and POD activity were negatively correlated with yield (P< 0.01). Also, MDA, Pro, and SOD were negatively correlated with Pn (P< 0.01), and POD activity was negatively correlated with Pn (P< 0.05). Pro, SOD activity, and POD activity were positively correlated with MDA (P< 0.01). In addition, the SOD activity was positively correlated with POD activity (P< 0.01), indicating a similar response trend of these two indicators to water deficit.




Figure 10 | The correlations among Pn, Tr, WUEL, Gs, MDA, Pro, SOD, POD, CAT, yield, and WUE. The numbers in the squares are the correlation coefficients. Pn, the net photosynthetic rate; Tr, transpiration rate; WUEL, the water use efficiency of woad leaves; Gs, stomatal conductance; MDA, malondialdehyde; Pro, proline; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; WUE: water use efficiency.







4 Discussion

Photosynthesis is the most fundamental biological phenomenon in plants and has the best sensitivity to water stress (Bano et al., 2021). Leaves are vital photosynthetic organs, and the photosynthetic capacity of leaves is directly affected by changes in water content (Acreche et al., 2009). The accumulation of dry matter and yield was closely related to the variation in the photosynthesis parameters of leaves. At the same time, water deficits and rehydration interfere with the natural processes of photosynthesis in single leaves. It is well known that water deficits cause diminished photosynthesis, affecting crop productivity and yield (Guerfel et al., 2009). It was revealed that the photosynthesis of woad was affected by different water deficits at different periods. This study found that the Pn, Tr, and Gs of woad decreased significantly with moderate and severe water deficits. This was similar to the findings of Ma et al. (2015), where deficit irrigation reduced Pn, Gs, and Tr, while the reduction in Pn was mainly caused by the decrease in Gs. Consequently, there was a reduction in the intercellular carbon dioxide concentration. In contrast, there was no significant decrease in Pn, Tr, and Gs during vegetative growth under a mild water deficit compared to CK. This result indicates that an appropriate mild water deficit would not obviously inhibit photosynthesis. This was similar to the results found by Fan et al. (2019). They showed that proper soil moisture could enhance crop canopy structure, which was the foundation for increased photosynthetic and dry matter accumulation.

This study indicated that the decrease in Pn caused by the water deficit could be recovered by the compensatory effect of rehydration treatment. The Pn of moderate and severe water deficit continued to decrease with increasing water deficit before rehydration treatment. In contrast, Pn increased with the rehydration treatment (Li et al., 2019). The decrease in Pn after the water deficit may be due to the reduction of stomata caused by the decline in carbon dioxide diffusion and internal carbon dioxide concentration. After rehydration, Gs and internal carbon dioxide concentrations returned to similar levels as before rehydration. Compared with T1, the Pn, Tr, and Gs of the leaves of plants in the T6 treatment at the fleshy root maturity period were significantly lowered by 12.35%, 16.70%, and 13.82%, respectively. This result indicates that woad photosynthesis was affected by the level and period of water deficit. The irrigation quantity and irrigation period affected the photosynthesis of the crop (Liu et al., 2016). In this study, moderate and severe water deficits were beneficial in improving woad WUEL. Pn and Tr were reduced by water deficit compared to adequate irrigation, increasing the WUEL by 2.7–26.1% (Cui et al., 2009). The WUEL under deficit irrigation treatment was higher than under conventional irrigation treatment (Li et al., 2018). Water deficit led to a simultaneous reduction in Pn and Tr, but increased WUEL because of a more significant decrease in Tr. Shao et al. (2011) similarly concluded that water deficit treatment slightly decreased Pn and Tr, increasing WUEL by 24–26%.

When plants suffer water stress, ROS accumulate, causing peroxidation reactions of cell membrane lipids. MDA is one of the peroxidation products of membrane lipids. MDA content can determine peroxidation levels, reflecting the level of plant damage under stress (Pravisya et al., 2019). It was shown in this study that the MDA content of plants in water deficit increased significantly during vegetative growth (P< 0.05), from 6.30% to 48.55% compared to CK. Such an increase was more extensive with the degree of water deficit. MDA content increased in all drought stress treatments (Cao et al., 2022). The full irrigation treatment of water-stressed Aloe vera plants with low MDA content reduced protein levels but improved MDA values (Khajeeyan et al., 2019). The MDA content of wheat increased significantly after 10 days of drought stress (Abid et al., 2018). Still, the MDA content and antioxidant enzyme activities could be restored to control levels after rehydration in moderate drought. Nonetheless, the values under severe drought were still higher than in CK (Abid et al., 2018). Generally, these results were consistent with our results, in which the MDA content of woad leaves was significantly reduced after rehydration during fleshy root growth.

When plants suffer water stress, cell water loss was severe. A variety of self-reaction mechanisms are adopted to improve adaptability to stress and maintain the osmotic balance of the cell, including the accumulation of osmotic regulators and enhancement of antioxidant enzyme activity. Pro regulates intracellular osmotic potential and stabilizes the cell membrane structure in water stress (Huseynova et al., 2016). We found that Pro content in woad leaves may be increased by water deficit. This result may be due to the damage to stressed cells caused by the water deficit. Therefore, stressed cells are protected by Pro, and the osmotic potential between cells is regulated by Pro (Heerden and Kruger, 2002). This was consistent with research involving winter wheat. It was found that water stress enhanced the Pro concentration in winter wheat and that Pro was mainly involved in the protective effect of oxidative stress rather than osmoregulation in the early stages of water stress (Tatar and Gevrek, 2008). It was found in this study that the Pro content of plants in severe water deficits was the highest in the vegetative growth stage. During this growth stage, plants suffered severe oxidative damage, and their leaves became yellow and fell off easily from the plant. This was also consistent with the results found for Scutellaria baicariae. Mild and moderate drought stress treatments increased MDA, Pro, and soluble protein contents. Also, the Pro content peaked under severe drought stress (Cheng et al., 2018).

SOD, POD, and CAT are essential constituents of the non-enzymatic antioxidant system in plants (Helaly et al., 2017). SOD rapidly converts   and H2O2 through a displacement reaction (Quan et al., 2008). POD removes hydrogen peroxide from chloroplasts and cells (Li et al., 2013; Cao et al., 2015). CAT forms H2O and O2 in peroxisomes and ethidiomes by directly decomposing hydrogen peroxide (Mittler, 2006). The antioxidant enzyme activities (SOD, POD, and CAT) of woad leaves were increased by mild, moderate, and severe water deficits. This result may be the response of woad plants to eliminate the ROS produced by water deficits and to adapt to the stressful environment (Ghanbari and Sayyari, 2018). This response was consistent with previous studies (Sun et al., 2013; Liu et al., 2017). The antioxidant enzyme activity of Dendrobium moniliforme was increased by drought stress and rehydration (Wu et al., 2016). The activities of SOD, POD and CAT in the vegetative and fleshy root growth of woad leaves under water deficit were higher than those in the seedling stage. This result indicates that the antioxidant enzyme activities of woad leaves increased with plant growth under water stress. This was consistent with the results of Hao et al. (2019). The SOD, POD, and CAT activities of woad leaves were weakened when entering the fleshy root maturity stage. This result might have happened due to the senescence of woad plants at the end of the growth stage when the physiological activities were weakened, and the plants were less able to adapt to external stresses. The variation trends of SOD, POD and CAT in woad leaves under water stress were similar, but the increased rate of enzyme activity and the peak period of enzyme activity differed. This demonstrates their synergistic effect on avoiding oxidative damage in plants. Different antioxidant enzyme activities were correlated with Pn by linear fitting. Significant negative linear correlations existed between SOD activity and Pn, POD activity and Pn, and CAT activity and Pn at three different growth stages.

Water deficit irrigation facilitates mechanisms that improve crop drought tolerance, affecting dry matter formation and distribution (Bloch et al., 2006). Deficit irrigation effectively improves the WUE of crops compared to conventional irrigation (Wei et al., 2016). In this study, the results indicated that WUE could be improved by mild water deficit in vegetative and fleshy root growth without reducing yield. In contrast, the yield and WUE were not improved by moderate or severe water deficits. This was comparable to the findings obtained by Li et al. (2019). They showed that the dry matter of primary roots was slightly increased by a mild water deficit and that the yield was severely decreased by severe deficit treatments. The total yield and fruit number of watermelon plants are decreased by severe water deficits (Abdelkhalik et al., 2019). In our results, the yield and WUE were significantly lower in plants in T6 compared to plants in T4. This result indicates that the yield and WUE of woad were also related to the water deficit period. Crops also respond differently to water deficits in various growth periods (Santos et al., 2019). There was a close relationship between photosynthetic parameters and crop yield (Liu et al., 2016). This was similar to our results, where a highly significant positive correlation was found between the Pn and the yield of woad, and a significant positive correlation was found between the Pn and WUE.



5 Conclusion

The response mechanism of woad to water deficit was investigated by analyzing the changes in photosynthetic parameters, malondialdehyde, osmoregulatory, antioxidant enzyme activities, and yield. The net photosynthetic rate (Pn), transpiration rate, and stomatal conductance of woad leaves were negatively affected by moderate and severe water deficits. Still, the values of leaf water use efficiency were high with moderate and severe water deficits. The concentration of malondialdehyde gradually increased with increasing water stress in woad plants. Under water deficits, the osmotic regulator (proline) and antioxidant enzyme activities of woad were increased to repair oxidative damage. The drought tolerance of the plants was improved by increasing the proline concentration. However, the yield of woad was significantly decreased by moderate and severe water deficits. Nevertheless, the responses to physiological indicators induced by mild and moderate water deficits were reversible and alleviated upon rehydration. A significant negative correlation was found between antioxidant enzyme activity and Pn, and a linear equation was fitted. The yield of woad was not significantly reduced in the continuous mild water deficit compared to the control. Still, water use efficiency significantly increased compared to the control. Therefore, persistent mild water deficit during vegetative and fleshy root growth is recommended as the optimal irrigation strategy for woad production in cold and arid Chinese northwestern regions. The results of this study have important implications for the cultivation and sustainable development of woad.
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Heat stress is a major constraint for plant production, and evapotranspiration is highly linked to plant production. However, the response mechanism of evapotranspiration to heat stress remains unclear. Here, we investigated the effects of heat stress during two main growth stages on transpiration and evapotranspiration of gerbera. Two levels of day/night temperature were adopted during the vegetative growth stage (VG) and the flowering bud differentiation stage (FBD), namely control (CK; 28/18 °C) and heat stress (HS; 38/28°C) levels. The duration of HS was set as 5, 10, 15, and 20 days, respectively. At the beginning of HS, hourly transpiration was mainly inhibited near noon. With continuation of HS, the duration and extent of inhibition of hourly transpiration increased. Daily transpiration rate was also markedly reduced by HS during the VG (18.9%-31.8%) and FBD (12.1%-20.3%) stages compared to CK. The decrease in the daily transpiration rate was greater for longer duration of heat stress. This reduction of transpiration was the main contributor to stomatal limitation at the beginning of HS, while additional inhibition of root activity, leaf area, and root biomass occurred under long-term HS. The daily transpiration rate could not recover after the end of HS (so-called recovery phase), except when HS lasted 5 days during the VG stage. Interestingly, daily evapotranspiration during HS was substantially increased during the VG (12.6%-24.5%) and FBD (8.4%-17.6%) stages as a result of more increased evaporation (100%-115%) than reduced transpiration. However, during the recovery phase, the daily evapotranspiration was markedly decreased at the VG (11.2%-22.7%) and FBD (11.1%-19.2%) stages. Hence, we suggest that disproportionate variation of transpiration and evaporation during HS, especially at the recovery phase, should be considered in various evapotranspiration models and climate scenarios projections.
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1  Introduction


Evapotranspiration is the water transferred from the land surface to the atmosphere, which involves a phase change of water converted from liquid to water vapor (Wang et al., 2012). The evapotranspiration is not only an important component in the water and energy balance sectors, but is also highly linked to plant growth, production of biomass and yield, and quality (Bastug et al., 2006; Katsoulas et al., 2006; Qiu et al., 2021; Qiu et al., 2022; Qin et al., 2023; Qiu et al., 2023). It also plays a critical role in land–atmosphere interactions in the earth system (Wang and Dickinson, 2012). The magnitude of evapotranspiration is affected by many factors, including meteorological conditions, soil and crop factors, and management and environmental conditions, such as water, salinity, and heat stresses (Allen et al., 1998). Many factors including water and salinity stresses affecting evapotranspiration have been well described in numerous studies (Allen et al., 1998; Qiu et al., 2017; Minhas et al., 2020; Yang et al., 2020). However, effect of heat stress on evapotranspiration deserves more attention as a result of global warming. More frequent and intense heat stress caused by global warming continues to draw research attention due to the great impacts on plant production. For a future 2.0°C warming level in a climate without human effect, the intensity of heat stress will increase 2.7°C and frequency will occur 13.9 times higher than 1850-1900 (IPCC, 2021). Heat stress is defined as a temperature rise above the threshold level, usually 10-15°C above the typical ambient temperature, which occurs on different time scales with different intensities and duration levels (Wollenweber et al., 2003; Teskey et al., 2015; Ishimaru et al., 2016). Heat stress can affect organisms directly or indirectly by changing the surrounding environmental components. Since plants cannot move to a more favorable environment, heat stress may severely affect plant growth and development, as well as evapotranspiration (Lobell and Asner, 2003; Lobell and Field, 2007).


The negative effects of heat stress on plant growth and production have been well described. Transient or persistent heat stress can induce morphological, physiological, and phenological responses in plants (Tubiello et al., 2007; Ahuja et al., 2010; Mittler and Blumwald, 2010; Hasanuzzaman et al., 2013). For instance, the effect of heat stress on plant morphology generally includes sunburn of stems, leaves and branches, premature senescence and abscission of leaves, inhibition of shoot and root growth, and discoloration and damage of fruits (Wahid et al., 2007; Lipiec et al., 2013; Hatfield and Prueger, 2015). Heat stress also reduces cell division and restricts cell elongation, resulting in retardation of plant growth (Ashraf and Harris, 2004; Camejo et al., 2005; Daly et al., 2004). In addition, heat stress can damage chloroplast and decrease photosystem II (PSII) activity and the number of photosynthetic pigments, and thus also negatively affect gas exchange and photosynthesis (Salvucci and Crafts-Brandner, 2004; Allakhverdiev et al., 2008). Moreover, heat stress can alter leaf water status and stomatal conductance, promote water transport, and reduce transpiration by reducing cell size, increasing xylem vessel diameter, and stomatal density (Guiguitant et al., 2017; Devi and Reddy, 2018).


However, the response mechanism of evapotranspiration to heat stress remains unclear. We hypothesize that heat stress has negative effects on transpiration because of adverse effects of heat stress on plant growth and production, while it has positive effects on evaporation as a result of increased vapor pressure deficit. This opposite influence of heat stress on transpiration and evaporation leads to an uncertain effect of it on evapotranspiration. In addition, the duration and the occurrence stage of heat stress may have different effects on transpiration and thereby evapotranspiration. Moreover, it is also unclear whether the transpiration and evapotranspiration could be recovered after the end of varying duration of heat stress (recovery phase). Hence, gerbera, an important commercial flower worldwide mainly cultivating in the protected agriculture (Wani et al., 2018; Darras, 2021), was used as an example crop in this study, which frequently suffer from heat stress. Our objectives were (1) to investigate the response of transpiration and evapotranspiration to varied duration of heat stress under the two main growth stages, (2) to explore the mechanism for heat stress induced variation of transpiration and evapotranspiration, and (3) to reveal the regulation of transpiration and evapotranspiration during recovery phase.





2  Materials and methods




2.1  Experimental details and plant materials


The experiment was conducted at the Agro-Meteorology Research Station of Nanjing University of Information Science and Technology, located at Nanjing, Jiangsu Province, China (32°13′ N, 118°41′ E, altitude 14.4 m) during December 2021 to March 2022. The top and bottom diameters of each pot were 21.0 and 16.5 cm, respectively, and the height was 21.0 cm. The soil substrate was a mixture (2:1) of peat and perlite, which is commonly used to cultivate gerbera in protected agriculture. The soil substrate was a mixture (2:1) of peat and perlite, which is commonly used to cultivate gerbera in protected agriculture. The diameter of fiber granules in the soil substrate ranges from 0 to 25 mm. The PH of this soil is 6.0. The soils contain fertilizers, including nitrogen (140 mg N L-1), phosphorus (100 mg P2O5 L-1), potassium (180 mg K2O L-1), magnesium (100 mg Mg L-1), and micronutrient (480 mg L-1). The water-retaining property of this soil is 75-80%. Before transplanting, the soil was saturated with fresh water and freely drain for 12h (covering with plastic mulch) to determine the water holding capacity of the pot (Wmax = 0.35 kg). Gerbera plants (Chrysanthemum Morifolium, cultivar Rionegro) were transplanted to the pots when they formed five to six functional leaves. The transplanted plants were initially grown in a greenhouse to keep suitable growth condition, and then moved to artificial climate chambers (Convion BDW40, Canada). The artificial climate chamber had 3.05 m length, 1.78 m width, and 2.90 m height. The heat stress manipulation was imposed after 7 days of acclimation for the gerbera plants to the environment of the artificial climate chamber for both vegetative growth stage and flowering bud differentiation stage.





2.2  Experimental design


In this study, heat stress experiments were carried out for two growth stages, i.e. the vegetative growth stage and the flowering bud differentiation stage. Two levels of day/night temperature were adopted: control level (CK; 28/18 °C) and heat stress level (HS; 38°C/28°C) (Kempkes and Van de Braak, 2000; Tsirogiannis et al., 2010; Janka et al., 2013). The duration of heat stress was set as 5, 10, 15, and 20 days, respectively, resulting in 8 conditions for each growth stage (
Table 1
). For each condition, there were 9 pots. After the end of the heat stress period, the pots were moved to the artificial climate chambers of CK for recovery (recovery phase). All the plants were irrigated daily at 18:00 to reach 95% of Wmax. The day/night temperature represents the highest and lowest temperature during the day. The diurnal variation of air temperature in the artificial climate chamber was set to be similar to that observed in Nanjing city, with the minimum and maximum temperatures appearing at 5:00 and 14:00, as shown in 
Figure 1A
. Overall, the actual values of air temperature in the artificial climate chamber were slightly higher than the setting values, especially near noon. The actual maximum and minimum temperatures were 38.13 ± 0.55 and 28.30 ± 0.48°C for HS treatment, and 28.56 ± 0.23 and 19.25 ± 0.07°C for CK treatment.



Table 1 | 
Experimental design of heat stress under two growth stages. V and F indicate the vegetative growth stage and flowering bud differentiation stage.









Figure 1 | 
The actual photosynthetic active radiation (PAR), air temperature (A), and vapor pressure deficit (VPD) (B) in CK and heat stress (HS) treatments in the artificial climate chambers.






The light and relative humidity were the same for all the treatments. The light was supplemented from 6:00 to 19:00 (day time), with a maximum photosynthetic active radiation of 1000 μmol m-2 s-1 (
Figure 1A
). The relative humidity (RH) was set at 40 ± 5% and 60 ± 5%, respectively, for day and night. The hourly vapor pressure deficit (VPD=es
-ea
) can be calculated based on measured air temperature and RH, as (Allen et al., 1998):






where es
 and ea
 are the saturation and actual vapor pressure (kPa), respectively. There were great differences in the daytime VPD between the heat stress and CK treatments, with a maximum value of 2.31 kPa near noon (
Figure 1B
).





2.3  Measurements




2.3.1  Root activity


Root activities of three plants for each treatment were determined by the triphenyl tetrazolium chloride (TTC) reduction method (Onanuga and Adl, 2012). A spectrophotometer was used to determine the absorbance values of different concentrations of TTC solutions at λ = 485 nm to establish a standard curve, which was then used to calculate the reduction intensity of TTC as (Onanuga and Adl, 2012):








2.3.2  Root dry mass and leaf area


Three randomly selected plants for each treatment were used for measuring root dry mass. The roots were washed with fresh water, and excess water in the roots was absorbed by filter paper. Then the fresh masses of roots were measured with a precision electronic scale with an accuracy of 0.001g. After that, the dry masses of roots were determined after oven-drying at 80°C.


The leaf area of three plants for each treatment was measured with a LAI 3000 leaf area areometer (Li-Cor Inc., USA) every 5 days after plants were transferred into the artificial climate chamber.





2.3.3  Leaf stomatal length, width, and density


Stomatal properties of leaves were determined by using the imprinting method (Radoglou and Jarvis, 1990). Five functional leaves of the plants were randomly sampled during 10:00-11:00. After wiping off the dust from the leaf surface with a skimmed cotton pad, nail polish was applied to the middle of the leaf between the center of the veins and the leaf edge. The film with imprint was then extracted after nail polish dried and used as samples.


The stomata of leaf epidermal cells for each leaf were then observed by using a light microscope (Olympus CX-31, China) at 40x. With the use of a combined digital imaging system (Olympus dp-20, China), the stomatal density could be determined after measuring the average number of stomata in 15 visual fields. The stomatal length and width of 10 visual fields were then calibrated by using a digital ranging software (Motic Images Advanced 3.0, China), and then mean values were used.





2.3.4  Leaf stomatal conductance and leaf transpiration


Gas exchange, including leaf stomatal conductance and leaf transpiration, were measured in three randomly selected plants by a LI-6400XT photosynthesis system (LI-COR Inc., Lincoln, NE, USA) during 9:00-11:00. The photosynthetic active radiation was fixed at 1000 μmol m-2 s-1, CO2 was fixed to 400 μmol mol-1, and flow rate was 500 μmol s-1.





2.3.5  Transpiration and evapotranspiration


The transpiration and evapotranspiration were determined based on water balance method after the plants were moved into the artificial climate chambers. To measure the transpiration rate, the soil surface of three pots for each treatment was covered with black plastic film to avoid evaporation. The evaporation rate was determined as the difference between evapotranspiration and transpiration. In addition, the hourly transpiration and evapotranspiration were determined every two hours by using the water balance method (Qiu et al., 2015; Li et al., 2018).






2.4  Data analysis


A general linear model-univariate procedure was used to carried out two-way analysis of variance (ANOVA) using SPSS software (Version 23, IBM Corp., USA). ANOVA was used to determine the effects of heat stress, growth stages, and their interactions on root actively, root dry mass, leaf area, leaf stomatal characteristics, leaf stomatal conductance, transpiration, and evapotranspiration. All the treatment means were compared at a significance level of P ≤ 0.05.






3  Results




3.1  Effect of heat stress on root activity and root dry mass




Figure 2
 shows that the values of root activity of gerbera were significantly decreased after a 10-day-long heat stress during the vegetative growth stage and a 15-day-long heat stress during the flowering bud differentiation stage. Compared to CK, the root activity of gerbera was reduced by 51.9%, 54.8%, and 50.6%, respectively, for the HS-V-10, HS-V-15, and HS-V-20 conditions, and by 19.3% and 26.8% for HS-F-15 and HS-F-20 conditions. ANONA analysis also reveals that the reduction rate of root activity was greater during the vegetative growth stage than during the flowering bud differentiation stage (
Table 2
).





Figure 2 | 
The root activity (A, B) and dry mass (C, D) of gerbera under different temperature treatments during the vegetative growth (A, C) and flowering bud differentiation stages (B, D). CK is the control treatment, HS is the heat stress treatment. Values are the mean ± SD (n=3). *, **, and *** represent the significant level at P<0.05, P<0.01, and P<0.001, respectively.







Table 2 | 
Summary of two-way analysis of variance (ANOVA) for heat stress (HS) and growth stage (S) on stomatal density, length and width, leaf stomatal conductance (gs), leaf transpiration (E), root activity, and root dry mass (Data are presented in Figs. 2, 4, and 5), as well as on total daily transpiration (Tr) and evapotranspiration (ET) during varied duration of heat stress (Tr_HS, ET_HS) and recovery phase (Tr_recovery, ET_recovery).






The response of root dry mass to heat stress was delayed than that of the root activity. The heat stress-induced decline of root dry mass appeared after lasting 15 days during the vegetative growth stage and 20 days during the flowering bud differentiation stage (
Figure 2
). With respect to CK, the root dry mass was reduced by 26.9% and 27.9% for the HS-V-15 and HS-V-20 conditions but by 15.0% for the HS-F-20 condition. The reduction of root dry mass was significantly lower during the vegetative growth stage than during the flowering bud differentiation stage (
Table 2
).





3.2  Response of leaf area to heat stress


Prolonged heat stress inhibited the leaf growth of gerbera (
Figure 3
). The leaf area of gerbera was significantly decreased after a 10-day-long heat stress. The leaf area of the HS-V-10, HS-V-15, and HS-V-20 conditions was decreased by 3.1%-8.3%, 4.2%-18.0%, and 7.1%-24.4%, respectively with respect to CK. However, the leaf area of the HS-F-10, HS-F-15, and HS-F-20 conditions was decreased by 0.5%-6.0%, 4.5%-6.3%, and 6.9%-10.6%, respectively compared to CK. Although the leaf area was still restricted during the recovery phase, the overall adverse effect of leaf area was low (
Figure 3
).





Figure 3 | 
Dynamics of leaf area under different temperature treatments during the vegetative growth (A–D) and flowering bud differentiation stages (E–H). CK is the control treatment, HS is the heat stress treatment. Values are the mean ± SD (n=3). *indicates the significant level at P<0.05.









3.3  Effect of heat stress on leaf stomatal characteristics




Figure 4
 shows that the stomatal density and length significantly changed after a 10-day-long heat stress. During the vegetative growth stage, the stomata of leaves for the HS-V-10, HS-V-15, and HS-V-20 conditions was 24.3%, 23.1%, and 34.1% denser, respectively, compared to CK. Similarly, the stomatal length in these conditions was 21.3%, 15.6%, and 23.0% shorter, respectively. In addition, the stomatal width was significantly smaller (17.6%–26.9%) in all the heat stress conditions during the vegetative growth stage.





Figure 4 | 
Response of stomatal density (A, D), length (B, E) and width (C, F) of gerbera to heat stress (HS) during vegetative growth (A–C) and flowering bud differentiation stages (D-F). CK is the control treatment. Values are the mean ± SD (n=5). *, **, and *** represent the significant level at P<0.05, P<0.01, and P<0.001, respectively.






Similar to the vegetative growth stage, a significant increase in stomatal density during bud differentiation stage was observed after a 10-day-long heat stress. It was 17.7%, 31.1%, and 34.7% greater in HS-F-10, HS-F-15, and HS-F-20 conditions, respectively, compared to CK. However, the significant reduction of stomatal length and width was only observed for the HS-F-20 condition.





3.4  Response of leaf stomatal conductance and leaf transpiration to heat stress




Figure 5
 shows that the values of leaf stomatal conductance significantly decreased for all heat stress treatments during two growth stages. Compared to CK, leaf stomatal conductance was significantly smaller for all heat stress treatments during the vegetative growth stage (42.2%-65.4%) and flowering bud differentiation stage (28.5%-54.4%). Similarly, leaf transpiration was significantly reduced by 13.7%, 29.1%, 38.4%, and 50.7%, respectively, for the HS-V-5, HS-V-10, HS-V-15, and HS-V-20 conditions, and by 24.5%, 23.7%, and 45.3%, respectively, for the HS-F-10, HS-F-15, and HS-F-20 conditions relative to CK (
Figure 5
). These values suggest greater reduction rate of leaf stomatal conductance and leaf transpiration in the vegetative growth stage than the flowering bud differentiation stage (
Table 2
).





Figure 5 | 
Effects of heat stress (HS) during the vegetative growth (A, B) and flowering bud differentiation stages (C, D) on leaf stomatal conductance (gs; A, C) and leaf transpiration (E; B, D) of gerbera. CK is the control treatment. Values are the mean ± SD (n = 3). *, **, and *** represent the significant level at P<0.05, P<0.01, and P<0.001, respectively.









3.5  Effects of heat stress on transpiration and evapotranspiration




3.5.1  Hourly scale




Figure 6
 shows that heat stress significantly affected hourly transpiration rate in part of the daytime, except for the HS-V-20 condition (entire daytime). For instance, compared to CK, the hourly transpiration rate was decreased significantly by 21.7%-28.6% during the period 12:00-18:00 for the HS-V-5 condition, and by 19.0%-34.8% and 20.8%-40.0%, respectively, during the period 10:00-18:00 for the HS-V-10 and HS-V-15 conditions. Likewise, for the flowering bud differentiation stage, the hourly transpiration rate was reduced significantly by 21.2%-26.9% and 18.5%-25.8%, respectively, during the period 12:00-16:00 for the HS-F-5 and HS-F-10 conditions relative to CK; and by 17.2%-28.6% and 19.4%-33.3% respectively, during 10:00 and 16:00 for the HS-F-15 and HS-F-20 conditions. Specifically, the HS-V-20 condition significantly affected hourly transpiration over the entire daytime period with a reduction rate of 25.0%-42.3%.





Figure 6 | 
Diurnal variation of transpiration under different temperature treatments during the vegetative growth (A–D) and flowering bud differentiation stages (E–H). *, **, and *** represent the significant level at P<0.05, P<0.01, and P<0.001, respectively. The error bars represent standard deviation (n=3).






Interestingly, heat stress significantly increased hourly evapotranspiration rate for almost entire daytime hours (
Figure 7
). Compared to CK, the hourly evapotranspiration of the HS-V-5, HS-V-10, HS-V-15, and HS-V-20 conditions was increased by 22.2%-37.5%, 25.0%-35.7%, 19.1%-29.0%, and 18.2%-28.1%, respectively, during the period 8:00-18:00. Similarly, during daytime in the flowering bud differentiation stage, the hourly evapotranspiration was increased significantly by 23.5%-43.7% for the HS-F-5 condition except for 18:00; and by 25.0%-42.9%, 20%-40.5%, and 21.4%-35.9%, respectively, for the HS-F-10, HS-F-15, and HS-F-20 conditions except for 8:00.





Figure 7 | 
Diurnal variation of evapotranspiration under different temperature treatments during the vegetative growth (A–D) and flowering bud differentiation stages (E–H). *, **, and *** represent the significant level at P<0.05, P<0.01, and P<0.001, respectively. The error bars represent standard deviation (n=3).









3.5.2  Daily scale


There was no significant difference (P > 0.05) in the daily transpiration and evapotranspiration rate among all treatments before imposing heat stress (
Figure 8
). The HS-V-5, HS-V-10, HS-V-15, and HS-V-20 conditions decreased daily transpiration by 19.7%-22.2%, 18.9%-26.0%, 19.2%-27.3%, and 21.3%-31.8%, respectively, compared to CK. During the recovery phase, there was no significant difference in daily transpiration between the HS-V-5 condition and CK. However, daily transpiration could not recover after the end of heat stress in the other treatments, remaining 11.2%-14.4%, 14.9%-19.8%, and 21.2%-26.9% decrease for the HS-V-10, HS-V-15, and HS-V-20 conditions, respectively (
Figure 8
).





Figure 8 | 
Variation of daily transpiration (A, C) and evapotranspiration (B, D) exposed to different temperature treatments during the vegetative growth (A, B) and flowering bud differentiation stages (C, D). The shading areas of each line represent standard deviation.






During the flower bud differentiation stage, daily transpiration was 12.8%-16.8%, 13.3%-16.9%, 12.1%-16.7%, and 13.6%-20.3% less for the HS-F-5, HS-F-10, HS-F-15, and HS-F-20 conditions, respectively, relative to CK. Plants of the HS-F-5 and HS-F-10 conditions exhibited a less than 10% reduction in daily transpiration during the recovery phase, while the reduction rate was 13.8%-16.3% and 14.8%-22.1% for the HS-F-15 and HS-F-20 conditions, respectively.


Different from daily transpiration, daily evapotranspiration was increased during the heat stress period (HS-V-5: 20.5%-24.3%; HS-V-10: 18.0%-24.5%; HS-V-15: 14.4%-23.7%; HS-V-20: 12.6%-22.8%). However, during the recovery phase, the daily evapotranspiration significantly reduced when the evaporation demand was almost the same (
Figure 9
). Compared to CK, the reduction rates of daily evapotranspiration during the recovery phase were greater under the HS-V-15 (11.2%~15.7%) and HS-V-20 (16.4%~22.7%) conditions than the HS-V-5 and HS-V-10 (<10%).





Figure 9 | 
Variation of daily evaporation (A, B) exposed to different temperature treatments during the vegetative growth (A) and flowering bud differentiation stages (B).






Similar to the vegetative growth stage, the daily evapotranspiration was increased by 13.5%-16.0%, 12.5%-15.9%, 11.0%-17.6%, and 8.4%-16.3%, respectively, for the HS-F-5, HS-F-10, HS-F-15, and HS-F-20 conditions during the heat stress period. During the recovery phase, the daily evapotranspiration was reduced by less than 10.0% for the HS-F-5 and HS-F-10 conditions and by 12.0%-14.6% and 11.1%-19.2% for the HS-F-15 and HS-F-20 conditions. 
Table 2
 also shows that heat stress occurred at different growth stages had significant effect on the total daily transpiration and evapotranspiration during the heat stress period and recovery phase.







4  Discussion


Heat stress is one of the main factors influencing crop evapotranspiration. As the increasing frequency and intensity of heat stress worldwide (IPCC, 2021), the effect of heat stress on evapotranspiration continues to receive more attentions. In this study, we showed that varied duration of heat stress at different growth stages had different effects on transpiration and evapotranspiration of gerbera.


Short-term heat stress affects the hourly transpiration in the period of high air temperature. For instance, the hourly transpiration was significantly decreased during the period 12:00-16:00 for the HS-V-5 condition (
Figure 6
), which is attributed to the limitation of stomatal width and stomatal conductance. High temperature triggers the water-saving mechanism of plants, which leads to partially closed stomata and smaller stomatal conductance, in turn preventing excessive water loss (Leuning, 1990; Damour et al., 2010; Medlyn et al., 2011). When the heat stress continued, the period of inhibited hourly transpiration was further prolonged. For instance, the hourly transpiration of the HS-V-10 condition was significantly decreased from 10:00 to 18:00. At the same time, a marked decline was also observed for root activity, stomatal size, and leaf area under the HS-V-10 condition compared to CK. High temperature lasting for a certain time significantly suppressed the root activity, which limited the root water uptake from soil and thus the water supply to aboveground organs (Nagel et al., 2009; Luo et al., 2020). The smaller stomatal size also suggests a smaller effective area for stomatal gas exchange (Bertolino et al., 2019). In addition, the heat stress gradually affects the development of leaf biomass, which in turn affects the transpiration. The declined root activity induced by heat stress limits the water and nutrients transport in plants, which inhibits the leaf growth, hence indirectly affecting the transpiration rate. Heat stress can also decrease the leaf area by inhibiting the cell division and elongation, directly reducing the plant evaporative surface (Schoppach and Sadok, 2013). In addition, it also affects protective enzymes and proteins, damaging leaf function, accelerating leaf senescence, and indirectly limiting transpiration (Balfagón et al., 2020). When heat stress lasted 15 days during the vegetative growth stage, a significant reduction in root biomass was observed. After 20 days of heat stress during the vegetative growth stage, the development of roots, leaves, and stomata was restricted, and inhibition of the transpiration by the HS-V-20 condition occurred in the entire daytime, and reached the maximum extent with respect to other conditions.


Heat stress at different growth stages also has varied effects on transpiration. Plants are more sensitive to heat stress at the vegetative growth stage than at the flowering bud differentiation stage (
Table 2
). For instance, compared to CK, heat stress markedly reduced daily transpiration by 18.9%-31.8% during the vegetative growth stage, whereas by 12.1%-20.3% during the flowering bud differentiation stage (
Figures 8A, C
). This different reduction rate of daily transpiration for heat stress at different growth stages was also supported by differences in the studied root, leaf, and stomata traits under heat stress (
Table 2
). Plants in the vegetative growth stage experience more extreme thermal environments than larger and older plants at high radiant energy input as a result of weak convection cooling potential (Villagarcía et al., 2007; Jagadish et al., 2021). In addition, the plants should have more heat tolerance in the flowering bud differentiation stage than the vegetative growth stage. Therefore, plants in the vegetative growth stage are more sensitive to and more stressed by heat stress.


There are also different responses of transpiration and evapotranspiration during the recovery phase. The daily transpiration of the HS-V-5 condition decreased by less than 10% in the early recovery stage, but by less than 5% in the late stage. However, the reduction of daily transpiration during the recovery phase increased with duration of heat stress. This may be because that short period (e.g., five days) of heat stress only limits the degree of stomatal conductance, which is easily resumed when the air temperature returned to normal. When heat stress lasted 10 days, the functions of the root activity and leaf area suffered from damage, and they could be recovered to a certain extent after the end of the heat stress. This may explain the small reduction of transpiration during the recovery phase. However, when the heat stress lasted 15 days, the plant biomass, especially the root and leaf, was inhibited, which directly affected the ability of water supply and transpiration during the recovery phase. Similar to the effect of heat stress on transpiration during different growth stages, plants could quickly recover after adversity during the flowering bud differentiation stage, resulting in a smaller accumulation of damage compared to that following adversity during the vegetative growth stage (
Table 2
).


Interestingly, heat stress increased daily evapotranspiration in this study (
Figures 8B, D
), and the increment rate was decreased as the duration of heat stress increased. Heat stress led to an increase in the potential evaporation rate (
Figure 1B
) as a result of increased VPD, which increased the evaporation by 100%-115% (
Figure 9
) during the heat stress period. This increased evaporation rate was higher than the rate of inhibition of the transpiration rate of gerbera, thus increasing evapotranspiration during the heat stress period. However, when the air temperature returned to normal, the daily evapotranspiration significantly decreased as a result of limited transpiration when the potential evaporation rate was almost the same. The results reported here is different from Qiu et al. (2022), who found that mean hourly evapotranspiration of flooded rice was reduced by 12% during the heat stress period, which may be attributed to that the rate of inhibition of the transpiration was greater than the increased evaporation rate.





5  Conclusions


We found that the response of the hourly transpiration to heat stress exhibited a temporal variation, with the duration of inhibition during the course of the day and the inhibition amplitude becoming greater as the duration of heat stress prolonged. The daily transpiration was considerably decreased by heat stress, and the amplitude of the decrease was greater for longer-lasting heat stress. Transpiration was more sensitive to heat stress during the vegetative growth stage than during the flowering bud differentiation stage. The daily transpiration could recover only when the heat stress lasted for a short period (e.g., five days) during the vegetative growth stage. Interestingly, the daily evapotranspiration markedly increased during heat stress period, as a result of disproportional effect of heat stress between evaporation and transpiration. However, during the recovery stage, daily evapotranspiration was reduced after heat stress. This study suggests that heat stress induced variation in evapotranspiration and its subsequent effect should be incorporated in evapotranspiration models and climate scenarios projections.
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Low temperature and overcast rain are harmful to directly seeding early rice, it can hinder rice growth and lower rice biomass during the seedling stage, which in turn lowers rice yield. Farmers usually use N to help rice recuperate after stress and minimize losses. However, the effect of N application on the growth recovery for rice seedlings after such low temperature stress and its associated physiological changes remain unclearly. Two temperature settings and four post-stress N application levels were used in a bucket experiment to compare B116 (strong growth recovery after stress) with B144 (weak growth recovery). The results showed that the stress (average daily temperature at 12°C for 4 days) inhibited the growth of rice seedlings. Compared to the zero N group, the N application group’s seedling height, fresh weight and dry weight significantly increased after 12 days. In particular, the increases in all three growth indicators were relatively higher than that of N application at normal temperature, indicating the importance of N application to rice seedlings after low temperature stress. The antioxidant enzyme activity of rice seedlings increased significantly after N application, which reduced the damaging effect of ROS (reactive oxygen species) to rice seedlings. At the same time, the soluble protein content of seedlings showed a slow decrease, while the H2O2 and MDA (malondialdehyde) content decreased significantly. Nitrogen could also promote nitrogen uptake and utilization by increasing the expression of genes related to   and   uptake and transport, as well as improving the activity of NR (nitrate reductase) and GS (glutamine synthetase) in rice. N could affect GA3 (gibberellin A3) and ABA (abscisic acid) levels by regulating the anabolism of GA3 and ABA. The N application group maintained high ABA levels as well as low GA3 levels from day 0 to day 6, and high GA3 levels as well as low ABA levels from day 6 to day 12. The two rice varieties showed obvious characteristics of accelerated growth recovery and positive physiological changes by nitrogen application after stress, while B116 generally showed more obvious growth recovery and stronger growth-related physiological reaction than that of B144. The N application of 40 kg hm-2 was more conducive to the rapid recovery of rice growth after stress. The above results indicated that appropriate N application promoted rice seedling growth recovery after low temperature stress mainly by increasing the activities of antioxidant enzymes and nitrogen metabolizing enzymes as well as regulating the levels of GA3 and ABA. The results of this study will provide a reference for the regulation of N on the recovery of rice seedling growth after low temperature and weak light stress.
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1 Introduction

Rice (Oryza sativa L.) has a wide range of cultivation. It feeds more than half of the world’s population as a food crop (Ma et al., 2015). It comes from tropical and subtropical regions as a thermophilic crop with sensitivity to low temperature stress. (Huang et al., 2013a; Luo et al., 2021). Low temperature issues are prevalent in the most of important rice-growing regions in the world, such as the United States, Japan, Korea and China, etc. The development of mechanized direct seeding has also further increased the likelihood of rice experiencing low temperatures. (Hussain et al., 2016; Luo et al., 2019). In China’s double-season rice regions, early rice frequently experiences “late spring coldness” during seedling stage. It frequently occurs in combination with cold temperatures, cloudy weather and rain, seriously harming direct-seeded early rice seedling. As a result of “late spring coldness”, rice seedlings usually have poor growth, reduced tillering capacity, longer reproductive period and lower yield (Hiroyuki et al., 2007; Victoria et al., 2011; Ahmed et al., 2021). Early rice is generally sown earlier due to global warming, but the frequency of low temperature events has not decreased. In addition, global climate changes have increased the frequency of unusual weather (Tao et al., 2013; Zhang et al., 2016a). The possibility of direct seeded early rice experiencing “late spring coldness” weather during prophase stage is also increasing. Slow growth and reduced yield of rice due to low temperature has been an important concern for researchers (Liu et al., 2013; Wang et al., 2016).

It is well known that low temperature stress frequently leads to excessive accumulation of reactive oxygen species in the plant. This causes disruption of cell membrane integrity and abnormalities in physiological metabolic processes, which in turn leads to cell death (Airaki et al., 2012; Obata and Fernie, 2012; Huang et al., 2013b; Cui et al., 2018). Antioxidant enzymes such as SOD (superoxide dismutase), POD (peroxidase), and CAT (catalase) play an important role in plant stress protection, and they can efficiently scavenge reactive oxygen species and reduce plant damage caused by stress (Zhang et al., 2016b; Shi et al., 2020). In addition, low temperatures also substantially reduce the nitrogen uptake capacity of rice, while the uptake and utilization of nitrogen by rice is directly related to their yield (Shimono et al., 2012; Zhou et al., 2018). The researchers analyzed temperature data from 1961 to 2018 from weather stations in Jiangxi Province of China. They found that because of global warming, the frequency of extreme cold weather such as severe “late spring coldness” appeared to decrease, but the frequency of mild and moderate “late spring coldness” increased (Guo et al., 2021). It can be seen that early rice in Jiangxi province and other double-season rice areas in southern China is mainly facing mild and moderate “late spring coldness” weather, and the resulting stunted growth of rice seedlings. Direct seeding of rice, in contrast to transplanting of seedlings, results in changes in the composition and density of weeds, and too many weeds can harm the development and growth of rice and even result in significant yield losses (Khaled et al., 2020; He et al., 2022). Low temperatures cause growth stunting and weakness for rice, especially weeds have a significant competitive advantage, and the application of herbicides is vulnerable to serious damage to rice seedlings (Van Bruggen et al., 2018). It has also been reported that low temperatures reduce the activity of membrane-bound enzymes, inhibit herbicide metabolism, and increase herbicide damage to rice (Martini et al., 2015). Therefore, rapid growth recovery of rice after low temperature stress is important to accelerate growth and development process, suppress weed growth, and reduce yield loss.

In recent years, the regulating function of N in crops’ reactions to external stresses has been increasingly explored. N application mainly affects plant stress resistance by regulating plant uptake and distribution of nitrogen (Du et al., 2020). Proper supplementation of N fertilization enhances the antioxidant capacity of crops and reduces the negative effects caused by stress (Thiem et al., 2014; Zhong et al., 2017). It was also discovered that N supplementation after low temperature stress could promote the growth of rice tillers, while the number of tillers increased was closely related to the increase in nitrogen accumulation (Peng et al., 2015). When rice is exposed to low temperatures, a higher N application is effective in promoting nitrogen uptake, tillering, and the development of leaf area in rice (Zhou et al., 2018). It is easy to see that most of the current studies have focused on the regulatory effects of N application after low temperature stress on the yield aspects of rice. Liu indicated that N as well as zinc could promote the growth of rice tillers after low temperature and enhance the resistance of rice to stress (Liu et al., 2019; Liu et al., 2022). However, it is mainly for the slow temperature rise and long low temperature period in spring in Northeast China, the varieties they used were also japonica rice varieties selected for cold tolerance. The “late spring coldness” weather that direct-seeded early rice (indica) endured in the middle and lower reaches of the Yangtze River of China is very different from this. The weather for the region is generally characterized by a rapid drop in temperature followed by a rapid rise, and is usually accompanied by rainy and cloudy. Therefore, the regulation effect and its mechanism for compensatory growth of N on direct-seeded early rice seedlings in southern China after low temperature and weak light stress need to be further investigated.

It has been suggested that plants usually undergo compensatory growth after short-term stress and that moderate stress helps plants to adapt to the external environment (Acevedo et al., 1971; Avramova et al., 2015). In our previous experiments, we found significant differences in the growth recovery ability of different early rice varieties after low temperature and weak light stress when simulating “late spring coldness” weather. Accordingly, we conducted screening tests on 131 early rice varieties and investigated the mechanism of differences between strong and weak growth recovery materials (Wang et al., 2022a; Wang et al., 2023). In order to investigate the effects of supplemental nitrogen fertilization on the growth indexes, osmoregulatory substances, nitrogen accumulation, related enzyme activities, and endogenous hormones of rice after the stress, we chose two materials with clearly different growth recovery abilities after the stress and conducted a bucket experiment in an artificial climate chamber with different N concentration treatments. Our hypothesis is that the stress would inhibit the growth of rice seedlings. N application after temperature recovery would compensate for this negative effect to some extent and be reflected in plant height and matter accumulation, as well as beneficial changes in seedling antioxidant enzyme activity, nitrogen metabolizing enzyme activity, N accumulation and endogenous hormone content. The main objectives of this study were: 1. Determining the regulatory effect and mechanism of N on growth recovery of early rice after the stress; 2. Investigating the differences in the regulatory effect of N on early rice with different growth recovery ability after the stress; 3. Determining the appropriate amount of N after the stress. The results of the study can provide a reference for the nitrogen application in early rice after low temperature and weak light stress.



2 Materials and methods


2.1 Plant materials and growth conditions

B116 (R310/R974, F17; strong compensatory growth type after low temperature stress) and B144 (Zaoxian ST66-3; weakly compensatory growth type after low temperature stress) (Wang et al., 2023) were selected for bucket experiment. The experiment was conducted in July 2022 in an artificial climate chamber at the Crop Physiology, Ecology and Genetic Breeding Laboratory, Jiangxi Agricultural University, Nanchang, Jiangxi Province, China (115°50′E, 28°46′N). The bucket used had an upper internal diameter of 29.0 cm, a bottom internal diameter of 23.5 cm, and a height of 24.0 cm. The soil for the experiment was taken from the shallow layer (0-20 cm) of the paddy field and it was placed in the courtyard of the crop genetic breeding experiment base of Jiangxi Agricultural University to dry naturally. After drying, the soil was crushed with FT-1000A soil crusher (Shandong AMBER Instrument Co., Ltd.) and filtered using 100 mesh sieve. Soil pH was 5.4, organic matter content was 32.8 g kg-1, total nitrogen content was 0.174%, and effective nitrogen, phosphorus and potassium contents were 113.0, 17.3 and 108.4 mg kg-1, respectively. Each bucket was filled with 10 kg of air-dried soil, and 4 g of compound fertilizer (pure nitrogen-P2O5-K2O = 15%-15%-15%) was applied as a base fertilizer, and the soil used was soaked in water for 5 days before the start of the experiment.



2.2 Experimental design

Uniform and full seeds with high germination rate was selected and disinfected with 3% sodium hypochlorite solution before the start of the experiment, and they were rinsed with water and soaked in sprouting bags. About 15 seeds per bucket were sown after they were dew white.

The sowing date was July 22, 2022, and the experiment was a randomized design with three types of factors: 1) temperature and light - the control group (CK and N) had an average daily temperature of 26°C and 600 μmolm-2s-1 of effective photosynthetic radiation. The low temperature and nitrogen application group (LN) had an average daily temperature of 12°C and 300 μmolm-2s-1 of effective photosynthetic radiation; 2) Variety - strong compensatory growth material B116 and weak compensatory growth material B144; 3) N application after the stress- Urea was used as a nitrogen source of four levels, LN0 (0 kg hm-2), LN20 (0.5 g per bucket, equivalent to 20 kg hm-2), LN40 (1 g per bucket, equivalent to 40 kg hm-2), and LN80 (2 g per bucket, equivalent to 80 kg hm-2) (Xiong et al., 2018; Liu et al., 2019). Rice seedlings in CK also received four levels of N treatment (CK, 0 g per bucket; N20, 0.5 g per bucket; N40, 1 g per bucket; N80, 2 g per bucket) on the same day that the low temperature and weak light stress ended. The experiment consisted of 16 treatments, with five biological replicates for each treatment. Treatments were started when the rice seedlings grew to the first leaf stage (July 27). The test conditions were referred to the national standard for inverse temperature meteorological indicators of the People’s Republic of China1 and the standard for “late spring coldness” in Jiangxi Province (Guo et al., 2021). CK and N was set with a photoperiod of 12 h, 600 μmolm-2s-1 of effective photosynthetic radiation, daytime (6:00 to 18:00) and nighttime (18:00 to 6:00) temperatures of 27°C and 25°C, respectively, and relative humidity of 75%. The LN photoperiod was 12 h, the daytime (6:00 to 18:00) and nighttime (18:00 to 6:00) temperatures were 14°C and 10°C, respectively, and the effective photosynthetic radiation was set at 300 μmolm-2s-1 (50% of CK and N) for 4 days, the relative humidity was set at 75%. The first sampling was on the last day of the treatment, recorded as day 0. After sampling, urea was dissolved in water and applied, and set the temperature and light of LN was set to be the same as CK and N. And subsequent sampling surveys were conducted at day 3, 6, 9 and 12.



2.3 Investigation of rice seedling growth indicators

In order to investigate seedling height, fresh weight, and dry weight, data were gathered every three days for a total of five times starting on day 0. Rice seedlings of uniform growth were selected for measuring plant height and then sampled. The rice seedlings were washed and dried on filter paper and placed in an oven at 37°C for 5 min for fresh weight measurement and then in an oven at 80°C for dry weight measurement. 5 biological replicates were performed for each treatment.



2.4 Determination of soluble protein, MDA, H2O2 content and antioxidant enzyme activity

Soluble protein, MDA, H2O2 content and antioxidant enzyme activity were measured on day 0, day 3, day 6, day 9 and day 12 after stress. Uniformly grown rice seedlings were selected and sampled with leaf tissue, after which they were washed with distilled water, immediately placed in liquid nitrogen and frozen, then stored in a -80°C refrigerator. A total of three biological replicates were performed. The above indexes were measured using Bradford Protein Assay Kit from Beyotime Biotechnology Co., Ltd. (Shanghai, China), MDA-1-Y assay kit, H2O2-1-Y assay kit, SOD assay kit, CAT assay kit and POD assay kit (Comin Biotechnology Co. Ltd., Suzhou, China), respectively.



2.5 Determination of total nitrogen content and NR, GS activity

Uniformly grown rice seedlings were selected and sampled with leaf tissue, after which they were washed with distilled water, immediately placed in liquid nitrogen and frozen, then stored in a -80°C refrigerator. A total of three biological replicates were performed. NR and GS activities were measured using NR-2-W, GS-2-Y assay kits (Comin Biotechnology Co. Ltd., Suzhou, China), respectively. The dried samples on day 12 were crushed and analyzed with a Dumas nitrogen determinator, and the total nitrogen content of the individual plants was calculated from the N content of the samples as well as the dry weight of the rice seedlings.



2.6 Determination of endogenous hormone content

The endogenous hormone concentrations of GA3 and ABA in the leaves of the above samples were determined by high performance liquid chromatography according to the instructions of a commercial kit (Comin Biotechnology Co., Ltd., Suzhou, China).



2.7 RNA Extraction and RT-qPCR

Uniformly grown rice seedlings were selected and sampled with whole rice seedlings, after which they were washed with distilled water and were immediately placed in liquid nitrogen and frozen, then stored in a -80°C refrigerator. Total RNA from leaves and roots were extracted using Trizole method (RNAiso Plus, Code No. 9109, Takara, Japan). First-strand complementary DNA (cDNA) synthesis was performed on 1 μg of total RNA using the PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa, Japan). RT-qPCR was performed with the Light Cycler 480 SYBR Green 1 Master (Roche, Switzerland) on a Light Cycler 480 Real-Time PCR System (Roche) according to the manufacturer’s instructions. We used OsActin as the internal control. The primers for RT-qPCR analysis are listed in Table S1.



2.8 Statistical analysis

The obtained data were analyzed for significance of differences using SPSS 26.0 and tabulated as well as images were plotted using Excel 2019 and GraphPad Prism 8.0. The data were analyzed through analysis of variance, and the differences among the treatments were tested using the least significant difference (LSD) test with a probability level of 0.05.




3 Results


3.1 Effect of N application on growth indicators of rice seedlings after stress

Stress significantly slowed the growth of rice seedlings, according to the analysis of growth indicators. (Figures 1A–D). Compared with CK, the seedling height of B116 and B144 were decreased by 34.9% and 30.7% respectively after the stress. After N application, seedling height growth recovery of rice was faster and significantly higher than that of LN0 from day 3 to day 12. With the increase of N concentration, the growth recovery of rice seedling height was accelerated, and at day 12, B116 LN40 and B116 LN80 could even approach B116 CK (97.3% and 98.9% of B116 CK, respectively). The seedlings height of B144 LN40 and B144 LN80 was only 77.9% and 79.4% that of B144 CK. Notably, no significant difference was observed between B144 LN40 and B144 LN80 at day 3 and day 6. V, N and T had significant effects on seedling height (P<0.01), while the interaction effects of two or three of them reached significant levels (P<0.01) on seedling height (Table 1).




Figure 1 | Effect of nitrogen application after low temperature and weak light stress on the growth indexes of rice seedlings at different periods. (A–C) show the appearance of rice seedlings at day 0, 6 and 12 after stress, respectively. (D–F) show the comparison of seedling height, fresh weight and dry weight for the different treatments, respectively. LN0, LN20, LN40, LN80 represent 0 kg hm-2, 20 kg hm-2, 40 kg hm-2 and 80 kg hm-2 urea application, respectively. Values are means ± standard deviations of five biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.




Table 1 | Results of two-way ANOVA on differences in seedling height, fresh weight and dry weight of rice after the stress.



Stress had an equal and even greater impact on the fresh and dry weights of rice seedlings (Figures 1E, F) than it did on seedling height. Compared with CK, the fresh weight of B116 and B144 was decreased by 61.4% and 64.1%, and the dry weight was decreased by 61.8% and 64.8% respectively after the stress. The two rice varieties also performed similarly to the recovery effect of seedling height after N application, but the increase in N fertilizer concentration (from LN40 to LN80) did not have a significant effect on their recovery, and only at day 12, a significant difference in fresh weight between B116 LN40 and B116 LN80 was observed. V, N, and T had significant effects on both fresh and dry weight (P<0.01), while the interaction effects of two or three of them reached highly significant levels on fresh weight (P<0.01), but the interaction of the three factors did not have significant effects on dry weight.

The nitrogen application test under normal temperature and light (N) showed that the increase of rice seedling height was proportional to the applied N concentration, but the fresh weight and dry weight of both rice seedlings under N80 condition were even lower than those under N40 (Figure S1). It means that the rice seedlings height was overgrowth. Meanwhile, the increase in growth indicators of rice seedlings under normal conditions by N was much lower than that of rice seedlings after the stress. At day 12, compared with CK, two rice varieties increased seedling height, fresh weight and dry weight by 0.92% to 8.25%, 3.69% to 8.61% and 0.02% to 2.36%, respectively, after N application under normal conditions. And N application after low temperature increased their seedling height, fresh weight and dry weight by 13.31% to 24.66%, 32.34% to 53.30% and 26.69% to 54.82%, respectively, compared with LN0. V, N and T had significant effects (P<0.01) on seedling height and fresh weight (Table S2), while N had no significant effect on dry weight. There was no significant interaction effect between V and N on growth indicators, a significant interaction effect between V and T on growth indicators, and no significant interaction effect between N and T on dry weight. There was a significant interaction effect of the three factors on seedling height only.



3.2 Effect of N application on soluble protein, H2O2 and MDA content of rice seedlings after stress

Under stress, soluble proteins play an important role in maintaining the balance of cellular osmotic potential (Xiong et al., 2019). Following the stress, B116 and B144 had higher soluble protein contents than CK by 42.5% and 26.6%, respectively (Figures 2). The N application caused a significant increase in the soluble protein content of B116 and B144 from day 0 to day 6. It showed that the higher the N concentration, the higher the increase in soluble protein content. The gap between the groups gradually decreased as the recovery time increased. On day 12, the soluble protein contents of B116 LN were all close to those of CK, with the soluble protein contents of B116 LN0 being significantly lower than the CK, while those of B144 LN were still significantly higher than CK.




Figure 2 | Effect of nitrogen application after low temperature and weak light stress on soluble protein content (A), MDA content (B) and H2O2 content (C) of rice seedlings at different periods. LN0, LN20, LN40, LN80 represent 0 kg hm-2, 20 kg hm-2, 40 kg hm-2 and 80 kg hm-2 urea application, respectively. Values are means ± standard deviations of five biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.



Excessive ROS in plants, especially H2O2, can cause excessive oxidation of important macromolecules such as DNA, proteins and membrane lipids by inhibiting ROS scavenging enzymes under stress, thereby damaging the plant (Obata and Fernie, 2012; Cui et al., 2018). Stress caused a significant increase in the H2O2 content of B116 and B144, while the application of N could accelerate their removal of H2O2, and there was no significant difference in the H2O2 content of B116 LN40 compared with CK at day 9. At day 12, B116 LN was basically close to or even lower than the CK, but the H2O2 content of B144 LN was still significantly higher than the CK.

MDA, as the end product of cell membrane lipid peroxidation, is commonly used to measure the degree of peroxidation of membrane lipids (Yang et al., 2014). After the stress, the MDA contents of both B116 and B144 increased significantly (289.9% and 396.9%, respectively), while N application contributed to the rapid reduction of rice MDA contents. As the N concentration increased, the MDA content decreased further. The effects of V, N and T on soluble protein, H2O2 and MDA content were significant (P<0.01) (Table S3), but only the interaction effects of V with T and N with T on soluble protein concentration and MDA concentration reached a significant level (P<0.01).



3.3 Effect of N application on antioxidant enzymes activity of rice seedlings after stress

When plants are stressed, large amounts of ROS accumulate rapidly in their bodies, causing serious damage to plant cells. The antioxidant enzymes can maintain the balance of ROS in plants and are important in detoxifying ROS and reducing the damage of stress to plants (Zhang et al., 2016b). After the stress, there was a significant increase in SOD, POD and CAT activities in both B116 and B144, while all three antioxidant enzyme activities increased more in B116 than in B144 compared to CK (Figures 3A–C). With the increase of time, the antioxidant enzyme activities of the two rice varieties showed a trend of increasing and then decreasing, similar to the trend of soluble protein concentration. Nitrogen application resulted in a significant increase in antioxidant enzyme activity in rice, but in most cases the antioxidant enzyme activity did not increase significantly with the increase in N concentration. It should be noted that the SOD and POD activities of B116 LN0 were significantly higher than those of B144 LN0 between days 0 and 9, and after N application, the SOD and POD activities of B144 were able to approach or even exceed those of B116. However, the effect of N on the regulation of CAT activity of B144 was not as obvious as that of SOD and POD. V, N, and T had significant effects (P<0.01) on the activities of SOD, POD, and CAT (Table S3). However, the interaction effect of V and T did not have a significant effect on the activities of POD and CAT.




Figure 3 | Effects of nitrogen application after low temperature and weak light stress on SOD activity (A), POD activity (B) and CAT activity (C) of rice seedlings at different periods. LN0, LN20, LN40, LN80 represent 0 kg hm-2, 20 kg hm-2, 40 kg hm-2 and 80 kg hm-2 urea application, respectively. Values are means ± standard deviations of five biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.





3.4 Effect of N application on N uptake and metabolism of rice seedlings after stress

NR and GS are the key enzymes involved in plant N metabolism (Ohashi et al., 2015; Gao et al., 2019). As can be seen from the Figures 4A, B, stress had a significant effect on both NR and GS activities of the two rice seedlings, but the trends of NR and GS activities were completely opposite, with B116 and B144 showing a significant decrease in NR activity and a substantial increase in GS activity. N application significantly enhanced NR and GS activities of rice seedlings. For B116, higher N concentration implied higher NR activity during most of the growth recovery phase (except day 9). It should be noted that the NR activity of B144 did not show a similar pattern, and in most cases the NR activity of B144 LN40 was higher than that of B144 LN80. In terms of GS activity, higher N concentration likewise does not mean higher GS activity, and in most cases, LN40 has a better GS activity than LN80. In terms of GS activity, higher N concentration likewise does not mean higher GS activity, and in most cases, LN40 has a better GS activity than LN80. There were significant effects of V, N as well as T on the activities of NR and GS (P<0.01), while there was a significant interaction between the combination of all factors on the activities of NR and GS (P<0.01), except for the interaction of V and N, which had no significant effect on the activity of GS (Table S4).




Figure 4 | Effects of nitrogen application after low temperature and weak light stress on NR activity (A), GS activity (B) and N accumulation (C) of rice seedlings at different periods. LN0, LN20, LN40, LN80 represent 0 kg hm-2, 20 kg hm-2, 40 kg hm-2 and 80 kg hm-2 urea application, respectively. Values are means ± standard deviations of five biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.



The stress largely inhibited N uptake in rice (Figure 4C), and N accumulation in B116 LN0 and B144 LN0 was reduced by 53.2% and 64.0% respectively compared with CK. N application substantially promoted N accumulation in rice seedlings after the stress. For B116, LN20, LN40 and LN80 increased 51.5%, 85.3% and 91.7%, respectively, compared with LN0. While N application promoted B144 more significantly than B116, with B144 LN20, LN40 and LN80 increasing 71.2%, 110.0% and 121.7% respectively compared with LN0. There was a highly significant positive correlation between the increase in N accumulation and the recovery of rice seedling growth index after stress (Figure S2). There was a significant effect of V and N on N accumulation (P<0.01) (Table S4), but they did not have a significant interaction on N accumulation.

The results of RT-qPCR assays on genes related to  ,   uptake and transport in rice showed that the stress reduced the expression of related genes (Figure 5). N application enhances the expression of these genes and enhances the N uptake and transport capacity of rice. This result can be corroborated with the increased N accumulation after N application.




Figure 5 | Effects of nitrogen application after low temperature and weak light stress on the relative expression levels of N uptake and transporter-related genes Nhd1 (A), OsAMT1.1 (B), OsAMT1.3 (C), and OsNRT2.4 (D) of rice seedlings at different periods. LN0 and LN40 represent 0 kg hm-2 and 40 kg hm-2 urea application, respectively. Values are means ± standard deviations of three biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.





3.5 Effect of N application on endogenous hormone content of rice seedlings after stress

The GA3 content of the two rice decreased by 39.9% and 8.3% respectively after the stress compared with CK. N application can increase the GA3 content of rice seedlings (day 6 to day 12)  (Figure 6). The GA3 content of B116 was most significantly enhanced by N at day 9, with 98.5% increase in LN40 compared with LN0, for B144 it was on day 12 that LN80 improved about 123.8% relative to LN0. Different from GA3, the ABA content of the two rice species produced different responses to the stress (Figure 6C), the ABA content of B116 was elevated by about 46.9% compared with CK and was also significantly higher than that of B144, while B144 showed a small decrease compared with CK (no significant difference). The effect of N application on ABA content in two rice varieties was also not uniform, with N application boosting ABA content in B116 in the early period (day 3) and promoting a decrease in ABA content in the later period (days 6 and 12). For B144, N application during the early period (day 3) was not effective in regulating its ABA content. At day 12, N showed a significant regulating effect on the ABA content of B144, with LN20, LN40, and LN80 containing much lower ABA content than LN0. By comparing the ratio of GA3 with ABA (Figure 6C), it can be seen that the GA3/ABA of both B116 and B144 decreased after stress compared with CK, with B116 showing a more pronounced decrease. N application kept GA3/ABA in B116 at a low level during the early period (day 3) and maintained at a high level during the later period. The trend of GA3/ABA changes in B144 was similar to that of B116, the difference being that there was no significant difference between B144 LN20 and B144 LN0 from day 3 to day 9. V, N, and T had significant effects (P<0.01) on GA3 as well as ABA content (Table S5), and their interaction effects on GA3 and ABA contents were also significant.




Figure 6 | Effects of nitrogen application after low temperature and weak light stress on GA3 content (A), ABA content (B) and the ratio of GA3 to ABA content (C) of rice seedlings at different periods. LN0, LN20, LN40, LN80 represent 0 kg hm-2, 20 kg hm-2, 40 kg hm-2 and 80 kg hm-2 urea application, respectively. Values are means ± standard deviations of five biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.



To further investigate the role of N on the regulation of GA3 and ABA content, we selected several key genes involved in GA3 and ABA biosynthesis and metabolism (Figure 7) for RT-qPCR assays. The results showed that the GA3 biosynthetic genes OsGA20ox2, OsKO2 and GA3 metabolic gene OsGA2ox9 showed opposite trends at day 0. The relative expression levels of OsGA20ox2 and OsKO2 decreased substantially compared with CK after stress, while OsGA2ox9 showed an increasing trend. Both OsGA20ox2 and OsGA2ox9 decreased or increased more in B116 than in B144. N application was able to significantly increase the expression levels of OsGA20ox2 and OsKO2 at a later stage, while suppressing the expression of OsGA2ox9, which was consistent with the trend of GA3 content in the two rice varieties. The ABA biosynthesis genes OsABA1 and OsNCED3 and the ABA metabolism gene OsABA8ox2 also showed similar trends, and N application was able to suppress the expression of OsABA1 and OsNCED3 and promote the expression of OsABA8ox2 at a later stage.




Figure 7 | Effects of low temperature and weak stress followed by N application on the relative expression of gibberellin and ABA biosynthesis or metabolism related genes in rice seedlings at different periods. Gibberellin biosynthesis related genes OsGA20ox2 (A) and OsKO2 (B); gibberellin metabolism related genes OsGA2ox9 (C); ABA biosynthesis related genes OsABA1 (D) and OsNCED3 (E); ABA metabolism related genes OsABA8ox2 (F). LN0 and LN40 represent 0 kg hm-2 and 40 kg hm-2 urea application, respectively. Values are means ± standard deviations of three biological replicates, and different lowercase letters represent significant differences at p<0.05 based on Duncan’s test.






4 Discussion

Rice, as a warm-loving crop, often experiences low temperatures when grown as early rice in the middle and lower reaches of the Yangtze River in China. This makes them grow slower and have less tiller capacity (Hiroyuki et al., 2007). The proportion of mild and moderate low temperatures in the middle and lower reaches of the Yangtze River has shown a significant increase in recent years (Velitchkova et al., 2020; Guo et al., 2021). It has been shown that the growth of rice seedlings is severely hindered when the average temperature is below 12°C (Sipaseuth et al., 2007). In our previous study, we found that strong growth recovery rice variety had stronger antioxidant capacity, nitrogen metabolism capacity and higher levels of growth promoting hormones compared to weak growth recovery variety after low temperature and weak light stress (Wang et al., 2022a). It has been shown that the rapid growth recovery of rice seedlings after stress is also closely linked to their nitrogen utilization (Liu et al., 2019). This study showed that the stress reduced the height, fresh weight and dry weight of rice seedlings. The increase in seedling height, fresh weight and dry weight of rice seedlings with N application after low temperature was much greater than that with N application under normal conditions, while the recovery rate of rice seedlings accelerated with the increase of N concentration after low temperature stress. These findings are similar to those of Liu et al. for the effect of N application on rice tillering after low temperature (Liu et al., 2019). They also found that N application under high intensity low temperature stress promoted tillering, but still could not make it return to normal levels. At day 12, the seedling heights of B116 N40 and N80 were close to CK, but B144 N80 still had a large gap with CK, which might be related to the poor cold stress tolerance of B144. There was still a large difference between the fresh and dry weights of the two rice varieties after stress compared with CK, indicating that N application cannot completely eliminate the adverse effects of the stress on rice seedlings. Some studies have shown that plant root growth and leaf photosynthesis are very sensitive to low temperature. The lack of nutrient uptake capacity and photosynthetic production capacity of rice seedlings may be an important reason for the difficulty of their rapid recovery in fresh and dry weight (Zhu et al., 2015; Yang et al., 2021). Humidity-cold combined stress will reduce the chlorophyll concentration and rubisco activity of rice seedlings, resulting in a decline in CO2 assimilation capacity (Wang et al., 2021b). It may require regulation in terms of photosynthesis above ground and nutrient uptake below ground and deserves further investigation, especially the combined application of phosphorus, potassium and N. Studies on other plants have shown that low light may promote an increase in plant seedling height (Huang et al., 2011; Lu et al., 2018). It has also been shown that plants under low light conditions increase leaf area and total chlorophyll to improve foliar light interception, but leaf thickness and lignin concentration show a decrease (Terashima and Hikosaka, 1995; Wang et al., 2022b). Weak light often causes a significant decrease in dry weight of crop seedlings (Supapohn et al., 2022), this may also be an important reason for the difficulty in the recovery of the fresh and dry weight for rice seedlings. Carbohydrates, especially sucrose and glucose, are the main signaling molecules affecting early plant seedling development. N is a major component of nucleic acids and proteins, and plays a key role in C transport and metabolism (Wang et al., 2021b; Li et al., 2022a). N effectiveness is a determining factor in the allocation of assimilated carbon in the synthesis of organic acids, starch and sucrose (Foyer et al., 2011). Enzymes involved in photosynthesis and nutrient metabolism are affected by a lack of light. Low light levels have a negative impact on yield, root vigor, carbohydrate accumulation, and leaf area index (Wei et al., 2018). Appropriate N application can increase the net photosynthetic rate of rice and compensate for the adverse effects caused by short-term low light (Pan et al., 2016). At day 12, the fresh and dry weights of B116 LN40 and B116 LN80 were close, but the seedling height of B116 LN80 was significantly higher than that of B116 LN40, indicating that excessive N concentration may lead to excessive rice seedling height and increase the risk of lodging. It also showed that biomass production is critical in determining yield variability in low temperature rice growing areas (Horai et al., 2014), so attention should be paid to the coordination of rice seedling height and robustness in production. In addition to N application, plant growth regulators should be applied in combination with reasonable plant growth regulators to coordinate plant height and stem thickness as well as above-ground and below-ground growth. This experiment was conducted only to simulate the late spring coldness weather commonly experienced by early rice in the middle and lower reaches of the Yangtze River of China. The low temperature level, light level, and duration of stress encountered in rice production may differ somewhat from this. The growth recovery of rice seedlings after experiencing lower average daily temperature and longer duration of low temperature still deserves further investigation. In addition, this study simulated “late spring coldness” with low temperature and weak light combined stress, and it did not design a single factor stress of low temperature and weak light. It is unknown about the stress effect for the single factor of low temperature and weak light on rice seedlings and the growth recovery efficiency of nitrogen, although it is generally believed that low temperature is the main harm factor.

ROS can integrate environmental stress signals, activate gene expression in response to stress, and thus brings about a balance between plant defense and growth (Wang et al., 2022c). Stress induces excessive production of ROS (including  , H2O2 and OH-) in plants (Liu et al., 2018), resulting in oxidation and increased soluble protein concentrations, which is beneficial in enhancing plant tolerance to stress, but can also have an impact on normal plant physiological processes (Yang et al., 2014; Fanourakis et al., 2020). Antioxidant enzymes (e.g. SOD, POD, CAT) are able to scavenge excess ROS. This study showed that the stress increased the soluble protein content as well as the MDA content of the two rice varieties. N application increased the soluble protein level and rapidly reduced the H2O2 and MDA content, while the antioxidant enzyme activity of rice seedlings was increased and the stress damage to rice seedlings was reduced. It has been suggested that high N application can improve plant stress tolerance by enhancing antioxidant capacity and inhibiting lipid peroxidation (Zhong et al., 2017), and the results of Liu et al. similarly confirmed this idea (Liu et al., 2019; Liu et al., 2022). The LN20, LN40, and LN80 of both the two varieties showed higher soluble protein content on day 3 than on day 0 instead of decreasing rapidly, presumably due to the high uptake of nitrogen by rice seedlings in the short term after rewarming, resulting in an increase in soluble protein content (Reguera et al., 2013; Huang et al., 2021). Meanwhile, comparing B116 with B144, it could be found that the antioxidant enzyme activity of B116 was higher than that of B144 in most cases with or without N application. This result could be mutually confirmed with the consistently lower MDA level of B116 than that of B144, showing the variability of physiological response after the stress in different genotypes.

Nitrogen is one of the most important nutrients for plants, and low temperature hinders the uptake of nitrogen by plants mainly by causing damage to cell membranes (Shimono et al., 2012; Waraich et al., 2012). In contrast, high N application rates under low temperature conditions can promote nitrogen uptake, tillering, and foliar development in rice (Zhou et al., 2018).   and  are absorbed and converted by the nitrate peptide transporter family/transporters (NPF/NRTs) protein family and ammonium transporters (AMTs) protein family in plants, respectively. Most of   is transported to ammonium nitrogen by NR and NiR in plants, which is further assimilated to organic form by GS/GOAT for the biosynthesis of nitrogenous compounds in plants (Xing et al., 2022). Nhd1 can directly bind to the promoters of OsAMT1.3 and OsNRT2.4, activating their expression and regulating the uptake and partitioning of   and   in rice, thus affecting the uptake and utilization of N in rice (Li et al., 2022b). The present study showed that low temperature significantly inhibited the uptake of nitrogen by both rice seedlings. Along with N application after low temperature stress, the expression of N uptake and transport-related genes in rice seedlings was significantly increased, while the activities of NR and GS were significantly enhanced, and N accumulation was significantly increased. This indicates that increasing N application after low temperature and weak light stress can promote N uptake by rice seedlings, which in turn ensures the nutrients required for rapid growth recovery. Liu found that rice with normal N application after low temperature could accumulate N at the 10.5 leaf stage close to or even higher than rice at the control temperature (Liu et al., 2019), However, our results showed that there was still a large difference in N accumulation between LN0 and LN20 at 12 days after low temperature compared with CK. It is conjectured that the difference in treatment temperature and treatment period may have led to different damage caused by low temperature to rice seedlings, while the investigation of rice growth in this study only lasted until day 12 and no subsequent investigation was conducted. In addition, we found in our previous study that the stress caused different degrees of prolongation of the fertility of B116 and B144. Therefore, appropriate increase of N application in low temperature years is extremely important for growth recovery of rice, and further promotion of late reproductive differentiation remains an issue of concern.

Plant growth and development as well as adaptation to adversity are two contradictory processes (Scheres and van der Putten, 2017). The endogenous hormones are important for the synergistic regulation of plant growth and development, adaptation, and resistance to external stresses (Wuddineh et al., 2015; Waadt et al., 2022). Stress can induce ABA and H2O2 production, which can act as signaling molecules involved in plant response to adversity (Ye et al., 2011). ABA, as the most important “stress hormone”, is not only related to plant tolerance to stress, but also has a role in inhibiting seed germination, shaping leaf morphology, and inhibiting cell growth (Hwang et al., 2010; Wang et al., 2021a; Gao et al., 2022), while gibberellin has the effect of accelerating cell elongation and regulating plant height (Sasaki et al., 2002). N has been shown to be involved in the synthesis and transport of ABA and gibberellin in plants. Among them, ABA biosynthesis is positively correlated with high concentrations of   in the roots (Signora et al., 2001).   supply can increase gibberellin synthesis by promoting DELLA degradation (Camut et al., 2021), and low concentrations of   can down-regulate gibberellin biosynthetic genes in maize, up-regulate GA catabolism and thus reduce the level of bioactive gibberellins in maize roots (Wang et al, 2020b). Our study showed that after the stress, the GA3 content of B116 decreased and the ABA content increased, and the GA3/ABA ratio decreased substantially. Under cold stress, plants can regulate the ABA/GA3 balance through ABA signaling to resist stress (Wang et al., 2021b). After the stress, the ABA content of B144 showed a small decrease compared with CK, and the GA3/ABA ratio also decreased much less than that of B116 compared with CK, which is consistent with the previous performance that B144 has a weak antioxidant capacity. In the later stage, N can increase GA3/ABA ratio by increasing GA3 content and decreasing ABA content, thus promoting rapid growth recovery of rice seedlings. RT-qPCR assay showed that the stress suppressed gibberellin biosynthesis and ABA catabolism in both rice seedlings, while promoting gibberellin catabolism and ABA biosynthesis as a way to maintain a low GA3/ABA ratio to withstand the stress. N application could promote gibberellin biosynthesis and ABA catabolism, while inhibiting gibberellin catabolism and ABA biosynthesis in the late stage, allowing rice seedlings to maintain a high GA3/ABA ratio and recover growth rapidly. Furthermore, we will use transcriptomic, proteomic and metabolomic analyses to identify specific biological pathways, as will help us to gain a deeper and more comprehensive understanding for the mechanisms of nitrogen application accelerates rapid growth and recovery of rice seedlings after cold stress.



5 Conclusion

Low temperature and weak light stress tend to cause ROS accumulation and membrane lipid peroxidation in rice seedlings, resulting in cell damage. After stress, rice seedlings often show slow growth. Timely application of N could regulate the nitrogen metabolism and active oxygen scavenging enzyme activity and hormone levels of rice seedlings, helping it to recover seedling height as well as biomass. At day 12, the seedling height, fresh weights and dry weights in B116 LN40 improved by 22.1%, 41.8% and 47.4% compared to B116 LN0, while improved by 21.1%, 46.9% and 48.6% in B144 LN40 compared to B144 LN0, respectively. However, the N application group was still significantly lower than the CK group in terms of fresh weight and dry weight. The fresh and dry weights of B116 LN40 reached 72.8% and 64.3% of the CK group, while those of B144 LN40 t only reached 61.7% and 37.2%, respectively. How to further enhance the photosynthetic production capacity of leaves and maintain the balance between stem fullness and plant height of rice seedlings through fertilization as well as application of exogenous growth regulators deserves deeper study. This study also shows that varieties with weak growth recovery ability were more difficult to recover growth indicators after stress, so attention should be paid to the selection of rice varieties with strong growth recovery ability after low temperature and weak light when growing in the field. Applying the appropriate amount of N after low temperature can increase the activity of antioxidant enzymes including SOD, POD and CAT in rice seedlings, which helps to reduce the ROS damage of the stress on rice seedlings. Higher N uptake and transport capacity, as well as higher NR, GS activity were beneficial to enhance the N metabolism of rice seedlings and promote N accumulation in rice seedlings after the stress. Meanwhile, N application was able to regulate the synthesis and metabolism of gibberelin and ABA in rice seedlings, and then regulate the balance of the two hormones after stress. The GA3/ABA ratio of rice seedlings was maintained at an appropriate level, which maintained the resistance of rice seedlings in the early stage (day 0 to day 6) and at higher level helped rice seedlings recover rapidly in the later stage (day 6 to day 12) (Figure 8). The results of this study will provide a reference for the regulation of N on the recovery of early rice seedling growth after low temperature and weak light stress. In particular, it is of practical reference value for the formulation of remedial measures when early rice direct seeding encounters late spring coldness in southern China.




Figure 8 | Working model of the role of N in the growth recovery of rice seedlings after low temperature and weak light stress. N enhances the antioxidant capacity of rice seedlings after the stress, improves their nitrogen metabolism, and regulates the biosynthesis and metabolism of gibberellin and ABA in their vivo, thus enabling seedlings to recover growth rapidly.
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In many regions worldwide wheat (Triticum aestivum L.) plants experience terminal high temperature stress during the grain filling stage, which is a leading cause for single seed weight decrease and consequently for grain yield reduction. An approach to mitigate high temperature damage is to develop tolerant cultivars using the conventional breeding approach which involves identifying tolerant lines and then incorporating the tolerant traits in commercial varieties. In this study, we evaluated the terminal heat stress tolerance of 304 diverse elite winter wheat lines from wheat breeding programs in the US, Australia, and Serbia in controlled environmental conditions. Chlorophyll content and yield traits were measured and calculated as the percentage of non-stress control. The results showed that there was significant genetic variation for chlorophyll retention and seed weight under heat stress conditions. The positive correlation between the percent of chlorophyll content and the percent of single seed weight was significant. Two possible mechanisms of heat tolerance during grain filling were proposed. One represented by wheat line OK05723W might be mainly through the current photosynthesis since the high percentage of single seed weight was accompanied with high percentages of chlorophyll content and high shoot dry weight, and the other represented by wheat Line TX04M410164 might be mainly through the relocation of reserves since the high percentage of single seed weight was accompanied with low percentages of chlorophyll content and low shoot dry weight under heat stress. The tolerant genotypes identified in this study should be useful for breeding programs after further validation.
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Introduction

Wheat (Triticum aestivum L.) is a major staple food crop and provides a significant portion of proteins and calories for the human population worldwide (FAO, 2012; Mishra et al., 2021). The world population growth requires wheat production increases. However, this demand is seriously challenged by high temperature stress in the wheat growing season, particularly in the grain filling stage, the terminal heat stress. Wheat originated in the Fertile Crescent area, a temperate region (Heun et al., 1997; Feldman and Levy, 2015), and is highly susceptible to high temperatures. Heat stress is often defined as the rise in temperature, usually 10–15 °C, beyond a threshold for a period of time sufficient to cause irreversible damage to plant growth and development (Wahid et al., 2007). Heat stress damages wheat plants in a number of different ways. At the molecular level, heat stress reduces the activities of enzymes, such as Rubisco activase and soluble starch synthase, which participate in the photosynthesis and starch biosynthesis (Keeling et al., 1993; Jenner, 1994; Mathur et al., 2014), changes membrane protein structural conformation, lipid composition, the timing and the abundance of gene expression that regulates grain development (Anderson and DuPont, 2003; Altenbach and Kothari, 2004; Wan et al., 2008), promotes the production of reactive oxygen species (ROS) and ethylene, and enhances the activities of enzymes, such as chlorophyllase, which participate in chlorophyll degradation (Todorov et al., 2003; Almeselmani et al., 2006; Hays et al., 2007). Heat stress reduces green (photosynthetic) area, accelerates senescence, shortens grain filling duration, increases photorespiration (Kuroyanagi and Paulsen, 1985; Cossani and Reynolds, 2012; Fu et al., 2012; Jagadish et al., 2016), causes male sterility (Anjum et al., 2008; Kaur and Behl, 2010), and increases the number of structurally abnormal and nonfunctional florets (Hedhly et al., 2009). Ultimately, these changes detrimentally affect yield components, such as reducing single grain weight or seed number. Wiegand and Cuellar (1981) reported that wheat grain filling duration shortened 3.1 days and single seed weight decreased 2.8 mg per degree Celsius increase in mean daily air temperature during grain filling period.

Based on the accumulated field yield data and weather data, detrimental effects of high temperature on wheat productivity were quantified at regional scales. A one degree Celsius temperature increase in mean air temperature was estimated to reduce wheat yield 3-17% in the Indo-Gangetic Plains in South Asia (Tiwari et al., 2013). Every 1°C increase in growing season temperature decreased wheat yield 3-10% in China (You et al., 2009). Every 1°C increase in average night temperature decreased wheat yield 10% in Mexico (Lobell et al., 2005). A 1°C increase in mean temperature was associated with a predicted decrease in wheat yield of 21% in Kansas USA (Barkley et al., 2013). Wheat yield could be reduced up to 50% when growing season temperature was two degrees Celsius higher than the average in Australia based on a simulation model study (Asseng et al., 2011). As climate change progresses and the Earth surface temperature gradually increases, heat episodes are also predicted to increase in frequency, length, severity and peak temperature (Intergovernmental Panel on Climate Change, 2015). Thus, the negative effects of high temperatures on the productivity of wheat and other crops will become more detrimental (Semenov and Halford, 2009; Lobell et al., 2011). Globally, wheat grain yield is estimated to be reduced by 6% for each degree Celsius of temperature increase (Asseng et al., 2015).

A sustainable way for mitigating heat stress damage is to develop tolerant varieties. Although several approaches, such as mutagenesis (Mullarkey and Jones, 2000), synthetics (Ratteya et al., 2011; Sareen et al., 2012) and transgenics (Fu et al., 2008), have been used in attempts to develop tolerant varieties, conventional breeding remains the most important approach which involves screening germplasm lines for identifying tolerant lines and then transferring the tolerance traits into commercial lines. Identifying lines with significant tolerance may require evaluating large numbers of germplasm lines in environment- and developmental stage-precisely controlled conditions. We have developed a protocol for such purposes, and recently we reported genetic variation of heat tolerance in a spring wheat diversity panel (254 lines) (Fu et al., 2022). The objectives of this work were to (1) investigate genetic variation and correlations of chlorophyll retention and yield components, and (2) identify genotypes with high retention of chlorophylls and/or seed weight in winter wheat under terminal heat stress conditions.



Materials and methods


Plant materials

The plant materials used in this study consisted of 304 winter wheat lines (Supplemental Table 1). Entries 1 to 301, 303 were Triticeae Coordinated Agricultural Project (TCAP) winter wheat lines from wheat breeding programs of public universities and private sectors across the United States of America. The origin information can be found at the T3 (The Triticeae Toolbox) site: https://wheat.triticeaetoolbox.org/. Entries 302 and 304 were from Serbia and Australia, respectively, and were previously reported to have capability of delayed chlorophyll degradation under terminal heat stress conditions (Alkhatib and Paulsen, 1990; Ristic et al., 2007).



Plant growth conditions and heat stress treatment

Two experiments, Exp. 1 and Exp. 2, were conducted in the controlled environmental research facility at Kansas State University and USDA/ARS/Hard Winter Wheat Genetics Research Unit, Manhattan KS. In Exp. 1, seeds of 304 winter wheat lines were placed on wetted germination papers in plastic germination boxes and vernalized at 4°C for eight weeks. Six seedlings from each line were planted in pots containing Metro Mix 200 potting soil (Hummert International). One seedling was transplanted per pot. The pot diameter and the height was 7 and 25 cm, respectively. The plants were grown in the greenhouse. The greenhouse conditions were previously described (Fu et al., 2015). Briefly, plants were grown in a greenhouse at day/night temperature settings of 25/20°C with a photoperiod of 16 h. Natural light was supplemented with high pressure sodium lights to maintain the photoperiod and light levels. Humidity was not controlled nor monitored in the greenhouse. The control group was maintained under these conditions in the greenhouse for the duration of the experiment. Miracle Gro Fertilizer (Stern’s Miracle-Gro Products, Inc., Port Washington, NY) 24-8-16 (N-P-K) at a concentration of 0.5 g dry weight per liter was applied at the rate of 100 ml per pot once a week for the duration of the experiment, as previously described (Ristic et al., 2009). Insecticide Marathon 1% Granular (Imidacloprid, OHP, Inc., Bluffton, SC, USA) was applied once at the tillering stage to the soil mix according to manufacturer's instructions to control aphids and thrips.  Elemental sulfur (99%) was applied in a sulfur vaporizer for two hours each night when powdery mildew was detected on plants. At anthesis each plant was tagged. Ten days after anthesis, three pots randomly selected from each genotype were moved to a Conviron Model E-36 growth chamber and exposed to heat stress for 16 d (36°C day, 30°C night, ± 1°C; RH 90 to 100%; photoperiod 16 h; PPFD of 480 μmol m-2 s-1). This greenhouse condition and the heating chamber condition were used based on the previous work that these conditions were previously successfully used for identifying heat tolerant wheat lines (Ristic et al., 2007; Fu et al., 2017; Fu et al., 2022). Pots were placed randomly in the growth chamber. To minimize dehydration of the leaf tissue during the heat treatment, pots were placed in trays containing standing water with an approximate depth of 1 cm. Following the heat stress treatment, plants were transferred back to the greenhouse until maturity for harvesting. The Conviron Model E-36 growth chamber had an internal floor dimension of 137 cm x 246 cm. Because this diversity wheat panel had a wide range of flowering time, one chamber had enough space for the heat treatment for 16 days for each plant.

Based on the data collected from Exp. 1, 10 heat tolerant lines and 3 susceptible lines (Supplemental Table 2) were selected for further validation before making crosses for developing mapping populations for genetic studies and before providing the tolerant lines to breeding programs. Our Exp. 1 was an individual pots- and heating chamber-based effort for evaluating more than 300 wheat lines for the terminal heat stress tolerance, and was very labor-intensive, particularly during the heat treatment time period. In Exp. 2, the 13 wheat lines selected based on the results from Exp. 1 were used (Supplemental Table 2). The experimental procedures and conditions including the heat treatment were the same as those in Exp. 1 except that ten plants of each line were grown in a growth chamber (25°C day, 20°C night, ± 1°C; RH 70%; photoperiod 16 h; PPFD of 480 μmol m-2 s-1) and half of them were used for heat treatment.



Measurement of chlorophyll content

Chlorophyll content was measured using a self-calibrating SPAD chlorophyll meter (Model 502, Spectrum Technologies, Plainfield, IL) as described by Ristic et al. (2008) with modifications. Briefly, three readings were taken in the middle of the flag leaf of the primary tiller of each plant and averaged for every pot. The measurements were conducted at Days 0, 4, 8, 12, and 16 during the heat stress treatment.



Harvesting and yield data

At maturity, plant parts above the soil surface were harvested. Spikes from all tillers were threshed, grains from all spikes were counted and weighed, and all tiller shoots were oven-dried at 65°C for 7 days and weighed, as previously described (Ristic et al., 2009).



Statistical analysis

To compensate for innate differences in trait components, heat tolerance was quantified using the percentage of the control for each genotype. Pots were considered to be the experimental units. For each pot in the heat stress treatment, the chlorophyll retention at 4, 8, 12 or 16 days was expressed as a percentage of Day 0 (control). The rationale for using chlorophyll content at Day 0 as the control was previously described in Ristic et al. (2008), and this method was later on used by Sharma et al. (2017) and Fu et al. (2022). Briefly, the rationale stood on the observations that during the first 26 days after flowering the chlorophyll contents were not significantly changed under the control condition for hexaploid common wheat, tetraploid wheat and maize (Ristic et al., 2008). The rationale for using percentage of control rather than heat susceptibility index (HSI, Fischer and Maurer, 1978) was given in Fu et al. (2015), and this method was later on used by Fu et al. (2022); Fu et al. (2017). Briefly, the rationale stood on the facts including (1) that percent of control is always non-negative and a HSI can be negative in some cases and a negative number can cause problems in some statistical analyses such as PROC GLIMMIX which lacks convergence for a negative number, and (2) percent of control for each accession is more intuitive and is unaffected by the group of accessions under evaluation and, in contrast, HSI is the opposite (Fu et al., 2015). For the yield traits, percentage of control was calculated as follows: Percent of Control = 100 x (Yh/Yc).

where Yh is the value for each experimental unit in the heat stress treatment and Yc is the average value for the corresponding experimental units in the non-stress control condition. Higher mean percentage of control indicates greater heat tolerance. The experiment was analyzed as a completely randomized design. Data were obtained for two runs of the experiment (Exp. 1 and Exp. 2). Each experiment was analyzed separately. Genotype was analyzed as a fixed effect. Analysis of variance was performed with SAS 9.4 (SAS Institute, 2010) PROC GLIMMIX. The Gaussian (normal), Poisson, lognormal, and negative binomial distributions were tested for best fit on the basis of standard fit statistics and examination of the residuals. For each variable, the negative binomial distribution was used because it had the best fit. Least squares means for genotypes (lines) were back-transformed for presentation using the ilink function of GLIMMIX. Least squares means of genotypes were compared with an F test, and then separated using the Tukey-Kramer multiple comparison test. Correlations were calculated using SAS PROC CORR.




Results


Chlorophyll content

The percent of control for chlorophyll content at Day 4 of heat treatment among the winter wheat lines was significantly different in both Exp. 1 (F = 4.00, P < 0.0001) and Exp. 2 (F = 9.17, P < 0.0001). Similarly, the percent of control for chlorophyll content at Day 8, 12 and 16 of heat treatment among the winter wheat lines was significantly different in both Exp. 1 (F = 3.55 to 3.67, P < 0.0001) and Exp. 2 (F = 18.59 to 23.01, P < 0.0001) as well (Table 1). These results demonstrate that the genetic variation of the stay-green traits studied under the heat stress conditions among the winter wheat lines was significant. The percent of control for chlorophyll content at Day 16 (the last day) of heat treatment was used to determine the heat stress tolerance or susceptibility of each wheat line, and was subjected to multiple comparisons of the least square means using a conservative Tukey-Kramer method. The results were presented in Supplemental Table 3 for Exp. 1 and the mean of all 304 lines was 26.4. The multiple comparison results for Exp. 2 were presented in Supplemental Table 4. The mean of all thirteen lines in Exp. 2 was 41.2. The mean of ten tolerant lines was 49.8, and the mean of three susceptible lines was 12.3. An example of one tolerant line (Line 26, OK05723W) and one susceptible line (Line 175, TX04M410164), in terms of percent for chlorophyll retention, was shown in Figure 1. Lines 26 and 175 showed 69.4% and 14.6% in Exp. 1 and 71% and 10.2% in Exp. 2 after 16 days of heat stress, respectively.


Table 1 | Genotypic variation of percentage of control for stay-green and yield traits in winter wheat.






Figure 1 | Chlorophyll retention rates in two contrasting genotypes. Tolerant Line 26 (OK05723W), with high chlorophyll retention and susceptible Line 175 (TX04M410164) with extremely low chlorophyll retention. (A) Exp. 1. (B) Exp. 2.





Seed weight per plant

The F values for the percent of control for seed weight per plant among the winter wheat lines were significant in both Exp. 1 (F = 3.98, P < 0.0001) and Exp. 2 (F = 4.06, P = 0.0002) (Table 1). Multiple comparisons for the percent of control for seed weight per plant were presented in Supplemental Table 5 for Exp. 1. The mean across all 304 lines was 25% of the control. Multiple comparisons for the percent of control for seed weight per plant were presented in Supplemental Table 6 for Exp. 2. The mean of all lines in Exp. 2 was 43.7% of the control. Line 175 was ranked  second in both Exp. 1 (61.7% of control) and Exp. 2 (50.4%).



Single seed weight

Similar to the seed weight per plant, the F values for the percent of control for single seed weight among the winter wheat lines were significant in both Exp. 1 (F = 4.77, P < 0.0001) and Exp. 2 (F = 4.04, P = 0.0002) (Table 1). Multiple comparisons for the percent of control for single seed weights were presented in Supplemental Table 7 for Exp. 1. The mean across all 304 lines was 35.3% of the control. Line 175 (77.2% of the control) was ranked first in the top of the multiple comparisons. Multiple comparisons for the percent of control for single seed weights for Exp. 2 were presented in Supplemental Table 8. The mean of all thirteen lines was 52.3.3% of the control. The top two tolerant lines were Line 175 (64.4% of the control) and Line 15 (64.4%). Interestingly, Line 175 had low percent of control for chlorophyll content as illustrated earlier in Figure 1.



Seed number

The analysis of variance revealed significant effects for genotypes for grain number per plant under heat stress expressed as a percentage of control in Exp. 1 (F = 2.77, P < 0.0001) (Table 1). Average grain number per plant under heat stress expressed as percentage across 304 lines in Exp. 1 was 68.8% (Supplemental Table 9). The F value for the percent of control for thirteen lines in Exp. 2 was not significant (F = 1.12, P = 0.3636) (Table 1).



Shoot dry weight

Similar to the seed weight per plant and single grain weight, the Glimmix F values for the percent of control for shoot dry weights among the winter wheat lines were significant in both Exp. 1 (F = 2.55, P < 0.0001) and Exp. 2 (F = 2.43, P = 0.0143) (Table 1). The results of Tukey-Kramer multiple comparisons were shown and the means across all lines in Exp. 1 and Exp. 2 were 87.3% and 93.5% (Supplemental Tables 10, 11), respectively.



Correlations


Correlation between traits

The correlations among the studied traits of chlorophyll content and yield components were presented in Table 2. Correlations of the percent of control for chlorophyll content among Days 4, 8, 12 and 16 were significant in both Exp. 1 (r = 0.2685 to 0.7215, P < 0.0001) and Exp. 2 (r = 0.4651 to 0.8477, P < 0.0001). Correlations for the percent of control between single seed weight and chlorophyll content at Day 4, 8 and 12 were significant in both Exp. 1 and Exp. 2. Correlations for the percent of control between shoot dry weight and seed weight per plant and seed number were significant in both Exp. 1 and Exp. 2. As expected, correlations among single seed weight, seed number and seed weight per plant were significant in both Exp. 1 and Exp. 2.


Table 2 | Correlations among percentage of control for chlorophyll content, seed weight per plant, single kernel weight, seed number, and total shoot weight for Exp. 1 (above diagonal) and Exp. 2 (below diagonal).





Correlation between two experiments

Correlations between Exp. 1 and Exp. 2 were significant for traits chlorophyll content at Days 4, 8, 12 and 16, seed weight per plant, single seed weight and shoot dry weight (Figure 2), indicating that the performances of these traits were consistent between the two experiments. However, the correlation of seed number between Exp. 1 and Exp. 2 was not significant (Figure 2).




Figure 2 | Correlations of percent of control between Exp. 1 and Exp. 2. (A) Chlorophyll content at Day 4. (B) Chlorophyll content at Day 8. (C) Chlorophyll content at Day 12. (D) Chlorophyll content at Day 16. (E) Seed weight per plant. (F) Single seed weight. (G) Seed number. (H) Shoot dry weight. N = 13.







Discussion

Heat stress, particularly terminal heat stress, damages many different aspects of wheat plants, and consequently reduces the grain yield. Using conventional breeding to develop tolerant varieties remains the best way to mitigate heat damage. Identifying genotypes (lines) with tolerance traits is required for breeding programs. Growth chamber-based and field-based efforts for identifying tolerant genotypes were previously reported (Asana and Williams, 1965; Wardlaw, 1994; Dias and Lidon, 2009; Banyai et al., 2014; Bergkamp et al., 2018; Rezaei et al., 2018; Sebela et al., 2020). However, in the chamber-based studies on the terminal stress only a relatively small number of genotypes were typically evaluated. One drawback of such efforts is that the tolerant genotypes selected may have limited tolerance due to a small pool of genotypes available for the selection. In the field-based studies although a large number of genotypes can be planted there are a number of problems. First, a large panel of diverse genotypes is intrinsically associated with a large variation of phenological traits, e.g., flowering time, and it is almost impossible to compare chlorophyll contents at the same development stage under the same environmental conditions among genotypes. Second, the instability of heat stress imposition under field conditions would lead to errors in phenotypic data and later translated the errors into genetic analysis. Third, it may be difficult or impossible to separate effects of heat stress from other stresses, such as drought when sufficient irrigation capability is lacking. Thus, there are advantages to testing a large genetically diverse germplasm collection under precisely controlled conditions. Our protocol has the capability to evaluate more than 300 wheat lines for terminal heat stress tolerance in chamber-based conditions, thus overcoming the problems under field conditions.

In this study we evaluated the terminal heat stress tolerance of a diversity panel consisting of 304 winter wheat lines. The results showed that genetic variation for chlorophyll retention and grain weights were significant, and the correlation between the percent of chlorophyll content and the percent of single seed weight was significant as well. Some genotypes, such as Line 26, with high percent of single seed weight, also had high percent of chlorophyll retention and high percent of shoot dry weight. This might be explained by grain filling being mainly contributed from the current photosynthetic products. However, some genotypes, such as Line 175, with high percent of single seed weight, had low percent of chlorophyll retention during the grain filling stage and low percent of shoot dry weight. This might be explained by grain filling being mainly contributed from the relocation of soluble sugars in the stem reserve. These two proposed scenarios represent two different grain filling mechanisms, and after further confirmation and validation introgression of different grain filling mechanisms into the same variety may substantially reduce wheat grain yield loss under heat stress conditions.

Our findings are in agreement with several previous studies which reported that stay-green was significantly correlated with the grain yield under heat stress environmental conditions in wheat (Hede et al., 1999; Kumar et al., 2010; Lopes and Reynolds, 2012; Nawaz et al., 2013; Kumari et al., 2013). The significant correlation between the stay-green and the grain yield under heat stress conditions is the rationale for selecting functional stay-green genotypes to develop heat-tolerant varieties. The importance of stem reserve remobilization for grain filling for some wheat genotypes under heat stress conditions was reported previously (Blum et al., 1994; Blum, 1998), and thus introgression of this trait may improve wheat grain yield under heat stress conditions.

In this work, although the percent retention of chlorophyll and the percent of single seed weight were significantly correlated, the correlation was low. One possible cause for the low correlation was that heat stress damages sink (grain filling) components. For example, heat stress decreases starch synthase activity, and consequently limits starch synthesis and grain growth in wheat (Keeling et al., 1993). Another cause might be that for some genotypes grain filling was mainly contributed from the remobilization of stem reserves under heat stress conditions (Blum et al., 1994; Blum, 1998; Gebbing and Schnyder, 1999). The third cause might be that for some genotypes only small portion of current photosynthetic products was transported (partitioned) to the developing grains under heat stress conditions. The fourth cause might be that for some genotypes stay-green might be non-functional or partly functional. In this study, we did not measure the starch synthase activity, nor the photosynthesis of green tissues in heat stress, nor the actual remobilization of stem reserve in heat stress, and so these questions remain to be answered, and deserve separate investigations in the future. Interestingly, it appears that the correlations between the percent of control for single seed weight and the percent of chlorophyll retention were greater at the early stages of the heat stress than at the later stages of the heat stress. This may indicate that the current photosynthates might be transported to the developing grains more efficiently at the early stages of the heat stress than at the later stages of the heat stress. Although the correlation between the seed weight/plant and the single seed weight was lower (r = 0.3087, P < 0.0138) than the correlation between the seed weight/plant and the seed number (r = 0.7768, P < 0.0001) in Exp. 2, they were very similar (r = 0.7775, P < 0.0001; r = 0.7527, P < 0.0001) in Exp. 1. It is unclear whether the different panel composition or different experimental conditions during grain filling might account for the difference.

In conclusion, significant genetic variation for chlorophyll retention and grain yield-related traits exists under heat stress conditions in winter wheat. Heat-tolerant genotypes were identified and two possible grain filling mechanisms were proposed. Tolerant lines identified in this study were provided to breeding programs for developing heat-tolerant varieties and used for developing mapping populations for QTL mapping and fine mapping to locate genes responsible for heat tolerance.
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Drought is a significant abiotic stress that alters plant physiology and ultimately affects crop productivity. Among essential plant nutrients, potassium (K) is known to mitigate the deleterious effect of drought on plant growth. If so, K addition or inoculation of potassium solubilizing microorganisms (KSMs) that are tolerant to drought should promote plant growth during water stress. Therefore, in this study, K solubilizing Aspergillus violaceofuscus and Bacillus licheniformis, isolated from saxicolous environments, were tested for their capacity to tolerate drought using different molecular weights (~4000, 6000, and 8000 Da), and concentrations (0, 250, 500, 750, 1000,  and 1250 mg/L) of polyethylene glycol (PEG) under in vitro conditions. The results showed that high concentrations (750 and 1000 mg/L) of PEG with different molecular weight considerably improved bacterial cell numbers/fungal biomass and catalase (CAT) and proline activities. Moreover, the ability of KSMs alone or in combination to impart drought tolerance and promote plant growth in the presence and absence of mica (9.3% K2O) supplementation was tested in Alfisol and Vertisol soil types under greenhouse conditions. The results revealed that the tomato plants inoculated with KSMs individually or dually with/without mica improved the physiological and morphological traits of the tomato plants under drought. Generally, tomato plants co-inoculated with KSMs and supplemented with mica were taller (2.62 and 3.38-fold) and had more leaf area (2.03 and 1.98-fold), total root length (3.26 and 8.86-fold), shoot biomass (3.87 and 3.93-fold), root biomass (9.00 and 7.24-fold), shoot K content (3.08 and 3.62-fold), root K content (3.39 and 2.03-fold), relative water content (1.51 and 1.27-fold), CAT activity (2.11 and 2.14-fold), proline content (3.41 and 3.28-fold), and total chlorophyll content (1.81 and 1.90-fold), in unsterilized Alfisol and Vertisol soil types, respectively, than uninoculated ones. Dual inoculation of the KSMs along with mica amendment, also improved the endorrhizal symbiosis of tomato plants more than their individual inoculation or application in both soil types. These findings imply that the A. violaceofuscus and B. licheniformis isolates are promising as novel bioinoculants for improving crop growth in water-stressed and rainfed areas of the tropics in the future.
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  1 Introduction

Drought is a major abiotic factor that decreases agricultural performance owing to negative impacts on plant growth and productivity (Slama et al., 2015; Kaya et al., 2020; Kosar et al., 2020). Estimates indicate a 17-70% reduction in crop yields due to different types of stress, and the majority of this yield loss is due to drought (Hubbard et al., 2012; Ahmed et al., 2019; 2021). The response to drought tolerance is a complex trait that depends on several factors, including the environment, genotype, development stage, and stress severity and duration (Fahad et al., 2017; Sallam et al., 2019). Potassium (K) availability in the soils is limited under drought conditions (Bahrami-Rad and Hajiboland, 2017). Nevertheless, increased availability of K under water-limiting conditions mitigates drought stress characteristics, including the reduction in growth traits, plant water status, chlorophyll content, and a decline in the relative water content (RWC) (Munsif et al., 2022). Plants have various physiological and defensive mechanisms to alleviate water stress damage under increased K nutrition, including changes in physiological and morphological characteristics (Gurumurthy et al., 2019) like the alterations in proportional biomass allocation between roots and shoots under water-limiting conditions (Chandra et al., 2019; Yu et al., 2020). Under drought conditions, stomatal closure can limit water loss through transpiration and photosynthesis (Fan et al., 2020). Furthermore, plants under water deficit can enhance the intervention of reactive oxygen species (ROS) through the modulation of antioxidant defenses and enzymes intended to reduce oxidative damage caused by ROS (Uzilday et al., 2012; Kasote et al., 2015; Kaya et al., 2020; Kosar et al., 2020). Increased availability of K in the soil can upregulate the antioxidant and osmolyte protective mechanisms in plants under stress. Consequently, plants with greater antioxidant capacity are more resilient to soil dryness. Earlier studies have shown that in addition to the antioxidant enzymatic system, proline activity is also a key component of plant tolerance to drought and serves as a defensive mechanism (Liang et al., 2013; Laxa et al., 2019) under drought conditions.

Mining of K through crop production has rendered agricultural soils K deficient, and synthetic K fertilizers are often used to replenish K in cultivated soils (Basak, 2019). In addition to synthetic K fertilizers, silicate mineral deposits like mica containing K are often used for fertilizing crops in the tropics. Mica is often used as the insoluble K source to determine the K solubilizing ability of microorganisms under in vitro conditions (Muthuraja and Muthukumar, 2021a; Muthuraja and Muthukumar, 2021b). However, mica containing 6–10% K2O is used for fertilizing field crops due to its slow mineralization and extended K availability to crop plants (Pramanik and Kalita, 2019).

Currently, loss in soil fertility due to the irrational use of chemical fertilizers and increased incidence of abiotic stresses such as drought due to climate change are major challenges threatening crop production and food security worldwide (Waqas et al., 2019; Fu et al., 2022). It is, therefore, crucial to develop strategies to improve crop growth under water-limiting conditions. One of the ways to enhance the growth and yield of crops in drought-affected agricultural soils is to effectively utilize the potential plant growth-promoting microorganisms (PGPM) in food production (Gowtham et al., 2020; Mishra et al., 2020). Beneficial microorganisms associated with the rhizosphere, phyllosphere, and endosphere of plants that influence plant health and nutrient conditions may also face many environmental stresses, especially drought (Dong et al., 2019). These PGPMs also vary in their tolerance to water-limiting environments, as revealed by in vitro studies (Turco et al., 2005; Ghosh et al., 2019). Polyethylene glycol (PEG) is a petroleum-derived polyether compound that is often used to induce moisture stress under in vitro conditions (Ghosh et al., 2019; Mishra et al., 2021).

Previously, inoculation of PGPMs, such as Arthrobacter, Azotobacter, Bacillus, Azospirillum, Enterobacter, Burkholderia, Pseudomonas, Paenibacillus, Aspergillus, and Trichoderma has been shown to improve drought-tolerance and promote the growth and development of different crop plant taxa under water-stressed conditions (Alwhibi et al., 2017; Chandra et al., 2019; Ismail et al., 2019; Gowtham et al., 2020; Ismail et al., 2020; Akhtar et al., 2021; Yasmin et al., 2021; Zhao et al., 2023). Nonetheless, studies on the impact of using specific microbes alone or in combination with natural inorganic fertilizers on crop development under drought conditions are limited (e.g., Bargaz et al., 2018). Tomatoes (Solanum lycopersicum L.) are important horticultural crops susceptible to drought stress during their development (Gowtham et al., 2020). In addition, tomatoes are often used as a model organism for understanding various applied and fundamental aspects of plant research (Anwar et al., 2019). Moreover, tomatoes are also sensitive to heat and water stress, which affect their growth (Cui et al., 2020). The catalase (CAT) activity and proline accumulation help plants to surpass the oxidative damage induced by drought stress (Laxa et al., 2019). Recently, more attention has been devoted to cognizing the antioxidant defense pathway in plants growing under drought (Hasanuzzaman et al., 2018; Hussain et al., 2018). In this aspect, potassium solubilizing microorganisms (KSMs) are significant PGPMs that help increase drought resistance while enhancing secondary metabolite content (Cappellari et al., 2013; Singh et al., 2016).

A diverse range of natural endophytic fungi naturally colonizes plant roots, with arbuscular mycorrhizal (AM) fungi belonging to the subphylum Glomeromycotina and phylum Mucoromycota being among the most common root colonizers (Schüβler et al., 2001; Field et al., 2016; Spatafora et al., 2016). Similarly, the dark septate endophyte (DSE) fungi belonging to Ascomycota also colonize plant roots in natural and agroecosystems. These fungi form symbiotic relationships with crop plants (Smith et al., 2011; Spatafora et al., 2016), and there is evidence that AM fungi can improve host plant tolerance to drought stress (Begum et al., 2019; Begum et al., 2021). In general, AM symbiosis alleviates the stress caused by drought in plants by improving the direct absorption of water, and nutrients, increasing the osmotic and antioxidant activity (Begum et al., 2019; Begum et al., 2021). Nevertheless, the impact of KSM inoculation on native AM and DSE fungal symbiosis is not well resolved.

Saxicolous (rock) microbial isolates have not been thoroughly studied for their role in improving the nutrient content of plants grown in different soil types under drought (Muthuraja and Muthukumar, 2021a). Further, the tolerance of KSMs like Aspergillus violaceofuscus and Bacillus licheniformis previously isolated from saxicolous habitats to drought stress is also unknown (Muthuraja and Muthukumar, 2022). Therefore, the present study aims to (i) assess the efficacy of A. violaceofuscus and B. licheniformis to tolerate drought stress induced by PEG of different molecular weights and concentrations under in vitro conditions; (ii) determine the influence of carrier-based formulation of the KSM isolates individually with/without mica supplement on tomato growth, chlorophyll content, and plant K content under drought conditions in different soil types, and (iii) explore the effect of co-inoculation of the above KSMs on the growth, RWC, antioxidant enzyme activities; and AM and DSE fungal root colonization in tomato plants under drought stress.


 2 Materials and methods

 2.1 Biological materials

Both in vitro and in vivo experiments were conducted using previously characterized fungi (A. violaceofuscus-MH220545) and bacteria (B. licheniformis-MN718157) from saxicolous habitats (Muthuraja and Muthukumar, 2021a; Muthuraja and Muthukumar, 2021b; Muthuraja and Muthukumar, 2022).


 2.2 Drought tolerance of KSMs

The drought tolerance of B. licheniformis and A. violaceofuscus was assessed based on the bacterial cell numbers and hyphal mass production in different concentrations (0, 250, 500, 750, 1000, and 1250 mg/L) and molecular weights (4000, 6000, and 8000) of PEG in lysogeny broth (LB) (Hu et al., 2007; Omara and Elbagory, 2018). The experiment without PEG served as a control. The solid or broth medium was supplemented with different concentrations of PEG and solidified using the gelling agent phytagel (Klimaszewska et al., 2000). To examine the drought tolerance of the bacterium, the sterilized flasks containing 50 mL of LB medium spiked with varying concentrations of PEG were inoculated with 3×106 CFU/mL of freshly prepared bacterial culture that was incubated at 37°C in a shaking incubator (120 rpm) (Hu et al., 2007). Further, to assess the drought tolerance of A. violaceofuscus, each conical flask containing potato dextrose broth supplemented with different concentrations of PEG was inoculated with a 10 mm mycelial disk and incubated at 28°C. The experiment consisted of three replications for each concentration and different molecular weights of PEG. The experimental approach described in our previous study (Muthuraja and Muthukumar, 2022) was used for culture maintenance and microbial growth quantification. The proline content in KSM cultures was determined according to Kahraman and Karaderi (2021).


 2.3 In vivo study

 2.3.1 Preparation of inoculum

The rice husk-based inoculum was prepared following the procedure mentioned in our earlier work (Muthuraja and Muthukumar, 2022). The rice husk used for the inoculum preparation was purchased from a local market. A bacterial suspension containing 3×106 CFU/mL (120 mL of log-phase growing culture) was inoculated into the sterilized carrier and cured for a week (Muthuraja and Muthukumar, 2022). Then, under aseptic conditions, 10 mm discs of the potato dextrose agar (PDA) subculture fungus were inoculated into the carrier and carefully sealed.


 2.3.2 Greenhouse experiment

The potential of KSMs in improving plant growth and K content under drought stress was examined according to the methods described by Muthuraja and Muthukumar (2022). In addition, around 2 g of the carrier-based bacterial (67.65 ± 1.46 cfu/g) and fungal (57.00 ± 1.49 cfu/g) inoculum was introduced to the respective treatments.


 2.3.3 Experimental design

The 2 × 2 × 2 × 3 factorial experiments consisted of four factors, namely two soil types (Alfisol and Vertisol), two soil conditions (sterilized and unsterilized), two levels of mica amendment (amended and unamended), and three levels of microbial inoculation (A. violaceofuscus and B. licheniformis inoculated individually or in combination). Tomato seedlings were prepared in the greenhouse by sowing presoaked seeds in seedling trays containing heat sterilized (121 °C at 15 psi) soil - sand mixture (1:3, v:v). When a pair of true leaves (7 days after sowing) developed, two seedlings were taken and planted into each black polybag (19 cm × 13 cm, height × width) containing 0.30 kg of unsterile or sterile soil as per the treatments (Muthuraja and Muthukumar, 2022). About 30 g of mica was added to the soil and thoroughly mixed for treatments involving mica. In addition, around 2 g of the carrier-based bacterial (67.65 ± 1.46 × 105 cfu/g) and fungal (57.00 ± 1.49 × 103 cfu/g) inoculum was placed below the seedlings in the respective treatments. For treatments involving both the KSMs a 2 g mixture of the two inoculums (in equal proportion) was inoculated. Treatments not involving KSMs were mock-inoculated with a similar quantity of heat-sterilized KSM inoculums (Muthuraja and Muthukumar, 2022).

After one week, adequate irrigation was provided initially to all the plants irrespective of treatments at regular intervals (once a day). The seedlings were maintained in this condition for the first 20 days of their establishment and development. After 20 days, the watering frequency (100 mL/bag) was reduced to twice a week. Initially, plants struggled to adapt to the reduced irrigation frequency but adapted within 3–4 cycles to the available moisture conditions. The last five cycles of watering were done after the plants exhibited wilting. Finally, sterile deionized water was applied to non-stressed plants. To assess changes in pH and available K, about 100 g of soil was collected from each replicate of each treatment at the end of the study.


 2.3.4 Assessment of plant growth and tissue nutrients

The plant roots were washed with tap water to free off adhering dirt. The shoot length and leaf area were determined by the procedure developed by Giday et al. (2013). The total root length was calculated using modified Newman’s line intersect technique (Tennant, 1975). After drying for 48 h in a preheated oven at 60–65°C, the biomass of the shoots and roots was assessed. Half the freshly harvested shoots and roots from each treatment were kept at -20°C for biochemical testing. The tissue K content of plants under drought was investigated using the methods described by Muthuraja and Muthukumar (2022).


 2.3.5 Percentage relative water content

Fresh leaves from each sample were weighed immediately (Fresh weight - FW) after the plant was harvested to evaluate the RWC. After that, the leaves were immersed in distilled water for 4 h before being examined for the turgid weight (TW). The leaves are then dried in a preheated oven at 70°C for 24 h and weighed by dry weight (DW). Sharp et al. (1990) proposed the technique for estimating the percentage of RWC as follows.

 


 2.3.6 Chlorophyll content estimation

The methods proposed by Parry et al. (2014) were used to determine the total chlorophyll content of the leaves. Fresh leaf samples (100 mg) were homogenized using a mortar and pestle in 10 mL of 80% acetone. For 10 minutes, the homogenate was centrifuged at 4000×g. The supernatant was utilized to calculate the chlorophyll concentration. The absorbance of the samples was measured at 645 and 663 nm using a spectrophotometer (Shimadzu, Japan).


 2.3.7 Measurement of antioxidant and non-antioxidant enzyme activity

After the end of the experimental period, the enzymatic (CAT) and non-enzymatic (proline) analysis of bacterial cells, fungal biomass (in vitro), and plant samples (in vivo) were determined according to the method described by Muthuraja and Muthukumar (2022).


 2.3.8 Evaluation of endophytic fungal root colonization

The roots cut into 1 cm pieces were cleared with 3% KOH at 85°C for 45 min, acidified with 5 N HCl, and stained with trypan blue (0.05%) for 24 h (Koske and Gemma, 1989). To make the root squashes, the individual dyed root bits were placed on glass slides with clear lactoglycerol, sealed with cover glasses, and squeezed. We used an Olympus BX51 compound microscope to examine the slides. For each root specimen, 150 intersections were observed at 40×. The percentage (%) of root length with total AM and DSE fungal colonization and fungal structures was assessed according to McGonigle et al. (1990). Microscopic images were captured with a ProgRes 3 digital camera attached to an Olympus BX51 trinocular microscope.



 2.4 Statistical analysis

The Kolmogorov-Smirnov test was used to evaluate the data for normality, and all measured values were expressed as mean ± standard errors (SE) (Storer et al., 2017). The data failing to satisfy normality were log-transformed prior to statistical analysis. Multiple comparisons were made using analysis of variance (ANOVA), and when the F values were significant (p< 0.05), Duncan’s multiple range test (DMRT) was employed to compare means. Finally, Pearson’s correlation was used to examine the correlations between the variables chosen. The IBM SPSS program version 21.0 was used for all statistical analyses. GraphPad Prism 6.0 and OriginPro 2021 software were used to compile the data and create the graphical images.



 3 Results

 3.1 Drought tolerance of A. violaceofuscus and B. licheniformis 

The cell number of B. licheniformis was 1.81–1.96 higher at 750 mg/L PEG amendment compared to the control ( Figure 1A ). The PEG concentration (F5,53 = 137.145) and PEG molecular weight (F2,53 = 71.602) significantly (p< 0.001) affected bacterial growth. Furthermore, the two-way interaction, concentration × PEG molecular weight (F10,53 = 2.343) significantly (p< 0.05), affected the bacterial growth.

 

Figure 1 | Growth (A), catalase activity (B), and proline content (C) of Bacillus licheniformis (KSB) in the presence of different molecular weights (4000 MW, 6000 MW, and 8000 MW) and concentrations (T0, 0 mg/L; T1, 250 mg/L; T2, 500 mg/L, T3, 750 mg/L; T4, 1000 mg/L; and T5, 1250 mg/L) of polyethylene glycol (PEG). Error bars represent ± 1 standard error. Bars for a molecular weight of PEG bearing the same letter(s) are not significantly (p > 0.05) different according to Duncan’s Multiple Range Test. 



Amendment of the culture media with 750 mg/L PEG increased the fresh and dry mass of A. violaceofuscus by 1.28, 1.43, and 1.40-fold and 1.41, 1.42, and 1.41-fold, respectively, than control ( Figures 2A, B ). Furthermore, the PEG concentration (F5,53 = 396.504 and 778.725) and PEG molecular weights (F2,53 = 130.784 and 461.635) significantly (p< 0.001) affected the fungal wet and dry mass. Moreover, the two-way interaction, concentration × PEG molecular weight (F10,53 = 18.293 and 84.291), was significant (p< 0.001) for the wet and dry fungal mass.

 

Figure 2 | Growth (A, B), catalase activity (C), and proline content (D) of Aspergillus violaceofuscus (KSF) cultured in the presence of different molecular weights (4000 MW, 6000 MW, and 8000 MW) and concentrations (T0, 0 mg/L; T1, 250 mg/L; T2, 500 mg/L, T3, 750 mg/L; T4, 1000 mg/L; and T5, 1250 mg/L) of polyethylene glycol (PEG). Error bars represent ± 1 standard error. Bars for a molecular weight of PEG bearing the same letter(s) are not significantly (p > 0.05) different according to Duncan’s Multiple Range Test. 




 3.2 Catalase activity in KSMs under drought

The bacterial isolate B. licheniformis (5.66–8.55-fold increase) and the fungal isolate A. violaceofuscus (3.68 – 8.10-fold increase) had the highest CAT activity at T3 concentration in different molecular weights of PEG, compared to T0 treatment ( Figures 1B ,  2C ). The PEG concentration (F5,53 = 139.83 and 661.586) and PEG molecular weight (F2,53 = 84.241 and 132.230) significantly (p< 0.001) affected the CAT activity of B. licheniformis and A. violaceofuscus. Furthermore, the two-way interaction, concentration × PEG molecular weight (F10,53 = 26.280 and 47.140), of the KSMs was significant (p< 0.001) for CAT activity.


 3.3 Proline content in KSMs under PEG

The proline content of B. licheniformis culture was 3.34–5.43-fold higher than the control when the medium was supplemented with 750 mg/L of different molecular weight PEG ( Figure 1C ). In the case of A. violaceofuscus, the proline content was 1.46 and 1.49-folds higher at 750 mg/L n in P4000 and P8000, respectively, than in control, while in P8000 it was 1.38-fold higher in 1000 mg/L compared to control ( Figure 2D ). The PEG concentration (F5,53 = 224.588 and 146.400) and PEG molecular weight (F2,53 = 16.366 and 40.875) significantly (p< 0.001) influenced the proline content of B. licheniformis and A. violaceofuscus. Also, the two-way interaction, concentration × PEG molecular weight, was significant for B. licheniformis (F10,53 = 1.996; p< 0.05) and A. violaceofuscus (F10,53 = 17.175, p< 0.001).


 3.4 Greenhouse experiment

 3.4.1 Effect of KSMs on plant growth

The KSM inoculation, along with mica amendment, soil types, and conditions, positively (p < 0.001) influenced the shoot and total root lengths, leaf area, shoot and root dry masses ( Table 1 ). However, soil conditions failed to influence (p >0.05) the root/shoot (R/S) ratio of the tomato plants ( Table 1 ). All the two-way interactions among the factors were significant for all the variables except for the interactions soil condition × soil type, mica amendment × soil type, and mica amendment × soil condition for R/S ratios. Similarly, all the three-way interactions were significant for all the variables except for the interactions mica amendment × soil type × soil condition for the shoot and total root lengths, mica amendment × microbial inoculation × soil type interaction for the dry shoot and root weights, and mica amendment × microbial inoculation × soil condition interaction for shoot dry weight. The four-way interaction among the factors was significant for all the studied variables except leaf area and R/S ratios ( Table 1 ).

 Table 1 | Results for MULTI-ANOVA analysis for the effect of potassium solubilizing microorganisms inoculation, mica amendment, soil type, and soil condition on plant growth, potassium uptake, and physiological and biochemical variables in tomato under drought. 



 3.4.1.1 Shoot length

The shoot length of KSM dual inoculated tomato plants was 4.10 and 4.22-fold higher in sterile Alfisol soil when compared to negative (without mica) and positive (with mica) control, respectively ( Table 2 ). Similarly, the shoot lengths of dual inoculated tomato plants in unsterile Alfisol soil were respectively 2.01 and 2.12-fold higher than the positive and negative control. In Vertisol soil, the shoot length of dual inoculated plants compared to negative and positive control was 2.16 and 2.45-fold and 2.27 and 3.38-fold higher in sterile and unsterile conditions.

 Table 2 | Influence of potassium solubilizing microorganisms (KSMs) inoculation on tomato growth under drought conditions in different soil type and condition. 




 3.4.1.2 Leaf area

The leaf area of dual inoculated tomato plants was 2.92 and 2.98-fold larger in sterile Alfisol soil when compared to the negative and positive control, respectively ( Table 2 ). Likewise, the leaf area of dual inoculated tomato plants in unsterile Alfisol soil was respectively 1.96 and 2.03-fold larger than the negative and positive control. The leaf area of dual inoculated tomato plants compared to negative and positive control was 2.19 and 2.93-fold and 1.81 and 1.98-fold higher in sterile and unsterile Vertisol soils, respectively.


 3.4.1.3 Total root length

The roots of dual-inoculated tomato plants were 9.05 and 11.79-fold longer in sterile Alfisol soil than the roots of tomato plants in the negative and positive control, respectively ( Table 2 ). Similarly, the total root lengths of dual inoculated tomato plants in unsterile Alfisol soil were 3.23 and 3.26-fold longer than the positive and negative control. In sterile Vertisol soil, the total root lengths of B. licheniformis and dual inoculated plants were 5.34 and 9.03-fold longer than the negative control and positive controls, respectively. However, in unsterile Vertisol soil, the total root lengths of dual inoculated tomato plants were 4.28 and 8.86-fold longer than the negative and positive control, respectively ( Table 2 ).


 3.4.1.4 Shoot dry weight

In Alfisol soil, the shoots of dual inoculated tomato plants compared to negative and positive control were 5.05 and 5.62-fold and 3.04 and 3.87-fold heavier in sterile and unsterile conditions, respectively ( Figures 3A, B ). In Vertisol soil, the shoot biomass of dual inoculated tomato plants compared to negative and positive control was 3.55 and 4.70-fold higher in sterile conditions and 3.61 and 3.93-fold higher in unsterile conditions ( Figures 3C, D ).

 

Figure 3 | Shoot (DWS) and root (DWR) dry weight of tomato grown in sterile and unsterile Alfisol (A, B) and Vertisol (C, D) soils amended or unamended with mica and inoculated or uninoculated with potassium solubilizing microorganisms under drought. T1, control (negative and positive); T2, Bacillus licheniformis inoculation; T3, Aspergillus violaceofuscus inoculation; T4, A. violaceofuscus + B. licheniformis inoculation. Bars bearing the same alphabet for a variable are not significantly (p > 0.05) different according to Duncan’s Multiple Range Test. 




 3.4.1.5 Root dry weight

Roots of dual inoculated tomato plants in Alfisol soil compared to negative and positive control were 6.69 and 5.32-fold and 4.39 and 9.00-fold heavier in sterile and unsterile conditions, respectively ( Figures 3A, B ). In Vertisol soil, the roots of dual inoculated tomato plants compared to negative and positive control were heavier by 5.29 and 8.04-fold in sterile condition and 5.84 and 7.27-fold heavier in unsterile condition ( Figures 3C, D ).


 3.4.1.6 R/S ratio

The R/S ratio of A. violaceofuscus and B. licheniformis inoculated tomato plants was 1.72 and 2.07-fold higher in sterile Alfisol soil when compared to the negative and positive control, respectively ( Table 2 ). Similarly, the R/S ratio of dual inoculated tomato plants in unsterile Alfisol soil were respectively 1.67 and 2.30-fold larger than the negative and positive control. The R/S ratio of dual inoculated tomato plants compared to negative and positive control was 1.48 and 1.72-fold and 1.60 and 1.84-fold higher in sterile and unsterile Vertisol soils, respectively.



 3.4.2 Effect of KSMs on K uptake

All the factors and their interactions positively influenced the shoot and root K content of tomato plants except for the two-way interactions soil type × soil condition and mica amendment × soil condition for root K ( Table 1 ).

 3.4.2.1 Shoot K content

Shoots of dual inoculated tomato plants raised in Alfisol soil had 4.03 and 8.69-fold and 1.46 and 3.08-fold higher K content than plants in negative and positive control in sterile and unsterile conditions, respectively ( Figures 4A, B ). In Vertisol soil, shoots of dual inoculated tomato plants contained 2.13 and 3.61-fold more K compared to negative and positive control under sterile soil conditions and 2.12 and 3.62-fold more K than negative and positive under unsterile conditions ( Figures 4C, D ).

 

Figure 4 | Shoot (SK) and root (RK) potassium content of tomato plants grown in sterile and unsterile Alfisol (A, B) and Vertisol (C, D) soils amended or unamended with mica and inoculated or uninoculated with potassium solubilizing microorganisms (KSMs). T1, control (negative and positive); T2, Bacillus licheniformis inoculation; T3, Aspergillus violaceofuscus inoculation; T4, A. violaceofuscus + B. licheniformis inoculation. Bars bearing the same alphabet for a variable are not significantly (p > 0.05) different according to Duncan’s Multiple Range Test. 




 3.4.2.2 Root K content

Roots of dual inoculated and B. licheniformis inoculated tomato plants raised in sterile Alfisol soil had 3.28 and 2.35-fold more K in their roots than the negative and positive controls, respectively ( Figures 4A, B ). However, in unsterile Alfisoil soil, dual-inoculated tomato plants had 4.39 and 3.39-fold more K content than plants of negative and positive control in sterile and unsterile conditions, respectively. In Vertisol soil, roots of dual inoculated tomato plants contained 1.36 and 2.29-fold more K than negative and positive control under sterile soil conditions. In unsterile Vertisol soil, the root K content of dual-inoculated tomato plants was respectively 1.86 and 2.03-fold higher than the negative and positive control ( Figures 4C, D ).



 3.4.3 Effect on %RWC

Inoculation of tomato plants with A. violaceofuscus and B. licheniformis with or without mica supplement, alone or in combination, significantly (p< 0.001) increased the %RWC under drought compared to controls. The %RWC was 1.33-fold higher for dual inoculated plants in sterilized Alfisol soil than for plants in the negative control and 1.38-fold higher for plants in the positive control ( Table 3 ). The %RWC of co-inoculated plants in unsterilized Alfisol soil was 1.32-fold greater than the negative control and 1.51-fold higher than the positive control. On double inoculation, in sterile Vertisol soil, %RWC was 1.45-fold higher than the negative control and 1.47-fold higher than the positive control. The %RWC of dual inoculated plants in unsterile Vertisol soil was respectively 1.71 and 1.27-fold higher than the negative and positive controls ( Table 3 ). All the main factors significantly influenced the %RWC. However, none of the interactions among the factors was significant ( Table 1 ). In both the soil types and conditions, the %RWC was significantly and positively correlated with all the investigated variables ( Figures 5A, B ).


 3.4.4 CAT activity in tomato plants under drought

All the main factors significantly influenced the CAT activity. Moreover, the two-way interactions mica amendment × microbial inoculation, mica amendment × soil condition, microbial inoculation × soil type, and microbial inoculation × soil condition were significant for CAT activity ( Table 1 ). However, the mica amendment × soil condition was not significant for CAT activity. The three-way interactions mica amendment × microbial inoculation × soil type, mica amendment × microbial inoculation × soil condition, and microbial inoculation × soil type × soil condition, were significant for CAT activity, while mica amendment × soil condition × soil type was not significant. The four-way interaction was significant for CAT activity ( Table 1 ).

The CAT activity was 2.58 and 2.18-fold greater in tomato plants raised in the sterile Alfisol soil in response to dual inoculation than in the negative and positive controls. In unsterile Alfisol soil, the highest CAT activity (2.57-fold) was observed in sole inoculation of B. licheniformis compared with the negative control. Likewise, when compared to the positive control, the CAT activity was 2.11-fold higher in dual-inoculated plants ( Table 3 ). In sterile Vertisol soil, the CAT activity was 2.43 and 2.23-fold higher on double inoculation than in the negative and positive control, respectively. In unsterile Vertisol soil, the CAT activity was respectively 1.91 and 2.14-fold higher with double inoculation than in the negative and positive controls ( Table 3 ). The CAT activity was significantly and positively correlated with all the plant growth parameters in the different soil types or conditions ( Figures 5A, B ).

 Table 3 | Influence of potassium solubilizing microorganisms (KSMs) on tomato growth under drought condition in different soil type and condition. 



 

Figure 5 | Pearson’s correlation coefficient (r) showing the relationship between growth, potassium content, relative water content, and antioxidant activity variables for tomato plants inoculated with potassium solubilizing microorganisms in the presence or absence of mica in different soil types and conditions (A, Alfisol soil; B, Vertisol soil) under drought (n=24). PH, shoot length; LA, leaf area; TRL, total root length; DWS, shoot dry mass; DWR; root dry mass; SK, shoot potassium content; RK, root potassium content; R/S, root/shoot ratio; RWC, relative water content; CAT, catalase and proline content; TCC, total chlorophyll content. *, **, *** significant at p< 0.05, p< 0.01, p< 0.001 respectively. 




 3.4.5 Proline content in tomato plants under drought

All of the major factors significantly impacted proline content in tomato plants. However, all the two-way, three-way (except microbial inoculation × soil type × soil condition) and four-way interactions among the factors were significant ( Table 1 ). Compared to the negative and positive controls, the proline content of tomato plants was 3.11 times and 3.18 times higher in dual inoculated, and A. violaceofuscus inoculated plants, respectively, in sterile Alfisol soil. Nevertheless, in unsterile Alfisol soil, the proline content of dual-inoculated tomato plants was 3.0-fold higher than the negative control and 3.41-fold higher than the positive control. Sole inoculation of A. violaceofuscus and dual inoculation of the KSMs increased the proline content of tomato plants by 3.18-fold and 3.0-fold, respectively, when compared to the positive and negative controls in unsterile Alfisol soil. Compared to the negative control, dual-inoculated plants had the highest proline content (a three-fold increase) in unsterile Alfisol soil. Similarly, the proline content of co-inoculated plants was 3.41-fold greater than the positive control ( Table 3 ).

In sterile Vertisol soil, the dual inoculated tomato plants had 1.10-fold and 2.99-fold higher proline content compared to the negative and positive control, respectively. Similarly, in unsterile Vertisol soil, the dual inoculated tomato plants had 1.16-fold and 3.28-fold higher proline content than the negative and positive control, respectively ( Table 3 ). The Proline content, were significantly and positively related to CAT and all plant growth factors and K content in different soil types and conditions ( Figures 5A, B ).


 3.4.6 Total chlorophyll content in tomato plants under drought

All the major factors significantly influenced the chlorophyll content of tomato plants ( Table 1 ). However, all the two-way, three-way (except microbial inoculation × soil type×soil condition) and four-way correlations were significant for all the studied parameters. All the main factors, except soil type, significantly influenced the total chlorophyll content in tomato leaves. The two-way interaction showed that mica amendment × inoculation, mica amendment × soiltype, soil type × inoculation, soil conidtion × microbial inoculation, and soil condition × soil type were significant for total leaf chlorophyll content. The three-way interactions between microbial inoculation × mica amendment × soil condition and microbial inoculation × soil condition × soil type were significant for all the studied factors. The four-way interaction was significant for leaf total chlorophyll content ( Table 1 ). In sterile Alfisol, the total chlorophyll content of dual inoculated plants was respectively 1.67 and 1.61 -fold higher than the negative and positive controls. In unsterile Alfisol soil, the total leaf chlorophyll content of dual inoculated plants was 1.54-fold higher than plants in the negative control, while the total leaf chlorophyll content of B. licheniformis inoculated plants was 1.22-fold greater than plants in the positive control. Dual inoculated plants had 1.53 and 1.65-fold higher total leaf chlorophyll content than plants in the negative and positive control, respectively, in sterile Vertisol soil. The total leaf chlorophyll content of co-inoculated plants in unsterile Vertisol soil was 1.72 and 1.90-fold greater than plants in negative and positive controls ( Table 3 ). In both the soil type and conditions, the leaf total chlorophyll content was significantly and linearly correlated to all the plant growth parameters, K content, CAT, and proline content ( Figures 5A, B ).


 3.4.7 Endorrhizal root colonization in tomato plants under drought

Inoculation of KSMs with or without mica significantly influenced the colonization of native AM and DSE fungi in tomato roots like percentage root length with intracellular linear hyphae (H)/hyphal coils (HC), arbuscules (AR)/arbusculate coils (AC), vesicles (V), DSE fungal hyphae (DSH), moniliform cells (MC) and total root length colonization (RLTC) ( Supplementary Figure S1 ). Bioinoculation of KSMs significantly influenced the %RLTC of AM and DSE fungi and root length with different AM and DSE fungal structures in tomato roots ( Table 4 ). The AM and DSE fungal structures were absent in tomato roots raised in sterile soils. In Alfisol soil, %RLH, %RLHC, %RLV, and %RLTC were 1.38, 0.62, 0.68, and 1.07-fold higher in dual-inoculated plants, respectively. The %RLAR and %RLMC of B. licheniformis inoculated plants were 1.15 and 1.25-fold higher, respectively. Similarly, compared to the negative control, the %RLAC and %RLDSH of plants inoculated with A. violaceofuscus alone were 1.33 and 1.19-fold higher, respectively. The %RLV, %RLMC, and %RLTC of dual inoculated plants were respectively 1.12, 1.53, and 1.10-fold higher than the positive control. However, the %RLH and %RLAC of B. licheniformis inoculated plants were 1.52 and 0.87-folds higher than the positive control. The %RLHC, %RLAR, and %RLDSH of A. violaceofuscus inoculated plants were 1.37, 1.49, and 0.75-fold higher than the positive control ( Table 4 ).

Similarly, in the Vertisol soil, the %RLH and %RLTC of dual inoculated plants were 1.75 and 0.99-fold greater than plants in the negative control. However, the %RLV and %RLDSH of plants inoculated with B. licheniformis was 0.98 and 1.06-fold higher than the negative control. The %RLHC, %RLAR, %RLAC, and %RLMC of A. violaceofuscus inoculated plants were 1.29, 1.16, 1.83, and 2.10-fold higher when compared to the negative control plants. Compared to the positive control, the %RLHC, %RLAC, %RLV, and %RLTC of dual inoculated plants were 0.57, 1.18, 0.58, and 1.04-fold higher. The %RLH, %RLAR, %RLDSH, and %RLMC of A. violaceofuscus inoculated plants were 1.91, 1.23, 0.99, and 0.79-fold higher than plants in the positive control ( Table 4 ). Mica supplementation significantly affected AM and DSE root colonization by indigenous fungi, as well as %RLHC, %RLV, %RLDSH, and %RLMC. However, KSMs inoculation significantly influenced AM and DSE fungal parameters, except %RLAC and %RLMC. Furthermore, all of the AM and DSE fungal variables, except for %RLMC and %RLTC, were substantially influenced by soil type. The two-way interaction, microbial inoculation×mica amendment, was significant for all AM and DSE fungal variables except %RLAR, %RLV, and %RLMC. For %RLAC and %RLDSH, the interaction soil type × mica amendment was not significant. The interaction, microbial inoculation × soil type, was considerable for all the fungal variables except RLAC and RLDSH. Except for RLAC and RLDSH, the three-way interaction microbial inoculation × mica amendment × soil type was significant for all endophytic fungal variables ( Table 5 ).

 Table 4 | Arbuscular mycorrhizal (AM) and dark septate endophytic (DSE) fungal in tomato roots inoculated with potassium solubilizing microorganisms in the presence and absence of mica under drought conditions in different soil types. 



 Table 5 | Results of the MULTI-ANOVA analysis for the influence of potassium solubilizing microorganisms inoculation and mica amendment on arbuscular mycorrhizal (AM) and dark septate endophyte (DSE) fungal colonization of tomato roots under drought conditions in different soil types. 






 4 Discussion

Microorganisms have developed a variety of mechanisms to tolerate different adverse environmental factors. In this study, A. violaceofuscus and B. licheniformis tolerated moisture stress and rapidly grew when exposed to different concentrations of PEG of different molecular weights. Hence, examining these KSMs’ capacity to thrive under osmotically stressful circumstances was critical. Similarly, Ghosh et al. (2019) also reported that Pseudomonas aeruginosa, Bacillus tequilensis, and B. endophyticus showed increased growth under PEG-induced osmotic stress. Likewise, Turco et al. (2005) evaluated the in vitro mycelial growth of Phytophthora quercina, P. cambivora, P. citricola, and P. cinnamomi and showed increased growth on basal media supplemented with PEG with molecular weights of 3350 and 6000. The fresh and dry fungal mass of A. violaceofuscus under PEG-induced osmotic stress conditions was considerably higher in the present study. This study shows that KSMs originating from saxicolous habitats can effectively tolerate drought conditions. Microorganisms adopt different physiological mechanisms like the production of exopolysaccharides, heat shock proteins, increased CAT activity, and solutes like glycine betaine, proline, and trehalose that improve enzyme thermotolerance and deter protein denaturation under moisture stress (Bérard et al., 2015). Moreover, the enhanced resource reallocation and reuse also help microorganisms to tolerate drought conditions (Ngumbi and Kloepper, 2016).

In this study, inoculation of drought-adaptive KSMs A. violaceofuscus and B. licheniformis supplemented with mica greatly influenced plant growth and K uptake compared to uninoculated tomato plants in different soils under drought conditions. The promotion of tomato growth by A. violaceofuscus is similar to a recent study in which soybean and sunflower plants inoculated with Aspergillus favus and A. violaceofuscus showed increased growth under heat stress (Ismail et al., 2019; Ismail et al., 2020). The current findings are consistent with those reported in different studies using different PGPMs and plant species (Waqas et al., 2012; Mishra et al., 2020). In the current study, the inoculation of KSMs and mica supplementation resulted in a greater total root length than uninoculated plants. The improvement in root characteristics can be due to the release of cellular osmotic stress caused by drought by the conditions provided (Mishra et al., 2020). Moreover, the increased K made available by the KSMs and mica amendment could have also contributed to enhanced root growth as K can improve the development and growth of roots (Sustr et al., 2019). Further, PGPMs also have the metabolic machinery to produce and exude plant growth hormones that can promote root growth in crop plants (Shi et al., 2017). The findings of the current study agree with the results of these studies.

The individual or combined inoculation with A. violaceofuscus and B. licheniformis, along with the mica supplement, ameliorated the effect of drought on the biomass and the R/S ratio of tomato plants. These observations are very similar to those observed by González-Teuber et al. (2018), who reported that inoculation of Penicillium minio-luteum in Chenopodium quinoa plant remarkably improved the shoot biomass and R/S ratio under drought conditions. The KSMs can have beneficial effects on plant growth directly and indirectly during water-limiting conditions (Kour et al., 2019; Muthuraja and Muthukumar, 2021a; Muthuraja and Muthukumar, 2021b). The drought tolerance of tomato plants could be attributed to the influence of KSMs on improved nutrient availability through organic acid production. Organic acids produced by PGPMs are shown to provide plants with available nutrients under drought stress (Basu et al., 2016). Besides, KSMs can also affect the production of functional biochemicals and their functions in addition to modifications in antioxidant activities, thus improving plant growth under drought conditions (Racić et al., 2018; Gowtham et al., 2020).

Drought stress affects the availability and transport of plant essential nutrients since they are transported to the roots through water in the soil (Ge et al., 2012; Begum et al., 2021). Microorganisms have an important role in making available the nutrients in the soil and their acquisition by roots, thereby indirectly improving plant growth (Begum et al., 2021). This study revealed that tomato plants inoculated with KSMs in mica-amended soils exhibited higher K levels under drought stress. Furthermore, KSMs may enhance the activities of antioxidant enzymes by improving the K content in tomato plants, which is involved in maintaining turgor pressure and reducing oxidative stress (Hemavathi et al., 2011). The findings reported in the current work align with those documented by Vázquez-de-Aldana et al. (2013), who observed a higher level of K in Festuca rubra inoculated with the endophytic fungus Epichloe festucae under drought.

Previous studies have shown that several environmental factors, including drought stress, can affect the chlorophyll content in plant leaves, leading to a reduction in photosynthesis (Tränkner et al., 2018; Liu et al., 2019; Khayatnezhad and Gholamin, 2021). Drought stress can greatly reduce the photosynthetic efficiency through modifications in leaf area, affecting chlorophyll development, increasing lipid peroxidation, and enhancing chlorophyll degradation (Khayatnezhad and Gholamin, 2021). Hence, there is a presumption that plants possessing an ability to retain higher chlorophyll concentration under drought stress can be more tolerant to moisture stress and maintain higher growth and biomass production. Our results show that combined inoculation of KSMs along with mica application enhanced total chlorophyll content and %RWC of the tomato plants compared to plants in control. Previously, Gowtham et al. (2020) reported a higher %RWC and chlorophyll content in tomato plants inoculated with Bacillus subtilis than uninoculated plants under drought stress. Alwhibi et al. (2017) also reported an improved synthesis of chlorophyll in drought-stressed tomato plants on inoculation with Trichoderma harzianum, which confirms the results of the present study.

Furthermore, Li et al. (2018b) demonstrated a strong relationship between plant growth and total chlorophyll concentration. This is also evidenced in the present study, where a significant relationship existed between total chlorophyll content in tomato leaves and plant biomass under drought in both soil types. Therefore, the present study hypothesizes that enhanced chloroplast synthesis through increased %RWC and nutrient availability improved the chlorophyll content of drought-stressed tomato plants inoculated with KSMs containing mica fertilizers.

Previously Feng et al. (2019) suggested that KSMs augment the activity of plant antioxidant enzymes under various stress conditions. In this study, CAT activity and proline content were higher in tomato plants inoculated with KSMs under mica supplementation. This is consistent with previous studies involving maize and Azospirillum brasilense (Fukami et al., 2018), perennial ryegrass and Aspergillus aculeatus (Li et al., 2021), and Ocimum basilicum and Bacillus lentus, A. brasilense, and Pseudomonas sp (Heidari and Golpayegani, 2012).

Generally, KSMs reduced the negative effects of drought stress on tomato plants by increasing proline levels (Shintu and Jayaram, 2015). Gowtham et al. (2020) reported that B. subtilis inoculated tomato plants showed promising drought stress tolerance through increased proline secretion, which corroborated our findings. Proline is a key component in maintaining cell membranes and protein structures (Kavi Kishor et al., 2015). Moreover, proline improves the production and storage of energy by inducing nitrogen metabolic developments under stress conditions by replacing water, thus providing stability to the main structures (Qu et al., 2018; Meena et al., 2019). Proline content in plants increases under stress conditions to maintain osmotic potential-inducing tolerance, as evidenced by its correlation with %RWC.

In this study, treatment of KSMs, either with or without mica enrichment, influenced root colonization of tomato plants by native AM and DSE fungi. Even though the relevance of AM fungi in assisting plant development during drought is well recognized, DSE fungi can also assist the host plant during drought. Endorrhizal fungal colonization in tomato roots was reduced by soil moisture stress. This agrees with a previous study, where drought stress was shown to reduce the mycorrhization of plant roots (Chen et al., 2020). Lower colonization rates are most likely due to limited carbon supply from drought-stressed host plants and drought-induced suppression of fungal spore germination and hyphal development in the rhizosphere soil (Amiri et al., 2015). In addition, organic matter is known to impact the function of soil microorganisms such as PGPMs and AM fungi, allowing them to deliver plant nutrients required for healthy growth (Jacoby et al., 2017). Our findings are in accordance with those of Elsharkawy et al. (2012), who investigated the influence of Fusarium equiseti on Funneliformis mosseae colonization in cucumber plants. Li et al. (2018a) also reported that some crop plants benefit from the fungi under drought stress conditions, which is evidenced by increased root colonization levels of DSE fungi during drought stress. The increased colonization levels of endorrhizal fungi in response to A. violaceofuscus and B. licheniformis inoculation clearly suggests that these microorganisms can help improve the formation and functioning of endorrhizal symbiosis of plants under drought stress.


 5 Conclusion

In this study, the KSMs A. violaceofuscus and B. licheniformis tolerated different levels of PEG-induced moisture stress through increased CAT activity and proline production. Moreover, these KSMs imparted drought tolerance in tomato plants when inoculated individually or dually with or without mica amendment by improving root elongation and total chlorophyll content under water-limiting conditions. The findings of this research further indicate that under drought conditions, amendment of mica, in addition to dual inoculation, considerably increased tomato plant growth and K absorption in both the Alfisol and Vertisol soils. Furthermore, co-inoculation with KSMs enhanced the %RWC of the tomato plants, CAT activity, and proline content. In addition, dual inoculation of A. violaceofuscus and B. licheniformis had a stimulatory effect on the endorrhizal symbiosis. Nevertheless, additional field research is required to confirm if the plant improvement potential of these KSMs under controlled greenhouse conditions is translated under varied agro-climatic conditions. Our findings suggest that these KSMs originating from the saxicolous habitats possess the potential to be developed as bio-inoculants for improving crop growth in drought-stressed environments.
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Planting spacing plays a key role in the root system architecture of the cotton group under local irrigation. This study used the Cellular Automata (CA) theory to establish a root visualization model for the cotton group at two different planting spacing (30 and 15 cm) within a leaching-pond. At a planting spacing of 30 cm, the lateral roots grew almost horizontally toward the irrigation point, and a logarithmic relationship was observed between root length density and soil water suction. However, at a planting spacing of 15 cm, the lateral roots exhibited overlapping growth and mainly competed for resources, and a power function relationship was observed between root length density and soil water suction. The main parameters of the visualization model for each treatment were essentially consistent with the experimental observations, with respective simulation errors were 6.03 and 15.04%. The findings suggest that the correlation between root length density and soil water suction in the cotton plants is a crucial driving force for the model, leading to a more accurate replication of the root structure development pathway. In conclusion, the root system exhibits a certain degree of self-similarity, which extends into the soil.
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1 Introduction

The root is an important organ of the plant for obtaining water and nutrients from the soil and has the function of anchoring the plant. The efficiency of water and fertilizer absorption in plants is significantly influenced by the spatial distribution of their root system (Fernández and Simmonds, 2006; Liang et al., 2007; Yan et al., 2007). Observing the root growth process of field crops is challenging, which can hinder effective irrigation and fertilization of the root zones. Uneven soil moisture resulting from localized irrigation can lead to an asymmetric distribution of root architecture (Ning et al., 2015; Zanetti et al., 2015; Khan et al., 2016; Meshram and Mahajan, 2017), which adversely impact the plant’s stability and the water uptake efficiency of its root system. The uniformity of the soil wetting zone affects the distribution of roots, agronomic traits (such as plant height, leaf area, harvest index, and total biomass), as well as the accumulation of total photosynthetic products and ultimately the yield of the crop (Liu et al., 2006; Sun et al., 2014). Therefore, a precise technical designing of a localized irrigation and fertilization system can facilitate control over the morphological development of root systems (Lynch and Brown, 2012; Smith and De Smet, 2012; Wen et al., 2015).

The competition among plants plays a vital role in shaping the structure and dynamics of a community, especially with regard to the availability of nutrients and water in the soil and assimilation of such resources by competing root systems (Hortal et al., 2017). Roots are dynamic, tip-growing structures located at the base of a plant that facilitate the absorption of water and nutrients from the soil (Thomas, 2017). The soil environment impacts plant competition for soil resources and changes root growth (Larios and Suding, 2015), presenting gravitropism and hydrotropism, respectively (Su et al., 2017). Gravitropism is an important response of plant growth to the soil environment, which drives the roots downward, allowing the roots to reach the soil for its primary function (Chen et al., 1999; Strohm et al., 2013). Hydrotropism is the growth response of a plant in which the growth direction is determined by a stimulus or a gradient in the concentration water, showing a growth regulated by the roots toward the humid zones (Miyazawa et al., 2011). Hydrotropism, among other root tropisms, can be considered as a direct mechanism for drought avoidance.

Advances in computing power have helped to model explicit root architecture (Cao et al., 2008; Li et al., 2011). A three-dimensional (3D) morphological model of rice roots based on Visual C++ 6.0 was constructed by observing and analyzing the morphological characteristics of roots treated with various varieties, water and nitrogen. The model extracted morphological parameters from the rice roots (Xu et al., 2010). This research not only enabled the 3D visualization of the growth process of rice roots but also established the foundations for developing a comprehensive system for visualizing rice root growth. Kalbacher et al. (2011) developed a coupled root–soil growth model based on the Richards equation. These findings formed the basis for a multi-root competitive growth model within a spatial network. Tan et al. (2011) used the platform of OpenGL and realistic visualization technologies to integrate the parameters and topology of a root morphology model to construct a 3D display model of the wheat root axis, thus enabling the 3D visualization of the wheat root system. Dupuy et al. (2010) developed a growth and function root growth model based on the dynamic relationship between the root density distribution and individual root development parameters.

The SimRoot model can be used to simulate the root architecture of the 40-day crop for soybean (tap root system) and maize (fibrous root system) (Postma and Lynch, 2010). The Lindenmayer System (L-system) in fractal theory is widely used for establishing the visual models of plant root architecture. Leitner et al. (2010) developed a plant root growth model based on the L-system using the modular approach and defining the growth rules, and the results can be applied to different soil types. Zhong et al. (2008) established a 3D simulation system that employs L-system differential system theory combined with infographics to visualize the growth of soybean root growth. This approach resulted in an intuitive and continuous graphical representation of soybean root growth. However, current research on root modeling has primarily concentrated on individual plant root system, with the majority of studies focusing on fibrous root systems. These investigations have explored root growth, morphological structure, and tropism using simulation studies. Nonetheless, there is a dearth of literature on the simulation of root structure in crop groups, especially when it comes to applying Cellular Automata (CA) theory. L-system is a computerized reduction of root architecture based on fractal theory and parameters are known independent of its extrinsic environmental conditions. CA is an effective tool for modeling root growth under varying soil environmental conditions, such as stress and drought. This method characterizes the spatial distribution of water stress, which guides the root’s tropism as it moves through the soil environment. In fact, root growth is predominantly driven by hydrotropism, which responds to the water status of the soil environment. When evaluating root growth in plant group located in the soil wetting zones, it is essential to consider the impact of root competition for water and fertilizer resources, as this competition is primarily driven by hydrotropism. Root growth and root water absorption are tightly interconnected processes. Roots tend to grow in areas of high moisture content or humidity. Therefore, we hypothesized that the root system of the cotton group is predominantly characterized by tropic growth. To describe the distribution characteristics of the root system of the cotton group in the soil wetting zones, we present a conceptual model of root architecture using the CA theory.

The objectives of this study were (1) to investigate the relationship between the root length density of cotton group and soil water suction, (2) to establish the root system architecture model by CA theory, and (3) to reproduce the development route of the cotton’s group root system architecture.




2 Materials and methods



2.1 Experimental design

The experiment was carried out from April to September 2015 in the Key Laboratory of Modern Water-saving Irrigation of Shihezi University (86˚03’27”E, 44˚18’25”N; Altitude 451 m). The cotton variety was “Xinluzao 23”. In the growing period of the cotton (May–August), the average rainfall was 15–30 mm. The annual rainfall was 180–270 mm and the annual evaporation was 1105.4 mm. The dimension of the leaching-pond was (length × width × depth, cm × cm × cm) 110 × 80 × 60 (Supplementary Figure S1). The experimental treatment design involved setting two different cotton planting spacing treatment: one with a spacing 30 cm and another with a spacing of 15 cm (Figure 1). Fifteen repetitions per treatment were used to the three growth stages of cotton (Bud stage, Flowering stage, and Boll stage, five repetitions per stage). Additionally, three repetitions are used to slice root and two repetitions are used to get the root architecture), resulting in a total of 30 leaching-ponds (2 × 15). There are three cotton plant in each of leaching-pond. To prevent groundwater interference, the bottom and surrounding areas of the leaching-pond were fully covered with plastic film. In order to form different soil wetting patterns, each treatment was irrigated from only one side of the leaching-pond at any given time (Figure 1, the irrigation point is fixed, relying entirely on matric potential to transport the water horizontally).




Figure 1 | Cotton planting spacing and sampling point setting. (A) 30-cm planting spacing. (B) 15-cm planting spacing.



The experiment focused on observing and measuring three stages of cotton development that are known to have contrasting root development, Bud stage (June 24–July 11), Flowering stage (July 12–31), and Boll stage (August 1–18). The root system morphology is basically established at the Flowering stage. The irrigation and fertilization scheme for each leaching-pond in the experiment was the same. Fertilizer was poured in the water. The total amount of fertilization in each leaching-pond throughout the growing stage was Nitrogen fertilizer 119.6 g, with a nitrogen content of 46.4%, Phosphate fertilizer (ammonium potassium phosphate) 74.0 g, with a P2O5 content of 51.5%. The irrigation and fertilization scheme is shown in Table 1. To facilitate monitoring of the soil wetting area during irrigation, the soil surface was left uncovered with plastic film. Rain protection measures were taken for the cotton during the rainfall process to ensure effective water treatment.


Table 1 | Irrigation and fertilization scheme.






2.2 Experimental method



2.2.1 Soil

Although three cotton plants were present within the soil wetting zone, there was a noticeable difference in soil moisture levels between the areas near and far from the irrigation point in the root zone. According to the USDA textural soil classification (Soil Survey Staff, 2011), the percentage content of clay particles (particle size< 0.002 mm), silt particles (particle size 0.002–0.05 mm) and sand particles (particle size 0.05–0.25 mm) of the experimental soil were 13.36, 37.91, and 48.73%, respectively. So the soil texture in the experiment was medium loam. The soil bulk density was 1.589 g/cm3, porosity was 42.8%, and field capacity was 26.73% (volume water content). The soil moisture characteristic curve was measured with the 1500 F1 pressure film instrument produced by the American Soil Moisture Equipment Corp. (SEC) company. Given that the soil used for each experimental treatment was collected from the same field, three replicates were performed for each leaching-pond, with a total of 30 leaching-ponds being installed. van Genucheten (1980) model was used to fit the soil water characteristic curve. The relationship between soil water suction and soil volumetric water content was fitted by the exponential function distribution equation. The equation was as follows:

 

Where,   is soil water content;   is soil residual water content;   is soil saturated water content;   are independent fitting parameters;   is the soil water suction,  . Fitting parameters from experimental data are shown in Table 2.


Table 2 | The parameters of equation (1).



The soil was sieved and the leaching-pond was filled with the sieved soil at the end of April 2015. Seeds were sown on May 9, seedlings were fixed on June 10, and then irrigation began.




2.2.2 Root

The vertical distribution of soil moisture was determined by the oven drying method. To obtain the vertical distributions of soil moisture, soil sample was collected at 10 cm intervals up to a depth of 60 cm, using a custom-made soil core with a diameter of 1 cm to minimize disruption of root growth within the soil. The horizontal sampling points were at the irrigation point and the middle position of the cotton plant, respectively (the sampling points 1, 2, 3, and 4 are shown in Figure 1).

The grid bidirectional soil sectioning method and the excavation method were used to obtain root samples. Bidirectional grid soil sectioning method was used to obtain root samples for root density distribution analysis. The total root was divided by bidirectional slicing method (Figure 2A); the root samples were collected horizontally from plant within a width of 15 cm and vertically at a depth of 10 cm until the edge of the leaching-pond was reached, with a volume of 15 cm × 15 cm × 10 cm being collected for each sample (Figure 2B). The root samples were rinsed and then placed on scaled paper to take pictures after collecting and cleaning them (Figure 2C). The camera details are Nikon COOLPIX, NIKKOR, 3X OPTICAL ZOOM, 6.2–18.6 mm, 1: 2.8–5.2 Long Lens, 3x Optical Zoom, 1600 dpi, and ISO 125-1600), followed by vectorization of the root images using R2V software. Finally, the vector result files were processed with Microsoft Office Access 2016, and the root length was calculated. The root lengths in each section were added to get the total root length. The total root length divided by the corresponding soil volume is the root length density. All the root samples were dried in an oven at 65°C at a constant mass. The root dry weight was weighed with an electronic balance of 0.001 g. Then, the root weight density was measured.




Figure 2 | Methods for root imagens analyses. (A) Schematic diagram of sampling and sectioning. (B) Soil sample after slicing. (C) Root samples with scaled paper for taking pictures.



The process of root architecture of whole plant extraction is as follows: selecting a cotton plant for sampling involves using an iron shovel to dig around the side roots at the bottom of the cotton plant, clearing the soil of debris and large particles, and gently cutting the cotton root system to avoid damage. Once the whole root system is exposed, it should be carefully removed from the soil while cleaning the surrounding area. Any damaged or injured roots should be removed with scissors, and only healthy and intact roots should be retained. Finally, the entire cotton root system should be sent to the laboratory for analysis. The length of both the main root and lateral roots was measured using a tape measure, while the diameter of these roots was measured with a vernier caliper that has an accuracy of 0.02 mm. The angle between the lateral root and the main root in the depth direction was measured using a protractor.




2.2.3 Root length density and root weight density

The root length density of cotton group at 30- and 15-cm planting spacing was measured, respectively. As root weight was measured for all root samples from bidirectional grid soil sectioning method of all soil samples in the leaching-ponds experiment, while root length was only measured with three replicates per treatment, this study calculated the root length density by fitting the root length density and root weight density to obtain that for all samples. The root weight density was regression fitted to obtain the relationship between the root weight density and the root length density. Given the larger diameter of root axis, the corresponding relationship between root length density and root weight density at the root axis location was different from that at other locations. The regression fitting relationship was as follows.

Root axis location:

 

Other locations:

 

Where, RLD is the root length density, m/m3; RWD is the root weight density, g/m3.




2.2.4 Root length density and soil water suction

The relationship between root length density and soil water suction was determined based on the principle of root tropism competition growth. Among them, the relationship between root length density and soil water suction was

30-cm planting spacing:

 

15-cm planting spacing:

 

Where   is the root length density, m/m3; S is soil water suction; MPa, a, b, c, and d are fitting parameters.





2.3 Model

The CA model divides the space of motion into multiple cells using a specific grid form. This grid is well suited for dynamically simulating the spatiotemporal evolutionary process of complex systems. CA is a simulation method that uses local rules and connections, with each point on the grid representing a cell with a finite state. The rules of variation are applied to each cell and simultaneous. A typical rule of change depends on the status of the cell and its neighbors (4 or 8) (Figure 3A). The main features of a tuple automaton are as follows: (1) the space is discrete, (2) the time is discrete, (3) the states take values that are discrete, and (4) the rules of evolutionary operations are local. The programming code should be as simple as possible to minimize the number of operations.




Figure 3 | Cellular Automata model process. (A) The Composition diagram element of Cellular Automata. (B) Schematic diagram of evolution rules of Moore neighboring regions.





2.3.1 Basic theory of CA model

The CA model is composed of four key components: Cells, States, Neighbors, and Rule. Here, the soil is a cell in a cellular space. At any given time, a cell can only have one state, which is a finite state of the soil. Neighbors are defined as the cellular sets surrounding a cell, and they impact the cell’s state in the next moment. The Rule refers to the root growth dynamics within the soil grid. By following the same action rules and synchronous updating, every cell in the regular grid takes on a finite, discrete state. Through simple interactions based on local rules, a large number of cells form a dynamic evolutionary system. The CA model can be described in the following equation:

 

Where CS is a finite set that it is individual cell state, N is the neighbor of the cells, t is the time, and f is the cellular move from the initial state to the next state under the local transformation rules, that it is section 2.3.2.




2.3.2 CA model of the root growth of cotton group

The root growth model for the cotton group was modeled separately at different growth stages in this research. As a result, time was not considered when designing the CA model for the root growth process. The relationship between root length density and soil water suction was determined by fitting experimental data using Equation (4, 5), which was then used as the evolutionary rule in the CA model. In this paper, the CA model for simulating the dynamic changes in root growth can be defined as follows:

 

	(1) Cells were the cell of cotton root growth, denoted as Cell (x, y) (where x is for horizontal and y is for vertical), representing 2D CA. Since root growth was irreversible, the determination of the cellular state in the CA model was also irreversible. The 2D space for simulating the root architecture of cotton group plants was as follows: horizontal direction is 110 cm (length of the leaching-pond), vertical direction is 60 cm (depth of the leaching-pond), the unit was determined as cm, and the cell size was 0.5 cm × 0.5 cm.

	(2) States was the cell state. The classic model of CA was defined on a 2D grid (length × depth: 110 cm × 60 cm), and the state was represented by a matrix of 1 and 0. Where, 1 means there is a root, 0 means there is no root. The growth process of the root system in the CA model involved a change in the state value of the cellular unit from 0 to 1.

	(3) Neighbors were the cell neighboring regions, which was the domain of Rules. The neighboring regions of the Cell (x, y) was denoted as N [Cell (x, y)]. The CA neighbors were all Moore neighboring regions (Figure 3A). That is, the 2D grid of the cotton root growth space in CA model assumed that cell 0 was the initial position of the cell, 1 was the start of growth, the root system grows in the direction of cells 2, 3, 4, 5, and 6 on the vertical plane (Figure 3B).

	(4) Rule was the evolution rules of the CA model for the root growth of the cotton group determined the growth route of the root system. Each rule determined whether a cell would be a 0 or a 1 in the next generation, depending on the pattern. These rules are similar to totalistic CA, but they use continuous functions for both the rule and states, resulting in continuous states. The status of a location is represented by a finite number of real numbers. Using certain CA, it is possible to yield diffusion in liquid patterns.



According to the principle of hydrotropism for crop root growth, a relationship between the root length density of cotton group and soil water suction was formulated as the evolutionary rule for a CA model. Initially, a matrix representing the starting position of the roots (state 0) was determined by simulating the root growth process on a 2D soil space using CA theory. The rule governing the growth process was that the roots seek out moisture to facilitate growth (moving from state 0 to state 1). Finally, the root growth route for the cotton group was determined in the soil wetting areas (Figure 3B).





2.4 Statistical analysis

The data of soil and cotton plant were analyzed by using SPSS 22 and Excel 2016. The graphic representations of the data were produced by using Origin 2022b, and the model was implemented with MATLAB R2016a.





3 Results



3.1 Distribution of soil water suction

The roots of the cotton group grew toward areas of high soil moisture, which influenced the development of their root system architecture. The distribution of soil matric suction played a crucial role in this process. When the same irrigation quota was used, the soil water suction distribution in the soil wetting zone of both 30- and 15-cm planting spacing showed that the further away from the irrigation point, the greater the soil water suction. However, since the planting spacing in 30 cm was twice as larger as that in 15-cm planting, the soil moisture environment for the cotton group roots in 15-cm planting spacing was found to be better than that in 30-cm planting spacing, as shown in Figure 4.




Figure 4 | Contour map of soil water suction (MPa). (A) Flowering and Boll stage 12h after irrigation in 30-cm planting spacing. (B) Flowering and Boll stage 12h after irrigation in 15-cm planting spacing. (C) Flowering and Boll stage 3d after irrigation in 30-cm planting spacing. (D) Flowering and boll stage 3d after irrigation in 15-cm planting spacing.



After 12 hours of irrigation for 30-cm planting spacing (including two cotton plants, Figures 1A, 4A), the water stress degree was small. However, the soil water suction at the depth of 0- to 20-cm soil layer was less than 1.5 MPa at the horizontal distance of 70–100 cm from the irrigation point (the position of cotton 3). After 3 days of irrigation (Figure 4C), only the soil water suction at the 15- to 20-cm soil depth within 40 cm from the horizontal distance of the irrigation point (including cotton 1) was less than 1.5 MPa in 30-cm planting spacing, the cotton in other locations was severely water stressed. It indicated that cotton was most susceptible to water stress under this treatment. In particular, cotton 3 was always under water stress conditions, so that the root system of cotton 3 not only grew hydrotropism but also had few lateral roots (Figure 5A). After 12h of irrigation for 15-cm planting spacing (Figure 4B), the soil water suction at the depth of 0–60 cm was far less than 1.5 MPa within 50 cm of the horizontal distance from the irrigation point (including three cotton plants, Figure 1B). After 3 days of irrigation (Figure 4D), the cotton was subjected to water stress of the lower soil layer in 15-cm planting spacing, only the soil water suction of 0- to 30-cm soil layer was less than 1.5 MPa. The soil water suction of the soil layer below 0- to 30-cm was all greater than 1.5 MPa. Among them, cotton 3 received relatively greater water stress. The results showed that the third cotton plant with 15-cm planting spacing was affected by intermittent water stress. Despite this, the root system exhibited hydrotropism, and the lateral root density was found to be higher than that observed in plant grown with 30-cm planting spacing.




Figure 5 | Root system architecture of the cotton group in Boll stage. (A) 30-cm planting spacing. (B) 15-cm planting spacing.



To account for variations in the soil water characteristic curves across different parts of the leaching-pond, the soil water suction of each leaching-pond was expressed as relative values. This enabled the establishment of a unified dynamic relationship for root architecture development. The relative values of soil water suction were normalized using Min-Max Normalization. Additionally, curve fitting was performed after averaging the data, as shown in Figure 6. Since the planting spacing of cotton group at 30 cm is wider, a single cotton plant’s root system can occupy a greater volume of soil space, but its root length density is lower. As a result, the reduction in root density with an increase in soil water potential is relatively small for the cotton plants planted at 30 cm. When cotton plants are spaced 15 cm apart during planting, the available space for each plant’s root system is relatively small. As a result, the root density increases and the roots overlap more within a limited soil moisture zone; the root length density decreases more rapidly with soil water suction compared with 30 cm.




Figure 6 | Relationship between root length density of the cotton group and soil water suction. (A) Bud stage of 30-cm planting spacing. (B) Bud stage of 15-cm planting spacing. (C) Flowering stage of 30-cm planting spacing. (D) Flowering stage of 15-cm planting spacing. (E) Boll stage of 30-cm planting spacing. (F) Boll stage of 15-cm planting spacing.






3.2 Relationship between root density and soil water suction

In this study, root density includes root length density and root weight density. The fitting relationship of the root axis location and other locations is shown in Figure 7. As the plant location in the leaching-pond is stationary, the main root (root axis location) thickened as the root growth, while the length of lateral roots (other locations) mostly increased. For the main root, root weight and thickness increased with root diameter (Figure 7A). For lateral roots, the relationship between root weight density and root length density was nearly linear (Figure 7B). The findings indicated that the lateral root diameter was mostly fixed, and root weight increased linearly with root length. Analysis of the dispersion between main and lateral roots based on the fitted relationship of root density reveals that when the root weight density reaches a certain level, the root length density no longer increases. At this point, there are few lateral roots near the main root, and the lateral roots grow in the space away from the main root. No new lateral roots emerge from the main root.




Figure 7 | Fitting relationship of root density. (A) Root axis location. (B) Other locations.



The experiment results showed that the growth status of the cotton root system was affected by the degree and methods of water stress, resulting in significant differences in the final root architecture showed. Therefore, there exists a close relationship between the spatial distribution of soil water and the distribution of cotton root architecture. The relationship between root length density and soil water suction differed between the 15- and 30-cm planting spacing due to the plants farther away from the irrigation point being at the edge of the soil wetting zone under water stress. By fitting the curve (Equation 4 corresponds to the 30-cm planting spacing, and Equation 5 corresponds to the 15-cm planting spacing.), the parameter values in the relationship can be obtained, as shown in Table 3. The relationship between root length density and soil water suction follows a logarithmic and a power function relationship at planting spacings of 30 and 15 cm, respectively. The range of fitting accuracy for root length density and soil water suction at a planting spacing of 30 cm is 0.755–0.847, while the corresponding accuracy range for a planting spacing of 15 cm is 0.865–0.895.


Table 3 | Fitting parameters of the fitting curve of root length density and soil water suction.






3.3 Root architecture of the cotton group

Roots tend to grow toward areas where water suction is lower, indicating higher water availability. This causes the root architecture to deform, and the distribution of lateral roots is no longer symmetrical along the main root. Figure 5 showed the root system architecture of the cotton group in the Boll stage (August 18) for 30- and 15-cm planting spacing (the left side was the irrigation point, and the right side was cotton 1, cotton 2 is middle cotton, and cotton 3 is the cotton far from the irrigation point, as shown in Figure 1. Removing the plant changed less of the root structure, but it does not affect the overall of the root system architecture.).

In 30-cm planting spacing (Figure 5A), the average lateral root diameters of cottons 1, 2, and 3 were 2.96, 2.89, 2.06 mm, and the average lateral root lengths were 66.1, 46.7, and 48.0 cm, respectively. The average angle between the main and lateral roots was greater than 80°, among them, the lateral roots of cotton 3 grow toward the irrigation point at a direction close to 90°. The number of lateral roots of cotton 2 growing in the direction of irrigation point accounted for more than 90% of the total number of lateral roots. The cotton 3 far away from the irrigation point all grew in the direction of the irrigation point, but the number of lateral roots was only 30–40% of the number of lateral roots of cotton 1. In 15-cm planting spacing (Figure 5B), the average lateral root diameters of cottons 1, 2, and 3 were 1.86, 2.26, 3.38 mm, and the average lateral root lengths were 62.1, 65.6, and 71.2 cm, respectively. The average value of the main root and lateral root angle was about 70°. The lateral root diameter of cotton 2 and 3 became larger, especially the maximum diameter of the lateral root of cotton 3 reached 5.68 mm, and the longest lateral root was 121.6 cm. The number of lateral roots of cottons 1 and 2 was basically the same, while the number of lateral roots of cotton 3 was significantly larger than the two. The results showed that the lateral root length of the cotton root increased and the angle between the main and lateral roots decreased with the decrease in the water stress degree. The roots of the group plants had different tropisms and competitive growing states.




3.4 Simulation of root system architecture

The simulation process of root growth under CA model is shown in Figure 8. When using the code (Appendix 1) to simulate, the soil volumetric water content (θv) used was the measured value in the experiment, and the soil water content in the CA grid (0.5 cm × 0.5 cm) was subdivided by interpolation. After inputting the Equation (1) (S, θv) into the model, the functional relation Equation(4, 5) ( ) was then inputted for cyclic calculation. Initially, the simulated diagram was unclear in terms of the response of the root distribution. However, it clearly reflected the extent of the soil moisture zone, indicating that the root system grows primarily in the moisture zone (Supplementary Figure S2). This shows the range of root growth, whereas the essence of root-to-water growth indicates that the soil moisture distribution should be present in the root-growing zones, but not necessarily in soil moisture distribution zones. After formatting the function (imshow), the simulation effect diagram of the cotton group in the Boll stage of 30- and 15-cm planting spacing was shown in Figure 9.




Figure 8 | Flow chart of root simulation.






Figure 9 | Simulation effect diagram of root system architecture of the cotton group. (A) 30-cm Planting spacing. (B) 15-cm planting spacing.



The root system architecture of the cotton group obtained by the CA model was consistent with the parameters observed in the experiment, such as mostly the angle between the tap root and lateral root was 90° for planting spacing is 30 cm (Figure 9A) and not shown for planting spacing is 15 cm (Figure 9B). The cotton root architecture of each treatment showed the characteristics of growth hydrotropism (horizontal growth of lateral root). However, the number of lateral root of the “umbrella”-shaped root architecture was less when subjected to strong water stress or longer stress time. Although the number of lateral roots was relatively more under shorter water stress. In the case of a 30-cm planting spacing, the cotton roots extended toward the irrigation point, with the angles between the main root and lateral root being mostly 90°, accounting for about 68.0% of the total number in the experiment. The remaining angles were around 45°–50°, and these results were relatively consistent. While the simulation results for 15-cm planting spacing showed that the lateral root overlapped densely, and the angle between the main and lateral root was large, which was consistent with the observation that the overlap of cotton group root increased with the growth stage.

The root density of the three cotton plants under 30-cm planting spacing differed greatly. The root density of cotton near the irrigation point was always high during the growth stage. The cotton root at the edge of the soil wetting zone grew slowly, and the root density was always small. The root system architecture of the cotton group of 15-cm planting spacing was significantly different in the early stage of the growth. The root density far away from the irrigation point was relatively small. However, the root density of the three cotton plants gradually approached as the growth stage progressed.





4 Discussions



4.1 Effect of soil water on root growth

In this study, the fertilizer was irrigated with water, and the spatial distribution of fertilizer in the soil was basically the same as that of soil moisture. Therefore, the relationship between the spatial distribution of soil water suction and root length density of cotton group was selected as the driving force for the development of cotton root architecture, to reflect the growing trend of root system architecture of the cotton group. The root system will grow toward the most suitable water and fertilizer environment. The growth of cotton roots depends on the accumulation of root biomass, and its growth process could be expressed by root length density. Under different soil moisture environments, the root length density of cotton group is not the same.

As the surrounding and bottom of the leaching-pond were separated by plastic film, it was difficult for groundwater and surrounding soil water to supply water to the cotton root layer. After 3 days of irrigation (Figure 4C), some of the water infiltrated into the soil below the root layer, but it is sucked back to the root layer by the action of subsequent root water absorption, resulting in an increase in the soil matrix suction below the root layer. Because the water seeping from irrigation is in the soil, gravity and water pressure action are involved. The soil water content decreases as the water leaks out, and the suction force of the soil gradually increases, sucking back the water seeping into the soil (Filipović, 2020). Therefore, it is necessary to analyze the correlation between root growth parameters and soil moisture parameters in the modeling process (Guswa, 2010) and root degree of plasticity in the soil environment (Hu et al., 2006).

The relationship between the root weight density and the root length density of the lateral root was almost linear, indicating that the diameter of the lateral root was almost fixed and the weight of the root increased as the root length increased (Figure 7B). The relationship between root length density and root weight density lays the foundation for simulating root diameter and helps to improve the accuracy of the model. The larger the root diameter, the heavier the root weight and the thicker the simulated root is. When the degree of dispersion between the main and lateral roots was examined using the fitting relationship of root density, it was discovered that the root weight density increased to a certain extent while the root length density did not. There were few lateral roots near the main root at this time, and the lateral roots extended to the space away from the main root. A new lateral root has not been formed on the main root. In addition to soil environmental factors, ecological factors of the cotton root have an impact on the simulation accuracy of the root system architecture. The relationship between the significant changes in root diameter throughout the whole growth stages of cotton and the driving forces selected in the model needs to be further investigated.

The decrease in root length density with increasing soil water suction reflects the effect of matric potential on root growth, as predicted by physical models to a greater extent (de Jong van Lier et al., 2008; Shimazaki et al., 2015; Ng et al., 2016). However, we found that the competition for soil water between cotton plants has intensified, resulting in a reduced in total root volume and average root length. The degree of root overlap was intensified in areas with limited soil moisture, resulting in a significant reduction in the water absorption capacity of the root system. When soil water suction increased, root elongation rate decreased (Leung et al., 2015). Plant physiological and ecological mechanisms showed that root distribution and plant growth interact are proportional to plant size and root characteristics (McPhee and Aarssen, 2001). In this study, the root length density of the cotton group decreased with increasing soil water suction, which was consistent with the physiological and ecological mechanism of root growth, that is, the roots grew toward water (Figure 3). The growth of root density was closely related to root suction at different planting spacing. The results showed that the cotton root length density decreased slightly as soil water suction increased in 30-cm planting spacing. Cotton planting spacing in 15 cm was small when compared with 30-cm planting spacing. The space occupied by only one cotton root system was smaller, so the root was denser and the root density was high. The simulated results were found to be in good agreement with the experimental observation, highlighting the effectiveness of the proposed research methodology and exhibiting hydrotropism and competitive growth, which need to further investigation. Additionally, the growth characteristics of the cotton plants were reflected in the simulated results (Supplementary Plant analysis, Supplementary Figure S3). It was found that altered root growth affected the cotton canopy, with weak growth observed in plants with a planting spacing of 30 cm, while vigorous growth was observed in plants with a spacing of 15 cm.




4.2 Analysis of the accuracy of CA model

The CA method, used to establish the root growth model of cotton group, is based on the fractal theory. Theoretical knowledge includes the self-similar development of the root system according to a certain law, the hydrotropism of root growth. The fractal dimension reflects the basic characteristics and spatial distribution of root water uptake and serves as an indication of root water uptake capacity. This method is compatible with the root growth of the cotton group within the range of the soil wetting area, as both rely on soil moisture as a factor in guiding root growth through hydrotropism. The results of this study reflect the self-similarity characteristics of root extension pathways in the soil.

The root density was simulated using CA model and plotted base on the grid density of root occupation. The resulting root coverage rate exhibited a trend consistent with the distribution of relative value of cotton root density observed in the experiment, as shown in Figure 10. The comparison between the experimental results for 30- and 15-cm planting spacing and the trend line of relative root density values simulated by the model revealed simulation errors of 6.03 and 15.04%, respectively. The CA was thus utilized to simulate the distribution of the cotton group’s root system architecture, relying on the relationship function between root length density and soil water suction. This approach effectively reflects the key characteristics of root growth, which involves the uptake of water by the roots.




Figure 10 | Comparison of relative values of root length density. (A) 30-cm planting spacing. (B) 15-cm planting spacing.



The error generated when using CA to simulate the root structure of cotton group was not only related to the uneven distribution of soil moisture and root physiological factors but also related to the soil pore structure and its changes. Soil was considered as a homogeneous porous medium in the modeling, but in fact many large pores would appear in the soil under alternate dry and wet conditions. In fact, there will be many large pores in the soil under the alternating action of dry and wet conditions (Deepagoda et al., 2011; Amoakwaha et al., 2017), and the distribution of macropores often has statistical fractal characteristics (Martínez et al., 2010; Almquista et al., 2018; Mohammadi et al., 2019). The root tips begin to bend after sensing the moisture and nutrients in the soil, forming the preferred path for plant root growth (Leung et al., 2015; Shimazaki et al., 2015). If the physical characteristics of the pores (pore size, curvature, etc.) were considered in the root architecture model, the process of root growth with bending might be reproduced and the simulation accuracy can be improved. It was showed in this research, the smaller the CA grid is, the more accurate the model will be, and the closer the simulated root architecture will be to the actual root shape.

The CA model has a wide range of applications, including simulating root growth through grid-based modeling, predicting the distribution of plant growth and soil moisture, and providing support for water resource management and environmental protection. This method can also be used to study the effects of different pollutants on plant roots, predict the distribution and growth of roots in polluted soil, and evaluate the root morphology and growth characteristics of different crop varieties, providing a scientific basis for crop variety screening and improvement. In summary, the CA model is an effective tool for researchers to understand and manage natural systems such as plants, soils, and ecosystems.





5 Conclusions

In this study, we used the CA model to simulate the root architecture of cotton group base on the function of root length density and soil water suction. The relationship between root length density and soil water suction followed logarithmic and power functions for the cotton plants with a planting spacing of 30 and 15 cm, respectively. This similarity of the root architecture simulation was determined by the fineness of the 2D grid division in the soil wetting area. The simulation results indicated a significant agreement between the visualized root architecture of each treatment and the experimental observations. Notably, the lateral roots showed horizontal growth at 30-cm planting spacing of cotton group, whereas at 15-cm spacing, they were densely overlapped. The simulation errors for the 30- and 15-cm planting spacing were 6.03 and 15.04%, respectively. In addition, when planted with a spacing of 30 cm, cotton plants were found to be sensitive to water stress due to their relatively shallow root system. The lateral roots of the cotton plants grew almost 90° away from the irrigation point. In contrast, when planted with a spacing of 15 cm, only the cotton plants located far from the irrigation point experienced intermittent water stress. In this case, the lateral roots of the cotton plants were thick, overlapping, and competed for resources. Our simulations have yielded insights into the root system architecture of cotton plants grown under varying planting spacing and water stress conditions. These results serve as a foundational basis for developing theories on crop planting spacing for future applications.
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Salt stress is a major adverse environmental factor limiting plant growth. Nitrogen (N) application is an effective strategy to alleviate the negative effects of salt stress on plants. To improve the knowledge of the mechanism of N application on alleviating salt stress on rapeseed seedlings, a pot experiment was conducted with four N application treatments (0, 0.1, 0.2, and 0.3 g N kg−1 soil, referred to as N0, N1, N2, and N3, respectively) and exposed to non-salt stress (0 g NaCl kg−1 soil, referred to as S0) and salt stress (3 g NaCl kg−1 soil, referred to as S1) conditions. The results indicated that in comparison with non-salt stress, salt stress increased the Na content (236.53%) and reactive oxygen species (ROS) production such as hydrogen peroxide (H2O2) (30.26%), resulting in cell membrane lipid peroxidation characterized by an increased content of malondialdehyde (MDA) (122.32%) and suppressed photosynthetic rate (15.59%), finally leading to inhibited plant growth such as shorter plant height, thinner root neck, lower leaf area, and decreased dry weight. N application improved the plant growth, and the improvement by N application under salt stress was stronger than that under non-salt stress, suggesting that rapeseed seedlings exposed to salt stress are more sensitive to N application and require N to support their growth. Moreover, seedlings exposed to salt stress under N application showed lower ROS accumulation; increased photosynthesis; higher antioxidants such as catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR), and ascorbic acid (AsA); and greater accumulation of osmotic substances including soluble protein, soluble sugar, and proline, as compared with seedlings without N application. In particular, the best improvement by N application under salt stress occurred at the N2 level, while too high N application could weaken the improvement due to inhibited N metabolism. In summary, this study suggests that moderate N application can improve photosynthesis, antioxidants, and osmoregulation to alleviate the adverse effects of salt stress in rapeseed seedlings.
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1 Introduction

Rapeseed (Brassica napus L.), with a long history of cultivation, is an important oil crop due to its high-quality oil for human consumption. However, salt stress has become a detrimental abiotic stress that limits crop growth and decreases grain yield. It was reported that approximately 7% of the land has been affected by salinity over the world (Munns and Tester, 2008). In particular, approximately 20% of agricultural land and 33% of irrigated agricultural land have been affected by salt, and the total salinized land is increasing at the rate of 10% annually (Shrivastava and Kumar, 2015; Machado and Serralheiro, 2017). Plants exposed to salt stress could suffer from the high concentration of a salt ion in the soil. It was demonstrated that the high concentration of sodium (Na+) and chlorine (Cl−) in saline soil could destroy the normal physiological process in plants (Zhao et al., 2021). The severity of salt stress relies not only on the concentration of a salt ion but also on the growth stage, such as the seedling stage, flowering stage, or maturity stage. Usually, plant salt tolerance is weaker during early growth stages than in later stages, such as seed germination and seedling growth. Rapeseed plants during the seedling stage are the most sensitive to salt stress during their whole life (Shah et al., 2022). Salt stress occurring during the seedling stage is devastating, resulting in poor growth and development, finally leading to decreasing product because of the weak tolerance of plants against salt stress at the seedling stage. Therefore, more research should be focused on the salt tolerance of rapeseed during a range of growth stages, especially the seedling stage.

Under salt stress, electrons with high energy are transferred to molecular O2 to produce the reactive oxygen species (ROS), including superoxide anion (O2−1), hydroxyl free radicals (OH−1), singlet oxygen (1O2), and hydrogen peroxide (H2O2) (Rasool et al., 2013; Shahzad et al., 2022). Generally, the production and scavenging of ROS maintain a dynamic balance in the plant (Tuna et al., 2008). However, salt stress could lead to a considerable accumulation of ROS, which exceeds the ability of the elimination system, finally resulting in cell membrane lipid peroxidation. Malondialdehyde (MDA) is the final product of cell membrane lipid peroxidation in the plant. Concurrently, the excessive production of ROS at low concentrations can act as signals to activate the defense system of antioxidants. To counter the damage of ROS accumulation, plants evolved a subtle self-protective system comprised of enzymatic antioxidants (like catalase (CAT), superoxide dismutase (SOD), and glutathione reductase (GR)) and non-enzymatic antioxidants (such as ascorbic acid (AsA)) (Ahmad et al., 2010). In particular, SOD catalyzes the reduction of O2−1 to H2O2 and O2. H2O2, which is a toxic substance for the cell, can be reduced to H2O by CAT (Dietz et al., 2016). AsA is used as a reductant to reduce H2O2 to H2O (Abogadallah et al., 2011). GR plays an important role in synthesizing glutathione, which is another reductant to reduce ROS (Kaya et al., 2020). Additionally, salt stress could lead to osmotic stress, preventing the plant from absorption of water and nutrients (Chen et al., 2010). In this circumstance, plants can be induced to produce a series of osmotic substances to prevent cell dehydration including soluble protein, soluble sugar, and proline. These osmotic substances play an important role in assisting plants in osmotic adjustment (Hatami et al., 2018).

Photosynthesis is a basal process in plant biomass accumulation and yield formation. Under low salt stress, plants prefer to reduce the stomatal opening to alleviate the damage and maintain normal photosynthesis. However, the ability of self-protection in the plant has certain limitations. Once the salt-ion content in soils reaches a certain level, plant photosynthesis is severely inhibited. Previous studies had been reported that lower water content in plants under salt stress could decrease H2O and CO2 uptake and therefore reduce photosynthesis (Gomez-Cadenas et al., 2002; Yuan et al., 2014).

Nitrogen (N) is a macro-element for crop growth and production. N is a component of substances including nucleic acids, protein, chlorophyll, and other N metabolites (Zhang et al., 2021). Several N-containing substances can be mediated by salt stress and contribute to the tolerance to salt stress by participating in the eliminating ROS, osmotic adjustment, and recovery of photosynthesis (Dluzniewska et al., 2007; Sudmalis et al., 2018). Plants can absorb two forms of inorganic N sources (ammonium (NH4+) and nitrate (NO3−)) from the soil by root system (Dechorgnat et al., 2019). Then, nitrate reductase (NR) and nitrite reductase (NiR) could catalyze NO3− into NH4+, which can be converted into amino acid through glutamine synthetase (GS) and glutamate synthase (GOGAT) (Xu et al., 2012). Nevertheless, salt stress always reduces the N uptake of plants. It was reported that the N accumulation in rapeseed under salt stress was decreased due to the decreased activities of NR, GS, and GOGAT (Wang et al., 2012). Therefore, N application is considered an effective way to enhance the resistance to salt stress and improve plant growth.

Previous studies showed that plant growth was affected by the interaction between N and salt stress, and the effect of N on salt-stressed plants was closely associated with the N rate. For example, excessive N application can effectively alleviate the negative effects of salt stress in maize (Akram, 2014). Similar results were reported in tomatoes that supra-optimum N was more effective to alleviate salt stress as compared with optimum N (Singh et al., 2016). Contrastingly, moderate N application could mitigate the adverse effect of salt stress, while excessive N application aggravated the harmful effect of salt stress in rice and wheat (Ibrahim et al., 2019; Liu et al., 2020). Other studies also showed that excessive N application could cause secondary salinization (Soussi et al., 1998; Lacerda et al., 2016). Therefore, the appropriate rate of N application is the key to alleviating the effects of salt stress, and there was no consistent regular N requirement under salt stress among different species. However, little has been well documented on the interactive effects of salt stress and N on rapeseed plants from the physiological perspective. To this end, the aims of this study were to a) explore the effects of salt stress on the seedling growth and physiological index in rapeseed and b) determine the alleviative effects of N application on rapeseed seedlings through photosynthesis, ROS scavenging system, and osmotic adjustment.




2 Materials and methods



2.1 Experimental design

This pot experiment was conducted in 2021 and repeated in 2022 at Yangzhou University (32.30°N, 119.43°E), Jiangsu Province, China. The cultivar of Zheyou50, widely grown in China, was used in this experiment. The soils used in this experiment were collected from a plow layer, which was sandy loam with pH 7.1, 1.34% organic matter, 1.2 g kg−1 total N, 13.8 mg kg−1 available P, and 80.1 mg kg−1 available K. Dimension of these plastic pots used in this experiment was 35 cm × 30 cm (height × diameter), and these pots were without holes at the bottom to avoid leakage of nutrient or a salt ion. Each plastic pot contained 10 kg of dry soil.

A completely randomized design was arranged in this study with two levels of soil salinity and four levels of N rate, with 10 pots for each treatment (every pot was considered a replication). The salt stress was achieved by adding sodium chloride (NaCl) into soils, including 3 g NaCl kg−1 soil with an equivalent electrical conductivity (EC) of 7.3 dS m−1 (referred to as S1), and the soil without added NaCl was considered non-salt stress with an equivalent EC of 0.26 dS m−1 (referred to as S0). The relevant quantity of NaCl was dissolved in 3 L of distilled water and was added to the soil in the pots before sowing, and then the saline soil was mixed fully to ensure the saline was well-distributed. The N treatments (as urea fertilizer) included 0, 0.1, 0.2, and 0.3 g N kg−1 soil (referred to as N0, N1, N2, and N3, respectively). The N fertilizer was treated as basal fertilizer before sowing. Moreover, all the pots were applied with triple-superphosphate and potassium sulfate fertilizers at the rates of 0.20 and 0.24 g kg−1 soil as basal fertilizer before sowing.

Ten seeds with uniform size were sown in each pot on 14 October in every experimental year, which is the usual time when the rape seeds were sown in the field. All the pots were thinned to three plants per pot at the fourth leaf and fifth leaf stages. All the pots were placed in the awning without any screen to keep the temperature, light intensity, and humidity inside the awning consistent with the outside environment. The plastic film above the awning was used to cover the pots when rain was expected and was removed as soon as the rain stopped. Tap water (0.4 dS m−1) was used as the source of irrigation during the experiment.




2.2 Measurements



2.2.1 Plant growth traits

The seedling was sampled on the 30th day after sowing. The plant height and root neck diameter were measured. The leaf area was determined with a leaf area meter (Model LI-3100, Lincoln, NE, USA). Then, the seedling was dried at 80°C and weighed.




2.2.2 Photosynthesis

Photosynthetic parameters such as net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) were measured at the 30th day after sowing using a portable photosynthesis system (LI-6400, USA). The data were obtained from the second and third top leaves from 09:00 to 11:00 on sunny days. The light-saturating photosynthetic photon flux density was set at 1,200 μmol m−2 s−1. The CO2 concentration in the leaf chamber was set at 400 μmol mol−1.

The instantaneous carboxylation efficiency (CE) was estimated following the method of da Silva et al. (2019). The formula of CE was as follows:

	




2.2.3 Physiological assessment

On the 30th day after sowing, the second and third fully expanded leaves were collected from rapeseed seedlings. Fresh samples were frozen immediately using liquid N and then stored at a low-temperature freezer (−80°C) for physiological measurements, including H2O2, MDA, SOD, CAT, GR, AsA, soluble protein, soluble sugar, and proline. These physiological traits were determined using commercial enzyme-linked immunosorbent assay (ELISA) kits provided by Shanghai Enzyme-linked Industrial Co., Ltd., Shanghai, China. One gram of fresh leaf sample of rapeseed seedlings was mixed with 9 ml of 50 mM/L phosphate buffer solution (pH = 7.8). Simultaneously, the mixture was added with quartz sand, ground in ice condition, and then centrifuged at 15,000 r/min for 20 min at 4°C. The prepared supernatant and the standard substrate were mixed and reacted for 30 min at 37°C. The plate was washed five times. Then, the enzyme reagent was added and reacted for 30 min at 37°C; after this step, the plate was rinsed five times again. Next, the stain was added for 10 min at 37°C, followed by adding the stop solution. Finally, the optical density (OD) value was read at 450 nm.




2.2.4 N and Na assessment

The leaf N content was determined using the elemental analyzer (Vario MAX CN, Elementar Co., Langenselbold, Germany). The leaf Na content was determined according to the flame photometer method.




2.2.5 Statistical analysis

The results were not statistically different between the two experiments; therefore, the data were pooled for analysis. The analysis of variance (ANOVA) was performed with SPSS Statistics 20 software (SPSS Inc., Chicago, IL, USA). Means were compared by least significant difference (LSD) at the p = 0.05 level. Relationships among rapeseed seedlings’ growth traits, photosynthesis, and physiological parameters were evaluated using Pearson’s correlation analysis. Graphs were prepared using Origin 9.0 software (OriginLab Corp).






3 Results



3.1 Changes in growth traits and ROS content

The ANOVA results (Figures 1, 2) indicated that the salt and N significantly affected the plant height, root neck diameter, leaf area, dry weight, H2O2 content, and MDA content; the interactive effect between salt and N was significant for most parameters except root neck diameter.




Figure 1 | Effects of salt stress on the growth of rapeseed seedlings under different N levels. (A) plant height, (B) root neck diameter, (C) leaf area, and (D) dry weight. S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg−1 soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1, 0.2, and 0.3 g N kg−1 soil. Different letters indicate significant differences at p = 0.05. Probability levels are indicated by ns and ** for not significant and 0.01, respectively.






Figure 2 | Effects of salt stress on ROS accumulation in rapeseed seedlings under different N levels. (A) Hydrogen peroxide (H2O2) and (B) malondialdehyde (MDA). S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg−1 soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1, 0.2, and 0.3 g N kg−1 soil. Different letters indicate significant differences at p = 0.05. Probability level is indicated by ** for 0.01. FW, fresh weight.



Salt stress significantly inhibited the growth of rapeseed seedlings. Under the same N rate, salt stress significantly reduced the plant height, root neck diameter, leaf area, and dry weight of rapeseed seedlings (Figure 1) while increasing the content of H2O2 and MDA (Figure 2). As compared with S0N0, the plant height, root neck diameter, leaf area, and dry weight under S1N0 were reduced by 44.30%, 28.64%, 61.99%, and 69.19%, respectively; the contents of H2O2 and MDA were increased by 30.26% and 122.32%, respectively.

N application improved the seedling growth under both non-salt stress and salt stress. Under the S0 condition, as the N rate increased, plant height, root neck diameter, leaf area, and dry weight increased and peaked at the N3 level, although there was no significant difference between N2 and N3 treatments except plant height. Under the S1 condition, N application enhanced plant growth, which peaked at the N2 level. Moreover, the changes (except root neck diameter) by N application under salt stress were higher than those under non-salt stress. For example, under the S0 condition, the plant height, leaf area, and dry weight under the N2 treatment were 59.35%, 176.08%, and 74.65%, respectively, higher than those under the N0 treatment. Contrastingly, under the S1 condition, the N2 treatment increased these traits by 87.34%, 369.29%, and 331.92% as compared with the N0 treatment. In addition, the N application showed negative effects on H2O2 and MDA. As the N rate increased from N0 to N2, the content of H2O2 and MDA under salt stress decreased significantly; then, the contents increased when the N rate continued to increase to N3. Similarly, the alleviative effect of N on MDA content under salt stress was stronger than that under non-salt stress. Under the S0 condition, the N2 treatment reduced the MDA content by 25.76% as compared with the N0 treatment. The reduction under the S1 condition was 45.97%.




3.2 Changes in photosynthesis

The ANOVA results (Table 1) exhibited that salt, N, and the interaction between salt and N significantly affected Pn, Gs, Ci, Tr, and WUE, except for the interaction on Ci.


Table 1 | Effects of salt stress on the photosynthesis in the rapeseed seedlings under different N levels.



The salt stress significantly decreased the Pn, Gs, Tr, and CE of rapeseed seedlings. The salt-stressed seedlings showed average reductions of 15.59%, 20.45%, 13.58%, and 25.43% in Pn, Gs, Tr, and CE, respectively, as compared with seedlings under non-salt stress. Conversely, salt stress averagely increased Ci by 13.05%.

N application increased Pn, Gs, Tr, and CE. Under the S0 condition, the Pn, Gs, Tr, and CE significantly increased with the N rate increasing from N0 to N2; there was no significant difference between N2 and N3. Under the S1 condition, the N2 level produced the highest values of Pn, Gs, Tr, and CE, whereas they decreased as the N application increased to N3. Moreover, the increments in Pn, Gs, Tr, and CE by N application under salt stress were greater than those under non-salt stress. For instance, under the S0 condition, the N2 treatment increased Pn, Gs, Tr, and CE by 115.01%, 52.48%, 44.08%, and 189.67%, respectively, as compared with the N0 treatment, while these increments under the S1 condition were 143.07%, 75.20%, 86.24%, and 228.09%, respectively. The Ci showed a constant decrease as the N rate increased from N0 to N2, and there was no significant difference between N2 and N3 under both S0 and S1 conditions.




3.3 Changes in antioxidants

The ANOVA results (Figure 3) showed that salt stress and N significantly affected the activities of enzymes (SOD, CAT, and GR) and the AsA content, except salt on GR activity; the interaction between salt and N significantly affected all these parameters, except CAT activity.




Figure 3 | Effects of salt stress on antioxidants in rapeseed seedlings under different N levels. (A) Superoxide dismutase (SOD), (B) catalase (CAT), (C) glutathione reductase (GR), and (D) ascorbic acid (AsA). S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg−1 soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1, 0.2, and 0.3 g N kg−1 soil. Different letters indicate significant differences at p = 0.05. Probability levels are indicated by ns and ** for not significant and 0.01, respectively. FW, fresh weight.



Salt stress increased the activities of enzymes (SOD and CAT) and the AsA content. As compared with S0, the S1 treatment averagely increased the activities of SOD and CAT by 64.11% and 21.25%, respectively, and increased the AsA content by 19.62%. The effect of salt stress on GR activity depended on the N rate. Generally, salt stress significantly increased the GR activity under the N1 level, while it significantly decreased under the N3 level. Under the N0 and N2 levels, salt stress had no significant effect on GR activity.

N application increased the activity of antioxidant enzymes and the content of non-enzymatic antioxidants under both non-salt and salt stress conditions. Under the S0 condition, the activities of SOD and CAT, and the AsA content increased with the increase of the N rate and had the highest value in the N3 level. The activity of GR increased as the N rate increased from N0 to N2 and then decreased at N3. However, under the S1 condition, the activities of SOD, CAT, and GR showed a significant increase when N application increased from N0 to N2 and then significantly decreased at the N3 level, except the AsA content, which showed a constant increase with the increase in N application.




3.4 Changes in osmotic substances

Salt and N significantly affected the content of soluble protein, soluble sugar, and proline; the interaction between salt and N also had a significant effect on these parameters (Table 2).


Table 2 | Effects of salt stress on the osmotic substances in the rapeseed seedlings under different N levels.



Salt stress improved the synthesis of these osmotic substances. As compared with S0, S1 averagely increased the content of soluble protein, soluble sugar, and proline by 30.37%, 8.03%, and 32.55%, respectively. N application further increased the content of soluble protein, soluble sugar, and proline. Under the S0 condition, the content of soluble protein and proline peaked at the N3 level, while the highest soluble sugar content was recorded at the N2 level. Under the S1 condition, the content of soluble protein, soluble sugar, and proline increased significantly as the N rate increased from N0 to N2, and marginal decreases were produced at the N3 level.




3.5 Changes in N metabolism

The ANOVA results (Figure 4) indicated that salt and N and their interaction significantly affected the activities of GS and GOGAT.




Figure 4 | Effects of salt stress on N metabolism in rapeseed seedlings under different N levels. (A) Glutamine synthetase (GS) and (B) glutamate synthase (GOGAT). S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg−1 soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1, 0.2, and 0.3 g N kg−1 soil. Different letters indicate significant differences at p = 0.05. Probability level is indicated by ** for 0.01. FW, fresh weight.



The effects of salt stress on N metabolism depended on the N application rate. Under N0 and N1 levels, salt stress increased the activities of GS and GOGAT. However, under N2 and N3 levels, salt stress showed negative effects. In particular, under the N3 level, S1 treatment decreased the activities of GS and GOGAT by 21.49% and 22.57%, respectively.

N application enhanced the activities of GS and GOGAT, with different change tendencies under between S0 and S1 conditions. In particular, under the S0 condition, the GS activity showed a constant increase with the increasing N rate and peaked at the N3 level, and the activity of GOGAT peaked at the N2 level, which was comparable to that at the N3 level. Conversely, under the S1 condition, the activities of GS and GOGAT increased with the increase in N from N0 to N2 and then decreased at N3.




3.6 Changes in N and Na contents

The ANOVA results (Table 3) indicated that N significantly affected leaf N content, while salt showed no significant effect on it. N, salt, and their interaction significantly affected leaf Na content. The leaf N content increased significantly as the N rate increased from N0 to N2, and there was no difference between the N2 and N3. Regarding leaf Na content, salt stress significantly increased it by 236.53%. However, the N application reduced the leaf Na content under both S0 and S1 conditions. Under the S0 condition, leaf Na content with the N2 treatment was 22.40% lower than the N0 treatment. This reduction was 34.00% under the S1 condition.


Table 3 | Effects of salt stress on the leaf N and Na contents in the rapeseed seedlings under different N levels.






3.7 Correlation analysis

The results of correlation analysis (Figure 5) showed that the plant height, root neck diameter, leaf area, dry weight, and photosynthetic rate were negatively related to the content of H2O2, MDA, and Na under salt stress, whereas they were positively related to the activities of SOD, CAT, and GR and content of AsA, soluble protein, soluble sugar, proline, and N. Moreover, the activities of GOGAT and leaf N content showed a positive relationship with the activities of enzymes (SOD, CAT, and GR), AsA content, photosynthetic rate, and content of soluble protein, soluble sugar, and proline.




Figure 5 | Pearson’s correlation analysis of plant growth, ROS, photosynthesis, antioxidant, osmoregulation, and N metabolism under salt stress. PH, plant height; RND, root neck diameter; LA, leaf area; DW, dry weight; Pn, photosynthetic rate; Gs, stomatal conductance; Ci, intercellular CO2 concentration; Tr, transpiration rate; CE, instantaneous carboxylation efficiency; H2O2, hydrogen peroxide; MDA, malondialdehyde; PRO, proline; SP, soluble protein; SS, soluble sugar; SOD, superoxide dismutase; CAT, catalase; AsA, ascorbic acid; GR, glutathione reductase; GS, glutamine synthetase; GOGAT, glutamate synthase; Ncon, leaf N content; Nacon, leaf Na content; ROS, reactive oxygen species. Probability levels are indicated by * and ** for 0.05 and 0.01, respectively.







4 Discussion

At present, salt stress frequently occurs around the world. Although rapeseed is considered a moderate salt-tolerant crop, its physiological and biochemical processes are disrupted under a heavy saline environment (Wang et al., 2022). In this study, we found that salt stress inhibited rapeseed seedling growth and photosynthesis while increasing Na content, ROS accumulation, and product of cell membrane lipid peroxidation as well as improved the antioxidants and accumulation of osmotic substances. N application alleviated the adverse effect of salt stress on photosynthesis, ROS metabolism, and osmoregulation, therefore enhancing seedling growth.

Salt stress always inhibits plant growth symbolized by suppressed leaf expansion and lower biomass accumulation, which could be alleviated by N application (Tian et al., 2022). In our study, the plant height, root neck diameter, leaf area, and dry weight under salt stress were significantly decreased as compared with those under non-salt stress (Figure 1). That may be due to altered and disrupted cell division and elongation under salt stress (Pitann et al., 2009). However, N application increased these traits with the highest increments recorded at N2. Moreover, these improvements by N application under salt stress were greater than those under non-salt stress, indicating that seedlings exposed to salt stress are more sensitive to N application and require N to support their growth.

Photosynthesis is a carbon fixation process that is closely related to biomass accumulation and affected by salt stress and N application. In the previous study, salt stress decreased plant H2O and CO2 uptake by reducing stomatal opening and therefore reducing photosynthetic rate (Sikder et al., 2020). Contrastingly, different results in our study showed that salt stress decreased Gs, whereas it increased Ci, indicating that CO2 supply was not decreased because of the effect of salt stress on stomatal and already exceeded that required for photosynthesis. CE, an important indicator of Rubisco activity in the photosynthesis system, was decreased under salt stress. Normally, the reduction of photosynthesis under salt stress could be attributed to the co-effects of stomatal limitation and non-stomatal limitation. These findings demonstrated that non-stomatal limitation might be the main reason for the inhibited photosynthesis in rapeseed seedlings under salt stress, such as photosynthetic enzymatic activity. Similar results were reported that suppression in photosynthesis under salt stress could be correlated with non-stomatal limitations, such as decreases in the activity of RuBP carboxylase and chlorophyll degradation (Xu et al., 2019). Moreover, our results indicated that the decreased Gs and Tr under salt stress might be associated with a tolerance mechanism. Studies had demonstrated that most Na+ in plants under salt stress is absorbed by the transpiration stream (Moradi and Ismail, 2007). Therefore, reduced Tr through closing stomatal may inhibit Na+ absorption, which can protect plants from salt stress. N is a basic element for the synthesis of protein and plays an important role in plant photosynthesis. Expectedly, N application improved Pn, Gs, Tr, and CE to strengthen the photosynthesis system by mitigating the adverse effect of salt stress on physiological processes such as chlorophyll synthesis, recovery of photosynthetic enzymes, and stomatal opening (Fatma et al., 2016; Lin et al., 2017). We also found that the best enhancement was shown at N2. When the N rate was too high, photosynthesis was inhibited under salt stress. This result may be due to the fact that N metabolism in high N application was suppressed under salt stress (Figure 4), resulting in the lower activity of enzymes and lower chlorophyll content in the photosynthesis system. These results demonstrated the importance of the appropriate application of N under salt stress for rapeseed seedlings.

Salt stress has been demonstrated to break the balance of ROS between production and elimination and to result in excessive accumulation of ROS, such as H2O2 (Rasool et al., 2013). Excessive ROS could lead to cell membrane lipid peroxidation and damage to the membrane integrity. In our study, the content of H2O2 was increased significantly under salt stress. MDA, an indicator of lipid peroxidation, was also increased markedly. However, the application of N decreased the content of H2O2 and MDA, with the optimum mitigative effect observed at N2. This may be due to the decreased production of ROS and improved ability of ROS scavenge under N application (Singh et al., 2019). Concurrently, ROS could act as signals to stimulate the self-defense system to eliminate excessive ROS such as SOD, CAT, GR, and AsA. These antioxidants were all increased under salt stress, further promoted by N application, and negatively correlated to the contents of H2O2 and MDA under salt stress, which indicated that N application could alleviate the oxidative stress under salt stress by enhancing the ability to eliminate ROS. Moreover, in this study, most of these antioxidants were improved with the increase of N rate and peaked at N2, whereas the high N application decreased these antioxidants. It was consistent with the results of Tian et al. (2022), who reported that excessive N application under salt stress could decrease antioxidant activity because of an imbalance of nutrients. Conclusively, moderate N application can effectively enhance the ability of ROS scavenge through improving SOD, CAT, GR, and AsA, whereas excessive N application could weaken the capacity of ROS elimination.

Salt stress could result in osmotic stress, which decreases the ability of the root to absorb water. Plants exposed to salt stress attempt to accumulate more osmolytes such as soluble protein, soluble sugar, and proline to counter the damage of osmotic stress induced by salt stress (Hussain et al., 2021). Therefore, in our study, the content of these osmotic substances was increased, especially soluble protein and proline. N application enhanced the accumulation of these osmotic substances. It was worth noting that under the non-salt stress condition, the soluble protein and proline showed a constant increase with the increasing N rate, whereas soluble sugar was first increased and then decreased. These results may be due to the fact that excessive N application could disrupt the balance of carbon (C) and N metabolism, resulting in more C metabolites being allocated to N metabolism, to provide a C skeleton for the synthesis of protein; therefore, the products of C metabolism decreased. N application enhanced the accumulation of these osmotic substances in salt-stressed seedlings, and the best improvement was recorded at N2, suggesting that moderate N application can help plants to improve the osmoregulation to adjust salt stress, while too high N application under salt stress led to the decrease of osmotic substances through inhibited photosynthesis and N metabolism. Similar results were reported that N supply could increase the accumulation of osmotic substances to enhance the ability of water absorption and salt tolerance (Iqbal et al., 2015; Ali et al., 2021). Generally, the improvement of osmotic substances by N application assists rapeseed seedlings in absorbing water and nutrients to ensure plant growth under salt stress.

Overall, this study found that salt stress increased Na content and ROS accumulation, resulting in lipid peroxidation, and inhibited photosynthesis, finally leading to poor plant growth. N application alleviated the adverse effects of salt stress by improving photosynthesis, antioxidants, and osmotic adjustment. The best improvement by N application under salt stress occurred at the N2 level, while the excessive N application could weaken the salt tolerance because of the decreased N metabolism.




5 Conclusion

N application could alleviate the negative effects of salt stress by improving photosynthesis, antioxidants, and osmotic substances, which finally enhanced rapeseed seedling growth. The improvement under salt stress by N application was greater than that under non-salt stress, suggesting that rapeseed seedlings exposed to salt stress are more sensitive to N application and require N to support their growth. In particular, the N application enhanced the activities of enzymatic antioxidants (SOD, CAT, and GR) and the content of non-enzymatic antioxidants (AsA) to eliminate the excessive ROS produced by salt stress. Seedlings with N application under salt stress showed improved osmotic substances (soluble protein, soluble sugar, and proline). It was worth noting that the best improvement by N application under salt stress occurred at the N2 level, while too high N application could inhibit N metabolism and weaken the positive effect. This study not only improved the knowledge of the mechanism of N application in alleviating salt stress on rapeseed seedlings but also provided a theoretical basis for N application in saline soil.
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Sustaining crop yield under abiotic stresses with optimized resource use is a prerequisite for sustainable agriculture, especially in arid and semi-arid areas. Water and heat stress are major abiotic stresses impacting crop growth and yield by influencing complex physiological and biochemical processes during the life cycle of crops. In a 2-year (2015–2017) research, spring wheat cv. HD-2967 was grown under deficit irrigation and delayed sowing conditions to impose water and terminal heat stresses, respectively. The data were analyzed for seasonal crop water use, radiation interception, water productivity (WP), and radiation productivity (RP) under combined water deficit and terminal heat stresses. Seasonal crop water use was significantly affected by stresses in the order of water + terminal heat > water > terminal heat. Water stress showed minimal effect on the light extinction coefficient and consequently on seasonal intercepted photosynthetically active radiation (IPAR). However, seasonal IPAR was primarily affected by combined water + terminal heat and terminal heat stress alone. The slope of crop water use and IPAR, i.e., canopy conductance, an indicator of canopy stomatal conductance, was more influenced by water stress than by terminal heat stress. Results showed that linear proportionality between WP and RP is no longer valid under stress conditions, as it follows a curvilinear relation. This is further supported by the fact that independent productivity (either water or radiation) lacked the ability to explain variability in the final economic yield or biomass of wheat. However, the ratio of RP to WP explained the variability in wheat yield/biomass under individual or combined stresses. This suggests a clue for improving higher wheat yield under stress by managing WP and RP. The highest biomass or yield is realized when the ratio of RP to WP approaches unity. Screening of genotypes for traits leading to a higher ratio of RP to WP provides an opportunity for improving wheat productivity under stressed environments.




Keywords: canopy conductance, water use, light interception, water use efficiency, radiation use efficiency




1 Introduction

The increasing population in the global south faces the challenge of enhancing food production from limited available resources. Water is increasingly becoming a limited resource in recent years due to the overexploitation of groundwater and increased evapotranspiration in the wake of climate change. Recent reports have reported that the extent of productive cropping systems in Asia has been receiving lesser sunlight in recent years as compared to the past due to increased aerosols in the atmosphere (van Oldenborgh et al., 2018). Resources like water and radiation may pose a serious constraint to agricultural production and its sustainability in the near future. One of the effective strategies for sustainable agricultural production is to enhance the efficiencies or productivity of resources like water, radiation, and nutrients. In the past few decades, targeted efforts are being made by researchers to understand the water productivity (WP) and radiation productivity (RP) of various crops under different environments in relation to crop productivity (Caviglia and Sadras, 2001; Narayanan et al., 2013; Camargo et al., 2016; Pradhan et al., 2018).

Wheat (Triticum aestivum L.) ranks second in global food grain production and consumption. However, its productivity is threatened by mainly abiotic stresses like drought and heat (Prasad et al., 2008b; Prasad et al., 2011; Sehgal et al., 2018; Priya et al., 2019). Both drought and heat are associated with each other and often occur in combination, and these stresses will further increase due to climate change and variability. High temperature, especially during the reproductive stage leading to terminal heat stress in wheat, affects grain development, grain filling duration, and the source–sink relationship, consequently lowering grain numbers, individual grain weights, and final yield (Prasad et al., 2008b; Prasad et al., 2011; Reynolds et al., 2012; Mondal et al., 2013; Nagar et al., 2015b; Yadav et al., 2022). Water deficit stress hampers growth, development, nutrient and water relations, and photo-assimilation and its partitioning, ultimately leading to a decline in crop yields (Farooq et al., 2011; Nagar et al., 2015a; Jha et al., 2018). However, the interactive effect of water deficit and heat stress is complex in nature and studies about them are less common (Prasad et al., 2008a; Pradhan et al., 2012a; Sehgal et al., 2017; Hlaváčová et al., 2018; Sehgal et al., 2018; Hussain et al., 2019). Most of these studies emphasized the effect of combined stress on physiological processes such as oxidative stress, photosynthesis, yield attributes, and yield. However, there is limited knowledge on the effect of drought and heat stresses on light interception and crop water use, an important determinant of aboveground biomass (AGB) and crop yield.

Productivity is generally expressed as a quotient of output and input. The output is taken as biomass while input may be taken as water transpired or the amount of radiation intercepted by the canopy over its growing period. The concept of WP and RP is widely used in crop growth models (Monteith, 1977; Sinclair and Muchow, 1999). Significant variation in WP and RP of crop plants has been reported among the species as well as among genotypes within species. Both are affected by environmental factors and management practices. Water stress affects WP through both stomatal and non-stomatal limitations (Martin and Ruiz-Torres, 1992). Moderate water stress generally increases the WP of plants by lowering the transpiration rate through reduced stomatal aperture (Van den Boogaard et al., 1997; Rekika et al., 1998). However, under conditions of severe water stress, a decrease in WP has been reported in plants, which are usually associated with a larger decrease in photosynthetic rate due to impaired biochemical, physiological, or metabolic changes (El Hafid et al., 1998; Anyia and Herzog, 2004; Jha et al., 2018). Water stress may be associated with an increase in WP; however, it frequently leads to reduced yield (Blum, 2005). Water stress causes a reduction in leaf area index (LAI), which consequently results in reduced intercepted photosynthetically active radiation (IPAR), ultimately lowering the RP (O’Connell et al., 2004). RP is a function of the light extinction coefficient (k) that determines the efficiency of light interception by crop canopies. Several authors have shown that deficit irrigation had a non-significant effect on k of wheat in semi-arid locations (Thomas, 2013; Pradhan et al., 2018). Temperature is another important meteorological factor that influences the WP and RP. Mendham et al. (1981) showed that oilseed crops exposed to high temperatures due to delayed sowing resulted in lower RUE than normal sown crops. Pandey et al. (2004) reported a decrease in RP with delayed sowing of wheat at Anand in India. However, there is limited information on the effect of terminal heat stress on k, WP, and RP in wheat crops altogether.

The understanding of either WP or RP in various crops has been done independently, and limited studies that explore the link between the two are available. Moreover, few studies have investigated such relations under deficit water (Caviglia and Sadras, 2001; Narayanan et al., 2013). In general, WP and RP are linearly proportional to each other, and the proportionality constant is termed “crop conductance”, representing the amount of crop water used or transpired per unit of intercepted radiation (Sadras et al., 1991; Caviglia and Sadras, 2001). An important unanswered question is: Does the linear proportionality of WP and RP hold true under stressed conditions? To answer this, the current study was designed with the following objectives: (i) to understand the interactive effect of water deficit and terminal heat stress on crop water use, IPAR, and biomass production of spring wheat grown in a semi-arid environment; (ii) to investigate the effect of water deficit and terminal heat stress on resource productivity of the wheat crop at the field scale; (iii) to examine the proportionality of WP and RP in spring wheat under stressed conditions; and (iv) to test the hypothesis of whether a balance between WP and RP may lead to higher wheat yield under stressed conditions. This study will advance the knowledge of enhancing wheat productivity under stressed environments.




2 Materials and methods



2.1 Study area and experimental details

A field experiment was conducted at the experimental farm (Main Block 4C) of the Division of Agricultural Physics, Indian Agricultural Research Institute, New Delhi, located at 28°38′23″N latitude and 77°09′27″E longitude with an altitude of 228.6 m above mean sea level. The climate was subtropical and semi-arid characterized by a hot–dry summer and a cold winter. The mean monthly maximum temperature in the rabi season (November to April) ranges from 20 to 36°C and the mean monthly minimum temperature ranges from 6 to 19°C. The mean annual rainfall (30 years average) was 769.3 mm, of which 75% is received during the southwest monsoon season between July and September, and the remaining rain is received in the rabi season.

The extent of the experimental site was 0.055 ha, out of which the net sown area was 0.036 ha with an individual plot size of 5 m by 5 m. The soils of the site are deep, well-drained, and sandy loam in texture throughout the profile. Spring wheat (cv. HD-2967) was grown during the rabi seasons of 2015–2016 and 2016–2017 in a split-plot design with the number of irrigations as main treatments and date of sowing as subplot treatments with three replications. The field was prepared following the usual pre-sowing operations of disking and leveling. The irrigation treatments included the following: I5, five irrigations [at crown root initiation (CRI), tillering, booting, flowering, and milking stages]; I3, three irrigations (at CRI, tillering, and flowering stages); and I1, one irrigation (at CRI stage). Approximately 60 mm of water was applied in each irrigation event, as measured by Parshall Flume. The two dates of sowing treatments were as follows: D1, timely sown (20 November 2015) and D2, late sown (9 December 2015) during rabi season 2015–2016; and D1, timely sown (17 November 2016) and D2, late sown (7 December 2016) during 2016–2017. The sowing was done manually using a handheld seed drill with the recommended spacing of 22.5 cm between rows. A plant–plant distance of 5 cm was followed as practice in the wheat belt of Indo-Gangetic plains. The recommended dose of NPK fertilizers, i.e., 120:60:60 was applied. Urea as nitrogenous fertilizer was applied in three doses (50% as basal during sowing, 25% during the CRI stage, and 25% during the flowering stage). However, in the case of I1 treatment, urea was applied in two doses (50% as pre-plant incorporation and 50% during the CRI stage) synchronizing with irrigation dates. The whole amount of P and K was applied in a single dose during sowing. The recommended cultural practices of weeding and plant protection measures were followed. The crop was hand-harvested after complete drying.




2.2 Aboveground biomass

Dry AGB was measured periodically during crop growth using destructive sampling. AGB and crop yield at harvest were measured on a unit area (per m2) basis and expressed as kg ha−1.




2.3 Intercepted photosynthetically active radiation

Line Quantum Sensor (LI-191, LI-COR Biosciences, Lincoln, NE, USA) was used with an integrator (LI- 250A, LI-COR Bioscience, Lincoln, NE, USA) for measuring the incident and IPAR by a wheat canopy. PAR measurements were taken above the canopy with the sensor facing the sky to account for incident radiation (Io) received and the sensor looking downwards for reflected radiation (Ir) from the canopy. Data were recorded below the canopy keeping the sensor just above the soil but across the rows with the sensor looking upwards for the transmitted radiation (It) through the canopy and with the sensor looking downwards for radiation reflected (Ie) from the soil. Three sets of measurements were recorded in each plot and averaged. The above measurements were taken at regular intervals on clear days between 11:30 and 12:00 hours IST (Indian Standard Time) when disturbances due to leaf shading and solar angle were minimum. These measurements were used to derive the fraction IPAR (fIPAR) as given in the formula:

 

Values for fIPAR for each day after sowing were interpolated between actual measurements by linear interpolation throughout the crop season. Daily bright sunshine hours (n) values were recorded at the meteorological observatory and were used to calculate solar radiation (MJ m−2) by using the Angstrom formula (using coefficients a = 0.32, b = 0.46).

 

where N is astronomically maximum possible sunshine hours and Ra is extraterrestrial solar radiation.

The daily incident PAR was calculated by multiplying global radiation with a factor of 0.48. Daily incoming PAR values were multiplied by corresponding daily fIPAR values to compute daily IPAR. The daily IPAR was accumulated corresponding to the crop growth period.




2.4 Crop water use

Crop water use was calculated using the field water balance equation; i.e., crop water use is equal to the sum of water applied as irrigation, rainfall received, and soil moisture storage applied. Soil moisture content (v/v, %) up to 120 cm depth was measured periodically using Neutron Moisture Probe (CPN-503 DR Hydroprobe, Campbell Pacific Nuclear International Inc. USA). Soil moisture storage was computed from the depletion of moisture from 0 to 120 cm soil depth between two subsequent dates, assuming no deep drainage occurred, no capillary rise contribution from the water table as it is quite deep (>10 m), and no runoff occurred as the plots were bunded to a height of 15 cm.




2.5 Canopy conductance, water productivity, and radiation productivity

The canopy conductance (CC) (mm-m2 MJ−1) was determined with least-square regression by calculating the slope of the regression between crop water use (mm) and IPAR (MJ m−2) with an intercept set to zero. WP (g m−2 mm−1) was calculated as the slope of the linear regression between AGB (g m−2) and cumulative crop water use (mm) by keeping the intercept as zero. RP (g MJ−1) was calculated as the slope of the linear regression between AGB (g m−2) and cumulative total IPAR (MJ m−2) by keeping the intercept as zero.




2.6 Statistical analyses

Analysis of variance (ANOVA) as applicable to split plot design was performed using the “aov” function available in the “stats” package of statistical software “R”. Tukey’s “Honest Significant Difference” method (using the TukeyHSD function in “R”) was used to analyze the differences between the means of different factors at a 5% probability level. Box-and-whisker plots of the response variable were created using the “boxplot” function available in the “graphics” package of R. Regression analyses were performed using the data analysis tool pack of MS Excel (2013) and statistical significance of coefficient of determination (R2) was tested through ANOVA.





3 Results



3.1 Environmental conditions

The phenophase-wise mean of maximum and minimum temperature and rainfall for two sowing dates in both years, i.e., 2015–2016 and 2016–2017, are presented in Figure 1. It shows that higher maximum temperatures prevailed during the reproductive stage (~4°C higher during booting to anthesis and dough to physiological maturity) for delayed sowing compared to normal sowing in 2015–2016. In 2016–2017, maximum temperatures were higher by ~2.5–5°C in delayed sown crops compared to that of the normal sown crop during jointing to booting and milking to physiological maturity stages. In both years, the mean maximum temperature was almost similar during the dough to physiological maturity stage in delayed sown crops, but minimum temperatures were higher during 2016–2017. In normally sown crops, the mean maximum temperature during anthesis to physiological maturity was higher (1–2°C) in 2015–2016 than that in 2016–2017. Thus, delayed sown crops experienced relatively higher temperatures, especially during reproductive stages, and experienced heat stress in both years compared to normal sowing. The wheat growing season of 2016–2017 received more rainfall (87.4 mm) than that of the previous year (19.2 mm). In the year 2016–2017, the occurrence of a heavy rainfall event of 59.8 mm coincided with the jointing to the booting stage of the normal sown crop and tillering to the jointing stage of the delayed sown crop. Delayed sown crop in 2015–2016 received two significant rainfall events of 6 mm and 11.8 mm, coinciding with the anthesis and dough stages, respectively.




Figure 1 | Meteorological conditions during the crop growth at different growth stages in 2015-16 and 2016-17 under different sowing dates (D1 normal; and D2 delayed sowing). CRI, crown root initiation; Phy. maturity, physiological maturity.






3.2 Canopy light extinction coefficient (k)

The slope of the regression line between LAI and ln(1 − fIPAR), i.e., canopy light extinction coefficient (k), was calculated to study the effect of sowing (heat stress) and irrigation treatments (water) on radiation interception, and results are shown in Figure 2. The degree of relationship as exhibited by R2 varied between 0.68 and 0.80, which are statistically significant at p< 0.05. The “k” varied between 0.43 (D1I1) and 0.56 (D2I5) across the 2 years (data not shown) with a mean value of 0.50. The irrigation levels had a non-significant effect on the canopy light extinction coefficient. The estimated value of “k” was 0.50, 0.48, and 0.46 for I5, I3, and I1 treatments, respectively. Delay in sowing altered “k” from 0.46 in D1 to 0.53 in D2 sown crop, which is statistically significant.




Figure 2 | The light extinction coefficient of the wheat canopy as influenced by (A) sowing dates and (B) irrigation treatments, pooled for two years. LAI, leaf area index; IPAR, intercepted photosynthetically active radiation. Dl, normal sowing; D2 delayed sowing; 15, five irrigations; 13 three irrigations, and 11, one irrigation.






3.3 Seasonal crop water use and IPAR

Wheat crops exhibited significant variations in seasonal crop water use among the late sown and irrigation treatments (Figure 3A). A significant decrease in seasonal crop water use was noticed in the D2I1 treatment (170 mm) compared to the D1I5 treatment (330 mm). The increase in irrigation increased the seasonal crop water use. PAR intercepted during the crop growth period was significantly decreased by delayed planting, while it increased with the level of irrigation, but statistically, it was non-significant (Figure 3B). The interaction of delayed sowing and irrigation treatments also significantly affected the PAR interception. Thus, irrigation alone did not affect the total interception of PAR. Delayed planting reduced the seasonal IPAR by 21% over the normal sowing. The mean values of seasonal IPAR varied between 430 MJ m−2 (D1I5) and 320 MJ m−2 (D2I1) in the 2 years of experimentation.




Figure 3 | Effect of delayed sowing and irrigations on (A) Seasonal crop water use, and (B) Seasonal intercepted PAR. Letters over box and whisker plots indicate the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






3.4 Biomass production

The temporal variation in biomass for sowing dates and irrigation treatments over the 2 years is shown in Figure 4. Crops started differing in biomass production after 50 and 35 days after sowing in normal and late sowing, respectively. In delayed sowing, significant differences in biomass production were observed only after anthesis, where I5 and I3 treatments had higher biomass than the I1 treatment during the rest of the growth period in 2015–2016. Irrigation treatments had a little differential effect on biomass production between the sowing and the anthesis stage of crop growth in both years. Pooled analysis showed that irrigation treatments, delayed sowing, and their interactions significantly influenced final dry biomass (Figure 5).




Figure 4 | Temporal profile of biomass production for different sowing and irrigation levels. The shaded area shows the standard error of the observation. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






Figure 5 | Influence of delayed sowing and irrigations on total dry matter (TDM) production of wheat pooled over the two years. Letters over box and whisker plots indicate the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






3.5 Water productivity

The linear regression between biomass and cumulative crop water use during crop growth under different sowing and irrigation treatments is shown in Figure 6. The slope of the regression line represents the WP in each case. The WP (i.e., biomass produced per unit of crop water use) varied between 2.9 (D2I5) and 6.0 g/m2-mm for the pooled data over the 2 years (Figure 6). Figure 6 also shows that the strength of the linear relationship (in terms of R2) successively reduced as the environment became stressful (delayed sowing with deficit irrigation). An opposite pattern was seen in WP. Figure 7 shows the effect of sowing dates and irrigation treatments on seasonal WP. It indicates significant differences (p< 0.05) in WP when plants are exposed to temperature stress through delayed sowing. Delayed sowing decreased WP by approximately 27%.




Figure 6 | Regression between biomass and cumulative crop water use under different sowing and irrigation treatments (slope indicates WP) for data pooled over the two years. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






Figure 7 | Water productivity of wheat as influenced by sowing and irrigation treatments for pooled data over the two years. Letters over box and whisker plots indicate the significant differences in mean values through TukeyHSD test. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.



It may be due to greater evapotranspiration (ET) caused by progressively higher vapor pressure deficit (associated with higher temperature) experienced by the crop during the later stage of the crop season. Irrigation treatments significantly affected WP; reduced water availability resulted in the enhancement in WP. The I1 treatment (least irrigation) had the highest WP (5.5 g/m2-mm) followed by the I3 treatment (4.2 g/m2-mm) and the lowest was observed in the I5 treatment (3.5–4.2 g/m2-mm). Significant differences in WP were observed in the interaction of irrigation and delayed sowing treatments. Results indicate that crops sown at a normal time (D1 sowing) and with one irrigation efficiently used the available water resulting in higher WP compared to other treatments. It also shows that the D1I1 treatment had greater variability in WP measurements over 2 years of study than any other treatment.




3.6 Radiation productivity

The relationship between biomass and cumulative IPAR during crop growth is shown as least-square regression lines for different treatments (Figure 8). The slope of least-square regression lines represents the RP of the crop, i.e., biomass per unit of cumulative IPAR. The RP of wheat varied between 2.66 g MJ−1 and 3.42 g MJ−1 for the pooled data over the 2 years, i.e., 2015–2016 and 2016–2017. It was observed that delay in sowing caused a significant reduction in RP by ~16% (Figure 9). However, RP values were not significantly different among irrigation treatments and the interaction of sowing date and irrigation treatments.




Figure 8 | Regression between biomass and cumulative intercepted PAR for different sowing and inigation treatments (the slope indicates RP) for data pooled over the two years. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






Figure 9 | Radiation productivity of wheat as influenced by sowing and irrigation treatments. Letters over box and whisker plots indicate the significant differences in mean values through TukeyHSD test. Dl, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






3.7 Canopy conductance

CC represents the amount of water crop uses per unit of radiation intercepted by the crop canopy during the crop growth. It is calculated as the slope of the regression line between cumulative crop water use and cumulative IPAR as shown in Figure 10. A delay in sowing caused an increase in the CC. The linear proportionality of crop water use per unit of IPAR was diminished to a greater extent under stressful environments due to delayed sowing and reduced water availability as exhibited by lower R2 in D2I3 (0.27) and D2I1 (0.14). Under delayed sowing and reduced water availability conditions, the crop showed a non-linear (quadratic) response between crop water use and IPAR. It is supported by a higher R2 of 0.71 and 0.46 for quadratic response function under D2I3 and D2I1 treatments, respectively. Even lowering of R2 in D2I1 than in D2I3 further suggests that as the degree of stress increases, the interaction of thermal and water stress becomes more complex and even quadratic response may also not hold true in such cases.




Figure 10 | Regression between cumulative crop water use and cumulative intercepted PAR under different sowing and irrigation treatments (the slope indicates canopy conductance). Data pooled over two years. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation.






3.8 Relation of yield and biomass with WP and RP

The relation of resources (water and radiation) productivity with biomass and economic yield at harvest was analyzed through regression analysis, and its results are presented in Figure 11. It was observed that WP had no definite linear relation with final biomass or yield, as evidenced by poor R2 values, which were statistically non-significant. However, RP had positive linear relation with both biomass and yield, but the relation was statistically significant with biomass (R2 = 0.43, p< 0.05) but was non-significant with economic yield.




Figure 11 | Relation between (A) WP and economic yield, (B) RP and economic yield, (C) WP and biomass, and (D) RP and biomass. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three inigations, and I1, one irrigation. Asterisk(*) indicates statistically significance of R2 at p<0.05.






3.9 Coordination between WP and RP

We hypothesized that, independently, WP and RP may have poor relationships with final biomass/economic yield due to the interaction of multiple stresses to a metrics of coordination between WP and RP, which could better explain the variability in final biomass or yield. In order to explore the coordination of WP and RP, the two metrics tried were (a) the product of WP and RP (WP*RP) and (b) the ratio of RP and WP (RP/WP). These two metrics were regressed against the final biomass and yield for the treatments in 2 years. The results showed that WP*RP has no relation with final biomass or yield; however, the RP/WP ratio showed a significantly strong positive linear relationship with both final biomass and yield (Figure 12). The divisive effect of WP and RP on biomass/yield was much stronger than that of the multiplicative effect of either WP or RP alone. It can also be seen very clearly from Figure 12 that the higher ratio of RP and WP, approaching unity, is associated with the higher biomass/yield under multiple stressed environments.




Figure 12 | Relationship between (A) Yield versus the product of radiation productivity (RP) and water productivity (WP), (B) Biomass versus the product of RP and WP, (C) Yield versus a ratio of RP to WP, and (D) Biomass versus a ratio of RP to WP. D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three inigations, and I1, one irrigation. Asterisk (*) indicates statistically significance of R2 at p<0.05.






3.10 Relation between water and radiation productivity

To understand the association between WP and RP, the WP and RP under different sowing dates and irrigation treatments were plotted as a scatter diagram (Figure 13). It was observed that the linear proportionality of WP and RP holds true under non-stressful environments only (i.e., I5). Under stress conditions (I3 and I1), the linear proportionality of WP and RP is no longer valid, rather it follows a quadratic response function. It implies a trade-off between WP and RP under stressed conditions. Figure 13 also shows that till mild levels of water stress, the increase in WP is accompanied by an increase in RP, but as water stress increases further, the RP stagnates, and as water stress levels increase further, the RP starts to decrease.




Figure 13 | Understanding relation between WP and RP under non-stressed (15 treatments) versus stressed environments (I3 and I1 treatments). D1, normal sowing; D2 delayed sowing; I5, five irrigations; I3 three irrigations, and I1, one irrigation. Coefficient of determination (R2 is statistically significant at p<0.001.






3.11 Yield penalty

Figure 14 shows the relation between crop yield penalty and the ratio of RP to WP. The yield penalty here refers to the difference in economic yield realized (kg ha−1) in a treatment from the maximum economic yield obtained in any of the treatments in a crop season (Figure 14A). It was also expressed in terms of percentage (Figure 14B). There is a very significant inverse linear relation between the two. The increase in RP/WP ratio leads to a decrease in yield penalty under stresses. A 50% yield penalty was observed when the ratio of RP/WP reached approximately 0.61. It implies that under stress conditions, the yield penalty can be minimized by increasing both the productivities proportionally. A larger trade-off between the two productivities may result in a higher yield penalty.




Figure 14 | Relation between RP/WP to (A) absolute yield penalty (in kg/ha), and (B) percent yield penalty (%) for different treatments of sowing date and irrigation. Coefficient of determination (R2) is statistically significant at p<0.001.







4 Discussion

WP can be largely enhanced by increased production of biomass with no changes in crop water use or no change in biomass production but using less water or a combination of both (Blum, 2005). Analogously, improvement in RP can be achieved by manipulation of biomass production and IPAR. Understanding the behavior of crops for their biomass production, crop water use IPAR, and ultimately their resource use efficiency for water and radiation under stressful environments in field conditions is important. Field studies on WP and RP are challenging due to the lack of simple measurement techniques and the complexity of these traits (Hall et al., 1990; Sinclair and Muchow, 1999; Narayanan et al., 2013). The combined effect of water deficit and terminal heat stress on resource use efficiency (water and radiation) of field crops has not been well understood (Prasad et al., 2008a; Fahad et al., 2017) and is less researched. Water stress often limits leaf expansion, which is considered one of the most sensitive growth processes hit by drought (Alves and Setter, 2004). Lower seasonal crop water use under deficit irrigation conditions may be attributed to smaller transpiring surfaces coupled with low soil water availability even though large vapor pressure deficit conditions may exist during the growing season. The smaller differences in mean seasonal crop water use observed between normal sown and late sown crops may be ascribed to a lesser change in leaf elongation rate caused by terminal heat stress (Bos et al., 2000). Combined water and terminal heat stresses have an additive effect on crop water use.

A higher IPAR is more often associated with higher LAI (Han et al., 2008; Bassu et al., 2011). Higher IPAR by normal sown crop compared to late sown may be because of longer crop duration and higher LAI. The results were in conformity with the study by Pradhan et al. (2018). Irrigation treatments had a non-significant effect on seasonal IPAR, which may be attributed to the non-significant effect of irrigation treatment on plant architecture light extinction coefficient as reported by Thomas (2013) and Pradhan et al. (2018). Our results showed a non-significant effect of irrigation treatments on the light extinction coefficient. However, delayed sowing caused a moderate increase in the light extinction coefficient from 0.45 to 0.53. The delayed sowing resulted in shorter inter-nodal length, consequently decreasing plant height. This decrease in the vertical separation of leaves and reduced LAI resulted in changed canopy architecture, causing an increase in the light extinction coefficient. The combined effect of water and terminal heat stress had differential effects on LAI expansion and canopy architecture, thus causing a reduction in seasonal IPAR.

A decrease in the aboveground dry biomass of wheat under water stress conditions led to reduced leaf area and crop growth as a consequence of the reduction in cell division and elongation (Hussain et al., 2008; Farooq et al., 2009). The water deficit stress restricts the potential carbon assimilation rate mainly due to a reduction in leaf expansion, impaired photosynthetic apparatus, and early leaf senescence (Wahid et al., 2007). Another reason for low dry matter production under water stress is that it might have altered the photo-assimilate partitioning; more assimilate might have diverted toward roots under water stress conditions (Anapalli et al., 2008; Dhakar et al., 2018). The decrease in dry biomass of wheat under terminal heat stress conditions may be due to the shorter duration of grain filling (Prasad et al., 2008a, Prasad et al., 2008b), decreased photosynthesis (Djanaguiraman et al., 2020), and increased maintenance respiration. The combined effect of water and terminal heat stress on dry matter production was much higher than that of each stress alone, which resulted in a higher reduction in both IPAR and crop water use. Similar results of combined water and heat stress on dry biomass and yield have been reported on wheat and other crops (Wahid et al., 2007; Pradhan et al., 2012a; Lipiec et al., 2013; Sehgal et al., 2017).

The WP values obtained from the 2-year study (2.9 to 6.0 g m−2-mm) were within the range of those commonly reported for wheat (Caviglia and Sadras, 2001). The increase of WP under deficit irrigation conditions may be attributed to the well-known effect of stomatal closure without impairing the metabolic changes in the plant (Johnson, 1993; Morgan et al., 1993; Van den Boogaard et al., 1997; Rekika et al., 1998), but this increase in WP was at the cost of yield penalty. The doubling of WP (3 g m−2-mm to 6 g m−2-mm) caused the proportional yield penalty (approximately 5.0 t ha−1 to 2.5 t ha−1) under stresses (data not shown). A decrease in WP of wheat exposed to terminal heat stress may be associated with poor plant vigor, higher soil evaporation, and ultimately higher crop water use and a decrease in biomass. Early planting as an agronomic strategy has been suggested to have early crop vigor associated with higher WP (Oweis et al., 2000; Richards et al., 2002). However, the combined effect of water and terminal heat stress resulted in a decrease in WP. Though water stress leads to an increase in WP, severe water stress is also known to decrease WP (El Hafid et al., 1998; Anyia and Herzog, 2004). In our study, the additive effect of water and terminal heat stresses might have caused severe stress, which usually result in a decrease in photosynthesis due to decreased chlorophyll index, the quantum yield of the photosystem, and increased production of reactive oxygen species, and oxidative damage to membranes (Pradhan et al., 2012a; Pradhan et al., 2012b; Pradhan et al., 2012c; Pradhan and Prasad, 2015; Narayanan et al., 2016), consequently decreasing WP under combined water and heat stress (Lawlor, 2002).

It was observed that terminal heat stress in wheat caused a significant reduction in RP. This may be caused by a higher rate of reduction in biomass as compared to that of IPAR under delayed sowing. The higher rate of reduction in biomass in delayed sowing may be caused by higher maintenance respiration due to increased temperature as well as a decrease in grain filling duration. Irrigation treatments had a non-significant impact on RP, and these results are in conformity with other studies (Pradhan et al., 2018). RP and IPAR were more sensitive to high-temperature stress during the reproductive stage than water stress, as seen by the non-significant effect of irrigation treatments on RP and IPAR. Combined water and heat stress had a non-significant effect on RP, implying the domination of the non-significant effect of water stress on IPAR over the significance of terminal heat stress on IPAR. The values of RP (2.66 to 3.42 g/MJ) for wheat reported in this study were also consistent with values reported in earlier studies (Sinclair and Muchow, 1999; Pradhan et al., 2018).

CC may be taken as an indicator of aggregated leaf stomatal conductance at the canopy scale when the soil evaporation component is much lower (Sadras et al., 1991; Caviglia and Sadras, 2001). Caviglia and Sadras (2001) showed that the CC of wheat crop is largely unaltered by the contrasting supply of nitrogen in temperate environments. However, we found that CC is more affected by water stress than terminal heat stress in a subtropical environment. To the best of our knowledge, no study in the literature analyzed the behavior of crop conductance under combined water deficit and terminal heat stress. Our results showed that CC decreased significantly under deficit irrigation treatments, which is in conformity with the results of decreasing stomatal conductance under water stress in wheat (Nagar et al., 2015a). In contrast, the CC increased with the delay in sowing in our case. Literature also suggests an increase in stomatal conductance and decreased chlorophyll index under high temperature/heat stress (Pradhan et al., 2012a; Nagar et al., 2015b; Pradhan and Prasad, 2015). A decrease in stomatal conductance and chlorophyll index because of water deficit could also be a main reason for the reduced CO2 assimilation rate, which leads to lower grain yields.

Our study clearly showed a poor correlation of WP with final biomass and yield when data are pooled over the water and terminal heat stress treatments. These point to a complex interaction of water and heat stress on WP. Various studies have also reported no or poor definite relationship between transpiration efficiency, i.e., WP at the leaf level and yield (Specht et al., 2001; Saranga et al., 2004; Monneveux et al., 2005). However, RP was somewhat better related to final biomass and economic yield but the correlation values were still poor. It may be concluded that RP-based yield/biomass models may work better than that based on WP under a combined stress environment. Our hypothesis that coordination between RP and WP can better explain the variability in biomass/yield under multiple stresses than individually by RP or WP seems to hold true. Our field study clearly showed that the ratio of RP to WP is a much better metric to explain the variability in final yield/biomass than their product under multiple stress conditions. The highest biomass or yield is realized when the ratio of RP to WP approaches unity. We did not come across any such study in literature that depicted this kind of relationship at the field scale.

By definition, the ratio of RP to WP is mathematically equivalent to the ratio of crop water use to IPAR, i.e., CC. Thus, RP is expected to be linearly related to WP (Narayanan et al., 2013). However, our study found this positive linear relationship to hold under a non-stressful environment only. Stresses altered this relationship as both RP to WP and water use to IPAR (i.e., CC) (Figures 10, 13) showed strong curvilinear relationships, implying a trade-off between the RP and WP under a stress environment. It can be seen that lower wheat yield is realized when we maximize or minimize both WP and RP. Lower yield under lower water or radiation productivities may be because of impairment of photosynthetic or metabolic machinery due to severe stress. Thus, it implies that coordination is required between these two productivities so as to maximize the yield gain or minimize the yield penalty under multiple stresses. However, it is important to confirm this with the range of wheat genotypes.

The suitability of WP as an important trait in breeding programs of crops under water-limited environments has been debated much but literature suggests that WP is a very complex trait and also not universal (Blum, 2005; Tambussi et al., 2007). Identifying traits that contribute to high yield potential under high temperature and water deficit stress is the prerequisite for a successful breeding program. It is suggested that screening for traits leading to a higher ratio of RP to WP for the selection of lines in wheat breeding may have scope to improve the wheat yield under multiple stress environments.




5 Conclusions

A 2-year field study was conducted on a dominant wheat cultivar (HD-2967) to quantify the interactive effect of water stress and terminal heat stress on growth, biomass, yield, and productivity of water and radiation. Normally, under a non-stress environment, the RP and WP are linearly related in wheat but the study showed that under the combined effect of increasing water stress and terminal heat stress, the linear proportionality between RP and WP breaks down. It implies that a trade-off happens between radiation and WP under an increasingly stressed environment and so there may be a coordinated response between the two. Furthermore, the study found that the ratio of RP to WP is a much better indicator of biomass and economical yield under combined stresses and both of these crop attributes can be maximized when this ratio approaches unity. The study concludes that breeders should identify traits in wheat plants that can help in maximizing the ratio of RP to WP to minimize yield penalty due to multiple stresses than looking at traits for increasing WP or RP separately. Selection of parents in wheat breeding based on such type of trait, i.e., ratio of RP and WP, may have a scope to improve yield under a stressed environment. It is expected that this behavior shall hold true for other wheat cultivars as well as for crops of the same family, in general. However, these results need to be further confirmed across different crops and their genotypes in different regions with varying degrees of multiple stresses and environments.
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How to improve and regulate coffee bean yield and quality through split fertilization in the whole life cycle of coffee is still unclear and deserves further study. A field experiment of 5-year-old Arabica coffee trees was conducted for 2 consecutive years from 2020 to 2022. The fertilizer (750 kg ha-1 year-1, N-P2O5-K2O:20%-20%-20%) was split in three times at early flowering (FL), the berry expansion (BE), and the berry ripening (BR). Taking equal fertilization throughout the growth cycle (FL250BE250BR250) as the control check, variable fertilizations including FL150BE250BR350, FL150BE350BR250, FL250BE150BR350, FL250BE350BR150, FL350BE150BR250, and FL350BE250BR150. Leaf net photosynthetic rate (Anet), stomatal conductance (gs), transpiration rate (Tr), leaf water use efficiency (LWUE), carboxylation efficiency (CE), partial factor productivity of fertilizer (PFP), bean yield, crop water use efficiency (WUE), bean nutrients, volatile compounds and cup quality, and the correlation of nutrients with volatile compounds and cup quality was evaluated. FL350BE250BR150 had the maximum Anet and gs, followed by FL250BE350BR150. The highest dry bean yield and WUE were obtained from FL250BE350BR150, which increased by 8.86% and 8.47% compared with FL250BE250BR250 in two-year average. The ash, total sugar, fat, protein, caffeine and chlorogenic acid in FL250BE350BR150 were 6.47%, 9.48%, 3.60%, 14.02%, 4.85% and 15.42% higher than FL250BE250BR250. Cluster analysis indicated FL150BE350BR250, FL250BE350BR150, FL350BE150BR250 and FL350BE250BR150 under medium roasted degree increased pyrazines, esters, ketones and furans, FL150BE350BR250 and FL250BE350BR150 under dark roasted degree increased ketones and furans. The aroma, flavor, acidity and overall score of medium roasted coffee were higher than dark roasted coffee, while the body score of dark roasted coffee was higher than medium roasted coffee. The nutrient contents were correlated with the volatile compounds and cup quality. TOPSIS indicated that FL250BE350BR150 was the optimal fertilization mode in the xerothermic regions. The obtained optimum fertilization mode can provide a scientific basis for coffee fertilization optimization and management.
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1 Introduction

The xerothermic regions of southwest China have sufficient light and heat, and a small annual temperature difference, which are very suitable for coffee cultivation. Both Arabica’s planting area and yield account for more than 98% of the coffee planting area and yield owned by China (Zhang et al., 2020). However, the poor soil and the weak ability of soil to retain water and fertilizer limit the bean quality and yield. Moreover, local people adopt one-time fertilizer application in the rainy season, resulting in soil nutrient loss, low fertilizer use efficiency, low coffee yield and quality, and many environmental pollution problems (Dinesh et al., 2010; Bruno et al., 2011; Byrareddy et al., 2019).

Soil nutrient content determines crop growth and nutrient absorption and utilization by roots, which directly affects the yield and quality of crops (Dinesh et al., 2010; Fang et al., 2018; Cai et al., 2019; Ye et al., 2020). Nitrogen is an essential nutrient in coffee and the basis for plant growth and development. The yield loss is as high as 60% when nitrogen is not applied during the coffee reproductive stage (Salamanca-Jimenez et al., 2017). Studies found that appropriate nitrogen application is beneficial to coffee root growth and nutrient uptake, promotes chlorophyll synthesis, enhances net photosynthetic rate (Anet) and stomatal conductance (gs), improves nitrogen use efficiency and increases yield of coffee beans (Bruno et al., 2011; Salamanca-Jimenez et al., 2017; Zhang et al., 2017). Potassium fertilizer is indispensable in the growth and maturation of coffee fruit as it can promote cell differentiation and protein and carbohydrate synthesis (Silva et al., 2003; Ali et al., 2021). Although, the effect of phosphate fertilizer on coffee growth, photosynthesis and yield is not as vital as nitrogen and potassium fertilizer, it plays an important role in promoting coffee growth and mineral nutrient absorption (Cai et al., 2007). Zhang et al. (2017) showed that the plant height, stem diameter growth rate, Anet, gs and intrinsic water use efficiency of coffee saplings under medium and high fertilizer treatment were higher than those under low fertilizer treatment, and it was found that the growth indexes of coffee were superexcellent when the application of nitrogen, phosphorus and potassium was 1:0.8:0.5. Liu et al. (2016) found that fertilization could significantly increase the contents of caffeine, protein and chlorogenic acid in coffee beans. Król et al. (2020) found that coffee beans obtained by using organic fertilizer contain more bioactive substances (total phenols, phenolic acids, flavonoids, etc.), while the excessive use of chemical fertilizers resulted in more caffeine in coffee beans. The above studies indicated that fertilization could meet the nutrient requirements of coffee vegetative and reproductive growth, promote photosynthetic physiology, and improve yield and quality of beans (Bruno et al., 2011; Liu et al., 2016; Król et al., 2020). Previous studies have shown that fertilization can increase the abundance of volatile compounds in fruit, such as tomato, strawberry and apple (Raffo et al., 2014; Cvelbar Weber et al., 2021; Pasković et al., 2021). The effects of cultivars, planting area, altitude, climate, processing method and roasting degree, etc. on the volatile flavor of coffee have been reported (Sunarharum et al., 2014; Dong et al., 2019; Tassew et al., 2021; Zakidou et al., 2021), but little is known about the effect of fertilization on volatile compounds.

One-time fertilization, excessive fertilization or unsystematic fertilization tend to reduce fertilizer use efficiency, leading to low productivity (Yan et al., 2021). Bruno et al. (2015) found that the most effective nitrogen use efficiency in coffee was 200 kg ha-1 year-1 by studying the nitrogen use efficiency of different fertilizer application amount. Leal et al. (2010) found that at least 30% of nitrogen in urea would be lost by volatilization when 360 kg ha-1 urea was applied in coffee. Drip fertigation can synchronously and evenly transport water and fertilizer to crop roots, reduce water evaporation and nutrient leakage, and thus achieve efficient utilization of water and fertilizer (Guo et al., 2022; Sun et al., 2022). Drip fertigation can promote crop growth and improve leaf photosynthetic capacity by changing soil microenvironment, thus increasing crop yield, quality and water, and fertilizer use efficiency (Sakai et al., 2015; Vinecky et al., 2017; Geisseler et al., 2020; Rakocevic et al., 2023). Split fertilization under drip fertigation significantly affects the availability of soil nutrients in the root zone of crops, promotes the absorption of nutrients and the effective allocation of photosynthetic assimilates, which is conducive to high yields of crops (Bartholo et al., 2003; Parvizi and Sepaskhah, 2015; Sun et al., 2022). Previous studies have shown that split fertilization can increase crop nutrient absorption efficiency, improve photosynthesis, and coordinate organic matter distribution in various organs of crops, which is conducive to starch synthesis and accumulation, increase vitamin C and soluble sugar content, and further facilitate crop yield and fruit quality (Wang et al., 2008; Bruno et al., 2011; Corrêa et al., 2018; Byrareddy et al., 2019). With the same amount of fertilizer applied during the mango growth period, increasing the fertilizer application rate at fruit expansion could improve mango yield and partial fertilizer productivity, and increasing the fertilizer application at fruit ripening could increase the content of vitamin C, carotenoids and soluble solids in mango (Sun et al., 2022). The fertilizer requirement of coffee was found to be closely related to the physiological stages (Bartholo et al., 2003). Bruno et al. (2011) found that the leaves have the greatest demand for nitrogen fertilizer during the fruit expansion of coffee. Sun et al. (2018) indicated that the application of nitrogen fertilizer at the fruit expansion period was beneficial to increasing the dry matter accumulation of Coffea canephora, while excessive application of nitrogen fertilizer would reduce fertilizer use efficiency. It is not clear about the amount of fertilizer required for adult coffee trees in each growth period, but it is well known that fertilization during coffee berry expansion is most conducive to increasing fruit yield. At present, studies about coffee fertilization have focused on the effects of different nitrogen application rates or fertilizer ratios on growth, yield and quality (Dinesh et al., 2010; Bruno et al., 2015; Sakai et al., 2015; Sun et al., 2018; Byrareddy et al., 2019). However, there are few reports about the effects of split fertilization on photosynthetic physiology, yield, quality and volatiles of coffee.

How to improve and regulate coffee bean yield and quality through split fertilization is still unclear and deserves further study. We hypothesized that different fertilizer application at early flowering, berry expansion and berry ripening would affect coffee leaf gas exchange, bean yield and quality. In this experiment, the effects of drip fertigation on leaf gas exchange, bean nutrients, volatile components and cup quality of Arabica coffee were studied. The aim was to find the best combination of drip irrigation and split fertilization mode, and provide practical basis for nutrient management, high-quality and high-yield of Arabica coffee in the xerothermic regions.




2 Materials and methods



2.1 Experimental site

The field experiment was conducted from February 2020 to February 2022 in Lujiangba, Baoshan, Yunnan Province, Southwest China (25°4′N, 99°11′E; 799.50 m above sea level) (Figure 1). The region has a typical hot-dry valley climate, with average annual precipitation of 755.40 mm (80% concentrated in June to October), average annual evaporation of 2101.90 mm, average annual temperature of 21.3°C, absolute maximum and minimum temperatures of 40.4°C and 0.2°C, average annual sunshine hours of 2328 h, and a relative humidity of 71%. The precipitation was 583.3 mm in 2020-2021 and 575.8 mm in 2021-2022, and the average daily minimum and maximum temperatures were 10.22°C and 32.49°C (Figure 2). The soil in the experimental field was red-brown sandy loam, with organic matter of 17.0 g kg-1, total nitrogen of 1.1 g kg-1, total phosphorus of 1.15 g kg-1, available nitrogen of 90.6 mg kg-1, available phosphorus of 12.7 mg kg-1, and available potassium of 126.7 mg kg-1.




Figure 1 | Geographical location of the experimental site.






Figure 2 | The solar radiation, daily temperature, precipitation and irrigation quota during the experiment.



The 5-year-old coffee trees (Catimor CIFC7963) with uniform growth potential (1.65-1.85 m of height) were used as the experimental material. The row spacing was 1.5 m × 2.0 m.




2.2 Experiment design

The total fertilization amount was determined to be 750 kg ha-1 year-1 referring to the local fertilization practices and split in three times at early flowering (FL: March), the berry expansion (BE: July), and the berry ripening (BR: October). There were 7 fertilization modes: equal fertilization throughout the growth cycle (FL250BE250BR250) and 6 variable fertilizations (FL150BE250BR350, FL150BE350BR250, FL250BE150BR350, FL250BE350BR150, FL350BE150BR250, FL350BE250BR150). Each treatment had 3 replicates, in which consisted of 5 trees, each replicate was an experimental plot with an area of 15 m2 (2 m × 7.5 m), and 21 plots in total. Macronutrient water-soluble fertilizer (N-P2O5-K2O:20%-20%-20%) (Xuelvfeng, Saigute Biotechnology Co., Ltd., Wuhan, China) was adopted and applied on 5th March, 20th July and 25th October in 2020, 8th March, 25th July, and 29th October in 2021. Drip fertigation was carried out with a differential pressure fertilization tank.

The irrigation quota was determined based on monthly water consumption intensity data in local Arabica coffee (Chen et al., 1995) and effective precipitation in the region. The equation 1:



where Ii is irrigation quota in the ith period (mm), ETci is average water consumption intensity in the ith period (mm d−1), n is the period (d), and Pi is effective precipitation in the ith period (mm).

The field irrigation system was equipped with a water pumping station, a filter device, a main pipeline, branch pipelines, capillary pipelines, and emitters. The branch control method was adopted to design drip irrigation pipelines, and the irrigation amount was controlled by the water meter. The flow rate of emitters was 2.5 L h-1 with a working pressure of 0.3 MPa. One circular capillary was set 0.3 m away from the trunk, and each circular capillary installed 2 emitters. All treatments were fully irrigated every 7 days during the experiment, with a total irrigation quota of 957.0 mm. The precipitation and irrigation quota are shown in Figure 2. Manual tillage and weeding were carried out monthly, pest controlled in early May, there was no shaping and pruning of coffee trees. Other field management was consistent with local practice.




2.3 Measurements and calculations



2.3.1 Leaf gas exchange measurements

The Anet, transpiration rate (Tr), gs of healthy functional leaves of the 3rd to 5th pairs in the superior plant layer counted from the tip was measured using a portable photosynthesis system (LI-6400XT, Lincoln, Nebraska, USA) at 9:00-11:00 am (under natural irradiance) on 22nd May, 5th October, 21st December in 2020 and 26th May, 5th October, 23rd December in 2021.

Leaf water use efficiency (LWUE) was calculated (Li et al., 2021) as equation 2:



Where LWUE is leaf water use efficiency (μmol mmol-1), Anet is leaf net photosynthetic rate (µmol m-2 s-1), Tr is transpiration rate (mmol m-2 s-1).

Carboxylation efficiency (CE) was calculated (Liu et al., 2019) as equation 3:



Where CE is carboxylation efficiency (mmol m-2 s-1), Ci is intercellular CO2 concentration (µmol mol-1).




2.3.2 Dry bean yield

Fresh bright-red mature beans were harvested by hand in batches from December to February of the next year. The fresh beans were decorticated with a coffee decorticator and soaked in water. Then the beans were washed, kneaded, shelled and degummed. The bean yield (kg ha-1) was determined after dried in natural sunlight until the water content was about 11%-12%. Appropriate amount of coffee beans harvested in 2021-2022 were selected to determine the nutrients of green coffee beans, volatile compounds and cup quality of roasted beans.




2.3.3 Crop water use efficiency and partial factor productivity of fertilizer

Crop water use efficiency (WUE) was calculated (Liu et al., 2016) as equation 4:



where WUE is crop water use efficiency (kg m−3), Y is coffee dry bean yield (kg ha−1), and ET is total water consumption over the growing period (mm). ET was calculated as equation 5:



where I is total irrigation quota (mm), Pr is effective precipitation (mm), and ΔW is variation of soil moisture during the experimental period (mm).

Partial factor productivity of fertilizer (PFP) was calculated (Cui et al., 2020) as equation 6:



Where PFP is partial factor productivity of fertilizer (kg −1), Y is total dry bean yield of coffee (kg ha−1), F is the total input of fertilizer (kg ha−1).




2.3.4 Nutritional components

The appropriate amount of shelled coffee beans was crushed with a grinder (WK-1000A, Shandong Jingcheng Medicine Equipment Manufacturing Co., Ltd., Shandong, China) to determine their nutrients. Ash content was determined by the muffle furnace method. About 5.00 g of coffee sample was placed into a muffle furnace (M10L1200, Sigma (Shanghai) High Temperature Electric Furnace Co., Ltd., Shanghai, China) at 600 ± 25°C to completely carbonizing till smokeless, cooling and weighing. Protein was determined by Kjeldahl method. Weighing fully mixed grinded coffee samples 0.20-0.30 g into the digestive tube, adding a mixed catalyst of copper sulfate and potassium sulfate and 20 mL of sulfuric acid in a fume hood for digestion and carbonization. Automatic liquid addition, distillation, titration and recording with automatic Kjeldahl nitrogen analyzer (K1100, Haineng Future Technology Group Co. Ltd, Shandong, China). Fat was determined by Soxhlet extraction method. Weighing an evenly mixed coffee sample of 5.00 g in a Soxhlet extractor (BSXT06-150, Beijing Haifuda Technology Co., Ltd., Beijing, China), extracting 6-8 h for 70°C water bath, siphoning every 3-5 min. Total sugar was determined by anthrone colorimetric method. 0.60 mL of the prepared extract was added with 2.40 mL of anthrone reagent. Standard curves were measured with 0.10 mg mL-1 glucose standard solution at 620 nm wavelength by spectrophotometer (UV-1600, Shanghai Meifuda Instrument Co., Ltd., Shanghai, China). Caffeine and chlorogenic acid were determined by ultraviolet spectrophotometry (Khochapong et al., 2021). The prepared coffee sample extract was mixed with dichloromethane at a ratio of 1:1. After 10 min of shaking, caffeine and chlorogenic acid were separated using a separatory funnel. The absorbance of chlorogenic acid (dissolved in distilled water) was determined by spectrophotometer at a wavelength of 324 nm with distilled water as blank. The caffeine extract (dissolved in dichloromethane) was determined by spectrophotometry at a wavelength of 274 nm with dichloromethane as a blank.




2.3.5 Coffee bean roasting and volatile compounds

120 g of green coffee beans were poured into a coffee baking machine (TN-100-1G, VINA NHATRANG, Vietnam) with the pot temperature of 180°C, the firepower of 1 Kw, and the damper of 0.5. Adjusting the firepower to 1.5 Kw when the bean temperature reached 170°C, then reduced the firepower to 0.8 Kw after the first explosion began at 193°C, held for 2 min, and took out when the temperature reached 208°C to obtain coffee samples with medium roasting degrees. After the first explosion under the same conditions, held for 3 min, and took out when the temperature reached 225°C to obtain coffee samples with dark roasting degrees. Then the cooling device was opened 1 min before flameout, and the coffee samples were quickly cooled to room temperature. The roasted coffee beans were crushed and passed through 40 mesh sieves, and then the volatile compounds were measured.

Headspace-gas chromatography-mass spectrometry (HS-GC-MS) described by Dong et al. (2019) was used for the analysis of volatile compounds. The solid-phase microextraction probe (SPME) (50/30 μm CAR/PDMS/DVB, Supelco, USA) was inserted into the injection port of GCMS-QP2010 gas chromatography-mass spectrometer (Shimadu, Japan) and aged for 1 h at 300°C. Up to 1.5 g of roasted ground coffee was placed in a 10 mL vial, equilibrated with a thermostatic heater at 60°C for 20 min, extracted for 30 min using the SPME fiber in the headspace, and then injected into the 250°C injection port for desorption for 3 min. Volatile compounds were separated using a polar DB-WAX capillary column (30 m × 0.25 mm × 0.25 μm film thickness). The oven temperature was maintained at 40°C for 2 min, raised at 1.5°C/min to 130°C, and then increased at 4°C/min up to 200°C and held for 5 min. The detector temperature was 230°C, and the injection port temperature was 250°C. The carrier gas was helium without split injection, with a flow rate of 1.0 mL/min for 3 min. Mass spectrometry analysis operated in the electron impact ionization mode (70 eV), with a scan range of 35-350 amu and ion source temperature of 230°C.

The compounds were tentatively identified by comparing the mass spectra based on a similarity search more than 80% of NIST05 library as well as related literature. The peak area normalization method was used for quantitative analysis (Dong et al., 2018).




2.3.6 Cup quality

The roasted coffee beans were naturally cooled and ground into fine powder with an average particle size of about 0.60-0.70 mm. Then 10.00 g roasted ground coffee was added into the cup and about 180 mL purified water at 90°C was poured on the cup for 4 min (Worku et al., 2018). Referring to the method of Hu et al. (2020), coffee cup quality was determined by five professional evaluators. The sensory scoring indexes included aroma, flavor, aftertaste, acidity, body, balance, overall, cleanliness, uniformity, and sweetness. The sensory indexes were evaluated in the range of 0 to 10 with the increment of 0.25, and the sum of 10 sensory indexes was the total score of an individual sample.





2.4 TOPSIS comprehensive scoring method

Technique for order preference by similarity to ideal solution (TOPSIS) is a commonly used comprehensive evaluation method. It can make full use of the information of the original data, and the results can accurately reflect the gap between the evaluation schemes. According to the improved TOPSIS, the comprehensive benefit evaluation model of coffee physiological indexes, nutritional quality indexes and coffee cups was established (Liu et al., 2016; Sun et al., 2022). Steps are as follows:

(1) Establishing the matrix R of evaluation objects and evaluation indicators. There were 7 evaluation objects (m) of fertilization, and 34 evaluation indexes (n) in 2021-2022 for Anet, Tr, gs, LWUE, CE, bean yield, bean quality (ash, total sugar, fat, protein, caffeine and chlorogenic acid), and indexes of coffee cups with different roasting degrees (aroma, flavor, aftertaste, acidity, body, balance, overall, cleanliness, uniformity, sweetness and total score), using the equation 7:



where rij is the jth evaluation index under the ith evaluation object, m = 7, n = 34.

(2) Indicators were normalized to build a normative decision matrix Z=(zij)m×n, using the equation 8:



(3) Weight determination:

(a) The judgment matrix was constructed using the equation 9:



where bxp is the pth evaluation object under the xth evaluation index of the matrix.

(b) Each column of the judgment matrix was normalized using the equation 10:



where k represents the kth evaluation index.

(c) The matrix was summed by rows using the equation 11:



(d) The vector   was normalized using the equation 12:



(4) The weighting matrix Z′ was constituted using the equation 13:



(5) The positive ideal solution ( ) and the negative ideal solution ( ) were obtained using the equation 14 and 15:





(6) The Euclidean distances of   and   between each object and     were calculated using the equation 16 and 17:





(7) The relative proximity coefficients were calculated and sorted using the equation 18. The closer Rc is to 1, the better the evaluation object is.






2.5 Statistical analysis

To realize data visualization, hierarchical clustering was used to investigate the variation of flavor substances among different fertilizer treatments. hierarchical clustering creates a hierarchical nested clustering tree by calculating the similarity between data points of different categories. The merging algorithm of hierarchical clustering combines the two most similar data points of all data by calculating the similarity between two categories of data points, and repeats this process. Each class of compounds was normalized in the study. Moreover, square Euclidean distance was used to perform similarity measure, and the data points with the smallest distance value were combined each other. The clustering algorithm was ward’s linkage method that minimizes the sum of squares of all clusters.

Data collecting and collating were conducted by Excel 2010. TOPSIS was executed by Excel 2010. Graphics drawing and cluster analysis was performed by Origin 2018 software. One-way analysis of variance (ANOVA) (P<0.05) and Pearson correlation analysis were performed using SPSS 23.0 software. Part of experimental pictures are shown in Figure 3.




Figure 3 | Pictures of experiment. (A) experimental field, (B) Leaf gas exchange measurements, (C) Berry maturity, (D) Coffee bean roasting.







3 Results



3.1 Leaf gas exchange

Different fertilization mode had significant effects on Anet, Tr, gs and CE of Arabica coffee. Among them, FL350BE250BR150 had the highest Anet and gs, with a two-year average value of 10.67 µmol m-2 s-1 and 199.77 mmol m-2 s-1, respectively, while FL150BE250BR350 had the lowest Anet and gs (Figures 4A, C). FL250BE350BR150 had the highest Tr (Figure 4B), with a two-year average value of 4.36 mmol m-2 s-1. In 2020-2021, compared with FL250BE250BR250, FL150BE250BR350 decreased Anet and gs by 8.07% and 5.26%, FL250BE150BR350 decreased Anet by 6.22%, FL250BE350BR150 increased Tr and gs by 5.35% and 6.53%, FL350BE250BR150 increased gs by 8.12%. In 2021-2022, compared with FL250BE250BR250, FL150BE250BR350 decreased Anet by 6.30%, FL250BE350BR150 increased Tr and gs by 7.07% and 8.97%, FL350BE250BR150 increased Anet, Tr and gs by 5.16%, 5.85% and 10.62%, respectively. For the two-year average, compared with FL250BE250BR250, FL150BE250BR350 and FL250BE150BR350 decreased Anet by 7.23% and 5.28%, FL250BE350BR150 increased Anet, Tr and gs by 7.92%, 6.34% and 7.74%, FL350BE250BR150 increased Anet, Tr and gs by 5.28%, 5.37%, and 9.63%. Except for FL350BE250BR150, other treatments decreased CE compared with FL250BE250BR250 (Figure 4D). Compared with FL250BE250BR250, FL150BE250BR350, FL150BE350BR250 and FL250BE150BR350 decreased CE by 12.02%, 8.00% and 10.07% in 2020-2021, and decreased CE by 11.15%, 7.09% and 9.41% of two-year average, respectively. The LWUE value of FL250BE250BR250 was the highest, with a two-year average of 2.49 μmol mmol-1 (Figure 4E).




Figure 4 | Effects of split fertilization on leaf net photosynthetic rate (A), transpiration rate (B), stomatal conductance (C), carboxylation efficiency (D) and leaf water use efficiency (E) of Arabica coffee. Different lowercase letters at the top of the bar indicate significant differences among treatments (P<0.05).






3.2 Dry bean yield

Different fertilization mode significantly influenced the yield of Arabica coffee. In both years, the highest yield occurred in FL250BE350BR150 and the lowest yield occurred in FL250BE150BR350 (Figure 5). Compared with FL250BE250BR250, the yield of FL250BE150BR350 and FL350BE150BR250 were decreased by 19.11% and 7.24% in 2020-2021, decreased by 18.38% and 7.92% in 2021-2022, and two-year average yield decreased by 18.74% and 7.58%. However, the yield of FL250BE350BR150 in 2020-2021, 2021-2022 and two-years average were 8.99%, 8.74% and 8.86% higher than those in FL250BE250BR250, respectively. Furthermore, there was no significant difference in yield among FL250BE250BR250, FL150BE250BR350, FL150BE350BR250 and FL350BE250BR150.




Figure 5 | Effects of split fertilization on dry bean yield of Arabica coffee. Different lowercase letters at the top of the bar indicate significant differences among treatments (P<0.05).






3.3 Crop water use efficiency and partial factor productivity of fertilizer

Different fertilization mode had significant effect on crop water use efficiency (WUE) of Arabica coffee in two years. As could be seen from Figure 6A, there was no significant difference on WUE between FL150BE250BR350, FL150BE350BR250, FL350BE250BR150 and FL250BE250BR250. Compared with FL250BE250BR250, FL250BE150BR350 and FL350BE150BR250 decreased average WUE by 18.64% and 8.47%, while FL250BE350BR150 increased by 8.47%.




Figure 6 | Effects of split fertilization on crop water use efficiency (A) and partial factor productivity of fertilizer (B) of Arabica coffee. Different lowercase letters at the top of the bar indicate significant difference among treatments (P<0.05).



In terms of PFP, FL250BE150BR350 had the lowest PFP, and both FL150BE350BR250 and FL250BE350BR150 had higher PFP (Figure 6B), indicating that higher fertilization in BE was conducive to improving fertilizer utilization efficiency.




3.4 Nutritional components

Different fertilization had significant effects on bean nutrient content of Arabica coffee. FL250BE350BR150 had the highest nutrient content except of fat and caffeine, while FL250BE150BR350 had the lowest except of caffeine and chlorogenic acid (Table 1). Compared with FL250BE250BR250, FI150FII350FIII250 and FI250FII350FIII150 increased ash content by 1.98% and 6.47%, increased total sugar content by 5.23% and 9.68%, increased fat content by 5.77% and 3.60%, increased protein content by 7.57% and 14.02%, increased caffeine content by 18.45% and 4.85%, and increased chlorogenic acid content by 11.46% and 15.42%. Compared with FL250BE250BR250, FL250BE150BR350 and FL350BE150BR250 decreased ash content by 10.97% and 10.79%, decreased total sugar content by 9.07% and 6.19%, decreased fat content by 3.73% and 3.39%, decreased protein content by 7.05% and 6.65%, and decreased chlorogenic acid content by 12.64% and 14.96%. The caffeine content of FL350BE150BR250 and FL350BE250BR150 decreased by 7.77% and 6.80% compared with FL250BE250BR250. There was no significant difference on nutrient content among FL150BE250BR350, FL350BE250BR150B and FL250BE250BR250 except of ash content.


Table 1 | Effects of fertilization modes at different growth stages on bean nutrients.






3.5 Volatile compounds



3.5.1 Volatile compounds of roasted coffee beans at various fertilization modes

The volatile compounds and relative contents of medium (M) and dark (D) roasted coffee under different fertilization modes are shown in Supp. S1. The results showed that 81 volatile compounds were identified in roasted ground coffee, including 15 furans, 14 ketones, 2 aldehydes, 8 esters, 2 alcohols, 6 phenols, 2 acids, 12 pyrazines, 6 pyridines, 7 pyrroles and 7 others. Medium roasted beans detected 63-73 volatiles and dark roasted beans detected 69-75 volatiles. There were 54 same volatile compounds accounting for 81.00-91.00% in coffee beans under different fertilization treatments, which constituted the main flavor of coffee (Supp. S1).

Furans obtained the most abundant relative content (32.71-37.80%) among all volatile compounds in roasted coffee beans, mainly including furfuryl alcohol (increasing with roasting degree), furfural (decreasing with roasting degree) and 5-methylfurfural. The relative contents of furans in MFL150BE350BR250, DFL150BE350BR250, MFL250BE350BR150, DFL250BE350BR150 and MFL350BE250BR150 were all above 35.00% (Figure 7A and Supp. S1). Pyrazines (16.89-23.08%) are the important flavor compounds whose content was only second to furans, and the relative content of pyrazine compounds under dark roasting showed a downward trend compared with that under medium roasting (Figure 7A and Supp. S1). Among them, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, 2,3,5-trimethylpyrazine and 2,3-dimethylpyrazine are important to coffee flavor. Ketones were the third major volatile compounds (11.59-17.66%). Among them, 1-acetyloxy-2-propanone and 1-(2-Hydroxy-5-methylphenyl) ethenone had higher content, while 2,3-butanedione and 2,3-pentanedione that contributed greatly to coffee flavor were in low content (Figure 7A and Supp. S1). Pyrroles and pyridines accounted for 5.95-8.02% and 3.20-7.42%, respectively, while they had less effect on coffee flavor due to low sensory threshold (Supp. S1). Phenolic compounds (2.99-6.83%) increased with the deepening of roasting degree, mainly including maltol, phenol and 4-ethyl-2-methoxyphenol (Supp. S1). Acids mainly including acetic acid and isovaleric acid (1.42-10.26%) decreased with the deepening of roasting degree, FL250BE350BR150 obtained low acids content (1.42 -2.05%) due to acetic acid was not detected in this treatment (Supp. S1). The acids content in MFL250BE250BR250, MFL150BE250BR350, MFL250BE150BR350 and DFL350BE150BR250 were all more than 8.00% (Supp. S1). Furthermore, there was no significant difference on the content of esters (3.51-4.33%) among different treatments (Figure 7A and Supp. S1).




Figure 7 | Cumulative graph (A) and hierarchical cluster analysis (B) of volatile compounds in medium and dark roasted coffee under different fertilization modes. I, the first major cluster; II, the second major cluster. M, medium roasting degree; D, dark roasting degree.






3.5.2 Cluster analysis of volatile compounds

Cluster analysis was used to visualize the data across a wide range of substances and treatments. As shown in Figure 7B, different roasting treatments were clearly divided into two clusters. Cluster I represented medium roasting treatments, which contained high content of acids and pyrazines. Cluster II represented dark roasting treatments, which had a high content of pyrroles, pyridines, phenols, alcohols, aldehydes, and others (Figure 7B). This indicated that roasting degree had an important effect on the relative content of volatile compounds. Cluster I contained 2 subcategories. The first subcategory included MFL250BE250BR250, MFL150BE250BR350 and MFL250BE150BR350, which contained high content of pyrroles, pyridines and acids. The second subcategory included MFL150BE350BR250, MFL250BE350BR150, MFL350BE150BR250 and MFL350BE250BR150, which had a high content of pyrazines, esters, ketones and furans. The first subcategory of cluster II was DFL250BE250BR250, DFL150BE250BR350, DFL250BE150BR350, DFL350BE150BR250 and DFL350BE250BR150, in which pyridines and pyrroles were significantly higher than other treatments (Figure 7B). Among them, the contents of pyrroles and pyridines were the highest in DFL250BE250BR250 and DFL150BE250BR350, while esters and ketones were low. The second subcategory of cluster II contained DFL150BE250BR250 and DFL250BE350BR150, which had high content of ketones, furans, phenols, alcohols, aldehydes and others (Figure 7B).





3.6 Cup quality

The sensory indicators of cleanliness, uniformity and sweetness were not displayed in the Table 2 because they were all 10 points. The scores of aroma, acidity, balance and overall of medium roasted coffee generally ranged from 7.25 to 7.75. Among them, the sensory scores of MFL250BE350BR150 were all higher than 7.40, especially the flavor indicator, which had a great influence on the final total score. However, the sensory scores of MFL250BE150BR350 were low, which ranged from 6.75 to 7.25. In the situation of dark roasted coffee, the body scores ranged from 7.25 to 7.75, with acidity of 6.50 to 7.00. The total scores of medium roasted coffees were in order of MFL250BE350BR150 > MFL150BE350BR250 > MFL350BE250BR150 > MFL250BE250BR250 > MFL350BE150BR250 > MFL150BE250BR350 > MFL250BE150BR350, and the scores were all greater than 80.00 except of MFL250BE150BR350. The total scores of dark roasted coffees were in the order of DFL350BE250BR150 > DFL250BE350BR150 > DFL350BE150BR250 > DFL250BE250BR250 > DFL150BE350BR250 > DFL250BE150BR350 > DFL150BE250BR350, and the total scores of other treatments except DFL150BE250BR350 and DFL250BE150BR350 were above 80.00. Moreover, the total scores of FL250BE250BR250, FL150BE250BR350, FL150BE350BR250 and FL250BE350BR150 under medium roasting degree were higher than dark roasting degree.


Table 2 | Cup quality of medium and dark roasted beans under different fertilization modes.






3.7 Correlation analysis of bean nutrients and volatile compounds/cup quality

Correlation analysis found that nutrients were correlated with flavor compounds to some extent (Figure 8). Total sugar content was positively correlated with furan and pyrazine content, while negatively correlated with acid content. Protein content was positively correlated with ketone and pyrazine content, while negatively correlated with acid and pyrrole content. Furthermore, there were interactions between volatile compounds.




Figure 8 | Correlation analysis of nutrients in green coffee beans and volatile compounds in roasted coffee beans. As is ash; Ts is total sugar; Fa is fat; Pr is protein; Ca is caffeine; Cha is chlorogenic acid; Fu is furans; Ke is ketones; Ald is aldehydes; Es is esters; Alc is alcohols; Ph is phenol; Ac is acids; Pyra is pyrazines; Pyri is pyridines; Pyrr is pyrroles; Oth is others. *denotes significant correlation between indicators (P<0.05).



By exploring the correlation of nutrients content and cup quality, we found that total sugar content was positively correlated with aroma, flavor, aftertaste, acidity, body and overall indicator, fat content was positively correlated with body and overall indicator, chlorogenic acid content was positively correlated with overall indicator, and some sensory indexes influenced each other (Figure 9). Overall, there was no direct correlation between nutrients and sensory scores, while there was a clear correlation between green bean nutrients content.




Figure 9 | Correlation analysis of nutrients in green coffee beans and cup quality in roasted coffee beans. As is ash; Ts is total sugar; Fa is fat; Pr is protein; Ca is caffeine, Cha is chlorogenic acid. Ar is aroma; Fl is flavor; Af is aftertaste; Ac is acidity; Bo is body; Ba is balance; Ov is overall. *denotes significant correlation between indicators (P<0.05).






3.8 Comprehensive evaluation by TOPSIS

The TOPSIS method was used to comprehensively analyze and evaluate the Anet, Tr, gs, LWUE, CE, bean yield, bean quality and coffee cup quality indicators of different fertilization modes in 2021-2022. The results are shown in the Table 3, and detailed information is shown in Supp. S2. As can be seen from the Table 3, the ranking order was: FL250BE350BR150, FL150BE350BR250, FL350BE250BR150, FL250BE250BR250, FL150BE250BR350 and FL250BE150BR350. This indicated that FL250BE350BR150 could provide sufficient nutrients during the fertilizer-demanding period of coffee, which can not only promote the growth of Arabica coffee, but also improve the yield and quality of coffee beans. Therefore, FL250BE350BR150 was the optimal drip fertigation mode.


Table 3 | TOPSIS comprehensive analysis of different fertilization modes of Arabica coffee.







4 Discussion



4.1 Leaf gas exchange of Arabica coffee

Under the conditions of drip irrigation, rational fertilization modes can timely and effectively meet the demand of crops for soil water and nutrients, improve the flower bud differentiation rate, delay leaf senescence, and prolong leaf gas exchange time, thus improving the photosynthetic capacity of plants (Bartholo et al., 2003; Zhang et al., 2017; Liu et al., 2019). The study found that compared with FL250BE250BR250, increasing fertilizer amount under the same irrigation level during FL and BE period was beneficial for the rapid increase in Anet, Tr, and gs, while change of fertilization at BR had a little effect on Anet, Tr and gs. It might be because the trees possess vigorous life activities at BE and BR, which require massive levels of nutrients. However, the leaf senescence and the decrease of key photosynthetic enzyme activities at BR result in the weakening of leaf gas exchange (Bartholo et al., 2003; Rakocevic et al., 2020; Sun et al., 2022). The BE is vital for the formation of coffee cherry. Increasing fertilizer application under the condition of sufficient soil water is beneficial to the absorption and accumulation of plant nutrients, which increase the leaf area, chlorophyll content and the synthesis of photosynthetic enzymes, thus effectively improving leaf gas exchange at BE and promoting the accumulation of photosynthetic products (Vinecky et al., 2017; Sun et al., 2018). By comparing the average Anet over two years, it was found that FL350BE250BR150 obtained the maximum value of Anet and gs, and FL150BE250BR350 obtained the minimum value of Anet and gs. This further indicates that the FL and BE are the key phenophases of coffee photosynthesis, and more nutrients are needed to lay the foundation for high quality and high yield of Arabica coffee.




4.2 Dry bean yield and water use efficiency of Arabica coffee

Under drip fertigation, split fertilization at different growth period can promote the transportation and absorption of nutrients in plants, enhance cell metabolism and carbohydrate synthesis, and promote the formation of coffee yield and quality (Vinecky et al., 2017). FI250FII350FIII150 obtained the highest dry bean yield, while FI250FII150FIII350 obtained the lowest dry bean yield. This indicates that the yield of coffee beans is closely related to the amount of fertilizer applied in different growth periods, especially at FS (Bruno et al., 2011; Sun et al., 2018). Fertilization at phenophases and periods of maturation can timely supplement and balance the nutrient demand of coffee organs, and sufficient water supply can simultaneously promote nutrients release, thus promoting nutrient cycling and absorption in plants, accelerating the synthesis of cytokinin, promoting fruit expansion and weight of single fruit (Parvizi and Sepaskhah, 2015; Liu et al., 2019). In addition, the vigorous physiological activities and strong photosynthetic capacity of coffee trees at BE may be conducive to the accumulation of photosynthetic products (Silva et al., 2003; Zhang et al., 2017). The increase of fertilization at FL can promote the blossom, improve fruit setting rate, accelerate the growth of new shoots, and lay the foundation for the reproductive growth of coffee. We all know that excessive or insufficient fertilization is not conducive to yield production. In this study, FL250BE350BR150 simultaneously obtained the maximum WUE and the highest bean yield, indicating that this kind of fertilization pattern met the growth demands of coffee. Therefore, it is necessary to apply fertilizer by period according to crop fertilizer requirement.




4.3 Nutritional components of coffee beans

Soil nutrients can be absorbed and utilized by plants through microbial decomposition and transformation. One-time fertilization is easy to cause the overload operation of soil microorganisms, which may reduce the utilization rate of soil nutrients (Sun et al., 2022). Fertilization on demand according to crop growth period can improve soil microbial metabolism ability and increase soil nutrient availability, thereby improving fruit nutritional quality (Dinesh et al., 2010; Sakai et al., 2015). In addition, drip fertigation can provide accurate application of water and fertilizer, reduce nutrient leaching, well maintain the loose state and porosity of soil, thus improving soil physical and chemical properties (Sakai et al., 2015; Yan et al., 2021). In this study, FL150BE350BR250 and FL250BE350BR150 significantly increased the content of ash, total sugar, fat, protein, caffeine and chlorogenic acid compared with FL250BE250BR250. However, FL250BE150BR350 and FL350BE150BR250 significantly decreased the content of ash, total sugar, fat, protein and chlorogenic acid compared with FL250BE250BR250. On the one hand, split fertilization according to growth period may affect the decomposition and conversion rate of nutrients by soil microorganisms, thus affecting the availability of nutrients (Sakai et al., 2015; Vinecky et al., 2017). On the other hand, the BE is the critical period for the formation of nutritional quality of coffee cherry. The amount of fertilizer applied during this period directly affects the nutrient transport and distribution in coffee trees, and the formation and accumulation of photosynthetic products (Zhang et al., 2017; Sun et al., 2018; Wu et al., 2019). It was found that nitrogen fertilizer was closely related to the synthesis of amino acids in fruit. Appropriate amount of nitrogen fertilizer could increase the contents of caffeine, protein and chlorogenic acid and the yield of coffee beans (Wang et al., 2008; Liu et al., 2016). Phosphorus is involved in plant photosynthesis and nitrogen absorption and metabolism, and adjusts the proportion of nutrients in plants, thus regulating the content of chlorogenic acid in fruits (Wang et al., 2008). Potassium fertilizer can enhance enzyme activity in plants, participate in regulating CO2 fixation in photosynthesis, and promote sugar metabolism and protein synthesis, thus improving fruit quality (Ali et al., 2021). Therefore, fertilization according to the nutrient requirements of Arabica coffee can coordinate the growth of vegetative organs and reproductive organs, and the accumulation and distribution of assimilates, so as to achieve the purpose of improving the nutrient content of coffee beans.




4.4 Volatile compounds of roasted beans

In addition to the stimulation effect and the health care function of caffeine, the popularity of coffee is mainly attributed to the unique aroma and flavor of volatile compounds in roasted coffee (Dulsat-Serra et al., 2016). Furans with sweet, caramel and barbecue tastes are associated with the thermal decomposition of sugars, the Maillard reaction of reducing sugars and amino acids, and the oxidation of polyunsaturated fatty acids (Rocha et al., 2004; Sunarharum et al., 2014; Zakidou et al., 2021). In this study, the content of different furans varied with roasting degree, which might be related to the decomposition conditions of precursors and the further decomposition of furans with the deepening of roasting degree. Petisca et al. (2014) found that furfural and its derivatives would further decompose into furoic acid under heating conditions, and then decarboxylated to produce CO2. Cluster analysis showed that FL150BE350BR250 and FL250BE350BR150 had high relative content of furans under different roasting degrees, which might be related to the high total sugar and protein content in these two treatments. Correlation analysis results also indicated that total sugar content was positively correlated with furan content. The formation of pyrazines is related to the Maillard reaction and the pyrolysis of amino acids (Sunarharum et al., 2014). Pyrazines show attractive coffee or cocoa fragrance, and its third-generation derivatives have barbecue and earthy tastes (Toci and Boldrin, 2018). The content of pyrazines in the baking process depends on the ratio of amino acids to sugars in the reaction system (Toci et al., 2020). In this study, pyrazine compounds had high relative content under medium roasting degrees (M), which might be due to the fracture of the six-membered ring of pyrazines under dark roasting degrees (D), resulting in the formation of olefins and then volatilization (Kiefer et al., 1997). The relative contents of pyrazines in MFL150BE350BR250, MFL250BE350BR150, MFL350BE150BR250 and MFL350BE250BR150 were higher than that under dark roasting degrees, which might be due to the high protein content in these treatments. Moreover, the high pyrazine content in FL350BE150BR250 might be attributed to the defective coffee beans, which resulted in the content of free amino acids far exceeding that of carbohydrates, thus more pyrazines were generated through the Maillard reaction (Toci et al., 2020). Correlation analysis found that pyrazine content was positively correlated with total sugar and protein content, which further explained the relationship among the three substances. The formation of ketones is related to Maillard reaction or Strecker degradation (Sunarharum et al., 2014; Toci et al., 2020). The high content of ketones in FL250BE350BR150 might be related to the high protein content. Acids affect the flavor and taste of coffee, and tend to decompose at high temperature. The high content of acids in MFL250BE250BR250, MFL150BE250BR350 and MFL250BE150BR350 might be closely related to the nutrient content and defective beans in coffee (Toci et al., 2020). Many studies have shown that the precursors of green coffee beans are closely related to the flavor compounds of roasted coffee (Sunarharum et al., 2014; Hu et al., 2020; Zakidou et al., 2021). This study found that there were differences in coffee volatile compounds among different treatments. The main reason may be that fertilization amount at different periods affected the tree growth and physiological activity, which changed the nutritional components of beans.




4.5 Cup quality of roasted beans

Cup quality directly affects the price of coffee. A high-quality cup is a balanced combination of flavor, body and aroma (Sunarharum et al., 2014). Due to the cultivar, growing environment, processing method and roasting degree, the composition and content of coffee are different, which directly affects the taste, aroma, color and quality of roasted coffee. In this study, the high scores of coffee aroma, acidity and balance of medium roasted beans might be related to the ketones and acids generated by proteins and sugars under medium roasting degrees. The correlation analysis indicated that protein content was positively correlated with ketone content, and sugar content was positively correlated with coffee aroma and acidity score. In addition to being a sweet substance, sugar is also conducive to the formation of coffee aroma and flavor (Sunarharum et al., 2014; Zakidou et al., 2021). It has been found that coffee cups with high sugar content also have high quality (Barbosa et al., 2019). The body score of coffee under dark roasting degrees was higher than that under medium roasting degrees, which might be related to the increasing fat content under dark roasting degrees. Vasconcelos et al. (2007) found that the maximum fat content of Arabica during the baking process was 11.18% higher than that of green coffee beans. Correlation analysis showed that fat content was positive correlation with body score. The release of volatile compounds such as aldehydes, ketones and alcohols from fat during baking process affects the body of coffee, thereby influencing the cup quality (Barbosa et al., 2019). Only the quality score of FL250BE150BR350 was below 80.00 under different roasting degrees. This might be due to the low total sugar and fat content of some green beans, which led to the fact that various volatile substances of roasted coffee beans did not reach the equilibrium point, thus affecting the cup quality.





5 Conclusions

Increasing fertilization ratio at FL and BE obviously improved the average Anet, Tr, gs and CE. FL250BE350BR150 significantly increased bean yield, WUE and PFP, while FL250BE150BR350 and FL350BE150BR250 significantly decreased those indexes. FL150BE350BR250 and FL250BE350BR150 increased contents of total sugar, fat, protein, caffeine and chlorogenic acid compared with other treatments. Medium roasted coffee beans contained high levels of acids and pyrazines, while dark roasted coffee beans contained high levels of pyrroles, pyridines, phenols, alcohols, aldehydes and other compounds. MFL250BE350BR150 and DFL350BE250BR150 obtained the highest total cup score. Correlation analysis showed that bean nutrient contents were closely related to volatile and cup quality. The TOPSIS indicated that FL250BE350BR150 was the best fertilization mode. The experiment can provide some practical reference for coffee cultivation. Further study may focus on the relationship between soil environment and coffee quality and volatile components.
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With the continuous change of global climate, the frequency of low-temperature stress (LTS) in spring increased greatly, which led to the increase of wheat yield decline. The effects of LTS at booting on grain starch synthesis and yield were examined in two wheat varieties with differing low-temperature sensitivities (insensitive variety Yannong 19 and sensitive variety Wanmai 52). A combination of potted and field planting was employed. For LTS treatment at booting, the wheat plants were placed in a climate chamber for 24 h at −2°C, 0°C or 2°C from 19:00 to 07:00 then 5°C from 07:00 to 19:00. They were then returned to the experimental field. The effects of flag leaf photosynthetic characteristics, the accumulation and distribution of photosynthetic products, enzyme activity related to starch synthesis and relative expression, the starch content, and grain yield were determined. LTS at booting caused a significant reduction in the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) of the flag leaves at filling. The development of starch grains in the endosperm is also hindere, there are obvious equatorial grooves observed on the surface of the A-type starch granules, and a reduction in the number of B-type starch granules. The abundance of 13C in the flag leaves and grains decreased significantly. LTS also caused a significant reduction in translocation amount of pre-anthesis stored dry matte from vegetative organs to grains and amount of post-anthesis transfer of accumulated dry matte into grains, and the distribution rate of dry matter in the grains at maturity. The grain filling time was shortened, and the grain filling rate decreased. A decrease in the activity and relative expression of enzymes related to starch synthesis was also observed, with a decrease in the total starch content. As a result, a decrease in the grain number per panicle and 1000-grain weight were also observed. These findings highlight the underlying physiological cause of decreased starch content and grain weight after LTS in wheat.
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1 Introduction

LTS in spring is one of the main limiting factors affecting wheat production. The frequent occurrence of extreme weather events and climate warming is causing early onset of the wheat phenological period, aggravating low-temperature damage in spring (Trnka et al., 2014). In the Huanghuai region of China, LTS in spring lasts for a long duration and is of high intensity, causing serious wheat yield losses (Xiao et al., 2018). These low-temperatures typically occur from the end of March to the beginning of April, and although the young wheat panicle remains enclosed in the flag leaf sheath at this time, it represents a critical and sensitive stage of meiosis and tetrad formation. LTS affects wheat growth and development (Kumar et al., 2018), reducing the photosynthetic capacity of functional leaves (Gupta et al., 2016) and causing a decrease in the carbohydrate content (Shahryar and Maali-Amiri, 2016), ultimately leading to a decrease in yield (Obembe et al., 2021).

Photosynthesis is one of the basic processes to ensure stress of plants (Kreslavski et al., 2013). Studies have shown that LTS leads to a decrease in Pn, Gs, and Tr in wheat (Yordanova and Popova, 2007). Meanwhile, other studies have shown a reduction in photosynthetic capacity under stress, as well as a decrease in glycogen supply to source organs and subsequent transportation to sink organs (Clusters et al., 2016), which in turn affect the accumulation and distribution of dry matter. Drought stress was also found to cause a decrease in dry matter distribution in wheat grains (Dhakal, 2021), while waterlogging stress caused a 57% reduction in post-anthesis dry matter accumulation (Palta et al., 1994).

Starch is the main component of the wheat endosperm, and is synthesized via a series of coordinated enzymatic reactions (Panigrahi et al., 2019). Starch phosphorylase (Pho1, EC 2.4.1.1) is a temperature-dependent enzyme, the main role of which is the regulation of starch synthesis at low-temperature (Satoh et al., 2008). Recent studies have also revealed a role of disproportionating enzyme (Dpe1, EC 2.4.1.25) in starch synthesis (Dong et al., 2015; Vinje et al., 2022). Moreover, Dpe1 was found to participate in starch structure modification by transferring maltose to amylopectin, with over-expression resulting in small starch granules, and inhibition an increase in amylose content (Dong et al., 2015).

Moreover, both low- and high-temperature stress during grain filling resulted in a reduction in the grain filling rate of wheat, affecting the synthesis of amylopectin and total starch, and in turn causing reductions in the grain starch content and weight (Zhao et al., 2022). LTS resulted in a reduction in grain size and plumpness during grain filling (Cromey et al., 1998), and a reduction in grain number per spike and the 1000-grain weight (Kajla et al., 2015; Zhang et al., 2021b).

Previously, it has been reported that LTS at booting will adversely affect wheat yield, and wheat grain development mainly depends on the process of starch synthesis and accumulation (Liu et al., 2019; Xiao et al., 2022). Therefore, studying the effect of LTS at booting on grain weight formation is necessary. Although numerous reports have documented the effects of LTS in spring on photosynthetic characteristics and yield in wheat, few reports have examined the effect of LTS at booting on grain starch content and yield from the perspective of dry matter transportation and starch synthesis. In this study, we selected the varieties whose yield and its components decreased slightly and greatly in the spring LTS test of wheat varieties planted in a large area in this area as the experimental materials (the data has not been published yet). And wheat varieties with differing low-temperature sensitivities were subjected to LTS at booting. Photosynthetic characteristics of flag leaves, the accumulation and transportation of photosynthetic products, the activity and relative expression of starch synthesis related enzymes in grains, the starch content and yield in grains were determined. The findings provide a physiological basis for the reduction in starch content and grain weight resulting from LTS at booting.




2 Materials and methods



2.1 Plant materials

Two wheat varieties with differing sensitivities to LTS were selected based on the degree of decrease of grain number per spike and grain weight: insensitive variety Yannong 19 (bred by the Wheat Research Institute, Yantai Academy of Agricultural Sciences, Shandong Province, China) and sensitive variety Wanmai 52 (bred by Suzhou Seed Company, Anhui Province, China).




2.2 Experimental design

The experiments were carried out at the on-campus experimental base of Anhui Agricultural University (Hefei, Anhui Province, China; 31.52°N, 117.17°E) from November 2018 to June 2019, and November 2020 to June 2021. Seeds were sown on 6 November 2018 and 5 November 2020, respectively. The experiments used a combination of potted and field planting methods. Pots were 30 cm high and 30 cm in diameter, and were potted with soil taken from the 0–20 cm layer of the experimental field. The nutrient content of the experimental field before sowing is shown in Table 1. Each pot was filled with 10 kg of sifted soil plus 75 g of organic fertilizer, 8 g of compound fertilizer (N: P: K = 17: 17: 17), and 4.91 g of urea. An additional 2.28 g of urea was added to each pot as topdressing at jointing. A total of 120 pots were planted per variety. They were then buried in the experimental field, with the upper edge of the pots flush with the ground. Emerging seedlings showing uniform growth were thinned to 10 seedlings per pot. All other field management measures were in accordance with the requirements of high-yield cultivation.


Table 1 | The nutrient content of the experimental field before sowing.



The differentiation process of the young wheat ears was observed using a microscope (SZX16, Olympus, Japan). After differentiation of the young ears to the anther separation stage, 90 pots per variety were moved from the experimental field and placed in an artificial climate chamber for LTS treatment at booting. LTS treatment was carried out for 24 h on 3 April 2019 and 28 March 2021, respectively, as follows: at 2°C, 0°C or −2°C from 19:00 to 07:00 followed by 5°C from 07:00 to 19:00. Humidity was maintained at 70%. Pots were then returned to the field and reburied. Pots of each variety that remained in the field and did not undergo LTS treatment at booting were used as a control. Diurnal changes in the wheat canopy temperature of the field control group in 2019 and 2021 are shown in Figure 1.




Figure 1 | Diurnal variation in canopy temperature in the control group during the two-year field study. The wheat reached another separation stage on 3 April 2019 and 28 March 2021. Canopy temperature was recorded at 80-minute intervals.






2.3 Measurements



2.3.1 Photosynthetic parameters of the flag leaves

For analysis of photosynthetic parameters in the flag leaves, 10 pots showing consistent growth and development were randomly selected from each treatment between 09:00 to 11:00 in the morning on a clear and cloudless day. Samples were obtained at the heading stage, anthesis stage and filling stage then Pn, Gs and Tr of the flag leaves were measured using a Photosynthesis-Fluorescence system (Li-6400XT, Li-Cor Inc, USA) with a 2×3 cm standard leaf chamber. Leaf chamber parameters were set as follows: an ambient atmospheric CO2 concentration (Ca) of 400 μ·mol−1, light intensity of 1200 μmol·m−2·s−1, temperature of 20°C, and vapor pressure deficit (VPD) of 1.5 kPa.




2.3.2 Starch granules morphology

Wheat ears showing anthesis on the same date, and consistent growth and development were marked. At maturity, 5 to 10 of the marked ears showing consistent growth were then sampled. From these, six to seven grains from the middle of the ear and one to two grains from the base of the spikelet were harvested then dissected down the central axis with a razor blade to obtain a cross section of the grain endosperm. The samples were then fixed on a copper column using double-sided carbon glue and gold-plated using an ion sputtering device. The ultrastructure of the endosperm starch granules was then observed using a scanning electron microscope (S-4800, Hitachi, Japan).




2.3.3 Isotopic 13C abundance

For each treatment, 10 single wheat stems showing consistent growth were selected then the upper three leaves on the main stem of single plants were marked between 10:00–11:00 am on the same day as LTS treatment. Before 13CO2 labeling, the marked unfolded leaves were sealed in a polyvinyl chloride transparent plastic film bag, which was then injected with 5 mL of 13CO2 using a medical injector. The sealed bag was removed after photosynthetic assimilation under natural light for 60 min. The marked flag leaves were then sampled three days later, while the grains from the marked plants were sampled at maturity. The samples were ground using an analytical grinder (A11 basic, IKA, Germany) after de-enzyming and drying then passed through a 100-mesh sieve. An elemental analysis-stable isotope ratio mass spectrometer (EA-IRMS) (Integra 2, Sercon, UK) was then used to determine the abundance of 13C in 50 mg leaf and grain samples, with three repetitions per measurement. 13C abundance was then calculated as follows:



where R (13C/12CVPDB) is the carbon isotope abundance ratio of the international standard Vienna Pee Dee Belemnite (VPDB). The analytical precision of 13C abundance was set at ± 0.2‰.




2.3.4 Dry matter accumulation and distribution

After anthesis, wheat ears that bloomed on the same day were marked. At anthesis and maturity, 30 ears showing consistent growth were then selected from each plot. At anthesis, the samples were divided into the stem sheath, leaf and ear, while at maturity, they were divided into the stem sheath, leaf, glume of the leaf rachis, and grain. The samples were fixed at 105°C for 30 min then dried at 75°C to a constant weight. The dry matter distribution of each organ was then weighed, and dry matter accumulation was calculated as follows:



 





From 10 days after anthesis to maturity, 15–20 wheat ears showing uniform growth were selected every five days then the grains were removed. The seeds were fixed at 105°C for 30 min then dried at 75°C to a constant weight, weighed and converted into the 1000-grain weight. The logistic equation Y = K/(1+e(a+bt)) was used to associate the variation in grain weight (Y) with the number of days after anthesis (t), where K is the fitted maximum grain weight, and a and b are parameters (Darroch and Baker, 1990). The first and second derivations of the equation were then used to derive the following:

Duration of the incremental filling period (T1):



Duration of the rapid filling period (T2):



Duration of the slow filling period (T3):



Appearance time of maximum grain filling (Tmax):



Number of filling days (T):



Mean filling rate (R):



Maximum filling rate (Rmax):






2.3.5 Activities of Starch Phosphorylase (Pho1) and Disproportionating Enzyme (Dpe1)

Fresh grain samples (1 g) were obtained from 10 to 20 d after anthesis then ground into pulp in a freezing grinder. Next, 1 ml of 80% methanol was added then the samples were incubated overnight at −20°C. They were then centrifuged at 8000 ×g at 4°C for 15 min. The supernatant was then passed through a C-18 solid phase extraction column, and dried in vacuum. PBS buffer (pH7.4) was added before loading to a final volume of 1 ml. After mixing, the samples were placed at room temperature for 30 min. They were then centrifuged at 10,000 ×g for 10 min at 4°C before storing at 4°C until use.

The activity of Pho1activity was determined according to the method of Hwang et al. (2010). Briefly, the crude enzyme solution was mixed with 100 mmolL−1 Mes–NaOH (pH6.5) and 20 mmol L−1 Glc-1-P to prepare the reaction solution. Two-parts solution A (12% w/v L- ascorbic acid in 1 mol·L−1 HCl) and one-part solution B (2% w/v ammonium molybdate tetrahydrate in deionized water) were then mixed to make solution C. Next, 0.2 mL of solution C was added to the reaction solution to stop the enzyme reaction. After 5 min at room temperature, 0.2 ml of solution F (2% w/v sodium citrate trihydrate and 2% v/v acetic acid in deionized water solution) was added to stop color development. The absorbance at 650 nm was then determined.

The activity of Dpe1 enzyme was determined according to the method of Akdogan et al. (2011) with slight modifications. Briefly, 50 μL of crude enzyme extract was mixed with 50 μL of maltotriose then placed in a water bath at 30°C for 30 min. The reaction was terminated by placing the sample in a boiling water bath for 10 min. The activity of Dpe1 was calculated by measuring the release of Glc.




2.3.6 Quantitative assays of AGPase, GBSSI, SSSI, SSSII and Pho1 expression

Total RNA was extracted from each sample using a RNAprep Pure Plant Plus Kit (Tiangen Biotech, China). cDNA was then synthesized using 12 μL samples of the obtained RNA. HiScript IIQ RT SuperMix was used for qPCR (+gDNA wiper) (Vazyme Biotechnology, China). The synthesized cDNA was then detected using a real-time quantitative pcr detecting system (Gentier 96E, Tianlong technology, China). qRT-PCR was selected using a Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix test kit (Yeasen, China), with three technical repeats per sample. The data were analyzed using the 2−ΔΔCt method. The wheat ACTIN gene was selected as a reference gene, and the detection primers were FW:5’-CTCCTCTCTGCGCCAATCGT and Rev:5’-TCAGCCGAGCGGGAAATTGT. See Table 2 for details of the gene and detection primers (Sangon Biotechnology, China).


Table 2 | qRT-PCR was used to detect the primer information corresponding to the gene.






2.3.7 Starch content

From 10 to 35 days after anthesis, 15–20 wheat ears from each treatment were selected and threshed every 5 days. The seeds were fixed at 105°C for 30 min then dried at 75°C to a constant weight. They were then ground using an analytical grinder (IKA A11 basic), passed through a 100-mesh sieve then weighted into 0.1g samples. The precipitate remaining after the extraction of total soluble sugars was dried at 60°C then shaken with 2 ml of distilled water. The solution was then boiled for 20 min, cooled before adding 2 mL of 9.2 mol·L−1 HClO4. The samples were then shaken for 10 min, mixed with 6 mL of distilled water then centrifuged at 5,000 rpm·min-1 for 15 min. The supernatant samples were then decanted into a 50 mL volumetric flask. The process was repeated three times to a constant volume each time. A 0.1 mL sample of extract was then added to 4 mL 0.2% anthrone, and boiled for 15 min. The OD at 620 nm was then measured after cooling.




2.3.8 Number of grains per spike and the 1000-grain weight

After maturity, ears were sampled from 20 random pots previously unsampled. The number of grains per spike and the 1000-grain weight were then determined.





2.4 Data analysis

Excel 2019 was used for data sorting, and statistical significance was determined using SPSS 26.0 software. Duncan’s method was used for multiple comparisons between treatments, and Origin 2017 was used to generate graphs.





3 Results



3.1 LTS decreased photosynthetic parameters of the flag leaves

LTS at booting significantly reduced the Pn of the flag leaves at heading, anthesis and grain filling, as well as the Gs and Tr at grain filling (P< 0.05, Table 3). The Pn, Gs and Tr of the flag leaves of both varieties decreased at each growth stage with decreasing temperature, and were lowest at −2°C. At the grain filling stage, Pn, Gs and Tr decreased by 52.13%, 53.85% and 55.85% in low-temperature slow variety Yannong 19, compared with the control, respectively, after LTS treatment at −2°C.


Table 3 | Effect of LTS at booting on photosynthetic parameters of wheat flag leaf.






3.2 LTS hindered the development of starch granules in endosperm

LTS at booting affected the development of starch granules in the endosperm (Figure 2). In control treatment, the cross-section of the wheat endosperm was plump, while under −2°C LTS, the cross-section was shrunken, and the volume reduced. The plumpness of both A- and B-type starch granules decreased, and obvious equatorial grooves were observed on the surface of the A-type granules. Meanwhile, the number of B-type starch granules decreased. LTS treatment at −2°C also resulted in the appearance of micropores in the equatorial grooves of the A-type starch granules in Wanmai 52, but not Yannong 19.




Figure 2 | Effect of LTS at booting on the starch grain morphology of mature wheat grains. Morphological changes were observed under a scanning electron microscope at × 30, × 2.00K, and ×5.00K. A-Type: a-type starch granules; B-Type: b-type starch granules. Control: wheat that was not exposed to LTS treatment at booting and remained in the field; −2°C: wheat placed in an artificial climate chamber at booting and treated for 24 h at −2°C from 19:00 until 07:00 then at 5°C from 07:00 to 19:00.






3.3 LTS reduced 13C abundance

LTS at booting also affected the distribution of photosynthetic carbon products, with a significant decrease in the abundance of 13C in the flag leaves and wheat grains at maturity according to 13CO2 labeling (P< 0.05, Figure 3). Compared with the control, the abundance of 13C in the flag leaves decreased by 10.79% in Yannong 19 and 14.69% in Wanmai 52 after LTS treatment at −2°C, while the abundance of 13C in the grains decreased by 13.95% and 16.58%, respectively. LTS treatment at booting caused a greater decrease in 13C abundance in the grains of Wanmai 52 compared to Yannong 19.




Figure 3 | Effect of LTS at booting on the abundance of 13C in the flag leaves and grains. Control and −2°C treatment are as in Figure 2. Flag leaves were labeled with 13CO2 then sampled three days later, while grains were sampled at maturity. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).






3.4 LTS reduced dry matter accumulation and distribution to the grains

LTS at booting caused a significant reduction in translocation amount of pre-anthesis stored dry matte from vegetative organs to grains and amount of post-anthesis transfer of accumulated dry matte into grains (P< 0.05, Figure 4). Moreover, with decreasing temperature, the greater the decrease in the contribution rate of post-anthesis accumulated dry matter to grains decreased, with lowest values observed at −2°C. Compared with the control, amount of post-anthesis transfer of accumulated dry matte into grains decreased by 72.25%, 85.57%, and 92.39% in low-temperature sensitive variety Wanmai 52, while the contribution rate of post-anthesis accumulated dry matter to grains decreased by 28.39%, 49.17%, and 62.71%, respectively, following LTS treatment at 2°C, 0°C, and −2°C.




Figure 4 | Translocation amount of pre-anthesis stored dry matter from vegetative organs to grains (A) and amount of post-anthesis transfer of accumulated dry matter into grains (B), and the contribution rate to the grains following LTS at booting. The histogram shows translocation amount of pre-anthesis stored dry matter from vegetative organs to grains (A) and amount of post-anthesis transfer of accumulated dry matter into grains (B). The line chart shows the contribution rates of the above two indexes to mature grains. Control: wheat that was not exposed to LTS treatment at booting and remained in the field; 2, 0 and −2°C: wheat placed in an artificial climate chamber at booting and treated for 24 h at 2, 0 or −2°C from 19:00 until 07:00 then at 5°C from 07:00 to 19:00. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).



LTS at booting also caused a significant reduction in the distribution rate of dry matter in the grains at maturity (P< 0.05, Table 4), while the distribution of dry matter in the stem, sheath and leaf at maturity increased significantly (P< 0.05). Moreover, the distribution rate of dry matter in the grains at maturity decreased continuously with decreasing temperature at booting.


Table 4 | Effect of LTS at booting on the distribution ratio of dry matter in different organs of wheat.






3.5 Grain filling parameters changed after LTS

A logistic equation was used to fit the grain-filling dynamics of wheat under LTS treatment (Table 5). LTS at booting reduced the maximum theoretical 1000-grain weight and, compared with the control, caused a decrease in the duration of rapid (T2) and slow filling (T3). The effective number of filling days also decreased (T), while the appearance time of the maximum grain filling rate was advanced (Tmax). LTS at booting also caused a reduction in the mean (R) and maximum filling rate (Rmax) compared with the control, and the lower the temperature, the smaller the value.


Table 5 | Summary of the dry matter accumulation model and the parameters of wheat grain after LTS treatment during the booting.






3.6 The activities of Pho1 and Dpe1 decreased after LTS

The activities of Pho1 (Figure 5A) and Dpe1 (Figure 5B) first increased and then decreased within 10–20 d after anthesis, reaching a maximum at about 15 d after anthesis. Compared with the control, the activities of Pho1 and Dpe1 in the treated decreased significantly with decreasing temperature (P< 0.05). Taking the 15 d after anthesis of Yannong 19 as an example, treatment at 2°C, 0°C and −2°C resulted in a reduction in the Pho1 activity of 4.57%, 22.96%, and 34.17%, respectively, and the Dpe1 enzyme activity decreased by 4.12%, 8.14%, and 15.04%, respectively.




Figure 5 | Effects of LTS at booting on the activities of Pho1 (A) and Dpe1 (B) in the wheat grains. Control, and 2, 0 and −2°C treatment are as in Figure 4. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).






3.7 LTS reduced expression of genes related to starch synthesis

q-PCR was used to determine the effect of LTS on gene expression of enzymes related to starch synthesis in wheat grains 20 d after anthesis (Figure 6). LTS treatment at −2°C resulted in down-regulation of AGPase, GBSSI, SSSI, SSSII and Pho1 expression in both wheat varieties. Compared with the control, Compared with the control, the relative expression levels of these genes in sensitive variety Wanmai 52 decreased by 14.84%, 64.32%, 48.87%, 56.41% and 50.46%, respectively.




Figure 6 | Effect of LTS at booting on the relative expression of starch synthase genes (AGPase, GBSSI, SSSI, SSSII, and Pho1) in the wheat grains. Control and −2°C treatment are as in Figure 2.






3.8 LTS decreased starch content of the grains

During the grain filling process, a gradual increase in the starch content was observed with time, in accordance with the logistic regression model. A rapid increase was observed from 15 to 25 d after anthesis followed by a more gradual increase thereafter then a gradual plateau (Figure 7). LTS at booting caused a significant decrease in the starch content of the wheat grains 25 d after anthesis (P< 0.05), and the lower the temperature, the greater the decrease. At 35 d after anthesis, the starch content of the grains reached a significant level between treatments in Wanmai 52. Take the Wanmai 52 in 2021 year results as an example, compared with the control, the starch content of the grains decreased by 10.20%, 18.80%, and 24.74% at 35 d after anthesis, respectively, following LTS treatment at 2°C, 0°C, and −2°C.




Figure 7 | Effect of LTS at booting on the starch content of the grains in 2018–2019 (A) and 2020–2021 (B). Control and 2, 0 and −2°C treatment are as in Figure 4. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05).






3.9 LTS decreased the number of grains per spike and the 1000-grain weight

LTS at booting resulted in a significant reduction in the number of grains per spike and the 1000-grain weight (P< 0.05). In contrast, no significant differences in the effective panicle number were observed between treatments (Table 6). Take the results of the Wanmai 52in the wheat growing season from 2020 to 2021 as an example, compared with the control, the number of grains per spike decreased by 17.85%, 29.00%, and 36.05% in Wanmai 52, while the 1000-grain weight decreased by 17.91%, 22.87%, and 32.60%, respectively, following LTS treatment at booting of 2°C, 0°C and −2°C.


Table 6 | Effect of LTS at booting on yield components of wheat.







4 Discussion



4.1 Effects of LTS at booting on the accumulation and transportation of photosynthetic dry matter

Leaf photosynthesis is the main source of wheat grain assimilates. The accumulation of assimilates in the wheat grains then determines the final yield (Plaut et al., 2004; Grzebisz and Potarzycki, 2022). Photosynthesis is also one of the most sensitive physiological processes to LTS, because it maintains the balance between the light energy absorbed by plant photosystem and the energy consumed by various metabolic pathways (Ensminger et al., 2006). For example, the Pn of wheat flag leaves was previously found to decrease significantly after LTS treatment at jointing (Liu et al., 2019), as well as at the anther separation stage (Zhang et al., 2022). In line with this, this study showed that LTS at booting caused a significant reduction in Pn, Gs and Tr in the flag leaves at grain filling. This may have been due to damage of functional leaves under LTS, thereby inhibiting carbon assimilation, and reducing the photosynthetic capacity of the flag leaves (Mousavi et al., 2019).

In wheat, LTS causes stomata to close, which affects the absorption of CO2, reducing the supply of photosynthetic raw material (CO2), and thereby the photosynthetic rate, assimilate accumulation and dry matter accumulation (Agurla et al., 2018; Liu et al., 2019). Studies have also shown that LTS will affect the distribution and transfer of photosynthetic fixed carbon in plants, resulting in a significant decrease in 13C in leaves. (Zhang et al., 2021a). In this study, a significant decrease in 13C abundance in the flag leaves and grains was observed compared with the control, suggesting that LTS at booting hinders the synthesis of photosynthetic products and the transport of assimilates to the grains (Liu et al., 2019).

About 1/3 of the dry matter of wheat grains is obtained via transportation from vegetative organs before anthesis, while the remainder is composed of the accumulation of photosynthetic dry matter from functional leaves after anthesis (Sanchez-Bragado et al., 2014). Wheat grain yield therefore relies on the balance between the supply of photoassimilates for grain filling (source) and the ability of the grains to accumulate these photoassimilates (sink) (Herzog, 1982). LTS leads to imbalance in the source-sink relationship (Saleem et al., 2021), affecting the transport of dry matter from the source to the sink organs, which results in an insufficient nutrient supply to the ears, and an ultimate reduction in wheat yield (Ke et al., 2021). Moreover, with decreasing temperature, the contribution rate of pre-anthesis stored dry matter to grains increased gradually, while the contribution rate of post-anthesis accumulated dry matter to grains decreased gradually. This may be due to the fact that the damaged functional leaves could not carry out normal photosynthesis after LTS at booting, resulting in a reduction in the accumulation of post-anthesis photosynthetic dry matter, and thus, a reduction in the contribution rate of post-anthesis accumulated dry matter to grains.




4.2 Effect of LTS at booting on starch synthesis

Starch biosynthesis and deposition play a leading role in the process of starch accumulation in the wheat grains (Bahaji et al., 2014). A number of studies have revealed the role of Pho1 and dpe1 in starch synthesis. For example, Pho1 plays a key role in starch initiation by prolonging the chain length of initial primers (Satoh et al., 2008), as well as acting as an active protein at the beginning of starch biosynthesis in barley (Cuesta-Seijo et al., 2017). Meanwhile, the main function of Dpe1 during the synthesis of storage starch is to reshape the amylose and amylopectin molecules in cereal crops (van der Maarel and Leemhuis, 2013). Related studies have also shown that activity of Pho1 reaches a maximum at 12 d after anthesis in barley, while Dpe1 expression is high in the very early stage of rice development, and at approximately 14 d after anthesis in wheat (Ohdan et al., 2005; Tickle et al., 2009; Cuesta-Seijo et al., 2017). In this study, activities of pho1 and dpe1 reached a peak at about 15 d after anthesis. Pho1 is greatly influenced by temperature change, and when temperatures drop below 20°C, starch synthesis in the mutant endosperm of rice Pho1 was found to be significantly damaged, resulting in atrophy of most seeds (Hwang et al., 2016). Changes in Dpe1gene expression not only affect the content of amylopectin, but they also alter its fine structure (Seung, 2020). In addition, genes related to the key enzymes of wheat starch synthesis (GBSSI, AGPase and Pho1) were found to be down-regulated under drought stress (Lu et al., 2019). Meanwhile, in this study, decreasing LTS treatment at booting caused a decrease in the activities of both starch synthesis-related enzymes, Pho1 and Dpe1, while the relative expression levels of AGPase, GBSSI, SSSI, SSSII and Pho1 in the grains 20 d after anthesis also decreased. These results are thought to highlight the reason for the reduction in starch content in the wheat grains under LTS.




4.3 Effects of LTS at booting on the starch content of the grains

Starch is an important component of wheat grains, accounting for about 70% of the dry weight. It is composed of amylose and amylopectin, and its accumulation has a direct impact on wheat yield (Mukherjee et al., 2015; Cornejo-Ramírez et al., 2018; Bhalla and Garg, 2021). Under stress such as high temperatures and drought, the production of photosynthetic products is impaired, restricting the entry of photosynthetic carbon products into the sink organs (grains). The grain filling stage is shortened, and causing a reduction in starch accumulation (Barnabás et al., 2008; Dolferus et al., 2011). Abiotic stress also affects starch granule formation. For example, numerous cracks and holes were observed on the surface of A-type starch granules in wheat grains following acid rain and waterlogging stress (Cornejo-Ramírez et al., 2018), while a decrease in the proportion of B-type starch granules at maturity was observed after LTS treatment (Yu et al., 2020). High-temperature and drought stress were also found to cause a significant reduction in the proportion of A- and B-type starch granules in winter wheat grains (Zahra et al., 2021). Similarly, in this study, LTS at booting caused a significant reduction in the total soluble sugar content of the wheat grains at filling, and obvious equatorial grooves were observed on the surface of the A-type starch granules. Meanwhile, the number of B-type starch granules decreased, affecting the formation of grain starch.

The biosynthesis and accumulation of starch are affected by external environmental factors (Golfam et al., 2021). For example, studies have shown a decrease in the total starch content of wheat grains following low- and high-temperature stress during grain filling (Zhao et al., 2022), while drought stress decreased the content of total starch and amylose in the grains (Bala et al., 2018). Moreover, another study found that LTS during grain filling had no significant effect on the total starch content of rice, but increased the amylose content (Ahmed et al., 2008; Baek et al., 2018). Drought stress at grain filling was also found to result in an increase in starch and amylopectin in developing rice grains (Prathap et al., 2019). In this study, LTS at booting caused a significant reduction in the total starch content of the grains at filling, with the largest reduction at -2°C. This may have been due to the effect of impaired photosynthesis caused by LTS at booting on carbon accumulation and transportation, and the subsequent decrease in the content of starch synthesis sources (soluble sugars) in the grains, which in turn inhibits the synthesis and accumulation of starch.




4.4 Effects of LTS at booting on grain filling and yield

The most sensitive indicators of natural freezing damage are the number of grains per spike, followed by the number of ears and the 1000-grain weight (Wu et al., 2022). Studies have shown that climate changes, such as increases in CO2, temperature, and water stress, shorten the duration of wheat growth stages, resulting in reduced carbohydrate assimilation, and a subsequent reduction in the size of the ears, grain diameter and yield (Asif et al., 2019). Studies have also shown that LTS at booting affects final wheat yield by reducing the rate of grain filling (Zhang et al., 2021b), while high-temperature and drought stress resulted in a reduction in grain shrinkage (Vikender et al., 2016) and grain weight (Hlaváčová et al., 2018). LTS at booting was also found to cause a reduction in the number of grains per spike and grain weight (Ji et al., 2017). Similarly, in this study, LTS at booting shortened the filling time, reduced the mean and maximum filling rate, and significantly decreased the number of grains per spike and the 1000-grain weight.

Overall, LTS at booting damaged the photosynthetic capacity of the functional leaves, causing a decrease in dry matter accumulation and weakening the transport capacity of photosynthetic products to the grains, which led to the decrease of grain number per spike. The grain filling time was shortened, and the grain filling rate decreased. Moreover, the activity and relative expression of enzymes related to starch synthesis decreased, inhibiting the formation of grain starch granules and reducing the grain starch content. The number of grain number per spike and the 1000-grain weight decreased, leading to a reduction in wheat yield (Figure 8).




Figure 8 | The proposed underlying mechanism of wheat yield reductions caused by short-term LTS at booting. LTS at booting reduces the transport and accumulation of dry matter, causing a reduction in yield. Pn: net photosynthetic rate; Gs: stomatal conductance; Tr: transpiration rate.







5 Conclusions

To summarize, LTS at booting reduced starch content and yield of wheat. Pn, Gs, and Tr of flag leaf decreased. The accumulation of photosynthates in the flag leaves and transportation to the grains decreased, causing a significant reduction in the contribution rate of photosynthetic products to the grains after anthesis and the distribution ratio of dry matter to the grains at maturity. The development of starch grains in the endosperm is also hindered. In the early stage of starch synthesis, the activities of key enzymes (Pho1 and Dpe1) decreased, and the relative expression levels of key enzymes (AGPase, GBSSI, SSSI, SSSII, and Pho1) decreased. The grain filling time and grain filling rate decreased, causing a reduction in the number of grains per spike and the 1000-grain weight.
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Background

Drought-resistant varieties are an important way to address the conflict between wheat’s high water demand and the scarcity of water resources in the North China Plain (NCP). Drought stress impacts many morphological and physiological indicators in winter wheat. To increase the effectiveness of breeding drought-tolerant varieties, choosing indices that can accurately indicate a variety’s drought resistance is advantageous.





Results

From 2019 to 2021, 16 representative winter wheat cultivars were cultivated in the field, and 24 traits, including morphological, photosynthetic, physiological, canopy, and yield component traits, were measured to evaluate the drought tolerance of the cultivars. Principal component analysis (PCA) was used to transform 24 conventional traits into 7 independent, comprehensive indices, and 10 drought tolerance indicators were screened out by regression analysis. The 10 drought tolerance indicators were plant height (PH), spike number (SN), spikelet per spike(SP), canopy temperature (CT), leaf water content (LWC), photosynthetic rate (A), intercellular CO2 concentration (Ci), peroxidase activity (POD), malondialdehyde content (MDA), and abscisic acid (ABA). In addition, through membership function and cluster analysis, 16 wheat varieties were divided into 3 categories: drought-resistant, drought weak sensitive, and drought-sensitive.





Conclusion

JM418, HM19,SM22, H4399, HG35, and GY2018 exhibited excellent drought tolerance and,therefore, can be used as ideal references to study the drought tolerance mechanism in wheat and breeding drought-tolerant wheat cultivars.





Keywords: winter wheat, drought resistance, screening, principal component analysis, comprehensive evaluation




1 Introduction

Drought is an abiotic stress with extensive crop yield losses and has become an important constraining factor of agricultural development (Fang and Xiong, 2015). As one of the driest regions in the world, the North China Plain (NCP) is China’s most important wheat-producing region, accounting for about 71% of the country’s total wheat production (Sun et al., 2006). The region has a temperate monsoon climate, with 50–150 mm of precipitation falling during the wheat-growing season (Fang et al., 2010; Jha et al., 2017). Therefore, the spring drought has become the predominant drought pattern affecting the wheat-growing period (Wu et al., 2021). To increase grain production, farmers in the NCP tapped groundwater for irrigation, causing water table declines and producing the largest funnel area in the world, with serious hydrological consequences (Liu et al., 2022).

Many strategies were implemented to alleviate the conflict between wheat production and water scarcity, including the planting of drought-resistant wheat varieties, the use of water-saving irrigation equipment, and water-saving irrigation field management (Morison et al., 2008). Among these, growing drought-resistant wheat varieties is the foundation for increased yield and water productivity. Efforts to reduce the impact of drought by breeding drought-resistant cultivars have been underway worldwide for a long time, but their progress is influenced by the environment (Mwadzingeni et al., 2016). Meanwhile, drought resistance is a complex trait controlled by a large number of genes, resulting from the interaction between different basic constituents or adaptive traits, each of which may be subject to complex genetic and environmental changes. Therefore, developing and evaluating drought-tolerant crop varieties and screening for drought-tolerant traits are necessary to ensure sustainable food production in future climate scenarios (Gambetta et al., 2020).

The morphological and physiological responses of crops to drought can explain the large variation in yield under drought stress conditions (Puangbut et al., 2022). From a morphological perspective, drought reduced the size of wheat organs, such as leaves, stems, ears, and tillers, at different developmental stages (Ihsan et al., 2016). Therefore, plant height, panicle number, spikelet seed setting rate, 1000-grain weight, and aboveground biomass all decreased (Li et al., 2010; Gao et al., 2020; Memon et al., 2021). At the canopy level, drought resulted in increased canopy temperature and decreased leaf area index. In addition to the phenotypic changes caused by drought stress, many physiological and biochemical changes occur in crops to withstand the negative effects of adversity. Photosynthesis is the basis of plant growth and the primary metabolic process in plants, and it can be disrupted by stress even at low levels (Fan et al., 2019). Carbon uptake during photosynthesis is intimately connected with wheat productivity and is also crucially controlled by stomatal opening (Correia et al., 2022). Plants’ first physiological response to water scarcity is stomatal closure, which reduces photosynthetic activity by slowing the rate of carbon dioxide entry into mesophyll cells (Gomez-Candon et al., 2022). The maximum quantum yield of primary photochemistry (Fv/Fm) in leaves in the dark-adapted state can reflect wheat’s light-use efficiency under drought conditions (Yu et al., 2021). Reactive oxygen species (ROS) are regarded as one of the mechanisms for enhancing the adaptation of plants to environmental stress conditions (Gill and Tuteja, 2010). The production of ROS can cause chemical damage to DNA and proteins, interfering with a series of physiological and biochemical processes (Cruz de Carvalho, 2008). An active antioxidant system is an important strategy for plants to cope with drought stress, and antioxidant enzymes mainly include superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) (Miller et al., 2010). Another important relevant response of wheat to drought stress is osmoregulation which has long been recognized as an important component of drought tolerance, and osmoregulatory substances include malondialdehyde (MDA), proline (Pro), and soluble proteins (SPC) (Hura et al., 2007; Kumar et al., 2020). Similarly, water stress would significantly impact the endogenous hormonal balance, affecting drought resistance in wheat (Luo et al., 2021). The plant hormone abscisic acid (ABA) plays a key role in regulating drought stress by stimulating short-term responses to maintain water balance by the closing of stomata and inducing the transcription and activity of antioxidant enzymes (Guan et al., 2000; Jiang and Zhang, 2003; Wang et al., 2021). Improved water use efficiency and regulated photosynthetic activity through ABA play a key role in response of plants to drought (Wang et al., 2020; Gouveia et al., 2021).

In recent years, studies have reported some traits associated with drought tolerance in wheat. However, various phenotypic characters, including yield components, plant height, number of tillers, number of spikelets, grain numbers per spike, and thousand-grain weight (Lopes et al., 2012; Zhang et al., 2016; Kadkol et al., 2020; Mdluli et al., 2020; Ahmad et al., 2022), are still the key traits for screening wheat breeding materials (Monneveux et al., 2012). Nakhforoosh et al. (2016) found that dry matter accumulation can be considered a key indicator for screening for drought-resistant cultivars. Lu et al. (2020) found that the relatively low canopy temperature(CT) value at the grain-filling stage and the high chlorophyll content during the late grain-filling stage can be used to screen the winter wheat cultivars adapted to dryland ecosystems. Similarly, at the physiological and biochemical levels, photosynthesis intensity, chlorophyll content, ABA accumulation, antioxidant enzyme activity (SOD, POD, CAT, and APX), and accumulation of osmotic regulatory substances (Pro) can be used as reference indices for drought resistance evaluation (Zivcak et al., 2009; Wang et al., 2014; Song et al., 2017; Ahmed et al., 2019). It is difficult to consider all drought resistance traits when evaluating large populations due to the diversity of drought resistance indicators, and PCA can be used to assess the weight assigned to each indicator and find the principal components that influence all variables (Tahjib-Ul-Arif et al., 2018; Ahmad et al., 2020). In addition, the combination of membership function, cluster analysis, correlation analysis, grey relational analysis, and other methodologies can be used to more accurately and reliably evaluate the performance of plants under adverse conditions (Sun et al., 2021).

There are three main problems with the previous research study. To begin with, some studies have been carried out in greenhouses or pots, where the environment and wheat growth differ from those grown in the field. A single plant or several plants in a greenhouse or pot could not represent the wheat population in the field because wheat is a densely planted crop(Ahmed et al., 2019; Ahmad et al., 2022; Correia et al., 2022). Second, as a result of climate change, drought stress in winter wheat occurs primarily in April and May in the North China Plain, and different study periods result in an inconsistent selection of drought tolerance traits. Finally, most studies considered only the wheat phenotypic traits, while ignoring the effects of photosynthetic, physiological, and biochemical on crop drought resistance (Liu et al., 2016).

Consequently, we cultivated 16 wheat cultivars in a field experiment and measured 24 related traits. The objective of this study was (1) to evaluate the drought resistance of wheat by principal component analysis, membership function, and multivariate statistics, (2) to classify cultivars according to the comprehensive evaluation value, and (3) to screen and evaluate the traits associated with drought resistance in different winter wheat varieties.




2 Materials and methods

This study was conducted at the Malan Experimental Station (37° 99’N, 115° 20’E), Hebei Agricultural University, from 2019 to 2021 (Figure 1). The study area has a sub-humid continental temperate monsoon climate and is located 37 m above sea level. At a depth of 0–200 cm, the average bulk density of soil is 1.56 g/cm3, and the field water holding capacity is 22.9%. The 0–40 cm soil layer has a pH of 8.0 and an available phosphorus content of 25.8 mg/kg, a potassium content of 125 mg/kg, and a total nitrogen content of 1.26 g/kg. Before the experiment, the field was planted with summer maize in rotation, and all the maize straw was crushed and returned to the field after harvest.




Figure 1 | The geographic overview of the North China Plain and the experimental site.



The experiment included two drought treatment variables: normal irrigation (CK, two irrigations of 75 mm each at jointing and anthesis (a total of 150 mm)) and drought stress (DS, no irrigation during the spring) with 16 wheat cultivars (Table 1). The Hebei Agricultural University provided all plant materials. We measured 24 drought-tolerant traits in wheat (Table 2). The average rainfall during the wheat-growing season has been 124.5 mm, according to historical data recorded by our weather station for nearly 20 years, while the average rainfall for the 2019–2020 and 2020–2021 wheat-growing seasons was 176.2 mm and 103.4 mm, respectively. Figure 2 depicts the daily temperature and precipitation for 2019–2021. Three replicates for each treatment were arranged in a completely randomized block design. The size of the plot was 66 m2 (10 × 6.6 m), and the distance between rows was 15 cm. A total of 240 kg ha–1 of nitrogen, 105 kg ha–1 of phosphorus, and 120 kg ha–1 of potassium fertilizers were applied before planting. No spring topdressing was done during the wheat-growing season. All plots were handled in compliance with prevailing local management standards.


Table 1 | Names and sources of different wheat cultivars used in this study.




Table 2 | Twenty-four drought tolerance traits and their abbreviations.






Figure 2 | Precipitation and temperature values during the two growing seasons of wheat.





2.1 Morphological and yield-associated traits

At 10 days after anthesis, 20 wheat plants were randomly selected from each plot. The plant height (PH, cm), leaf length (L, cm), and maximum leaf width (W, cm) were measured using a ruler. Leaf area was calculated as follows:  . Then the leaf area index (LAI) was calculated as follows  : where N is the number of wheat plants per field area and S is the unit area of the field. Canopy temperature (CT) was measured at noon with a hand-held thermal infrared instrument (FLIR Integrated Imaging Solutions Inc., Canada), with a field of view (FOV) of 25°×20° and a resolution of 320 × 240. Seven days before harvest, plants in 1.2 m2 from each plot with three replicates were randomly selected and investigated to determine the spike number (SN). After sampling, the total number of spikelets per spike (SP), the number of infertile spikelets per spike (SSP), and the number of grains per spike (GN) were investigated. Plants with an area of 0.15 m2 at ground level were sampled at physiological maturity and oven-dried to a constant weight to determine dry matter accumulation (DMM). Meanwhile, the wheat plants were harvested manually from the plot with a field area of 2 m2 (avoiding boundary rows) with three replicates and threshed. The water content was converted to a standard water content of 13% to determine the thousand-grain weight (TGW) and grain yield.




2.2 Physiological parameters and hormone contents

The chlorophyll content (SPAD) was measured in 10 flag leaves per plot 10 days after anthesis using a SPAD-502 Minolta chlorophyll meter (Spectrum Technologies, Plainfield, IL, USA). Three points were taken evenly per leaf, and three readings were averaged. As one biological replicate, we take 10 independent flag leaves. At each time point, three biological replicates were collected. All of the samples were immediately frozen in liquid nitrogen and kept at −80°C. The superoxide dismutase(SOD) activity was determined using the nitro-blue tetrazolium (NBT) photoreduction method, while the catalase(CAT) activity was determined spectrophotometrically at 240 nm (Giannopolitis and Ries, 1977). The guaiacol chromogenic method was used to determine the peroxidase (POD) activity (Han et al., 2008). The malondialdehyde (MDA) contents were determined by thiobarbituric acid and sulfosalicylic acid dihydrate methods (Hodges et al., 1999). Soluble protein content (SPC) was determined by the Coomassie brilliant blue method (Campion et al., 2011). The ascorbate peroxidase(APX) activity was determined using the method of Madhusudhan (2003) (Madhusudhan et al., 2003). The proline(Pro) content was quantified using the ninhydrin colorimetric method (Magne and Larher, 1992). Abscisic acid (ABA) was determined by high-performance liquid chromatography (Benech Arnold et al., 1991).




2.3 Leaf gas exchange parameters

The LI-6800 Portable Photosynthesis System (Li-cor, Lincoln, NE, USA) was used to measure leaf gas exchange 10 days after anthesis. The leaf chamber was maintained under control, with a reference CO2 concentration of 400 µ mol mol−1, a leaf temperature of 25 °C, a saturated photosynthetic photon flux density (PPFD) of 1000 µ mol m–2 s−1, and a relative humidity of 60%-70%. In the morning, at 09:00–11:00, gas exchange was measured three times in the flag leaves with the same size and orientation in plants from each plot. Net photosynthetic rate (A), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) were measured. A portable FMS-2 chlorophyll fluorometer (Hansatech, King’s Lynn, UK) was used to measure the chlorophyll fluorescence parameter Fv/Fm in flag leaves at 0:00–2:00.




2.4 Analysis of adaptation to drought









  is the drought-tolerant coefficient, whereas   and   are the trait values for cultivars evaluated under drought stress (DS) and normal irrigation (CK) conditions, respectively.   is the membership function value of drought tolerance based on the trait of genotypes, while   is the   composite indicator, and   and   are the maximum and minimum values of the   composite index, respectively.   is the weight of the   comprehensive index, and   is the variance contribution rate of the   comprehensive index. The membership function value   of the comprehensive index of each wheat variety was calculated by the formula (2). The contribution rate of each comprehensive index was used to calculate the weight of principal components, and the index weight and membership function value were used to calculate the comprehensive evaluation value of drought resistance (D value). The D value is the comprehensive evaluation value of each genotype’s drought resistance, as determined by a comprehensive evaluation of the index of various wheat cultivars under drought stress.





Where   is the grey correlation coefficient and   is the grey relational degree. In the formula,   is the absolute difference between the two sequences at time  .   and   are the minimum and maximum values of the absolute difference between all compared sequences at each time;  ; and the resolution coefficient  .




2.5 Data analysis

Twenty-four traits were used for analysis. Data were summarized and analyzed using Excel 2016 (Microsoft, Redmond, WA, USA), with measurements for each trait corresponding to three independent replicates. SPSS 21.0 (SPSS Inc., Chicago, IL, USA) was used to analyze variance, principal component analysis, and stepwise regression analysis. The images were drawn using ArcGIS 10.2, Origin 2021 (OriginLab Corporation, Northampton, MA, USA), and GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA, USA).





3 Results



3.1 Response of wheat yield to drought stress

Figure 3 depicts the yield performance of 16 wheat cultivars in two growing seasons under normal irrigation (CK) and drought stress (DS) conditions. There were significant yield differences between irrigation treatments and cultivars, which were more noticeable in 2019–2020 (Figure 3A) than in 2020–2021. (Figure 3B). During the two wheat-growing seasons, HM19, JM585, JM418, and SN086 showed a higher average yield (9492.6–9887.5 kg ha–1) under CK, while GY5218 and SL02–1 showed a lower average yield (8083.8–8309.1 kg ha–1). Under DS conditions, JM418, CM6002, and H4399 all had higher average yields (5807.95–6032.7 kg ha–1), while SX828, SL02–1, and XM7 had lower average yields (4009.75–4367.3 kg ha–1). Compared with CK, CM6002, SM22, JM418, and HG35 had the lowest average decrease (by 33.5%) under DS within two years, while XM7 and SX828 showed the biggest declines in production (53.6% and 52%, respectively).




Figure 3 | Yield of 16 wheat cultivars grown under CK and DS conditions during 2019-2020 (A) and 2020-2021 (B); Data are represented as mean ±SD (n = 3). Different lowercase letters on columns indicate significant differences between the means of the same irrigation treatments 5% level by LSD test.






3.2 Values of each trait and drought tolerant coefficient under two water conditions

To determine the effect of drought on different wheat cultivars, we investigated 24 morphological traits, photosynthetic traits, physiological indices, and yield component parameters related to drought tolerance in wheat after anthesis and at maturity for two consecutive years (Table 3). Figure 4 depicts the growth of wheat in the field under various treatments. The findings revealed that all traits varied with irrigation supply. (P≤0.05). SSP, CT, SPC, MDA, Pro, and ABA in the DS treatment had significantly higher values than those in the CK treatments (Drought resistance coefficient>1). However, the mean values of the other 18 traits for the DS treatment were lower than those under CK (Drought resistance coefficient<1). The degree of decline in treatments from CK to DS also differed in the two growing seasons. The average coefficient of variation (CV) for the measured traits was 6.4 under CK but 9.0 under DS. The average drought tolerant coefficient of the two wheat-growing seasons ranged from 0.43 to 2.02, and the CV ranged from 0.66% to 19.62%. The range of variation for every single trait was different. Therefore, the drought tolerance of wheat was evaluated by the drought-tolerant coefficient of different characters, and the results were different.


Table 3 | Descriptive statistics of the various traits investigated under normal (CK) and drought stress (DS) conditions in 2 growing seasons of wheat.






Figure 4 | The growth of winter wheat in the field under normal irrigation (A) and drought stress (B).






3.3 Cluster analysis and correlation analysis of each trait

Wheat traits were divided into two clusters using the clustering analysis of cultivars based on the drought-tolerant coefficient for two years (Figure 5). Cluster-1(C1) and Cluster-2(C2) comprised 8 and 16 traits, respectively, during the two wheat-growing seasons, and the highly correlated traits were assembled into a population. During 2019–2020, PH, SP, SSP, TGW, MDA, CT, ABA, and Pro were separated from the other parameters (Figure 5A). During 2020–2021, however, SP, CT, ABA, Pro, SPC, SSP, and TGW were separated from the other traits (Figure 5B). Based on the drought-tolerant coefficient of each trait, 16 wheat cultivars were included in group-1(G1) and group-2(G2), and cultivars in the same group showed similar drought tolerance. In two years, HM19, SM22, JM418, JM515, HG35, H4399, and JM738 were divided into a same group, while SX828, SN086, SL02–1, XM7, S4366, and GY5218 formed another group. The drought-tolerant coefficients of different traits in the same cluster and drought tolerance among cultivars showed similarity, proving that this grouping method was representative.




Figure 5 | Hierarchical clustering and heatmaps based on correlationsbetween drought tolerant coefficients for 16 wheat cultivars and 24 different traits during 2019–2020 (A) and 2020–2021 (B).



Spearman’s correlation analysis revealed that the correlation between traits was similar in two years (Figure 6). LAI was correlated positively with SN and Fv/Fm. CT was positively correlated with ABA but negatively with DM, SPAD, and A. SOD was correlated positively with A and E. The correlation between these traits also indicates the overlap of information shared by them. These findings demonstrated that drought tolerance in wheat is a complex trait, and evaluating drought resistance in wheat based on a single trait is insufficient. Therefore, it is necessary to use the multivariate statistical method for further analysis with multiple indicators.




Figure 6 | Distribution and correlation among drought tolerant coefficient of each character of wheat cultivars during 2019–2020 (A) and 2020–2021 (B); *, **, and *** show significant differences between means of different treatment groups at 0.05, 0.01, and 0.001 significance levels, respectively.






3.4 Comprehensive evaluation and screening of drought tolerance traits using PCA of drought resistance traits of wheat cultivars

Further PCA of the drought tolerant coefficient of 24 tested traits showed that seven principal components were extracted in the two growing seasons (Tables 4, 5). From 2019 to 2020, the variance contribution rates of CI comprehensive indices (from CI1 to CI7) were 34.20%, 11.80%, 10.24%, 8.25%, 7.29%, 5.74%, and 4.94%, respectively. The cumulative contribution rate was 82.44%. From 2020 to 2021, however, the variance contribution rates of CI1 to CI7 were 31.79%, 12.88%, 11.58%, 10.38%, 8.15%, 5.53%, and 4.36%, respectively, with the cumulative contribution rate of 84.65%. The original 24 single traits could be converted into 7 new independent comprehensive indices, which can cover most of the information. In both wheat-growing seasons, the first factors contributed more than 30%. From 2019 to 2020, the load coefficients of POD, CT, A, SOD, and SPAD were large. However, from 2020 to 2021, the load coefficients of SPAD, CT, A, Pro, and Ci were large. These traits mainly reflect the information regarding stress tolerance, canopy parameters, and photosynthetic physiological parameters of winter wheat. PCA could fully reflect the primary and secondary functions of indicators in wheat screened for drought tolerance to comprehensively evaluate the drought tolerance differences between different cultivars of wheat.


Table 4 | Component matrix and the cumulative contribution rate of principal components during 2019–2020 and 2020–2021.




Table 5 | The evaluation of drought tolerance, comprehensive indices, and D value of different wheat cultivars during 2019–2020.



In this experiment, 24 traits were evaluated by PCA under two moisture conditions, and the biplot showed the distribution of 16 wheat cultivars along the axes for factor 1 and factor 2 in each corner of the scatter plot. The contribution rate of the first two principal components was 41.6% under the CK treatment (Figure 7A), with PC 1 explaining 26.3% and PC 2 explaining 15.4% of the total variation. Vectors that were parallel or close to each other showed a strong positive correlation between traits. In contrast, vectors that were in opposite directions (at 180°) showed a high negative correlation, and vectors that were laterally oriented showed a weak correlation. PC1 was mostly represented by CT, SPC, LAI, and LWC, while PC2 was mostly represented by MDA, POD, A, and Fv/Fm. Under the DS treatment (Figure 7B), however, the contribution rate of the first two principal components was 52.0%, of which PC 1 explained 32.5% but PC 2 explained 19.5%. PC1 was characterized by LAI, A, and Fv/Fm, while PC2 was mainly characterized by LWC and APX. To evaluate the difference in drought resistance among 16 wheat cultivars, PCA could fully reflect the primary and secondary effects of indices screened for wheat drought resistance. In general, the PCA biplot could explain the relationship between each index and the contribution of each trait to the principal component under various moisture conditions.




Figure 7 | Biplot of 24 different traits of 16 wheat cultivars under CK (A) and DS (B) treatments.






3.5 The comprehensive evaluation of drought-tolerant cultivars

According to formula (2), the membership function values of each comprehensive index for various cultivars were determined (Tables 6, 7). In the principal component, the higher the CI value, the stronger the drought resistance of the cultivar. In CI1, for example, H4399 had the highest u (X1) value (1.000) during 2019–2020, indicating that the cultivar had the highest significant drought resistance among CI1, whereas SN086 had the lowest µvalue (X1) (0.000), indicating the cultivar had the lowest drought resistance. JM418 had the highest u (X1) value in 2020–2021, while SX828 had the lowest. The weight of each comprehensive index was calculated using formula (3). From 2019 to 2020, the weights of the seven comprehensive indices (from CI1 to CI7) were 0.415, 0.143, 0.124, 0.100, 0.088, 0.070, and 0.060, respectively. From 2020 to 2021, however, the weights of these indices were 0.376, 0.152, 0.137, 0.123, 0.096, 0.065, and 0.051, respectively.


Table 6 | The evaluation of drought tolerance, comprehensive indices, and D value of different wheat cultivars during 2020–2021.




Table 7 | The grey correlation degree between the drought tolerant coefficient and the D value of each trait.



The comprehensive evaluation value of drought tolerance (D value) was calculated by the formula (4), and the drought tolerance of wheat cultivars was ranked according to the D value. The lower the D value, the more sensitive the wheat crop to drought stress, and the lower the drought tolerance. In 2019–2020, JM418 had the highest D value (0.730), followed by HM19, SM22, and H4399 (Table 4). The D value of SX828 was the lowest (0.223), indicating that it was less tolerant to drought stress. In 2020–2021, the D value of JM418 was the highest, reaching 0.753, followed by SM22, H4399, and HM19 (Table 6). SX828 had the lowest D value (0.128). The squared Euclidean distance and the clustering method were used to cluster the average D values for 2 years. At the Euclidean distance of 1.5, 16 wheat varieties could be clustered into 3 categories (Figure 8), including drought-resistant (GY2018, HG35, JM418, HM19, SM22, and H4399), drought weak sensitive (GY5218, CM6002, JM585, JM738, S4366, XM7, and SL02–1) and drought-sensitive varieties (SX828, SM13, and SN086).




Figure 8 | Systematic clustering of 16 wheat cultivars based on D-values.






3.6 Screening and evaluation of drought resistance traits

To screen and evaluate drought tolerance traits in winter wheat, we used the D value as a dependent variable and the drought resistance coefficient of each trait as an independent variable to develop the best regression equation for predicting drought tolerance. The optimal regression equation is as follows: D =-4.775+5.056Ci-3.701SN+2.528LWC-1.693POD+4.421PH+0.902MDA-2.76A-2.494SP-0.706ABA+2.37CT (R2 = 0.988, P = 0.0001). Grey correlation analysis showed that the correlation coefficient between 24 traits ranged from 0.605 to 0.685, with an average value of 0.653. ABA had the strongest correlation with the comprehensive evaluation value of drought tolerance (D value) (0.685), followed by A (0.669). The traits closely related to the D value were ABA, A, PH, GN, TGW, MDA, Gs, LWC, CT, and Ci. Seven common traits were used in the grey correlation analysis and regression equation, namely ABA, A, PH, MDA, LWC, CT, and Ci, which also confirmed the feasibility and accuracy of the regression equation.





4 Discussion

In recent years, climate change has caused a decrease in the yield of gramineous crops, including a 5.5% decrease in the global wheat yield (Lobell et al., 2011). Drought stress has emerged as one of the most significant abiotic stresses limiting crop production globally, and wheat is one of the most vulnerable crops to drought stress (Mei et al., 2022). Many wheat cultivars have been previously cultivated, but the response of different wheat cultivars to drought stress has been strikingly different. To resist climate change and reduce the agricultural water pressure in the NCP, breeding excellent wheat cultivars is an important measure to maintain and even increase wheat yield under adverse weather conditions. Scientists have made significant progress in developing high-yielding wheat cultivars since the Green Revolution. This has, however, been accomplished based on high yields obtained under ideal conditions, with no additional screening for tolerance traits under adverse conditions (Landi et al., 2017). Further progress in the development of drought-resistant germplasm depends on the efficiency of breeding methods and the evaluation of drought tolerance traits, and accurate drought phenotyping implies a precise definition of target environments and the management and characterization of water stress (Monneveux et al., 2012). At present, the evaluated traits associated with wheat drought tolerance are affected by multiple factors, such as experimental environment, screening period, and representativeness of indices. The results are not the same.

In our study, 16 wheat cultivars were cultivated in the field for two consecutive years. Grain yield and 24 traits closely related to drought tolerance, including morphological, physiological, and biochemical traits, were measured. Within 2 years, the results of variance analysis revealed significant yield differences among wheat cultivars grown in different water treatments, and the difference was more obvious under DS. Among them, CM6002, SM22, JM418, and HG35 had the lowest average decrease and showed better drought tolerance. However SX828, SL02–1, and XM7 had the biggest declines and were more sensitive to drought. These indicates that the selected wheat varieties have enough genetic diversity to be regionally representative. Drought stress had a significant effect on 24 traits (P< 0.05), with 18 traits decreasing (drought tolerance coefficient< 1) and 6 traits increasing (drought tolerance coefficient > 1) (Table 3). Meanwhile, the coefficient of variation (CV) value of most traits under DS was higher than that under CK, indicating that the wheat cultivars selected in this study were abundant, the effect of drought stress was obvious, and the results were representative.



4.1 Evaluation of drought tolerance of wheat by multivariate analysis

To avoid inherent differences among cultivars, the performance of different wheat cultivars under drought stress was evaluated by relative values. However, drought tolerance is a complex trait determined by multiple factors, and several errors occur in evaluating drought tolerance of different cultivars by single-trait or single-type trait. At present, no single trait can be used to fully and accurately evaluate wheat’s drought resistance; therefore, selecting more comprehensive traits and appropriate evaluation methods are very important for the evaluation of wheat cultivars. In addition, there was a certain degree of correlation between many indicators, which led to the overlapping response as a source of crop stress tolerance traits (Figure 6). Therefore, it is necessary to use the multivariate analysis method to evaluate and screen for comprehensive traits related to drought resistance. PCA can reduce multiple variables to a few underlying factors while reducing missing data, allowing for more efficient grouping of drought-tolerant genotypes (Wu and Bao, 2012; Maheswari et al., 2016). Through PCA, 24 individual traits of winter wheat under drought stress were converted into 7 independent comprehensive indices (Table 4). The cumulative contribution rate of the first 7 independent comprehensive indicators reached more than 80% during the two-year experiment, indicating that most of the data on 24 traits could be covered. The drought tolerance membership function value is a multivariate index that integrates the drought tolerant coefficients of different traits and can effectively reflect the overall performance of plants under drought stress. The membership function values were calculated based on the principal component scores, and the comprehensive evaluation value of drought tolerance (D value) was calculated by combining the weights; the drought tolerance of wheat cultivars was ranked according to the D value. Many previous studies have classified 12 onion cultivars into two groups according to their waterlogging tolerance and wheat and maize salt-tolerant genotypes according to their Euclidean distances (Huqe et al., 2021; Gedam et al., 2022; Uzair et al., 2022). The cotton cultivars were classified according to their drought tolerance by the membership function and D value (Zahid et al., 2021). In this study, wheat cultivars differed significantly in various morphological and physiological characteristics in different growing seasons, indicating that there was sufficient genetic diversity among the selected wheat cultivars. Also, they were representative of the region. We used PCA to convert the 24 drought resistance indicators of wheat into 7 independent composite indicators. D values of different wheat cultivars were obtained by the membership function. Furthermore, the use of PCA in conjunction with the membership function and cluster analysis makes assessing stress resistance in crops more reliable and practical. Hierarchical clustering analysis classified 16 wheat cultivars into 3 categories based on the D value: drought resistant, drought weak sensitive, and drought sensitive. In this study, 10 drought tolerance traits (Ci, SN, LWC, POD, PH, MDA, A, SP, ABA, and CT) were identified by regression analysis and found to have significant effects on drought tolerance of wheat and, therefore, it could be used as the main traits for screening drought tolerant wheat cultivars in the future. At the same time, we established a reliable regression model for the drought resistance evaluation of wheat as follows: D =-4.775+5.056Ci-3.701SN+2.528LWC-1.693POD+4.421PH+0.902MDA-2.76A-2.494SP-0.706ABA+2.37CT (R2 = 0.988, P = 0.0001). The grey relational analysis can determine the correlation degree between the drought tolerant coefficient of each trait and the D value. The higher the correlation degree, the stronger the correlation between a trait and drought tolerance of wheat. The results of the grey relational analysis further confirmed the accuracy of the regression analysis and enhanced the scientific reliability and persuasive assessment of the identified traits.




4.2 Screening for drought resistance traits under drought stress

Plant growth is an important index to measure drought adaptation, and most scientists evaluate drought-tolerant and drought-sensitive wheat cultivars under drought conditions based on morphological characteristics or yield indicators, including plant height, tiller number, spikelet number, grain number per spike, 1000-grain weight, leaf area index, biological yield, and grain yield (Zhao et al., 2013; Gao et al., 2020; Memon et al., 2021; Ahmad et al., 2022). In this study, we looked at three phenotypic traits: SN, SP, and PH. Drought stress, on the other hand, affects not only plant morphology and yield but also the physiological and biochemical characteristics of plants (Claeys and Inze, 2013). Photosynthesis is an important process for the production of dry matter, and the increase in grain yield is due to the assimilation products of photosynthesis (Li et al., 2020). Water stress during the grain-filling period can lead to decreased photosynthesis, induce accelerated leaf senescence, and shorten the grain-filling period, with the latter being the main reason for the decrease in wheat yield (Yang and Zhang, 2006). During photosynthesis, stomatal traits account for the large extent of yield losses since stomatal closure can reduce water loss (Liu et al., 2010). We identified two important photosynthetic physiological traits, including A and Ci, highly similar to the results of previous studies. Similarly, CT and LWC during the grain-filling period can also be used to identify drought-resistant genotypes. CT is a low-cost, large-scale method for rapidly identifying drought-tolerant cultivars at the canopy level. At the grain-filling stage, there was a continuous negative linear correlation between canopy temperature (CT) and grain yield, and higher leaf water content could contribute to and maintain a lower canopy temperature and a larger water absorption capacity of roots (Deery et al., 2016). Throughout evolution, plants have withstood harsh environmental conditions by elevating abscisic acid levels, controlling stomatal aperture, accumulating antioxidants and osmoprotectants, and regulating gene expression in response to stress (Fu et al., 2016). Therefore, these are often used as physiological indicators associated with stress resistance in crops (Hassan et al., 2015; Mu et al., 2021). Reactive oxygen species (ROS) produced as a result of drought stress lead to lipid peroxidation and increased activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), which are important components of the antioxidant enzyme system in the cell membrane and can reduce the toxicity of ROS to cells. In addition, ABA plays a crucial role in the response of plants to drought through stomatal closure and maintenance of the water balance, as well as the transcription and activity of antioxidant enzymes (Wang et al., 2021). In other words, the improved plant performance provided by these traits can serve as a foundation for selecting materials for the development of drought-tolerant wheat genotypes (Mwadzingeni et al., 2016). Chlorophyll content has traditionally been regarded as a key indicator of wheat growth. The retention of green leaf area was the most valuable genetic trait associated with maintenance of yield under drought conditions (Foulkes et al., 2007). However, SPAD value was not selected as the identification index of drought resistance, which may be due to the difference in wheat leaf color itself, leading to different experimental results. The results of our screening revealed that A, Ci, POD, MDA, and ABA could best reflect drought resistance in wheat. We speculated that flag leaves maintained high anti-aging ability and maintain higher photosynthesis in the late grain filling stage under DS, thus guaranteeing the accumulation of dry matter. This is the key physiological factor to distinguish drought tolerance of different wheat cultivars.

Through a two-year field experiment, we comprehensively evaluated the drought tolerance of different wheat varieties, identified the wheat varieties with superior drought tolerance, screened 10 key indices for the evaluation of winter wheat drought tolerance, and developed the best mathematical model for the prediction of wheat drought resistance. There are some flaws in this study as well. For example, we only considered variation between indicators for two conditions (normal irrigation and drought stress). However, it has been reported that after being subjected to abiotic stress, some physiological parameters of plants can restore to optimal function(Liu et al., 2022). Therefore, we believe that further research into the resilience of different wheat varieties after drought rehydration compensation and the feasibility of key indicators is required. This could lead to more drought-tolerant varieties being selected. The flow chart of the screening of drought-tolerant cultivars and drought-tolerance traits in Figure 9 provides a foundation for efficient and accurate identification of drought-tolerant wheat cultivars for future wheat production research.




Figure 9 | Screening process and prediction model for drought-resistant wheat cultivars and drought-resistance traits.







5 Conclusion

This study evaluated 24 drought-related indices, including yield, morphology, photosynthesis, physiology, and osmotic regulation in wheat, under drought stress conditions. PCA, membership function analysis, and multiple regression analysis were performed to effectively evaluate the drought resistance of the wheat crop. A total of 10 traits associated with wheat drought resistance, such as PH, SN, SP, CT, LWC, A, Ci, POD, MDA, and ABA, were evaluated, and a digital model for wheat drought resistance evaluation was established. Furthermore, 6 drought-tolerant wheat cultivars were chosen: JM418, HM19, SM22, HG35, H4399, and CM6002. This study provides useful material for breeding wheat cultivars with drought resistance and the theoretical basis for explaining the mechanism underlying wheat drought resistance.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

WZ and LG conceived the project and set scientific objectives. XB, XL, and XH contributed to preparing the field experiment and data acquisition. XB, XL, and XH wrote the manuscript. WD, JR, BY, and YW writing—review and editing. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Key Research and Development Project (Grant No. 2017YFD0300900), the Key R&D projects in Hebei Province (Grant No. 21327001D22326406D), and the Modern Agricultural Industrial Technology System in Hebei Province (Grant No. HBCT2018010205).




Acknowledgments

We express the profound sense of reverence to the entire research team, and any other person who contributed; we have deep gratitude for you so much.





Conflict of interest

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





References

 Ahmad, A., Aslam, Z., Javed, T., Hussain, S., Raza, A., Shabbir, R., et al. (2022). Screening of wheat (Triticum aestivum l.) genotypes for drought tolerance through agronomic and physiological response. Agronomy-Basel 12 (2), 287. doi: 10.3390/agronomy12020287

 Ahmad, M. S., Wu, B., Wang, H., and Kang, D. (2020). Field screening of rice germplasm (Oryza sativa l. ssp. japonica) based on days to flowering for drought escape. Plants-Basel 9 (5), 609. doi: 10.3390/plants9050609

 Ahmed, H.G.M.-D., Khan, A. S., Li, M.-j., Khan, S. H., and Kashif, M. (2019). Early selection of bread wheat genotypes using morphological and photosynthetic attributes conferring drought tolerance. J. Integr. Agric. 18 (11), 2483–2491. doi: 10.1016/s2095-3119(18)62083-0

 Benech Arnold, R. L., Fenner, M., and Edwards, P. J. (1991). Changes in germinability, ABA content and ABA embryonic sensitivity in developing seeds of sorghum bicolor (L.) moench. induced by water stress during grain filling. New Phytol. 118 (2), 339–347. doi: 10.1111/j.1469-8137.1991.tb00986.x

 Campion, E. M., Loughran, S. T., and Walls, D. (2011). Protein quantitation and analysis of purity. Methods Mol. Biol. 681, 229–258. doi: 10.1007/978-1-60761-913-0_13

 Claeys, H., and Inze, D. (2013). The agony of choice: how plants balance growth and survival under water-limiting conditions. Plant Physiol. 162 (4), 1768–1779. doi: 10.1104/pp.113.220921

 Correia, P. M. P., Westergaard, J. C., da Silva, A. B., Roitsch, T., Carmo-Silva, E., and da Silva, J. M. (2022). High-throughput phenotyping of physiological traits for wheat resilience to high temperature and drought stress. J. Exp. Bot. 73 (15), 5235–5251. doi: 10.1093/jxb/erac160

 Cruz de Carvalho, M. H. (2008). Drought stress and reactive oxygen species: production, scavenging and signaling. Plant Signaling Behav. 3 (3), 156–165. doi: 10.4161/psb.3.3.5536

 Deery, D. M., Rebetzke, G. J., Jimenez-Berni, J. A., James, R. A., Condon, A. G., Bovill, W. D., et al. (2016). Methodology for high-throughput field phenotyping of canopy temperature using airborne thermography. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01808

 Fan, Y., Liu, J., Zhao, J., Ma, Y., and Li, Q. (2019). Effects of delayed irrigation during the jointing stage on the photosynthetic characteristics and yield of winter wheat under different planting patterns. Agric. Water Manage. 221, 371–376. doi: 10.1016/j.agwat.2019.05.004

 Fang, Q. X., Ma, L., Green, T. R., Yu, Q., Wang, T. D., and Ahuja, L. R. (2010). Water resources and water use efficiency in the north China plain: current status and agronomic management options. Agric. Water Manage. 97 (8), 1102–1116. doi: 10.1016/j.agwat.2010.01.008

 Fang, Y., and Xiong, L. (2015). General mechanisms of drought response and their application in drought resistance improvement in plants. Cell. Mol. Life Sci. 72 (4), 673–689. doi: 10.1007/s00018-014-1767-0

 Foulkes, M. J., Sylvester-Bradley, R., Weightman, R., and Snape, J. W. (2007). Identifying physiological traits associated with improved drought resistance in winter wheat. Field Crops Res. 103 (1), 11–24. doi: 10.1016/j.fcr.2007.04.007

 Fu, L., Ding, Z., Han, B., Hu, W., Li, Y., and Zhang, J. (2016). Physiological investigation and transcriptome analysis of polyethylene glycol (PEG)-induced dehydration stress in cassava. Int. J. Mol. Sci. 17 (3), 283. doi: 10.3390/ijms17030283

 Gambetta, G. A., Herrera, J. C., Dayer, S., Feng, Q., Hochberg, U., and Castellarin, S. D. (2020). The physiology of drought stress in grapevine: towards an integrative definition of drought tolerance. J. Exp. Bot. 71 (16), 4658–4676. doi: 10.1093/jxb/eraa245

 Gao, Z., Wang, Y., Tian, G., Zhao, Y., Li, C., Cao, Q., et al. (2020). Plant height and its relationship with yield in wheat under different irrigation regime. Irrig. Sci. 38 (4), 365–371. doi: 10.1007/s00271-020-00678-z

 Gedam, P. A., Shirsat, D. V., Arunachalam, T., Ghosh, S., Gawande, S. J., Mahajan, V., et al. (2022). Screening of onion (Allium cepa l.) genotypes for waterlogging tolerance. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.727262

 Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases: i. occurrence in higher plants. Plant Physiol. 59 (2), 309–314. doi: 10.1104/pp.59.2.309

 Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48 (12), 909–930. doi: 10.1016/j.plaphy.2010.08.016

 Gomez-Candon, D., Mathieu, V., Martinez, S., Labbe, S., Delalande, M., and Regnard, J.-L. (2022). Unravelling the responses of different apple varieties to water constraints by continuous field thermal monitoring. Sci. Hortic. 299, 111013. doi: 10.1016/j.scienta.2022.111013

 Gouveia, C. S. S., Gananca, J. F. T., Slaski, J. J., Lebot, V., and Pinheiro de Carvalho, M. A. A. (2021). Abscisic acid phytohormone estimation in tubers and shoots ofIpomoea batatassubjected to long drought stress using competitive immunological assay. Physiol. Plant 172 (2), 419–430. doi: 10.1111/ppl.13192

 Guan, L. Q. M., Zhao, J., and Scandalios, J. G. (2000). Cis-elements and trans-factors that regulate expression of the maize Cat1 antioxidant gene in response to ABA and osmotic stress: H2O2 is the likely intermediary signaling molecule for the response. Plant J. 22 (2), 87–95. doi: 10.1046/j.1365-313x.2000.00723.x

 Han, L.-B., Song, G.-L., and Zhang, X. (2008). Preliminary observations on physiological responses of three turfgrass species to traffic stress. Horttechnology 18 (1), 139–143. doi: 10.21273/horttech.18.1.139

 Hassan, N. M., El-Bastawisy, Z. M., El-Sayed, A. K., Ebeed, H. T., and Alla, M. M. N. (2015). Roles of dehydrin genes in wheat tolerance to drought stress. J. Adv. Res. 6 (2), 179–188. doi: 10.1016/j.jare.2013.11.004

 Hodges, D. M., DeLong, J. M., Forney, C. F., and Prange, R. K. (1999). Improving the thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 207 (4), 604–611. doi: 10.1007/s004250050524

 Huqe, M. A. S., Haque, M. S., Sagar, A., Uddin, M. N., Hossain, M. A., Hossain, A. Z., et al. (2021). Characterization of maize hybrids (Zea mays l.) for detecting salt tolerance based on morpho-physiological characteristics, ion accumulation and genetic variability at early vegetative stage. Plants-Basel 10 (11), 254. doi: 10.3390/plants10112549

 Hura, T., Grzesiak, S., Hura, K., Thiemt, E., Tokarz, K., and Wedzony, M. (2007). Physiological and biochemical tools useful in drought-tolerance detection in genotypes of winter triticale: accumulation of ferulic acid correlates with drought tolerance. Ann. Bot. 100 (4), 767–775. doi: 10.1093/aob/mcm162

 Ihsan, M. Z., El-Nakhlawy, F. S., Ismail, S. M., Fahad, S., and Daur, I. (2016). Wheat phenological development and growth studies as affected by drought and late season high temperature stress under arid environment. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00795

 Jha, S. K., Gao, Y., Liu, H., Huang, Z., Wang, G., Liang, Y., et al. (2017). Root development and water uptake in winter wheat under different irrigation methods and scheduling for north China. Agric. Water Manage. 182, 139–150. doi: 10.1016/j.agwat.2016.12.015

 Jiang, M., and Zhang, J. (2003). Cross-talk between calcium and reactive oxygen species originated from NADPH oxidase in abscisic acid-induced antioxidant defence in leaves of maize seedlings. Plant Cell Environ. 26 (6), 929–939. doi: 10.1046/j.1365-3040.2003.01025.x

 Kadkol, G., Smith, A., Cullis, B., and Chenu, K. (2020). Variation in Australian durum wheat germplasm for productivity traits under irrigated and rainfed conditions: genotype performance for agronomic traits and benchmarking. J. Agric. Sci. 158 (6), 479–495. doi: 10.1017/s0021859620000817

 Kumar, S., Dwivedi, S. K., Basu, S., Kumar, G., Mishra, J. S., Koley, T. K., et al. (2020). Anatomical, agro-morphological and physiological changes in rice under cumulative and stage specific drought conditions prevailed in eastern region of India. Field Crops Res. 245, 107658. doi: 10.1016/j.fcr.2019.107658

 Landi, S., Hausman, J.-F., Guerriero, G., and Esposito, S. (2017). Poaceae vs. abiotic stress: focus on drought and salt stress, recent insights and perspectives. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01214

 Li, Q., Dong, B., Qiao, Y., Liu, M., and Zhang, J. (2010). Root growth, available soil water, and water-use efficiency of winter wheat under different irrigation regimes applied at different growth stages in north China. Agric. Water Manage. 97 (10), 1676–1682. doi: 10.1016/j.agwat.2010.05.025

 Li, Y., Ma, L., Wu, P., Zhao, X., Chen, X., and Gao, X. (2020). Yield, yield attributes and photosynthetic physiological characteristics of dryland wheat (Triticum aestivum l.)/maize (Zea mays l.) strip intercropping. Field Crops Res. 248, 107656. doi: 10.1016/j.fcr.2019.107656

 Liu, G., Freschet, G. T., Pan, X., Cornelissen, J. H. C., Li, Y., and Dong, M. (2010). Coordinated variation in leaf and root traits across multiple spatial scales in Chinese semi-arid and arid ecosystems. New Phytol. 188 (2), 543–553. doi: 10.1111/j.1469-8137.2010.03388.x

 Liu, E. K., Mei, X. R., Yan, C. R., Gong, D. Z., and Zhang, Y. Q. (2016). Effects of water stress on photosynthetic characteristics, dry matter translocation and WUE in two winter wheat genotypes. Agric. Water Manage. 167, 75–85. doi: 10.1016/j.agwat.2015.12.026

 Liu, X., Wang, X., Liu, P., Bao, X., Hou, X., Yang, M., et al. (2022). Rehydration compensation of winter wheat is mediated by hormone metabolism and de-peroxidative activities under field conditions. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.823846

 Liu, R., Zhong, B., Li, X., Zheng, K., Liang, H., Cao, J., et al. (2022). Analysis of groundwater changes, (2003-2020) in the north China plain using geodetic measurements. J. Hydrol. Reg. Stud. 41, 101085. doi: 10.1016/j.ejrh.2022.101085

 Lobell, D. B., Schlenker, W., and Costa-Roberts, J. (2011). Climate trends and global crop production since 1980. Science 333 (6042), 616–620. doi: 10.1126/science.1204531

 Lopes, M. S., Reynolds, M. P., Manes, Y., Singh, R. P., Crossa, J., and Braun, H. J. (2012). Genetic yield gains and changes in associated traits of CIMMYT spring bread wheat in a "historic" set representing 30 years of breeding. Crop Sci. 52 (3), 1123–1131. doi: 10.2135/cropsci2011.09.0467

 Lu, Y., Yan, Z., Li, L., Gao, C., and Shao, L. (2020). Selecting traits to improve the yield and water use efficiency of winter wheat under limited water supply. Agric. Water Manage. 242, 106410. doi: 10.1016/j.agwat.2020.106410

 Luo, Y., Li, W., Huang, C., Yang, J., Jin, M., Chen, J., et al. (2021). Exogenous abscisic acid coordinating leaf senescence and transport of assimilates into wheat grains under drought stress by regulating hormones homeostasis. Crop J. 9 (4), 901–914. doi: 10.1016/j.cj.2020.08.012

 Madhusudhan, R., Ishikawa, T., Sawa, Y., Shigeoka, S., and Shibata, H. (2003). Characterization of an ascorbate peroxidase in plastids of tobacco BY-2 cells. Physiol. Plant 117 (4), 550–557. doi: 10.1034/j.1399-3054.2003.00066.x

 Magne, C., and Larher, F. (1992). High sugar content of extracts interferes with colorimetric determination of amino acids and free proline. Anal. Biochem. 200 (1), 115–118. doi: 10.1016/0003-2697(92)90285-f

 Maheswari, M., Tekula, V. L., Yellisetty, V., Sarkar, B., Yadav, S. K., Singh, J., et al. (2016). Functional mechanisms of drought tolerance in maize through phenotyping and genotyping under well watered and water stressed conditions. Eur. J. Agron. 79, 43–57. doi: 10.1016/j.eja.2016.05.008

 Mdluli, S. Y., Shimelis, H., and Mashilo, J. (2020). Screening for pre- and post-anthesis drought responses in selected bread wheat (Triticum aestivum l.) genotypes. Acta Agric. Scand. Sect. B.: Soil Plant Sci. 70 (4), 272–284. doi: 10.1080/09064710.2020.1725105

 Mei, F., Chen, B., Du, L., Li, S., Zhu, D., Chen, N., et al. (2022). A gain-of-function allele of a DREB transcription factor gene ameliorates drought tolerance in wheat. Plant Cell 34 (11), 4472–4494. doi: 10.1093/plcell/koac248

 Memon, S. A., Sheikh, I. A., Talpur, M. A., and Mangrio, M. A. (2021). Impact of deficit irrigation strategies on winter wheat in semi-arid climate of sindh. Agric. Water Manage. 243, 106389. doi: 10.1016/j.agwat.2020.106389

 Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen species homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33 (4), 453–467. doi: 10.1111/j.1365-3040.2009.02041.x

 Monneveux, P., Jing, R., and Misra, S. C. (2012). Phenotyping for drought adaptation in wheat using physiological traits. Front. Physiol. 3. doi: 10.3389/fphys.2012.00429

 Morison, J. I. L., Baker, N. R., Mullineaux, P. M., and Davies, W. J. (2008). Improving water use in crop production. Philos. Trans. R. Soc B.: Biol. Sci. 363 (1491), 639–658. doi: 10.1098/rstb.2007.2175

 Mu, Q., Cai, H., Sun, S., Wen, S., Xu, J., Dong, M., et al. (2021). The physiological response of winter wheat under short-term drought conditions and the sensitivity of different indices to soil water changes. Agric. Water Manage. 243, 106475. doi: 10.1016/j.agwat.2020.106475

 Mwadzingeni, L., Shimelis, H., Dube, E., Laing, M. D., and Tsilo, T. J. (2016). Breeding wheat for drought tolerance: progress and technologies. J. Integr. Agric. 15 (5), 935–943. doi: 10.1016/s2095-3119(15)61102-9

 Nakhforoosh, A., Bodewein, T., Fiorani, F., and Bodner, G. (2016). Identification of water use strategies at early growth stages in durum wheat from shoot phenotyping and physiological measurements. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01155

 Puangbut, D., Jogloy, S., Vorasoot, N., and Songsri, P. (2022). Photosynthetic and physiological responses to drought of Jerusalem artichoke genotypes differing in drought resistance. Agric. Water Manage. 259, 107252. doi: 10.1016/j.agwat.2021.107252

 Song, Q., Liu, C., Bachir, D. G., Chen, L., and Hu, Y.-G. (2017). Drought resistance of new synthetic hexaploid wheat accessions evaluated by multiple traits and antioxidant enzyme activity. Field Crops Res. 210, 91–103. doi: 10.1016/j.fcr.2017.05.028

 Sun, F., Chen, Q., Chen, Q., Jiang, M., Gao, W., and Qu, Y. (2021). Screening of key drought tolerance indices for cotton at the flowering and boll setting stage using the dimension reduction method. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.619926

 Sun, H.-Y., Liu, C.-M., Zhang, X.-Y., Shen, Y.-J., and Zhang, Y.-Q. (2006). Effects of irrigation on water balance, yield and WUE of winter wheat in the north China plain. Agric. Water Manage. 85 (1-2), 211–218. doi: 10.1016/j.agwat.2006.04.008

 Tahjib-Ul-Arif, M., Abu Sayed, M., Islam, M. M., Siddiqui, M. N., Begum, S. N., and Hossain, M. A. (2018). Screening of rice landraces (Oryza sativa l.) for seedling stage salinity tolerance using morpho-physiological and molecular markers. Acta Physiol. Plant 40 (4), 70. doi: 10.1007/s11738-018-2645-4

 Uzair, M., Ali, M., Fiaz, S., Attia, K., Khan, N., Al-Doss, A. A., et al. (2022). The characterization of wheat genotypes for salinity tolerance using morpho-physiological indices under hydroponic conditions. Saudi J. Biol. Sci. 29 (6), 103299. doi: 10.1016/j.sjbs.2022.103299

 Wang, X., Li, Q., Xie, J., Huang, M., Cai, J., Zhou, Q., et al. (2021). Abscisic acid and jasmonic acid are involved in drought priming-induced tolerance to drought in wheat. Crop J. 9 (1), 120–132. doi: 10.1016/j.cj.2020.06.002

 Wang, X., Vignjevic, M., Jiang, D., Jacobsen, S., and Wollenweber, B. (2014). Improved tolerance to drought stress after anthesis due to priming before anthesis in wheat (Triticum aestivum l.) var. vinjett. J. Exp. Bot. 65 (22), 6441–6456. doi: 10.1093/jxb/eru362

 Wang, X., Zhang, J., Song, J., Huang, M., Cai, J., Zhou, Q., et al. (2020). Abscisic acid and hydrogen peroxide are involved in drought priming-induced drought tolerance in wheat (Triticum aestivumL.). Plant Biol. 22 (6), 1113–1122. doi: 10.1111/plb.13143

 Wu, X.-l., and Bao, W.-k. (2012). Statistical analysis of leaf water use efficiency and physiology traits of winter wheat under drought condition. J. Integr. Agric. 11 (1), 82–89. doi: 10.1016/s1671-2927(12)60785-8

 Wu, D., Li, Z., Zhu, Y., Li, X., Wu, Y., and Fang, S. (2021). A new agricultural drought index for monitoring the water stress of winter wheat. Agric. Water Manage. 244, 106599. doi: 10.1016/j.agwat.2020.106599

 Yang, J. C., and Zhang, J. H. (2006). Grain filling of cereals under soil drying. New Phytol. 169 (2), 223–236. doi: 10.1111/j.1469-8137.2005.01597.x

 Yu, S., Zhang, N., Kaiser, E., Li, G., An, D., Sun, Q., et al. (2021). Integrating chlorophyll fluorescence parameters into a crop model improves growth prediction under severe drought. Agric. For. Meteorol. 303, 108367. doi: 10.1016/j.agrformet.2021.108367

 Zahid, Z., Khan, M. K. R., Hameed, A., Akhtar, M., Ditta, A., Hassan, H. M., et al. (2021). Dissection of drought tolerance in upland cotton through morpho-physiological and biochemical traits at seedling stage. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.627107

 Zhang, Y., Xu, W., Wang, H., Dong, H., Qi, X., Zhao, M., et al. (2016). Progress in genetic improvement of grain yield and related physiological traits of Chinese wheat in henan province. Field Crops Res. 199, 117–128. doi: 10.1016/j.fcr.2016.09.022

 Zhao, D., Shen, J., Lang, K., Liu, Q., and Li, Q. (2013). Effects of irrigation and wide-precision planting on water use, radiation interception, and grain yield of winter wheat in the north China plain. Agric. Water Manage. 118, 87–92. doi: 10.1016/j.agwat.2012.11.019

 Zivcak, M., Repkova, J., Olsovska, K., and Brestic, M. (2009). Osmotic adjustment in winter wheat varieties and its importance as a mechanism of drought tolerance. Cereal Res. Commun. 37, 569–572. doi: 10.2307/90003486




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

Copyright © 2023 Bao, Hou, Duan, Yin, Ren, Wang, Liu, Gu and Zhen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 21 June 2023

doi: 10.3389/fpls.2023.1130109

[image: image2]


Effect of water and nitrogen coupling regulation on the growth, physiology, yield, and quality attributes and comprehensive evaluation of wolfberry (Lycium barbarum L.)


Zhenghu Ma 1, Juan Yin 1,2,3*, Yingpan Yang 1, Fubin Sun 1 and Zhen Yang 1


1 School of Civil and Water Engineering, Ningxia University, Yingchuan, China, 2 Ministry of Education Engineering Research Center for Modern Agricultural Water Resources Efficient Utilization in Dry Areas, Ningxia University, Yingchuan, China, 3 Ningxia Water-saving Irrigation and Water Resources Control Engineering Technology Research Center, Ningxia University, Yingchuan, China




Edited by: 

Rangjian Qiu, Wuhan University, China

Reviewed by: 

Liu Zhandong, Chinese Academy of Agricultural Sciences, China

Josep Rufat, Institute of Agrifood Research and Technology (IRTA), Spain

*Correspondence: 

Juan Yin
 yj7115@126.com


Received: 22 December 2022

Accepted: 27 March 2023

Published: 21 June 2023

Citation:
Ma Z, Yin J, Yang Y, Sun F and Yang Z (2023) Effect of water and nitrogen coupling regulation on the growth, physiology, yield, and quality attributes and comprehensive evaluation of wolfberry (Lycium barbarum L.). Front. Plant Sci. 14:1130109. doi: 10.3389/fpls.2023.1130109



The characteristics of the growing environment (arid and semi-arid regions with abundant light), wastage of water, types of fertilizers used, quality of the plants, and the decline in yield due to the need for large quantities of water and fertilizers are the most significant obstacles to wolfberry cultivation. To cope with the scarcity of water caused by the increase in the area of wolfberry cultivation and to improve the efficiency of the utilization of water and fertilizers, a two-year field experiment was conducted in a typical area of the central dry zone of Ningxia in 2021 and 2022. The effects of different water and nitrogen coupling on the physiology, growth, quality, and yield of wolfberry were investigated, and a water and nitrogen management model with better indicators was constructed based on the TOPSIS model and a comprehensive scoring method. In the experiment, three irrigation quotas of 2,160, 2,565, and 2,970 m3 ha–1 (I1, I2, and I3) and three N applications of 165, 225, and 285 kg ha–1 (N1, N2, and N3) were established; the local conventional management served as the control (CK). The results showed that the growth index of wolfberry was most significantly affected by irrigation, followed by the water and nitrogen interaction effect, and the nitrogen application had the least effect. The growth and development of wolfberry plants mainly takes place during the fruit ripening and flowering periods, and growth almost stops after entering the fruit ripening period. The chlorophyll (SPAD) values were affected by irrigation and nitrogen application to a significant level, except for during the spring tip period, but the effect of water and nitrogen interaction was not significant. The SPAD values of N2 treatment were better under different irrigation. The daily photosynthetic activity of wolfberry leaves peaked between 10:00 am and noon. The daily photosynthetic dynamics of wolfberry were affected by irrigation and nitrogen application to a significant level during the fruit ripening period, and the transpiration rate and leaf water use efficiency were affected by water and nitrogen interaction to a significant level during 8:00 am and noon, while the effect was not significant during the spring tip period. The yield, dry-to-fresh ratio, and 100 grain weight of wolfberry were significantly affected by the irrigation, nitrogen application, and their interaction effects. Specifically, the two-year yield with I2N2 treatment increased by 7.48% and 3.73%, respectively, compared to CK. The quality indices were significantly affected by irrigation and nitrogen application, except for the total sugars; other indexes were also significantly affected by water and nitrogen interaction effects. The evaluation of the TOPSIS model showed that the I3N1 treatment yielded the best quality of wolfberry, and the results of the integrated scoring method based on the growth, physiology, yield, and quality indicators and water-saving objectives showed that the I2N2 (2,565 m3 ha-1, 225 kg ha-1) treatment was the optimal water and nitrogen management mode for drip-irrigated wolfberry. Our findings provide a scientific basis for the optimal irrigation and management of fertilization of wolfberry in arid regions.




Keywords: water-nitrogen coupling, photosynthetic daily dynamics, TOPSIS model, composite scoring method, multi-objective optimization, wolfberry




1 Introduction

Wolfberry (Lycium barbarum L.) is a perennial deciduous shrub in the genus Lycium and family Solanaceae (Duan et al., 2022). Its fruits are rich in polysaccharides, total sugars, and other nutrients. It is a medicinal plant with significant beneficial effects on the kidney and liver, as well as enhancing immunity, alleviate fever, and moistening the lungs (Amagase and Farnsworth, 2011; Mao et al., 2011).

The only Lycium genus included in the 2010 edition of the Chinese Pharmacopoeia was Ningxia wolfberry. At the end of 2021, 30,000 ha of land was in use for cultivating this wolfberry in Ningxia Province. The cultivated area has increased over the years, and wolfberry has become a specialty crop that contributes to regional economic growth. Wolfberry planting requires a large quantity of water and fertilizers for high yield and income. Thus, wolfberry cultivation has several challenges, including the low availability of water and fertilizers, high-cost, and poor yield and quality. Additionally, whether the excessive use of water and fertilizers contribute to environmental degradation needs to be determined (Liang et al., 2014; Li et al., 2019a).

Water and nitrogen are the most important factors required for crop growth, particularly considering that adding large quantities of nitrogen during crop growth enhances food production and quality (Lebauer and Treseder, 2008; Canfield et al., 2010; Fan et al., 2017). The distribution of sources of water across the globe does not match the distribution of arable land resources, and more than half of agricultural areas are constrained by water availability to varying degrees (Geng et al., 2016). Ningxia is located inland in northwest China. It suffers from extreme water scarcity and the whole region except for the Yellow River Irrigation Area is a fragile ecological environment. Hence, the expansion of wolfberry cultivation in this region will further intensify the water-land conflict. Since the 1980s, the quantity of N fertilizer used in China has increased considerably, and the input-to-output ratio has decreased sharply. The average utilization efficiency of the three fertilizers with high contents of N, P, and K is about 27.2%, 11.1%, and 31.1%, respectively, and the wide northwest area with poor soils has lower utilization efficiency than the national average (Zhang et al., 2008; Wu et al., 2019). Therefore, optimizing water and nitrogen usage and improving water and nitrogen utilization efficiency are essential for improving food security and developing sustainable agricultural techniques (Mahajan et al., 2012; Sun et al., 2016).

Some studies have shown a prominent interaction between water and nitrogen (Cabrera et al., 2007). Proper water conditions promote plant root development, thus enhancing nitrogen uptake efficiency and conversion rate (Huang et al., 2016). In contrast, an inadequate water supply inhibits nitrogen fertilizer and crop growth, and too much will reduce the efficiency of water and fertilizer use, affecting crop yields, and cause a large amount of soil nitrogen loss or leaching into the deep soil layer to cause soil and groundwater pollution (Badr et al., 2010; Tang et al., 2010; Man et al., 2014). Water and fertilizer coupling technology has a synergistic effect on the growth, yield, and quality of crops, and promotes water and fertilizer conservation and green agricultural development (Sasada et al., 2011; Ma et al., 2020). Water and fertilizer coupling technology is widely used in wheat, maize, rice, and facility vegetable cultivation. Although it can effectively save water and fertilizer, its application is mainly focused on annual crops (Chen et al., 2021; Ma et al., 2021; Deng et al., 2022; Wang et al., 2022; Zhao et al., 2022). Few studies have investigated perennial crops such as wolfberry, and most studies have examined the interactive effects between irrigation and various N, P, and K fertilizers. The identification of the reciprocal effects of irrigation and a specific fertilizer and their mechanism of action is challenging (Liu et al., 2020; Deng et al., 2021; Zhu et al., 2022). Thus, the effect of saving water and fertilizer is not obvious after applying this technology. Therefore, the application of water and fertilizer coupling technology for cultivating perennial crops and optimizing irrigation systems needs further investigation.

The limitations of the distribution area and the specificity of the growth habit have discouraged the development of irrigation systems and related studies on wolfberry. Thus, the effects of water, nitrogen, and their interactions on wolfberry plants need to be determined to use water and nitrogen efficiently in wolfberry cultivation. To address some of these issues, we conducted this study with the following objectives: (1) to determine the effects of irrigation, nitrogen application, and their interaction on the growth, physiology, yield, and quality of wolfberry by conducting a two-year field experiment; (2) to develop an evaluation system based on the physiology, growth, and quality of wolfberry by applying the TOPSIS model and the integrated scoring method; (3) to determine the optimal irrigation quota and content of nitrogen required for the drip irrigation of wolfberry with high efficiency of water and nitrogen utilization, healthy growth of the plants, excellent yield, and high quality of the crop. This study might provide a theoretical foundation and support for developing an intelligent drip irrigation system for wolfberry production.




2 Materials and methods



2.1 Study area

The study was conducted in Ningxia Concentric County, China (105°42’23.05” E, 37°10’36.98” N, 1,228 m). It is a typical arid belt region (Figure 1). The study was conducted from April 2021 to October 2022. The area has a temperate continental semi-arid climate, with an average rainfall of 270 mm; approximately 70% of the annual rainfall occurs between July and September. The drought indicator is approximately 8.84, and thus, supply and demand have a great disparity. The average annual temperature has been 8.6°C for many years, with a large variation in diurnal temperature and an average of approximately 3,024 h of sunlight. The porosity of the soil is 44%, and the field water holding capacity ranges from 13.6% to 15.4%. The physicochemical properties of the soil are listed in Table 1. The groundwater of this region is buried between 20 and 25 m deep and precipitation is minimal and concentrated, making the groundwater and precipitation difficult to use and the only reliable source of water for irrigation is the Yellow River. The precipitation and average daily temperature throughout the fertility period in the two years of the study are shown in Figure 2. The experimental varieties of wolfberry were 8a and 9a Sheng Ningqi No. 7. The plants were grown 0.75 m apart, and a line distance of 3 m was maintained. Wolfberry trees have a trunk diameter of 30–45 mm and a height of 80–110 cm at the start of their reproductive period. They have a four-stage critical reproductive period: the spring tip period (stage 1: late April to mid-May), the flowering period (stage 2: late May to mid-June), the fruit ripening period (stage 3: late June to mid-August), and the defoliation period (stage 4: late June to mid-August) (stage 5: late August to early September).




Figure 1 | Ningxia, China (A), Study Area Location - Hexi Town (B), Experimental design (C), Rundle Manor (D), Experimental area (E), Photosynthesis measure (F) and wolfberry (G).




Table 1 | Physicochemical properties of the soil in the study area.






Figure 2 | The daily rainfall and daily average temperature during the reproductive period of wolfberry in 2021 and 2022.






2.2 Experimental design

The fully randomized experimental design consisted of two factors: irrigation and nitrogen fertilization. Three irrigation amounts, i.e., low water I1 (2,160 m3 ha-1), medium water I2 (2,565 m3 ha-1), and high water I3 (2,970 m3 ha-1), and three N application rates, i.e., low N1 (165 kg ha-1), medium N2 (225 kg ha-1), and high N3 (285 kg ha-1), were used in the experiment following the drip irrigation planting technical protocols (Ningxia Water Resources Department and Ningxia Institute of Water Resources Science, 2017; Zhang, 2021). The experimental design levels are shown in Table 2. The local conventional management standard was used as the control (CK) with the following irrigation quotas, N, P, and K pure nutrients: 2,970 m3 ha-1, 330 kg ha-1, 90 kg ha-1, and 150 kg ha-1, respectively. Each plot had 10 trees with more than 3 m of separation between each plot of wolfberry trees to prevent mutual influence, and the plot area was 22.5 m2. The experiment included nine treatments and one control treatment, with three replications for each treatment, and 30 test plots. A 6 m buffer zone surrounding each test plot was maintained, and the total test area was 675 m2. Urea (46% N), calcium superphosphate (12% P2O5), and potassium sulfate (50% K2O) were used as the test fertilizers. The phosphorus (P2O5) and potassium (K2O) fertilizers were applied quantitatively, based on the relevant results, and set at 66 and 113 kg ha-1, respectively (Deng et al., 2021; Zhang, 2021). We performed above-ground, off-frame drip irrigation, and the drip pipe was laid parallel to each row. Irrigation and nitrogen application were synchronized as follows: 20% and 15% (once) during the spring tip period, 30% and 25% (twice) during the flowering period, 40% and 50% (four times) during the fruit ripening period, and 10% (once) during both defoliation periods. Except for irrigation and fertilization, all other field management practices and levels were identical to those of the surrounding area.


Table 2 | The water and nitrogen management program of wolfberry.






2.3 Observation indicators and methods



2.3.1 Growth indicators

After performing the initial irrigation, three wolfberry trees with comparable growth were selected from each plot. In the upper portion of each subdivision, three new unshaded branches were delineated and measured, and the east-west and south-north crown widths were marked.

The height, length, and diameter of the selected calibrated branches were measured with an accuracy of 0.1 mm using steel measuring tape and Vernier calipers. The east-west and south-north crown widths of each tree were measured with an accuracy of 0.1 mm using steel measuring tape. The first monitoring of each index was carried out on the 10th day after irrigation, and then measured once every 10 days.




2.3.2 Physiological indicators

Three leaves were selected from the demarcated branches, and the leaf SPAD value was determined using a portable (measured every 10 days), hand-held chlorophyll instrument (SPAD-502PLUS, Japan). On a clear and non-windy day, three healthy and uniformly illuminated leaves were selected and monitored every 2 h from 08:00 am to 6:00 pm using a portable photosynthetic measurement system (LI-6800, USA). The monitoring indicators included the net photosynthetic rate (Pn), the transpiration rate (Tr), and stomatal conductance (Gs). The leaf water use efficiency (WUE) was calculated using the formula WUE = Pn/Gs.




2.3.3 Yield and yield composition indicators

At the ripening stage, ripe fruits were collected in batches. The fresh fruit yield and weight of 100 fresh wolfberries were determined using an electronic scale (0.01 g). After drying the fruits, their yield was calculated. To determine the number of grains, the 100-grain weight of the dried fruits was weighed, and 50 g of the dried fruit was randomly weighed in each plot. Finally, the dry-fresh ratio was calculated based on the yield of dried fruits and fresh fruits.




2.3.4 Quality measurement

For each treatment, 500 g of dried fruits were randomly selected for quality determination, and the determination indices included the polysaccharide content, total sugar content, crude fat content, protein content, and betaine content. Polysaccharides were determined by spectrophotometry at 490 nm absorbance, and total sugars were determined using the titration method (General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China and China National Standardization Administration Committee, 2014). The Kjeldahl method was used to determine the protein content (National Health and Family Planning Commission of the People’s Republic of China, 2016a). Betaine was determined using the colorimetric method with a detection limit of 0.04% (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2009). The Soxhlet extraction method was used to determine the crude fat content (National Health and Family Planning Commission of the People’s Republic of China, 2016b).





2.4 Multi-objective decision-making and comprehensive evaluation



2.4.1 Comprehensive scoring method

Each evaluation indicator was scored according to the evaluation criteria of different indicators. Then, the weighted sum was used to obtain the total score.

Suppose the number of evaluation objects and evaluation indicators are a and b, respectively, and   represents the jth indicator of the ith treatment. Then, the normalized indicator   can be obtained by eliminating the dimensionality of the measured values of each indicator.

 

The indicator weight was determined by the coefficient of variation method of objective weighting. Because the dimensions of the indicators were different, comparing their variability directly was not possible. Thus, the coefficient of variability of the indicators was used to compare their variability (Sun et al., 2022).

 



Here, Vj indicates the coefficient of variation of indicator j; δj indicates the standard deviation of indicator j; χj indicates the mean of indicator j; Wj indicates the weight of indicator j.

The comprehensive score of the treatment   was calculated using equation (4).

 




2.4.2 TOPSIS method

(1) The matrix was constructed based on the original evaluation parameters (Liu et al., 2021a). Suppose there are m evaluation objects and n evaluation indicators. The original data can be expressed as the matrix  = ( ) m×n;   represents the original data of the jth indicator of the ith treatment. The metrics was normalized as follows:

 

Here, i = (1, 2, …, m) and j = (1, 2, …, n)

The normalization matrix can be expressed as   = ( ) m×n. The optimal and inferior vectors composed of the maximum and minimum values of each column were determined using equations (6) and (7), respectively.

 

 

The Euclidean distances (Di+ and Di–) were determined using equations (8) and (9).

 

 

The fit of the ith treatment to the optimal solution   was determined using equation (10).

 





2.5 Data processing and analysis

All data were collated and model calculations were performed in Microsoft Excel 2018. The analysis of variance (ANOVA) was performed on the SPSS 26.0 software to determine the effect of water, nitrogen, and their interaction, and its interaction effects with significance (P< 0.05). The graphs were plotted using Microsoft Excel, GraphPad Prism 8.0, and Origin 21.0.





3 Results and analysis



3.1 Growth indicator



3.1.1 Cumulative growth

The cumulative increase in the growth indices of wolfberry plants in 2021 and 2022 is shown in Figure 3. The growth and development of wolfberry plant height, crown width (E-W), crown width (S-N), branch length, and branch diameter growth indices mainly occurred during the spring tip and flowering periods.




Figure 3 | The effect of water and nitrogen coupling on the cumulative growth of wolfberry plant height (A, B), crown width (E–W) (C, D), crown width (S–N) (E, F), branch length (G, H), branch diameter (I, J) in the fertility periods of 2021 and 2022. The different lowercase letters indicate significant differences, as determined by Duncan’s multiple range test (p < 0.05). CK, control; STP, spring tip period; FP, flowering period; FRP, fruit ripening period.



The two-year cumulative plant height was 41–50.78 cm and 52.89–59.89 cm, respectively (Figures 3A, B). The maximum cumulative height was recorded during the spring tip period of 2022; the maximum and minimum heights were observed in the I3N3 and I1N3 treatments in 2021, and in the I2N3 and CK treatments in 2022, respectively. When water and nitrogen were coupled, the plant height differed between treatments at different growth periods. However, the average plant height did not change significantly with irrigation and nitrogen gradient over the two years.

The cumulative crown width (E-W) growth in 2021 and 2022 was 53–63.11 cm and 59.56–75.77 cm, respectively (Figures 3C, D). The highest growth occurred in the I3N3, and I1N3 treatments, and the poorest growth occurred in the I1N1 and CK treatments. The cumulative growth of the crown width (E-W) increased with the increase in the irrigation quota and nitrogen application in 2021, but the opposite trend was observed in 2022. There were some differences in the cumulative growth of the crown width (E-W) in different fertility periods with water and nitrogen treatments, but the differences were not significant for the whole fertility period.

The cumulative growth of the crown width (S-N) in 2021 and 2022 was 58.22–77.78 cm and 74.78–89.11 cm, respectively (Figures 3E, F). The highest growth occurred in the I1N3 and I2N3 treatments in 2021 and 2022, respectively. The crown width (S-N) growth increased significantly with an increase in nitrogen application under the I1 and I2 irrigation quotas, while under the I3 irrigation quota, the increase in nitrogen application decreased the crown width (S-N) growth.

The cumulative growth of the branches was 50.67–67.44 cm in 2021 and 41.91–60.22 cm in 2022 (Figures 3G, H). The maximum and minimum branch lengths were recorded in the I2N2 and I1N1 treatments. Under I1 irrigation, the branch length increased gradually with nitrogen application, whereas, under I2 and I3 irrigation, it increased initially and then decreased slightly. The interaction between water and nitrogen significantly affected the branch length.

The branch diameter changes in 2021 and 2022 were generally consistent (Figures 3I, J), with cumulative growth ranging from 2.08–2.77 mm and 2–2.68 mm, respectively. The maximum growth in branch diameter was observed in the spring and flowering seasons. Under I1 irrigation, the branch diameter increased gradually with an increase in N application. Under I2 and I3 irrigation, the diameter first increased and then slightly decreased. However, in some treatments, the diameter differed significantly (P< 0.05) during the spring tip and flowering periods, and they were significantly influenced by water and nitrogen coupling.




3.1.2 Analysis of variance for each growth indicator

The results of the ANOVA are shown in Table 3. Except for the fruit ripening stage in 2021, the effects of irrigation on plant height, nitrogen application during the flowering period, and water and nitrogen coupling during the spring tip period were significant. The crown width was significantly influenced by the interaction between irrigation water and nitrogen. The crown width (E-W) experienced a greater influence at all reproductive stages. The crown width (S-N) was only significantly greater during the spring tip period. Irrigation significantly affected the branch length at all growth stages. Flowering and fruit ripening were significantly affected by water, nitrogen, and the coupling of water and nitrogen. The diameter of the branches was significantly affected only by irrigation. Comprehensive analysis showed that irrigation had the greatest effect on the cumulative growth of the indicators, followed by the interaction between water and nitrogen, and then, by nitrogen application.


Table 3 | The results of the analysis of variance for each growth index of wolfberry with water and nitrogen coupling.







3.2 Physiological indicators



3.2.1 Leaf SPAD value

The pattern of variation in the leaf SPAD values was similar between 2021 and 2022 (Figures 4A, B), with a gradual increase from the spring tip period to the flowering period, a slight decrease during the fruit ripening period, and a gradual increase during the defoliation period, which was more pronounced in 2022. There were significant differences (P< 0.05) among other treatments, such as among I2N2, I2N3, and I3N2 during the flowering, fruit ripening, and defoliation periods in 2021, and only between I1N1 treatment and I2N2, I2N3, and I3N2 with medium-to-high water fertilization during the fruit ripening period in 2022 (P< 0.05). The irrigation quotas andnitrogen application in the 2 years of the study had significant (p < 0.05) effects at the flowering, fruit ripening, and defoliation periods, but none of the effects of water and nitrogen interactionreached significant levels. The SPAD maximum values in both years were recorded in the I2N2 treatment and, under the same irrigation level, the SPAD values first increased and then decreased with the increase in nitrogen application, and the overall SPAD values were relatively higher in the N2 nitrogen treatment.




Figure 4 | The effect of water and nitrogen coupling on the SPAD value of wolfberry leaves in 2021 (A) and 2022 (B). Note that different lowercase letters indicate significant differences between different water and nitrogen treatments. ** indicates a highly significant effect (p < 0.01); * indicates a significant effect (p <0.05); and ns indicates no significant effect (p > 0.05). I, irrigation quota; N, amount of nitrogen applied.






3.2.2 Net photosynthetic rate

The daily dynamics of the net photosynthetic rate (Pn) in 2021 and 2022 are shown in Figure 5. A single-peaked pattern was observed during both fertility periods (Figures 5A, B), and the highest peaks occurred between 10:00 am and noon. During the spring tip period, the net photosynthetic rate was higher in the I1N3 and I2N3 treatments, and the highest value reached 18.25 µmol·m-2;·s-1, which occurred in the I1N3 treatment. The fruit ripening period was relatively short and relatively long under the I2N2 and I3N1 treatments, with the highest net photosynthetic rate of 12.63 µmol·m-2·s-1 (I1N3 treatment). The net photosynthetic rate was not significantly affected by irrigation quota, nitrogen application, and their interaction during the spring tip period but was significantly (P< 0.05) affected by irrigation quota and nitrogen application between 8:00 am and 10:00 am during the fruit ripening period. The net photosynthetic rate initially increased and then decreased in response to an increase in the irrigation water; however, the effect of nitrogen application varied across growth stages (Figure 5C). The net photosynthetic rate decreased with an increase in nitrogen application during the spring tip period but increased during the fruit ripening period (Figure 5D).




Figure 5 | Daily dynamics of and changes in the net photosynthetic rate under conditions of water and nitrogen coupling, Pn (A, B), Changes with irrigation and N application (C, D). Note that photosynthetic day dynamics at different fertility stages were expressed as average values in 2021 and 2022, the same applies in Figures 6–8. * indicates a significant effect (p < 0.05); ns indicates no significant effect (p > 0.05).






3.2.3 Transpiration rate

The daily dynamics of transpiration rate (Tr) are shown in Figures 6A, B; two peaks were recorded during both fertility periods. The first peak occurred between 10:00 am and noon, which was followed by a decline with a low transpiration rate between noon and 2:00 pm. A second peak occurred between 2:00 pm and 4:00 pm. At peak times, the transpiration rates in the I1N3, I2N2, I3N2, and CK treatments were more than those in the I1N3, I2N2, and CK treatments. The transpiration rate between 8:00 am and 10:00 am was affected by the irrigation quota, water, and nitrogen interaction during the spring tip period and by the irrigation quota and nitrogen application during the fruit ripening period; both reached significant levels (P< 0.05). The transpiration rate first increased and then decreased with an increase in irrigation at various fertility stages. Additionally, the rate first increased and then decreased with an increase in nitrogen application (Figures 6C, D).




Figure 6 | Daily dynamics of and changes in transpiration rate under conditions of water and nitrogen coupling, Tr (A, B), Changes with irrigation and N application (C, D). ** indicates a highly significant effect (p < 0.01); * indicates a significant effect (p < 0.05); and ns indicates no significant effect (p > 0.05).






3.2.4 Stomatal conductance

The daily dynamics of stomatal conductance (Gs) in 2021 and 2022 are shown in Figure 7. A single-peaked pattern for both fertility periods (Figures 7A, B) started between 8:00 am and 10:00 am, which peaked between 10:00 am and noon, followed by a sharp decline and a slight increase between 2:00 pm and 4:00 pm. During the peak, the stomatal conductance in the I1N1 and I2N1 treatments was relatively high at all reproductive stages. Stomatal conductance was not significantly affected by irrigation quota, nitrogen application, or their interactions during the spring tip period, but it was significantly (P< 0.05) affected by nitrogen application between 10:00 am and noon during the fruit ripening period. During the spring tip period, the stomatal conductance decreased gradually as irrigation water increased (Figure 7C). In contrast, during the fruit ripening period, it increased initially and then decreased as irrigation water increased. Additionally, the stomatal conductance initially decreased and then increased as nitrogen application increased (Figure 7D).




Figure 7 | Daily dynamics of and changes in stomatal conductance under conditions of water and nitrogen coupling, Gs (A, B), Changes with irrigation and N application (C, D). * indicates a significant effect (p < 0.05); and ns indicates no significant effect (p > 0.05).






3.2.5 Leaf water use efficiency

The daily dynamic characteristics of leaf water use efficiency (WUE) in 2021 and 2022 are shown in Figure 8. The two growth periods showed a single peak (Figures 8A, B), which occurred between 10:00 am and noon, followed by a precipitous decline. The water use efficiency of each treatment was greater in the morning than in the afternoon. The water use efficiency of I1N1 treatment was the highest (5.27 µmol·mmol-1), and it was 49.47% and 56.93% higher than that of CK during the spring tip and fruit ripening periods. Leaf water use efficiency was not significantly affected by irrigation rate, nitrogen application, and their interaction during the spring tip period. However, it was significantly affected by leaf irrigation rate, nitrogen application, and their interaction between noon and 2:00 pm during the fruit ripening period (P< 0.01). The water use efficiency of wolfberry leaves decreased initially, then increased with an increase in irrigation water and decreased with an increase in fertilizer application (Figures 8C, D).




Figure 8 | Daily dynamics of and changes in water use efficiency under conditions of water and nitrogen coupling, WUE (A, B), Changes with irrigation and N application (C, D). ** indicates a highly significant effect (p < 0.01); ns indicates no significant effect (p > 0.05).







3.3 Yield and yield composition

The analysis of the yield indicators for wolfberry in 2021 and 2022 is presented in Table 4. The yield in both years ranged from 1,953 to 2,320.94 kg ha-1 and 1,924.87 to 2,391.73 kg ha-1, respectively. The I2N2 treatment produced the best results, with 7.48% and 3.73% higher yields compared to that in CK and 18.84% and 24.25% higher yields compared to that in the treatment with the lowest yield, respectively. The average yield for both years followed the order I2N2 > I3N2 > I2N3 > CK > I3N3 > I3N1 > I2N1 > I1N3 > I1N2 > I1N1. The dry-to-fresh ratio increased with an increase in irrigation and N application; the CK treatment exhibited the greatest increase. Both high water and high fertilizer and low water and low fertilizer treatments were associated with the highest grain yield.


Table 4 | The effect of water and nitrogen coupling on yield and yield composition.






3.4 Quality indicators

The results of the analysis of the indicators of wolfberry quality in 2021 and 2022 are presented in Table 5. In both years, the polysaccharide content in the I2N2 treatment was 20.97% and 28.05% higher than that in CK. In both years, the total sugar content varied. The highest values occurred in the I3N1 and I2N1 treatments, with 10.69% and 9.54% higher values than that in CK. In both years, the I3N1 treatment had the highest betaine content, with increases of 91.67% and 62.5% relative to that in CK. The I2N2 treatment had the highest crude fat content, which was 18.67% and 55.36% higher than that in CK. The protein content was the highest in both I3N2 treatments (2021 and 2022), with an increase of 8.18% and 15.01%, respectively, compared to that in CK.


Table 5 | The effect of water and nitrogen coupling on quality indicators.






3.5 Correlation of physiological, growth, quality, and yield indicators

To further examine the interactions between the physiology, growth, quality, and yield of wolfberry, we performed correlation analysis with the indices (Figure 9). With coefficients of 0.89, 0.96, 1.0, and 0.85, the positive correlations between branch length and branch diameter, Pn, yield, and SPAD were highly significant or significant. The branch diameter was positively correlated with polysaccharide, yield, Pn, crown width, and leaf area. Significant positive correlations or correlation levels between canopy width, polysaccharides, and WUE were observed. With positive correlation coefficients of 0.85 and 0.88, respectively, SPAD showed significant or highly significant correlations with yield and Pn. Pn demonstrated highly significant or significant positive correlations with yield and Gs, as determined by the correlation coefficients of 0.96 and 0.83, respectively. The correlation between Pn and betaine was significantly negative, with a correlation coefficient of –0.81.




Figure 9 | The correlation of physiological, growth, yield, and quality indicators. Note: The data of each indicator is the average of 2021 and 2022; ***indicates highly significant correlation (P< 0.001), **indicates significant correlation (P< 0.01), and *indicates correlation (P< 0.05); Pn, Net photosynthetic rate; Tr, Transpiration rate; Gs, Stomatal conductance and WUE, leaf water use efficiency.






3.6 Comprehensive evaluation



3.6.1 Comprehensive quality evaluation based on the TOPSIS method

All quality indicators were standardized and evaluated based on the TOPSIS method. The overall quality of the treatment was better with a higher optimal treatment Ci value. The best overall quality of both years was found in I3N1, with Ci values of 0.821 and 0.682, respectively, except for the I2N1 treatment, where the overall quality of all other treatments was better than the local conventional management level (CK) (Table 6).


Table 6 | Comprehensive quality evaluation and ranking of wolfberries based on the TOPSIS method.






3.6.2 A comprehensive evaluation of the effects of water and nitrogen coupling on the growth, physiology, yield, and quality

Based on the results of the correlation analysis of the branch length, branch diameter, SPAD value, net photosynthetic rate (Pn), water use efficiency (WUE), yield, and quality, 11 indicators that were highly correlated with the yield and quality of wolfberry were selected. The exhaustive assessment of each treatment was applied to the exhaustive scoring method. Using the coefficient of variation method, the weight distribution of each indicator was determined. Each indicator was assigned a dimensionless individual score to calculate the affiliation, and then, the affiliation of each indicator was multiplied by the weight occupied to determine the overall score. The greater the Csi score, the more effective the treatment. In 2021, the I2N2 treatment received the highest score (0.81), followed by the I3N2 treatment (0.78). In 2022, both treatments had the highest and second-highest scores. Based on the two-year average and water conservation goals, the I2N2 treatment was better (Table 7).


Table 7 | A comprehensive evaluation of the physiology, growth, yield, and quality of wolfberry based on the integrated scoring method.








4 Discussion



4.1 Effect of water and nitrogen coupling on the growth index of wolfberry

Water and nitrogen are extremely important factors affecting crop growth. The proper regulation of water and nitrogen increases water and fertilizer use efficiency and promotes crop growth (Wang et al., 2017; Dai et al., 2019). Plant height, crown width, and branch length are key indicators of the nutritional status of plants and important predictors of fruit yield. In this study, we found that the height, branch diameter, and crown width of wolfberry increased gradually as irrigation water increased. Each indicator continued to increase substantially after the fruiting stage (Jia et al., 2022). In 2021 and 2022, the increase in wolfberry indicators, such as plant height, branch length, and branch diameter, occurred primarily during the spring tip and flowering periods. This increase almost stopped after the fruit-ripening period. The branch length and branch diameter of wolfberry increased as nitrogen application increased in the I1 treatment but decreased as nitrogen application increased in the I2 and I3 treatments. The height of the plants did not change significantly as irrigation and nitrogen application increased. This discrepancy between the findings of our study and those of other studies occurred because, during the pre-growth phase, plant nutrients were primarily allocated to nutritional growth, and as fruit ripening began, competition for water and nutrients developed between reproductive and nutritional growth, resulting in a slowing or cessation of plant growth (Peng et al., 2019). When water is insufficient, a moderate increase in nitrogen can reduce the inhibition of nutrient uptake by water and promote plant growth (Li et al., 2019b). Excessive application of nitrogen in the absence of water stress can reduces the inter-root soil solute potential of the crop to a certain extent, resulting in lower water potential, preventing water and nutrient transport and affecting the nutrient uptake of the crop, while a certain amount of nitrogen application will improve the drought resistance of the crop and thus promote the nutrient uptake of the plant (Wang et al., 2021; Hong et al., 2022). Wolfberry is a perennial plant that can easily adapt. A moderate reduction in the water content did not significantly affect plant height. In contrast, excessive irrigation inhibited the increase in plant height. However, an adequate amount of fertilizer stimulated the growth and development of plant roots (Yin et al., 2018; Landl et al., 2019).




4.2 Effect of water and nitrogen coupling on the physiological characteristics of wolfberry

Chlorophyll (SPAD) is necessary for photosynthesis in plants, which is the most efficient process for fixing light energy and is primarily influenced by soil microclimate changes (Sun et al., 2014; Guo et al., 2017; Fan et al., 2019; Gyimah et al., 2020). Studies have shown that increased irrigation and nitrogen application can elevate leaf nitrogen content, and hence leaf chlorophyll content (Zhu et al., 2022). In this study, the SPAD values of wolfberry leaves showed a trend of increasing and then decreasing throughout the reproductive period, and the N2 treatment was higher under different irrigation amounts. This is different from the related studies, because of the differences in the nutrient distribution among the organs of the plant at different growth periods, with the nutrients mainly allocated to plant growth and development in the spring tip period and the early flowering period, and the nutrients mainly allocated to fruit growth and development after fruit deposition in the late flowering period, resulting in significant changes in chlorophyll in different growth periods (Zhang, 2021). In addition, wolfberry is a perennial crop; the effect of moderate nitrogen and water reduction on leaf SPAD value is not obvious. The daily dynamics of Tr and Pn were bimodal with peaks at 10:00 am and noon and 2:00 pm and 4:00 pm, respectively, and the photosynthetic rate performed better under medium to high moisture treatments (Sun et al., 2019; Li et al., 2021a). In this study, Tr, Pn and Gs were unimodal in different fertility periods, all peaking around 10:00 am and noon, and only the Tr part of the treatment peaked at 2:00 pm and 4:00 pm. The photosynthetic indices tended to increase and then decrease with the increase of irrigation and nitrogen application, but there were some differences in different fertility periods. The temperature in the study area was already at a high level in all reproductive periods of wolfberry, and the relatively low temperature from 8:00 am and noon, with high stomatal opening of the plants, favored the respiration of the plants and the uptake of water and nutrient elements by the roots, therefore the indices such as Tr, Pn, and Gs gradually increased (Zhu et al., 2022). The plants experience a brief siesta phenomenon, and the photosynthetic daily dynamics of each index gradually decreases when the solar altitude angle reaches its maximum at noon. The solar altitude angle then gradually decreases, but the ground is still a cumulative temperature process and the temperature remains high, coupled with the long age of the plant, the root water supply is not timely, and the leaf water loss is not replenished in time, resulting in a lower frequency of leaf photosynthesis, so it is difficult to have a second peak (Li et al., 2021b).




4.3 Effect of water and nitrogen coupling on the yield and quality of wolfberry and comprehensive evaluation

Improving crop yield and quality is the objective of crop cultivation. Several studies have investigated ways to save water and fertilizer while increasing crop yield and quality (Bencze et al., 2014; Sui et al., 2018). Proper irrigation and nitrogen application can increase grain yield and quality. However, the relationship between crop yield, water, and nitrogen is parabolic, implying that water and fertilizer levels above a certain threshold inhibit crop growth and yield (Sandhu et al., 2019; Liu et al., 2020; Liu et al., 2021b). In this study, all yield indicators for 2021 and 2022 first increased and then decreased as irrigation and nitrogen application increased, as found in previous studies. Among the indicators of quality, only the polysaccharide content increased significantly, adding water and nitrogen, whereas the content of the other quality indicators did not increase significantly, which was different from the findings of other studies. Wolfberry is a perennial species, and it can adapt to the arid growing environment as it possesses a good drought-adaptive mechanism. Thus, a moderate reduction in nitrogen and water does not affect its quality (Wang et al., 2018a; Li et al., 2019c). Therefore, quality indicators might be more influenced by soil micronutrients, the appropriate regulation of water and fertilizer, and a favorable growth environment that promotes healthy plant growth and development, which increases crop yield and quality (Wang et al., 2018b; Moreno et al., 2019; Song et al., 2020; Xiao et al., 2021). The I2N2 treatment enhanced the dry fruit yield and quality indices of polysaccharide and crude fat content of wolfberry to varying degrees. The TOPSIS evaluation showed that the I3N1 treatment had the highest overall wolfberry quality, but when combined with the scores for growth, physiology, yield, quality, and other indices, as well as the objectives to save water, the I2N2 treatment was the most effective water and nitrogen management strategy for wolfberry cultivation.

We comprehensively investigated the growth, physiology, yield, and quality of wolfberries in this study. We determined the optimal irrigation quota and nitrogen application for drip irrigation of wolfberry under the coupled regulation of water and nitrogen. However, a comprehensive water and fertilizer management strategy for the wolfberry production system in arid regions still requires optimization. Additionally, wolfberry is extremely sensitive to its growth environment. Thus, the relationship between yield, quality, water and fertilizer utilization efficiency, and the health of the soil needs to be determined to improve the economic efficiency and perform green and efficient development of wolfberry production.





5 Conclusion

The increase in the growth indices of wolfberry occurred primarily during the spring tip period and flowering period, and the increase ceased when the fruit ripening period began. Irrigation had the greatest effect, followed by the interaction of water and nitrogen and then nitrogen application, and a moderate increase in irrigation was beneficial to the growth and development of wolfberry plants. Except for the spring tip period, the SPAD value of wolfberry leaves was significantly affected by irrigation and nitrogen application, but the water and nitrogen interaction effect was not significant. The daily dynamics of leaf photosynthetic indicators showed a peak at 10:00 am and noon and a second peak between 2:00 pm and 4:00 pm that was not significant, and the effect of irrigation and nitrogen application during fruit ripening was more significant. Except for the number of grains and total sugar content, all other yield and quality indicators of wolfberry were significantly influenced by irrigation, nitrogen application, and the interaction effect, where the yield of I2N2 treatment increased by 7.48% and 3.73%, respectively, compared to CK over the two years, and other quality indicators also increased to different degrees. The comprehensive scoring of growth, physiology, yield, and quality indicators, and the water-saving objectives, the irrigation quota, and the nitrogen application rate for multi-objective comprehensive optimization of drip-irrigated wolfberry were found to be 2,565 m3 ha-1 and 225 kg ha-1, which corresponded to the conditions of the I2N2 treatment. Our findings might provide valuable insights into water and fertilizer management and help in improving the irrigation system of drip-irrigated wolfberries in arid regions.
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Proper irrigation and fertilization measures can not only improve water and fertilizer utilization efficiency, but also have important significance in ensuring agricultural environment security and sustainable development. A field experiment was conducted to determine the optimal drip fertilization measure of winter wheat and explain its mechanism by analyzing the physiological and ecological characteristics and utilization efficiency of water and nitrogen under different irrigation and fertilization methods. The plants were treated with three irrigation and fertilization methods: the traditional irrigation and fertilization method (CK), surface drip fertilization (I1) and underground drip fertilization (I2). The results demonstrated that different irrigation methods had various effects on population and physiological characteristics of wheat. The plant height, leaf area and tiller number of I1 were significantly higher than those of CK during the whole growth period. I2 decreased plant height, leaf area and tiller number at jointing stage, but at flowering stage, the leaf area of I2 t was significantly higher than that of CK. Different irrigation methods also affected the root distribution of wheat. At flowering stage, I1 had lower root biomass than CK in all soil layers. The upper root system of I2 was smaller, but the deep root system was larger compared with the control. I1 and I2 had lower total root weight and higher shoot biomass compared to CK, so their root-shoot ratio decreased significantly. I1 and I2 increased and instantaneous water use efficiency (IWUE) by increasing the photosynthetic rate (Pn) and reducing transpiration rate (Tr) at the flowering stage, while I2 had a similar Pn to I1, but reduced Tr, resulting in a higher IWUE than I1. Both I1 and I2 also increased root efficiency, root activity, and Fv/Fm of wheat at the late growth stage, promoting accumulated dry matter after flowering (ADM) and pre-flowering dry matter remobilization (DMR), leading to a significant increase in grain yield. In addition, I1 and I2 had significantly higher water productivity (WP), irrigation water productivity (IWP), nitrogen partial productivity (NPP) and nitrogen agronomic efficiency (NAE) than CK, especially I2 had the highest IWP, WP, NPP and NAE. These findings highlight the potential benefits of drip fertilization in promoting sustainable wheat production and elucidate the mechanism by which it promotes efficient use of water and fertilizer.
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1 Introduction

The Huang-Huai-hai Plain is the main wheat producing area in China. As the precipitation in this region is difficult to meet the water demand of winter wheat during the whole growth period, the wheat production mainly relies on groundwater for supplementary irrigation, and the irrigation method is mostly flood irrigation, which results in serious waste of irrigation water (Xu et al., 2019). Moreover, farmers overuse chemical fertilizer to increase crop yields in this region, which not only causes waste of fertilizer resources, but also seriously pollutes the agricultural environment. Proper irrigation and fertilization measures can reduce water and fertilizer losses and thus improve the use efficiency of water and fertilizer (Gheysari et al., 2009). Drip fertilization technology can accurately and timely apply water and fertilizer near root zone of plant through piping system, thus improving grain yield and WP of crop (Wang et al., 2016; Zhang et al., 2017; Cao et al., 2022) and reducing fertilizer loss and improving fertilizer utilization efficiency (Sharmasarkar et al., 2001). At present, researches on drip irrigation mainly focus on cash crops such as cotton (Wang et al., 2020), fruits and vegetables (Al-Ghobari and Dewidar, 2018), while there are few researches on winter wheat and many problems need to be further understood. Therefore, the research on drip fertilization for winter wheat can not only improve water and fertilizer utilization efficiency of crop, but also have important significance to ensure agricultural environment security and sustainable development in the region.

Root system, as the direct absorption part of soil water and nutrients, is also the main consumption organ of photosynthate. Root absorption function affects the development of plant canopy and the utilization efficiency of water and fertilizer resources. Drip fertilization optimizes the distribution characteristics of soil water and fertilizer, which also affect physiological and ecological characteristics of root such as root distribution (Wang et al., 2020) and root activity (Ma et al., 2022), and ultimately affect shoot growth. In addition, in order to maintain root physiological function, the root system consumes about 50% of the photosynthates through root respiration (Liu and Li, 2005). It is clear that reducing carbon consumption in root respiration helps to increase grain yield by through appropriate agricultural measures. Root respiration is greatly affected by water and fertilizer characteristics of soil. Therefore, it is helpful to understand the mechanism of drip fertilization promoting efficient utilization of water and fertilizer by exploring the effects of drip fertilization on root physiological characteristics, such as root respiration and root activity, as well as the response of shoot to root physiological characteristics. However, current researches on drip irrigation mainly concentrated on crop morphological characteristics, water-saving effects, soil nutrient transport, and irrigation system selection (Sun and Ma, 2016). There is a lack of in-depth and systematic research on the response and feedback of plant roots to drip fertilization. Therefore, it is of great significance to systematically study the physiological response of root system to drip fertilization and its regulation on the shoot for understanding the physiological mechanism of drip fertilization promoting efficiency production of crop.

Therefore, in this study, a field experiment was conducted to systematically explored the mechanism of drip fertilization promoting crop efficient production by comparing the physiological and ecological characteristics of the root and shoot (such as root and shoot biomass, root activity, root respiration, photosynthesis, ADM and DMR) under different irrigation and fertilization conditions, in order to provide scientific theoretical basis for the optimization of water-saving irrigation technology for winter wheat.




2 Materials and methods



2.1 Experimental design and material

A 2-yr field experiment was conducted from October 2020 to June 2022 in the experimental field of Henan Polytechnic University. Figure 1 is meteorological information for each growing season. The soil of the experimental field is clay loam with an average soil bulk density of 1.32 g·cm-3 and field water capacity (FWC) of 27.2% (gravimetrically). Soil nutrient contents from the tillage layer (0–30cm) were total nitrogen (N) 1.02 g kg-1, phosphorus 0.86g kg-1, and organic matter 28.6 g kg-1. The cultivar of winter wheat (Triticum aestivum L.) in the experiment was “Pingan11″, which is widely planted in the study area. The experiment involves three irrigation and fertilization modes: traditional irrigation and fertilization method (surface flooding irrigation + artificially applying fertilizer, as CK), surface drip fertilization (I1) and underground drip fertilization (I2). The inner diameter of drip pipe is 15.9 mm, the diameter of drip hole is 0.31mm, and the spacing is 0.5m. Drip pipes for I2 are buried at 0.3m underground (Figure 2). Each irrigation mode consisted of 6 replicated plots with an area of 12 m2 (5m×2.4m), including 3 nitrogen-applying plots and 3 non-nitrogen-applying plots. In addition, a bare micro-zone was set up to measure soil respiration in each nitrogen-applying plot, in which no wheat was sown. In this micro-zone, a galvanized plate frame with 40cm long, 40cm wide and 120cm high was used to isolate the surrounding wheat roots. All plots were arranged completely randomly in the field. Winter wheat were sown at a sowing rate of 180 kg ha-1. The basal fertilizers consisting of N (100 kg ha-1), P (60 kg ha-1) and K (48 kg ha-1) was applied before sowing. 40 kg ha-1 of N was applied at jointing and flowering stages respectively by artificially applying fertilizer in the CK and drip fertilization in I1 and I2. Plants were irrigated 60mm ha−1 at seedling stage and irrigated 70mm ha-1 at jointing and flowering stage respectively.




Figure 1 | The meteorological information during the winter wheat seasons. Tmax, minimum temperature; Tmin, maximum temperature.






Figure 2 | The planting pattern and dropper distribution diagram. CK: traditional irrigation and fertilization methods; I1: surface drip fertilization; I2: subsurface drip fertilization.






2.2 Experimental indicators and methods



2.2.1 Measurement of plant height, leaf area, tiller number and root shoot biomass

Population characteristics of plants such as plant height, leaf area and tiller number were measured at the jointing and flowering stage respectively. After measuring the population characteristics of plants, the root samples were collected at 20 cm intervals to 80 cm soil depth using a root drill at the jointing and flowering stage respectively. Two root samples were collected in each plot, one centered over the row and the other at the mid-point between the rows.




2.2.2 Measurement of ground evaporation between plants

Ground evaporation between plants were measured 1 to10 days after irrigation at jointing and flowering stage. 3 in-situ soil samples with 50mm height were taken from wheat rows using a ring cutter and the bottom of the samples were smoothed to block the bottom flux. After weighing, the samples were placed back in the original position between wheat rows. After that, the soil samples in the ring cutter were weighed every day. After each weighing, 3 soil samples were removed from the ring cutter, and 3 new soil samples were taken from the wheat rows and placed back in the field after weighing.




2.2.3 Photosynthetic rate (Pn) and the instantaneous water use efficiency (IWUE)

At the jointing and flowering stages, Pn and Tr of wheat were measured using a LI-6400XT Portable Photosynthesis System (LI-Cor, Inc., Lincoln, NE, USA) from 9:00am to 11:00am. IWUE of wheat is calculated using the following formula:

 

Where: Pn is the net photosynthetic rate [mmol/(m2 s)]; Tr is the transpiration rate [mmol/(m2 s)].




2.2.4 Root respiration rate, and root system efficiency

At jointing stage and flowering stage, the root respiration rate was measured immediately after Pn measurement. The plants were first excised along the ground before the root respiration measurements and then the total soil respiration of each treatment was measured with a soil respirometer (SRC-1 with EGM-4, PP-Systems, Boston, USA). In each plot, soil respiration was measured for 3 times on and between rows respectively, and their average value was the total soil respiration of the plot. The bare soil respiration was then measured in three reserved bare micro-zones. The root respiration (Rroot) of each plot was estimated according to the following formula:

 

Where RT is the total soil respiration of each plot, RS is average value of soil respiration in three reserved bare plots.

Root system efficiency (RE) reflects the relationship between root carbon consumption and photosynthetic carbon sequestration (Ma et al., 2018), which was estimated according to the following formula:

 




2.2.5 Root activity and chlorophyll fluorescence parameters after flowering

Chlorophyll fluorescence parameters of flag leaf were measured using the Imaging-PAM leaf fluorescence analyser from Walz at 6 days intervals after flowering. After the measurement of chlorophyll fluorescence parameters, roots in the 0-30cm soil layer were collected immediately and put into an ice box and brought back to the laboratory. Root activity was determined using the TTC colourimetric method.




2.2.6 Post-flowering accumulated dry matter (ADM) and pre-flowering dry matter remobilization (DMR)

Plant samples of 0.5 m2 in each plot were randomly collected at flowering and maturity stages. The plant samples were dried at 75°C to constant weight and weighed. ADM and DMR were calculated according to the following formulas:

 

 

Where DMWA is dry matter weight of plants at anthesis, DMWM is dry matter weight of plants at maturity.




2.2.7 Yield traits and water productivity

At maturity, plants of 1.0m2 were randomly collected from each plot to measure their yield traits such as spike number, kernels per spike, thousand kernel weight and grain yield. Water productivity (WP), irrigation water productivity (IWP), nitrogen partial factor productivity (NPP), and nitrogen agronomy efficiency (NAE) were also calculated.

 

 

where ET is the total evapotranspiration, and IR was the recorded irrigation volume throughout the growing season.

 

 

YN is grain yield in N -applying plot; YNN is grain yield in non-nitrogen-applying plot; AN is nitrogen application amount in N-applying plot.





2.3 Statistical analysis

Statistical analyses were performed using the SPSS 25.0 and the differences among different irrigation modes were compared using the least significant difference (LSD) tests (p< 0.05).





3 Results



3.1 Population characteristics of plants

Different irrigation and fertilization modes had various effects on the population traits of winter wheat (Table 1). At the jointing stage, I1 demonstrated significantly higher plant height, leaf area, and tiller number compared to CK, while I2 showed the opposite effect. At the flowering stage, the plant height, leaf area and tiller number of I1 were also higher than that of CK, the plant height and tiller number of I2 were significantly lower, and but the leaf area was higher than that of CK. Furthermore, different irrigation modes caused variations in the root distribution of wheat (Table 2). At the jointing stage I1 displayed a significantly larger root system in the top soil layer (0-20cm), while I2 exhibited smaller root system than CK. At the 20-40 cm soil layer, I2 showed a larger root system, but I1 resulted in a smaller system than CK. At 40-80 cm soil layer, the root system of I1 was significantly smaller than that of CK and I2. At the flowering stage, I1 had smaller root system in all soil layers, whereas I2 had smaller in the top layer and but larger in the deeper layer compared to CK. Additionally, at the jointing stage, shoot weight and root weight were higher in I1 and lower in I2 compared to CK (Table 3). At the flowering stage, root weight was lower in both I1 and I2, but shoot weight was higher compared to CK, leading to a significant decrease in the root-shoot ratio.


Table 1 | Population characteristics of winter wheat under different treatments.




Table 2 | The root distribution characteristics (g m-2) of winter wheat under different treatments.




Table 3 | The root and shoot biomass of winter wheat under different treatments.






3.2 Evapotranspiration and IWUE of plants

Evapotranspiration involves two processes, namely soil evaporation and plant transpiration. Figure 3 depicts the daily variation of ground evaporation between plants after irrigation at the jointing and flowering stages. Ground evaporation between plants for all treatments decreased gradually with the increase of days after irrigation, but both I1 and I2 showed lower ground evaporation compared to CK. It is clear that two drip irrigation methods were effective in reducing the crop’s ineffective water consumption by lowering ground evaporation between plants. At the jointing stage, Pn and Tr of I1 was similar to CK 7 days after irrigation. Consequently, IWUE of I1 was also the same as CK (Table 4). However, I2 had higher IWUE compared to CK, despite significantly lower Pn and Tr. At the flowering stage, I1 had similar Tr and higher Pn compared to CK 7 days after irrigation, leading to a significantly higher IWUE. I2 had similar Pn to I1, but reduced Tr, so I2 had significantly higher IWUE compared to I1. It can be seen that two drip fertilization methods can improve IWUE of crops by regulating Pn and Tr of leaves.




Figure 3 | Inter-plant evaporation of winter wheat under different treatments. CK: traditional irrigation and fertilization methods; I1: surface drip fertilization; I2: subsurface drip fertilization. Error bars denote the standard errors of the mean across the treatments (n =3).




Table 4 | Pn, Tr and IWUE of winter wheat under different drip irrigation treatments.






3.3 Root activity and chlorophyll fluorescence parameters after flowering

Post-anthesis root activity and photosynthetic capacity can directly affect shoot production and are key indicators reflecting crop senescence. Figure 4 demonstrates that the root activity of plant in the two drip fertilization modes was higher than that of CK from 14 days after flowering. Fv/Fm is the maximum photochemical quantum yield of photosynthesis PS II reaction center of plant, which can reflect the photosynthetic capacity of leaves. Analysis of chlorophyll fluorescence parameters (Fv/Fm) of winter wheat at 0, 7, 14, 21, and 28 days after flowering revealed that both I1 and I2 increased the Fv/Fm of flag leaves at 21 days after flowering, indicating that drip fertilization improved the photosynthetic performance of plant during the later growth stage of wheat. Post-flowering root activity and Fv/Fm of flag leaf suggested that drip fertilization delayed plant senescence.




Figure 4 | Post flowering Root activity and chlorophyll fluorescence parameters of winter wheat under different treatments. CK: traditional irrigation and fertilization methods; I1: surface drip fertilization; I2: subsurface drip fertilization.






3.4 Root respiration rate (Rroot), root system efficiency (RE), ADM and DMR

Different irrigation and fertilization methods had various effects on Rroot and RE of winter wheat (Table 5). At the jointing stages, Rroot of winter wheat showed CK >I1 > I2. Both I1 and I2 had significantly higher RE compared to CK. But there were no significant differences in RE between I1 and I2. At the flowering stages, both I1 and I2 also reduced Rroot and enhanced RE compared to CK. I2 had similar Pn, but reduce Rroot compared to I1, so RE of I2 was significantly higher than that of I1. Different irrigation and fertilization methods also affect ADM and DMR by affecting RE. ADM and DMR of I1 and I2 were significantly higher than those of CK. In particular, the ADM of I2 after flowering was significantly higher than that of I1 and CK (Figure 5).


Table 5 | Effect of different drip irrigation treatments on root respiration rate and root efficiency of winter wheat.






Figure 5 | Post-flowering accumulated dry matter (ADM) and pre-flowering dry matter remobilization (DMR) of winter wheat under different treatments.






3.5 Yield traits and water and N use efficiency

Different irrigation and fertilization methods had various effects on yield traits of wheat. The number of spikes and grains per spike in I2 and I1t were significantly higher than those of CK (Table 6). There was no significant difference in 1000-grain weight among all treatments, but the yield showed the order of I2 > I1 > CK. Furthermore, the drip fertilization optimized the use of water and nitrogen resources, leading to higher IWP, WP, NPP and NAE than those of CK (Table 7). These findings suggested that two drip fertilization methods had significant effects on the yield traits and absorption and utilization of water and nitrogen, with I2 resulting in the highest grain yield, WP, WP, NPP and NAE.


Table 6 | Yield characteristics of wheat under different treatments.




Table 7 | Water and nitrogen utilization efficiency of different treatments.







4 Discussion



4.1 Effects of different drip fertilization methods on evapotranspiration and IWUE in winter wheat

Water use efficiency of crops is mainly affected by evapotranspiration (Xu et al., 2018). Evapotranspiration encompasses evaporation from the soil surface and transpiration from plants (Li et al., 2010; Wu and Bao, 2015). Soil surface evaporation, an inefficient mode of water consumption, constitutes a significant portion of crop’s water consumption. In the case of winter wheat, approximately 30% of water consumption during the entire growing period is attributed to ground evaporation between plants (Liu et al., 2002). Consequently, reducing ground evaporation between plants is crucial for conserving irrigation water and enhancing water use efficiency of crop. Ground evaporation between plants is inextricably linked to Surface soil water content, with lower surface soil water content leading to increased resistance to soil evaporation (Gao et al., 2008). Irrigation methods directly impact ground evaporation between plants by altering surface soil water content. Two drip irrigation treatments examined in this study significantly diminished ground evaporation and curtailed inefficient water consumption, ultimately benefiting water use efficiency of crop. I2, which directly provides water to the deeper roots of plants while maintaining a relatively dry surface soil, mitigates ineffective evaporation from the soil surface and ensures that the majority of water is utilized by plant roots (Elmaloglou and Diamantopoulos, 2009). Thus, I2 leads to substantially lower ground evaporation and markedly higher IWP compared to I1.

Different drip irrigation methods can also improve the IWUE of crop by regulating the Pn and Tr of leaves. At the flowering stage, I1 had similar Tr and higher Pn compared to CK, and I2 significantly reduced Tr and increased Pn, so their IWUE were also markedly higher compared to CK. The physiological water-saving mechanisms of different irrigation methods came from the relationship between Pn, Tr and stomatal opening of plant. The relationship between plant Tr and stomatal conductance was linear, while there is a gradual saturation relationship between Pn and stomatal conductance. By moderately reducing stomatal conductance, transpiration water consumption can be significantly decreased without notably impacting Pn (Tang et al., 2005). Thus, Pn and Tr can be regulated by controlling soil moisture to influence stomatal opening of plant. For instance, when crops undergo alternate furrow irrigation, roots in the humid zone absorb water to supply the normal growth of crops, while roots in the dry zone generate drought signals to regulate stomatal opening and reduce luxury transpiration without reducing the accumulation of photosynthate, thereby achieving the purpose of physiological water saving (Shahnazari et al., 2007; Du et al., 2008; Shu et al., 2020). The present study demonstrated that Pn of I2 was similar to that of I1, but its Tr was notably lower, resulting in an a higher IWUE compared to I1. This is primarily attributable to the difference in the vertical spatial distribution of soil water between I2 and T1. The drought signal from roots in the surface dry zone was transmitted to leaves to regulate stomatal opening under I2, while roots in the lower wet zone absorbed water from the soil to meet the needs of crops, so as to optimize the relationship between Pn and Tr and improve IWUE of leaf.




4.2 Impact of drip fertilization on root activity and chlorophyll fluorescence parameters

In addition to genetic factors, growth, development, and distribution of the root system are primarily influenced by soil environmental conditions such as water and fertilizer (Zhuge et al., 2004; Ma et al., 2022). Soil water and fertilizer distribution considerably affects the microenvironment of the soil profile (Wang et al., 2009), which subsequently influences the physiological characteristics of both the root and shoot. Compared with surface flood irrigation, drip fertilization can maintain higher level of soil water and fertilizer around the drip head for a long time, and make the water and fertilizer continuously supplement to the root zone, providing more favorable environmental conditions for crops, thus affecting the physiological characteristics of roots (Raviv et al., 1999). After flowering, the root activity of wheat began to decline, but in this study, the decrease range of root activity in two drip fertilization treatments was significantly less than that of CK, which affected the physiological characteristics of shoot by influencing the absorption of water and nutrients by roots. Consequently, Fv/Fm of the flag leaf of wheat was significantly higher in I1and I2 than that in CK. Fv/Fm reflects the biological activity of the PS II reaction center in plant leaves. Post-flowering root activity and photosynthetic capacity directly impact crop production and serve as vital indicators of crop senescence. Yu et al. (2015) demonstrated that compared to surface drip irrigation, subsurface drip irrigation could maintain high root activity and protective enzyme activity in deep soil, and improve the photosynthesis and fluorescence characteristics of plants in late growth period. The post-flowering root activity and Fv/Fm in this study also suggested that two drip fertilization delayed crop senescence, especially I2 had higher root activity and Fv/Fm than I1, which is crucial for promoting grain filling after anthesis.




4.3 Impact of drip fertilization on root and shoot characteristics and post-flowering ADM

Different irrigation and fertilization methods influence the physiological and ecological characteristics of root and shoot by regulating the distribution of water and nutrient, ultimately affecting yield formation (Singh et al., 2016). During the early growth stages of crop, subsurface drip irrigation restricted the upward movement of soil water and somewhat inhibited shoot growth, and promoted the root system to go deep down. In the later growth stage, subsurface drip irrigation increased the underlying root system and enhanced root activity, promoted the absorption of water and nutrients in the deep layer, and thus improved the morphological characteristics and physiological activities (e.g., plant height and leaf area, photosynthetic rate) of plants (Araki and Iijima, 2005), and promote dry matter accumulation in later growth stages compared to surface drip irrigation (He et al., 2003). In this study, during the early stages of crop, roots were primarily distributed in the shallow soil, and I2 had lower surface soil moisture than I1 and CK, limiting plant growth. Consequently, I2 had significantly lower plant height, leaf area, and shoot biomass compared to CK and I1. With the extension of roots in the later stages of growth, I2 had more roots in the deep soil, which could absorb more soil water and nutrients to supply plant growth and promote dry matter accumulation. Therefore, shoot biomass of I2 was significantly higher than that of CK and I1 at maturity stage. In addition, in order to maintain the physiological and metabolic functions of the root system, the root system also consumes a lot of photosynthates through root respiration (McCree, 1986). Therefore, on the basis of maintaining the stability of leaf photosynthesis, reducing the carbon consumption by root respiration is conducive to improving crop yield (Liu and Li, 2005). Soil water had significant effects on leaf photosynthesis (Ma et al., 2015) and root respiration (Paudel et al., 2018). Appropriate soil moisture can improve crop yields by optimizing the allocation of photosynthates between the root and shoot (Mingo et al., 2004). Therefore, it is reasonable to reduce root respiration and optimize the allocation of photosynthates between the root and shoot by controlling soil moisture, ultimately improving wheat yield. This study showed that I1 and I2 increased leaf Pn, decreased root respiration and root weight, optimized the allocation of photosynthates between the root and shoot, and thus increased dry matter accumulation of shoot. Notably, the ADM of I2 after flowering was significantly higher than that of I1. Additionally, grain growth during grain-filling depends on both current photosynthesis and re-mobilization of pre-flowering photosynthates into the grain (Foulkes et al., 2002; Richards et al., 2002), and the remobilization of pre-flowering photosynthates is also crucial for wheat yield especially under water stress (Richards et al., 2002). This study also revealed that the pre-flowering DMR was significantly higher in both I1 and I2compared to CK.




4.4 Effect of drip fertilization on yield traits and utilization of water and nitrogen

Different irrigation and fertilizer methods (by affecting water and fertilizer distribution in soil profiles) not only reduce water consumption by plants, but also affect grain yield by affecting the photosynthetic capacity of crops (Jha et al., 2017; Zhang et al., 2017; Jha et al., 2019). Compared with surface drip irrigation, underground drip irrigation not only reduces ineffective water consumption by keeping the surface dry and reducing ineffective evaporation, but also maintains a higher soil water content in the root zone, thus leading to an increase in crop yield (Badr et al., 2010). The formation and improvement of crop yields largely depend on the ability of crops to utilize deep soil water and nutrients (Miao et al., 2002). Optimization of root distribution and enhancement of root absorption capacity are key to improving the utilization of water and nutrients in deep soil (Wang et al., 2001). Compared with surface irrigation, subsurface drip irrigation promotes the migration of water and nutrients to the deeper soil (Wang et al., 2011), which induces the root system to extend to the lower layer and fully absorb the water and nutrients in the deeper soil, contributing to the improvement of crop yield and the utilization efficiency of water and fertilizer (Zhang et al., 2011; Cutforth et al., 2013). This study also proved that I2 increased the uptake and utilization of water and fertilizer by improving root vitality and optimizing root distribution, thus improving post-flowering morphological and physiological characteristics of plants (higher Pn and leaf area) compared with CK and I1. Higher Pn and effective photosynthetic leaf area are the prerequisite for obtaining higher photosynthates. Therefore, compared with CK and I1, I2 improved grain yield and WP of crop.

In addition, drip fertilization can apply water and fertilizer to crop root quantitatively and accurately, significantly reducing nitrogen leaching loss, and thus improving nitrogen use efficiency (Huang et al., 2008; Jayakumar et al., 2015). Different drip fertilization methods also had various effects on nitrogen uptake and utilization. Compared with surface drip irrigation, underground drip irrigation can increase the absorption and utilization of nitrogen by crops, thus reducing the leaching of nitrate nitrogen (Kong et al., 2010) and improving the utilization efficiency of water and fertilizer (Wang et al., 2009). This study also showed that two drip fertilization modes significantly increased the grain yield and the utilization efficiency of water and nitrogen compared to CK, especially I2 had the highest grain yield and water/nitrogen use efficiency.





5 Conclusion

Drip fertilization significantly affected the population and physiological characteristics of winter wheat. I1 increased plant height, leaf area and tiller number throughout the growing period, while I2 decreased plant height and tiller number. I2 decreased the leaf area in the early stage, but increased it in the late stage. The different irrigation modes also affected the root distribution of wheat. At the flowering stage, I1 resulted in a lower root system in all soil layers, I2 led to a lower upper root system, but a higher deeper root system compared to CK. Both I1 and I2 also reduced total root weight and root-shoot ratio of wheat. I1 improved IWUE by increasing Pn of wheat. I2 improved IWUE by reducing Tr of wheat. Both I1 and I2 increased the root activity, photosynthetic capacity and RE of wheat at the later growth stage, which promoted the accumulation of dry matter after anthesis and the increase of grain yield. In addition, since I1 and I2 optimized the utilization of water and nitrogen resources in wheat, their WP, IWP, NPP and NAE were significantly higher than those of CK, notably, I2 had the highest WP, IWP, NPP and NAE.
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Introduction

Heavy metal-associated isoprenylated plant proteins (HIPPs) play vital roles in metal absorption, transport and accumulation in plants. However, so far, only several plant HIPPs have been functionally analyzed. In this study, a novel HIPP member OsHIPP17, which was involved in the tolerance to copper (Cu) was functionally characterized.





Methods

In this study, qRT-PCR, Yeast transgenic technology, Plant transgenic technology, ICP-MS and so on were used for research.





Results

OsHIPP17 protein was targeted to the nucleus. The Cu concentration reached 0.45 mg/g dry weight due to the overexpression of OsHIPP17 in yeast cells. Meanwhile, the overexpression of OsHIPP17 resulted in the compromised growth of Arabidopsis thaliana   (Arabidopsis) under Cu stress. The root length of Oshipp17 mutant lines was also significantly reduced by 16.74- 24.36% under 25 mM Cu stress. The roots of Oshipp17 rice mutant showed increased Cu concentration by 7.25%-23.32%. Meanwhile, knockout of OsHIPP17 decreased the expression levels of OsATX1, OsZIP1, OsCOPT5 or OsHMA5, and increased the expression levels of OsCOPT1 or OsHMA4. Antioxidant enzyme activity was also reduced in rice due to the knockout of OsHIPP17. Moreover, the expression levels of cytokinin-related genes in plants under Cu stress were also affected by overexpression or knockout of OsHIPP17.





Discussion

These results implied that OsHIPP17 might play a role in plant Cu toxic response by affecting the expression of Cu transport genes or cytokinin-related genes. Simultaneously, our work may shed light on the underlying mechanism of how heavy metals affect the plant growth and provide a novel rice genetic source for phytoremediation of heavy metal-contaminated soil.





Keywords: HIPP, metallochaperone, heavy metal, rice, gene




1 Introduction

Copper (Cu), which plays key roles in many biological activities such as energy production, response to oxidative stress and cell wall formation is an essential micronutrient for all living organisms including plants (Huang et al., 2016). Although the deficiency of Cu in plants may cause growth limitation, chlorosis or other development defects, excessive Cu is toxic to plants, in which case, inhibition of plant root growth or cellular damage has been observed (Guan et al., 2022; Li et al., 2023). Nevertheless, Cu is also required for human health, for example, Cu deficiency may cause immune defects or anemia (Torkian et al., 2019; Guan et al., 2022). It has been estimated that over two billion people worldwide are in the trouble of micronutrient deficiencies, which are mainly caused by deficient intake of Cu or iron (Fe) (Huang et al., 2016). Dietary intake is the main supplement resource of Cu for the human body. Therefore, improving Cu content in the crops, such as rice, by regulating absorption or transport related genes, may be an optional approach to improve dietary Cu for these people who lack Cu. Meanwhile, the development of industrialization and urbanization has also increased farmland pollution by releasing heavy metals including Cu. It has been reported that Cu is one of the major pollution sources of farmland in China (Zhao et al., 2015). Therefore, developing rice cultivars resistant to Cu and accumulating appropriate levels of Cu in the grain is crucial.

To maintain proper Cu content, plants have developed a fine-tuned Cu homeostasis system in their cells (Cai and Peng, 2013). In eukaryotes, when metallic ions enter the cell, they are chelated by some specific molecules such as proteins or small sized ligands (Guo et al., 2013). Nonetheless, to function as structural components or co-factors of enzymes, specific localization is usually required for these metallic ions. To this end, the transport task of these metallic ions is undertaken by a group of proteins named metallochaperones. These proteins contain conserved domains called heavy metal-associated (HMA) domains, which are able to directly bind metal ions (Zhao et al., 2020). Usually, these proteins exert their functions in metal homeostasis via their ability of metal binding (Zhang et al., 2020). According to the protein domain composition, plant metallochaperones are divided into two subfamilies, those proteins that contain only HMA domains are classified as heavy metal associated plant proteins (HPPs), and the proteins bearing both HMA domains and C-terminal isoprenylation motifs are termed as heavy metal associated isoprenylated plant proteins (HIPPs) (de Abreu-Neto et al., 2013). Studies have shown that members of the HIPPs family affect the uptake, transport and accumulation of heavy metals of plants (Tehseen et al., 2010). For example, the expression of HIPP26 (AtFP6) is induced by cadmium (Cd) and zinc (Zn) in Arabidopsis, and HIPP26 protein bind Cd, lead (Pb) or Cu (Gao et al., 2009). In rice, OsHIPP29 locus has been proven to enhance Cd-tolerance by reducing Cd accumulation in the plant (Zhao et al., 2020). Although rice HIPPs family has a large number of members, only a few of these HIPP genes have been functionally studied (Khan et al., 2019; Khan et al., 2020; Zhao et al., 2020; Chen and Xiong, 2021).

So far, most studies have focused on the function of HIPP genes in plants in response to heavy metal stress. Beyond this, HPP/HIPP genes have been reported to regulate cytokinin signaling pathways, and cytokinin homeostasis is implicated in the regulation of root development in plants (Guo et al., 2021). At the same time, endogenous cytokinin concentration in plants varies due to abiotic stress conditions, which implies that cytokinin is implicated in stress response (Brien and Benkova, 2013). But, so far, whether HIPP genes may affect abiotic stress resistance in plants by regulating the cytokinin signaling pathway is still unclear.

In our previous work, we have obtained a number of rice heavy metal-responsive genes by screening the transcriptome databases (unpublished data), as one of these genes, OsHIPP17(LOC_Os09g09930) was chosen for further study. Although OsHIPP17 is responsive to heavy metals, its biological function has not been characterized yet. In this study, we further analyzed the function and potential mechanism of OsHIPP17 mediated Cu stress response in yeast, Arabidopsis or rice. The purpose of this study is to further elucidate the diverse biological roles of the HIPP genes and to explain the mechanism of HIPP mediated heavy metals affected plant growth.




2 Materials and methods



2.1 Analysis of sequence and phylogenesis

The rice genome data (accession date: 26th November 2018) and gff3 annotation files were obtained from EnsemblPlant database (http://plants.ensembl.org/index.html), and the protein database was constructed using TBtools software (version 1.098769). The sequence of the HMA domain (pfam 00403.23) from Pfam database (https://pfam.xfam.org/) was used as a reference sequence to compare with the protein database to obtain proteins that may contain the HMA domain. The retrieved proteins were further validated by using Web CD-Search Tool of NCBI website (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) and the bulk search tool of Pfam website. Finally, HIPP or HPP proteins were identified based on the presence or absence of C-terminal isoprenylation motif. Phylogenetic analysis was conducted by using MEGA7.0 software (version 7.0.26). The Neighbor-Joining (NJ) method and bootstrap replications of 1000 were employed (Zhang et al., 2018a).




2.2 Total RNA extraction and gene expression analysis by using quantitative real-time polymerase chain reaction

For the analysis of the expression level of OsHIPP17 under Cu stress, rice seedlings were grown at 30°C with a 16-hours-light/8-hours-dark cycle. The seedlings of 5-day-old rice plants were transferred to 1/2 Murashige and Skoog (1/2 MS) liquid medium containing 25, 50 or 100 μM CuSO4 (Murashige and Skoog, 1962). According to the reported method, the shoots and roots of Cu-treated rice plants were sampled after treatment with time gradients (1, 6 or 12 hours) and kept at -80°C for further analysis (Lee et al., 2007; Chen and Xiong, 2021). The shoots and roots of Cu-treated rice plants were used for RNA extraction. Total RNAs were extracted by using EASYspin Plus reagent (Aidlab Biotechnologies Co. Ltd, Beijing, China). The cDNA was obtained by using a reverse transcription kit (Thermo fisher, USA) according to the manufacturer’s instructions. Triplicate quantitative assays were performed by using T5 Fast qPCR Mix kit (Aidlab Biotechnologies Co. Ltd, Beijing, China). The rice Ubiquitin gene (LOC_Os05g06770) was used as a housekeeping gene. The qRT-PCR primers were summarized in Table S1.

Seeds of wild type (Control) and OsHIPP17 overexpression Arabidopsis (OE-3, OE-7 or OE-8) were placed on 1/2 MS media (30 g/L sucrose + 7 g/L agar) containing different concentrations of CuSO4 (0 or 50 μM) for 15 days. Total RNA extraction from plant roots and cDNA synthesis were performed as described above. The expression levels of AtCKX1, AtIPT1 and AtARR5 were analyzed by quantitative real-time polymerase chain reaction (qRT-PCR). The thermocycler was set as follows: 95°C for 3 min, 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min. The Arabidopsis Ubiquitin (At5g53300) was used as a housekeeping gene to normalize the other genes.

Rice Oshipp17 knockout mutants were generated by CRISPR-Cas9 technology. To generate Oshipp17 mutant rice plants, Wimi Biotechnology company (http://www.wimibio.com/) was entrusted for the construction of knockout vector and rice transformation. Seven-days-old wild-type (Control) and Oshipp17 mutant (Oshipp17-1 and Oshipp17-2) rice seedlings were placed in 1/2 MS liquid medium containing different concentrations of CuSO4 (0 or 25 μM) for another fifteen days. Total RNA extraction from plant roots and cDNA synthesis were performed as described above. The expression levels of OsCKX1, OsIPT1, OsRR1, OsATX1, OsZIP1, OsCOPT1, OsCOPT5, OsHMA4 and OsHMA5 were analyzed by qRT-PCR. The thermocycler was set as follows: 95°C for 3 min, 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min. The rice Ubiquitin was used as a housekeeping gene to normalize the other genes.




2.3 Functional analysis of OsHIPP17 in yeast cells

The galactose induced expression vector pYES2 has been used to verify the function of heavy metal-responsive genes in Saccharomyces cerevisiae (yeast) (Khan et al., 2019; Chen and Xiong, 2021). Yeast strain BY4743 (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0) has been widely used to explore the function of plant genes under heavy metal stress (Polina et al., 2016; Wang et al., 2019). Therefore, the pYES2 empty vector (Control) or pYES2::OsHIPP17 was transformed into the yeast strain BY4743, via a polyethylene glycol (PEG)-lithium acetate-based transformation method (Gietz and Woods, 2006). The transformed yeast cells were selected on SD-Ura medium plates. For yeast spotting assays, a single colony of the yeast transformant was cultured in liquid SD-Ura medium for 24 hours at 30°C, and the liquid medium containing the yeast cells was diluted for 10 folds with fresh SD-Ura medium. Then the diluted yeast cells were further cultivated till the values of OD600 increased to 0.5~0.8, and the yeast cells were collected and diluted with sterile water. The 5 μL drops containing diluted yeast cells (OD600 = 1.0, 0.1, 0.01 or 0.001) were spotted onto the surfaces of SD-Ura medium with 2% galactose and 0, 2 or 2.5 mM CuSO4. The spotted plates were incubated for 3 days at 30°C. For Cu toxicity growth curve assay, the yeast cells with an OD600 of 1.0 were collected and then diluted with 20 mL liquid SD medium containing 2% galactose and 0 or 2.5 mM CuSO4 to an OD600 of 0.01. The yeast cells were cultured in a shaking incubator at 200 rpm at 30°C. The OD600 values of these yeast cells were determined after 6, 12, 18, 24 or 30 hours.




2.4 Determination of Cu content in the yeast cells and rice

To determine the effect of OsHIPP17 on the Cu absorption capability in the yeast cells, the Cu contents of the control and transgenic yeast cells were measured. The control and transgenic yeast cells were grown in SD-Ura liquid medium containing 2% glucose overnight. After centrifugation, yeast cells were washed three times with sterile water and diluted with 250 mL SD-Ura liquid medium containing 2% galactose to an OD of 0.1, and these cells were cultured in a constant temperature shaking incubator at 30°C until the OD reached 0.4-0.5. Then, CuSO4 was added into the liquid medium to a final concentration of 10 μM, and the control and transgenic yeast cells were incubated for another 12 hours. These yeast cells were collected and washed five times with deionized water. The yeast cells treated with CuSO4 in the liquid medium were collected and dried at 85°C to constant weight. The dried yeast cells were digested with HNO3 and H2O2. The Cu content of the samples was determined by using inductively coupled plasma-mass spectrometry (ICP-MS) (Zhang et al., 2018b).

To measure Cu content in rice tissues, shoots and roots of wild-type (Control) and Oshipp17 mutant (Oshipp17-1 and Oshipp17-2) rice plants treated with 25 μM CuSO4 for fifteen days were collected. These rice tissues were washed five times with deionized water in order to remove metal ions from the surface. Then, the rice tissues were dried at 85°C to constant weight. The Cu content in rice tissues was determined with reference to the above method. Moreover, the translocation factor of Cu in rice plants was calculated using the methods described previously (Meng et al., 2022).

	




2.5 Observation of the subcellular localization of OsHIPP17-GFP proteins

Plasmid pHB, a plant binary expression vector, effectively increases the expression level of exogenous genes due to CaMV 35S promoter. Fragments of the coding sequences of OsHIPP17 and eGFP were ligated into the binary vector pHB by using seamless homologous recombination technique for the expression of OsHIPP17-eGFP fusion protein in plants. ClonExpress II One Step Cloning Kit from Vazyme (Vazyme, Nanjing, China) was used in the construction of all recombinant vectors in this study. The gene expression of OsHIPP17-eGFP or eGFP was driven by CaMV 35S promoter. Agrobacterium tumefaciens(Agrobacterium) containing eGFP, OsHIPP17-eGFP and Agrobacterium harboring the gene encoding the silencing inhibitor protein p19 were diluted to OD = 0.8 by the infection solution (10 mM MgCl2, 10 mM 2-Morpholinoethanesulfonic acid, 100 μM Acetosyringone, pH = 5.7). Tobacco (Nicotiana benthamiana) leaves were used for Agrobacterium agroinfiltration. The agroinfiltrated plants were moved to a plant culture room of 25°C. For GFP or GFP-fused protein imaging, the fluorescence emitted by eGFP or OsHIPP17-eGFP was observed by using a confocal laser scanning microscope (Nikon A1i90, LSCM, Japan) 24 hours after infiltration. The nucleus staining was conducted with 4’,6-diamidino-2-phenylindole (Dapi) by dipping the tobacco leaves into Dapi solution for at least 30 min before fluorescence observation (Shinohara et al., 2014).




2.6 Construction of the binary vector and Arabidopsis transformation

To generate OsHIPP17 overexpression Arabidopsis plants, the binary vector pHB::OsHIPP17 was constructed. The pHB::OsHIPP17 plasmid was transferred into Agrobacterium strain GV3101, and Arabidopsis was infected with the Agrobacterium containing the binary vector plasmids. The transformation was carried out following the reported protocol with minor modifications (Clough et al., 1998). The Agrobacterium containing pHB::OsHIPP17 plasmid were diluted to OD = 0.8 by the infiltration solution (1/2 MS, 0.03% sucrose, 1 mg/ml, 6-Benzylaminopurine, 0.01% Silwet l-77, pH = 5.7). For floral dipping, the Arabidopsis was inverted into the infection solution containing Agrobacterium to submerge all flowers for 30 s and then pulled out, and the procedure was repeated after 10 min. The infected Arabidopsis were placed in moist black plastic bags for 24 hours before removing the covers and moving to normal culture condition of 16-hours-light/8-hours-dark cycle at 23°C. The selection medium (1/2 MS, 30 g/L sucrose, 7 g/L agar, 10 mg/L hygromycin B) was used to screen positive plants. The T2 generation transgenic plants were used for Cu stress analysis. The primer pairs used for transgene confirmation were summarized in Table S1.




2.7 Functional analysis of OsHIPP17 in Arabidopsis under heavy metal stress

To determine whether the sensitivity to Cu of transgenic Arabidopsis plants was affected, the surface sterilized seeds of wild type (Control) and overexpression plants (OE-3, OE-7 or OE-8) were placed on the surface of 1/2 MS agar media containing different concentration of Cu (0, 35 μM CuSO4) at 4°C. After three days, these seeds were moved to plant culture room (23°C, 16 hours of light and 8 hours of darkness). After another 15 days, the length of plant roots was measured by using ImegaJ software (version: 1.52a) in five independent plants (Xian et al., 2020). Moreover, the effect of overexpression OsHIPP17 to germination rate of Arabidopsis seeds was analyzed under 250 μM Cu treatment based on previous studies (Tejpal et al., 2012).




2.8 Phenotypic analysis of rice Oshipp17 knockout mutants under Cu stress

To explore the effect of OsHIPP17 mutation on rice plants under Cu stress, seeds of wild-type (Control) and Oshipp17 mutants (Oshipp17-1 and Oshipp17-2) were sterilized and placed in 1/2 MS liquid medium grown in plant culture room for seven days. The 7-day-old rice seedlings were grown in 1/2 MS liquid medium with different Cu concentrations (0, 25 μM CuSO4) for another fifteen days, and the medium was changed every day. Then, the phenotype of wild-type and Oshipp17 mutant rice plants was observed. The length of rice roots and shoots was measured by using ImegaJ software in three independent plants.




2.9 Determination of antioxidant enzymatic activity in plants

The Arabidopsis (whole seedling) and rice (leaves at the same position) treated with different concentrations of Cu for fifteen days were frozen with liquid nitrogen and ground. Extraction buffer (0.1 M K2HPO4-KH2PO4, 1 mM EDTA, 0.3% Triton X-100, 2% polyvinylpyrrolidone, pH = 7.6) was added to the grinded tissues to prepare enzyme solution. Superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) activities in plants were analyzed according to the published protocol with minor modification (Chen and Zhang, 2016).




2.10 Statistical analysis

All results in this study were derived from the average of at least three biological replications. All values in the chart are represented by “averages and standard deviations.” The data were statistically analyzed by t-tests method (p< 0.05). The statistical analysis was conducted by using Graphpad Prism software (version: 9.0.2). The online site Hiplot (https://bukesci.com/sites/527.html) was used to calculate the values of   pearson.





3 Results



3.1 The basic bioinformatics analysis of OsHIPP17

The function of proteins is tightly related with their protein structure and domain composition. To better understand the function of OsHIPP17 and HPP/HIPP proteins in rice, bioinformatics analysis was carried out. The amino acid sequence of HMA domain (pfam 00403.23) was employed to retrieve HPP/HIPP proteins from the rice genome (Khan et al., 2019). There were 54 HMA containing proteins were identified (Table S2). Phylogenetic analysis showed that these rice HPP/HIPP proteins could be divided into five distinct subfamilies (Figure 1A). Among these rice HMA containing proteins, OsHPP4 showed the closest relation to OsHIPP17. Besides the study of protein phylogenetic relation, the conserved motifs of these rice HIPP proteins were also analyzed by using MEME website (http://meme-suite.org/tools/meme). The results indicated that among these HIPP proteins, there were total ten conserved motifs. It was noticed that the motif composition significantly differs between HIPP protein members. However, similar motif composition was shown among the members belonging to the same subfamily, indicating their conserved protein functions (Figure 1B). Furthermore, an uneven distribution pattern of these 54 rice HPP/HIPPs on the 12 chromosomes of rice was observed. For example, the chromosome number one (Chr. 1) contained as much as 12 HPP/HIPP genes (Figure 1C).




Figure 1 | Bioinformatics analysis of HPP and HIPP protein family. (A) Phylogenetic analysis of HPP and HIPP proteins in rice. The HPP proteins were written in red and the HIPP proteins were written in blue. (B) Conserved motif analysis of rice HPP and HIPP proteins. The analysis was performed by using MEME program. (C) Chromosomal mapping of HPP and HIPP genes of rice. The chromosome numbers were indicated at the bottom of each chromosome.






3.2 The expression level of OsHIPP17 under Cu stress conditions

To further confirm if OsHIPP17 is involved in the Cu stress response, the gene expression of OsHIPP17 was analyzed by using the rice plants treated with series of concentrated CuSO4. The results of qRT-PCR analysis showed that 100 μM Cu treatment significantly induced the expression of OsHIPP17 up to 199 folds in the shoots after 1 hour treatment (Figure 2D). Meanwhile, the expression levels of OsHIPP17 in roots were increased after 12 hours of treatment of 25 or 50 μM Cu (Figures 2B, C). In addition, the expression levels of OsHIPP17 in roots were increased after 1 hours of treatment of 100 μM Cu, but were decreased after 12 hours (Figure 2D). In addition, the expression levels of OsHIPP17 differ with growth stage (Figure 2A).




Figure 2 | Expression of OsHIPP17 when treated with differently concentrated CuSO4. The 5-day-old rice plants were exposed to CuSO4 (0, 25, 50 or 100 mM) for 0, 1, 6 or 12 hours. (A) 0 μM; (B) 25 μM; (C) 50 μM;  (D) 100 μM. Error bars represent standard deviation of three independent plants. Statistical comparison was performed by t-tests. Different letters (a-d) indicate significant differences (p< 0.05).






3.3 The effect of OsHIPP17 on Cu tolerance of yeast cells

To determine the effect of OsHIPP17 on Cu tolerance of yeast cells, the growth of a yeast BY4743 strain containing OsHIPP17 gene was compared with that of the strain containing empty pYES2 vector under Cu treatment. When supplied with 2.5 mM Cu, OsHIPP17 significantly repressed the growth of yeast compared with the control, suggesting that OsHIPP17 decreased Cu tolerance of yeast (Figure 3A). To further confirm and quantify the effect of OsHIPP17 on the Cu tolerance of yeast, we measured the growth rate of yeast cells transformed with OsHIPP17 or empty vector in SD-Ura liquid medium containing 0, 2.5 mM Cu. The results showed that the growth of transgenic yeast containing OsHIPP17 was significantly repressed compared with that of the control in the medium containing 2.5 mM Cu after 36 hours (Figure 3B). Nevertheless, more Cu content was detected in the yeast cells containing OsHIPP17 than that in the control (Figure 3C).




Figure 3 | Functional analysis of OsHIPP17 in yeast. (A) The effects of OsHIPP17 on the sensibility of Cu in yeast. (B) The growth rate of yeast cells when treated with Cu. (C) The Cu contents in the yeast cells treated with 10 μM CuSO4 for 12 hours. Statistical comparison was performed by t-tests. Different letters (a, b). ** and *** indicate significant differences at p < 0.05 and p < 0.001, respectively.






3.4 The subcellular localization of OsHIPP17 in yeast and tobacco cells

To determine the subcellular localization of OsHIPP17 proteins in yeast and plant cells, the construct of eGFP fused to the C-terminus of OsHIPP17 which was under the control of GAL1 promoter (GAL1::OsHIPP17-eGFP) or 35S promoter (35S::OsHIPP17-eGFP) was use for transformation. The fluorescence signals in yeast cells or tobacco leaves were observed. In the yeast cells, eGFP signals were observed in the nucleus (Figure 4A). Meanwhile, OsHIPP17-eGFP proteins were located in the nucleus of tobacco leave epidermal cells compared to the localization of eGFP alone (Figure 4B).




Figure 4 | Subcellular localization of OsHIPP17 proteins. (A) Subcellular localization of OsHIPP17 proteins in yeast cells. Scale bars in A =20 µm. The pYES2::eGFP (for control) or pYES2::OsHIPP17-eGFP (for obtaining OsHIPP17 subcellular localization information) were transferred into yeast strain BY4743. After incubation of the transgenic yeast in SD-Ura (containing 2% galactose) liquid medium to OD = 0.7-1, images were collected by confocal laser scanning microscope with an excitation wavelength of 488 nm. (B) Subcellular localization of OsHIPP17 proteins in tobacco epidermic cells. Scale bars in A =20 µm. The pHB::eGFP (for control) or pHB::OsHIPP17-eGFP, for obtaining OsHIPP17 subcellular localization information) were transferred into Agrobacterium GV3101. Agrobacterium containing the recombinant plasmid was introduced into 5-week-old tobacco leaves by using injection method. After 24 hour of injection, tobacco leaves were immersed in 10 μg/mL Dapi solution (marker for nucleus) for 3 hours. Images were collected by confocal laser scanning microscope with excitation wavelengths of 340 nm (excitation wavelength of Dapi) or 488 nm (excitation wavelength of eGFP).






3.5 The effect of the expression of OsHIPP17 on the growth and development of Arabidopsis under Cu stress

The OsHIPP17 overexpression Arabidopsis plants were constructed to further explore the effect of OsHIPP17 on plants under Cu treatment. The overexpression levels of OsHIPP17 were confirmed by RT-PCR analysis (Figure 5A). The results showed that without Cu stress, the roots of overexpression plants were significantly longer than those of wild-type plants (Figures 5B, C). Yet when treated with 35 μM Cu, the root length of OE-7, OE-8 or OE-3 was significantly reduced comparing to that of wild type (Figures 5B, C). Meanwhile, the overexpression of OsHIPP17 also reduced the germination rate of Arabidopsis seeds under Cu stress by 1.8-2.2% (Figure S1).




Figure 5 | Phenotypic analysis of OsHIPP17 transgenic Arabidopsis lines under CuSO4 treatment. (A) The expression levels of OsHIPP17 overexpression lines were analyzed by using RT-PCR. Control represents wild type Arabidopsis plants, OE-7, OE-8 or OE-3 represent three independent OsHIPP17 transgenic Arabidopsis lines and Ubiquitin was used as the internal reference gene. Numbers in parentheses are the cycles of PCR. (B) The growth phenotypes of OsHIPP17 transgenic and control lines after 15 days under Cu treatment. Scale bars in B = 1 cm. (C) The root length OsHIPP17 transgenic and control lines under Cu treatment. Values are mean ± standard deviation (SD) from five independent plants. Statistical comparison was performed by t-tests. Different letters (a, b, c, d, e, f, g) indicate significant differences (p< 0.05).






3.6 The increased sensitivity of the roots of OsHIPP17 rice mutants to Cu stress

To further elucidate the function of OsHIPP17 in rice under Cu stress, Oshipp17 knockout mutants of rice were constructed. Two knockout mutant lines generated by deleting one or two nucleotides in the OsHIPP17 coding region were used for following analysis (Figure 6A). Even without Cu treatment, the results showed that the loss-of-function of OsHIPP17 reduced the length of rice shoots by 15.60-23.98% (Figures 6B, C). The root length of Oshipp17 mutant lines was also significantly reduced by 16.74-24.36% under 25 μM Cu stress compared with the control (Figure 6D). The Cu concentrations in the shoots and roots of wild-type and mutant lines were also measured by ICP-MS. Results showed that an increased Cu content was detected in the roots of the mutant lines (Figure 6E). However, interestingly, the Cu concentration in the shoots of Oshipp17 mutant lines was less than that in the shoot of the wild type (Figure 6E).




Figure 6 | Growth phenotypes of rice wild type (Control) and Oshipp17 mutant lines (Oshipp17-1 and Oshipp17-2) under Cu stress. (A) Rice Oshipp17 knockout mutants created by CRISPR/Cas9 system. Two mutant lines showed frame-shift mutations with one or two nucleotide deletions in the coding region of OsHIPP17. (B) Growth phenotype of seven-day-old wild-type and Oshipp17 mutants rice treated with 0 or 25 μM CuSO4 for fifteen days. Scale bars in B = 10 cm. (C, D) Length of shoots and roots of wild-types and Oshipp17 mutants. (E) Cu content of shoots and roots of wild types and Oshipp17 mutants. (F) Translocation factor of Cu in wild-type and Oshipp17 mutants. Values are mean ± standard deviation (SD) from three independent plants. Statistical comparison was performed by t-tests. Different letters (a, b, c, d, e, f) indicate significant differences (p< 0.05).






3.7 The effect of OsHIPP17 on the expression levels of Cu absorption and transporter-related genes in rice under Cd stress.

Previous studies have showed that Cu accumulation is regulated by absorption or transport proteins in rice, such as OsATX1, OsZIP1, OsCOPT1, OsCOPT5, OsHMA4 or OsHMA5 (Yuan et al., 2010; Huang et al., 2016; Zhang et al., 2018c; Liu et al., 2019; Navarro et al., 2021). In this study, functional loss of OsHIPP17 resulted in the increased accumulation of Cu in rice (Figure 6E). Therefore, OsHIPP17 correlation with Cu absorption and transport genes was analyzed for rice in this study. The results showed that OsHIPP17 showed negative correlation with OsHMA4 or OsCOPT1, and positive correlation with OsATX1, OsZIP1, OsCOPT5 or OsHMA5 (Figure 7A). Meanwhile, the effect of knockout of OsHIPP17 on the expression levels of these genes was analyzed. Results showed that the knockout of OsHIPP17 decreased the expression levels of OsATX1, OsZIP1, OsCOPT5 or OsHMA5, and increased the expression levels of OsCOPT1 or OsHMA4 (Figures 7B-G). These results indicated that OsHIPP17 may regulate Cu content in rice by influencing the expression levels of Cu absorption and transport genes.




Figure 7 | Effect of OsHIPP17 on the expression levels of Cu transporter genes in rice. (A) Correlation analysis of expression levels of OsHIPP17 and Cu transporter genes under Cu stress. The expression levels of (B) OsATX1, (C) OsZIP1, (D) OsCOPT1, (E) OsCOPT5, (F) OsHMA4 or (G) OsHMA5 in control and mutants under Cu treatment. Values are mean ± standard deviation (SD) from three independent plants. Statistical comparison was performed by t-tests. Different letters (a, b) indicate significant differences (p< 0.05).






3.8 The effect of overexpressed OsHIPP17 on the expression of antioxidant enzymatic activity

The activity of three antioxidant enzyme were measured in this study to reveal if the antioxidant mechanism was involved in the Cu toxic response in transgenic Arabidopsis or Oshipp17 rice mutants. The results showed that the enzymatic activities of SOD, POD or CAT were significantly increased in OsHIPP17 overexpression Arabidopsis compared with the ones of control without Cu treatment (Figures 8A-C). Meanwhile, knockout of OsHIPP17 resulted in decreased POD or CAT activity in rice with or without Cu treatment (Figures 8E, F). However, SOD activity in the Oshipp17 mutant showed only a slightly decreased (Figure 8D). The enzymatic activities of SOD and POD were increased in the transgenic Arabidopsis than the ones of control under Cu stress, as well (Figure 8A, B). Moreover, exactly as in OsHIPP17 overexpression Arabidopsis, Cu treatment enhanced SOD activity in Oshipp17 mutant rice (Figures 8A, D). The results indicated that OsHIPP17 affected the activity of antioxidant enzymes in Arabidopsis or rice.




Figure 8 | Activity analysis of antioxidant enzymes in OsHIPP17 overexpression Arabidopsis or Oshipp17 mutants treated with different Cu concentrations. Activities of antioxidant enzymes in wild-type and OsHIPP17 overexpression Arabidopsis was analyzed after 0 or 50 μM CuSO4 treatment for fifteen days. (A-C) SOD, POD or CAT in wild-type and OsHIPP17 overexpression Arabidopsis. Activities of antioxidant enzymes in wild-type and Oshipp17 rice mutants were analyzed after 15 days of treatment with 0 or 25 μM CuSO4. (D-F) SOD, POD or CAT in wild-type and Oshipp17 mutants. Values are mean ± standard deviation (SD) from three independent plants. Statistical comparison was performed by t-tests. Different letters (a, b, c, d, e, f) indicate significant differences (p< 0.05).






3.9 The effects of OsHIPP17 on the expression levels of cytokinin related genes in plants under Cu stress

HPP/HIPP genes are reported to regulate cytokinin signaling pathways, and cytokinin homeostasis is implicated in root development control in plants (Laplaze et al., 2007; Guo et al., 2021). In order to further explore the cause of the affected root development of transgenic plants under Cu stress, the expression of three vitals genes that were implicated in the biosynthesis, degradation or signaling of cytokinin were determined in OsHIPP17 overexpression Arabidopsis or Oshipp17 rice mutants. The expression levels of cytokinin degradation gene (AtCKX1), cytokinin biosynthesis gene (AtIPT1) or cytokinin primary response gene (AtARR5) in transgenic Arabidopsis were significantly increased under the condition without Cu treatment compared to the corresponding ones of the control (Figures 9A-C). Meanwhile, loss-of-function of Oshipp17 resulted in a significant decrease in the expression levels of cytokinin-related genes in rice without Cu treatment compared to the control (Figures 9D, E). Interestingly, an opposite trend in the expression levels of cytokinin-related genes under Cu treatment conditions was observed in the OsHIPP17 overexpression Arabidopsis or Oshipp17 rice mutants (Figure 9). These results implicated that OsHIPP17 may be involved in Cu toxicity responses by affecting the expression levels of cytokinin-related genes in plants.




Figure 9 | The expression level of cytokinin related genes in OsHIPP17 overexpression Arabidopsis or Oshipp17 mutants treated with Cu. The expression levels of (A) AtCKX1, (B) AtIPT1, (C) AtARR5, (D) OsCKX1, (E) OsIPT1 or (F) OsRR1. Values are mean ± standard deviation (SD) from three independent plants. Statistical comparison was performed by t-tests. Different letters (a, b, c, d) indicate significant differences (p< 0.05).







4 Discussion

The growing global population and developing economy have intensified the pollution caused by heavy metals (Järup and Åkesson, 2009). The wide-spreading heavy metal contamination decreases farm land and food availability and causes increased threat to human health as well (Midhat et al., 2018). Cu is one of the most common heavy metal elements, but is a necessary trace element for plants as well. However, excessive supply of Cu leads to toxic effects on plants. Accumulated heavy metals in plant cells is mediated by some metal transporters including HMAs (heavy metal ATPases) and ZIP proteins which play key roles in heavy metal efflux or cellular sequestration (Deng et al., 2013; Liu et al., 2019). Although HIPPs are not transporters, a number lines of proof have shown that they may function in transport and detoxification of heavy metals in plants (Zhang et al., 2018a; Khan et al., 2020; Chen and Xiong, 2021). So far, only a few of plant genes belonging to HPPs and HIPPs have been functionally studied (Khan et al., 2019). Therefore, it is necessary to further study the functions of plant HPP and HIPP gene. Genes that encode HIPP proteins in rice have been identified by exhaustive genome-wide bioinformatics screening by using publicly available databases (Table S2). The HPP and HIPP proteins could be phylogenetically classified into five independent subfamilies (Figure 1A). The allele duplication and diversification events were implied by the presence of HIPPs in all subfamilies (Zhang et al., 2017). It is a quite useful strategy for an organism to deal with various of environmental stresses by duplicating its genes to expand the genome (Lynch and Conery, 2000).

In this study, a putative locus encoding OsHIPP17 was identified and functionally analyzed. There are some study cases have shown that some plant HIPP genes are able to increase the resistance of yeast or plants to heavy metals. For example, OsHIPP42 and OsHIPP16 confer Cd tolerance in yeast (Khan et al., 2019). On the contrary, our data showed that OsHIPP17 was involved in the decreased heavy metal tolerance in yeast cells. The repressed growth rate of the yeast cells transformed with OsHIPP17 gene on the solid plates or in the liquid medium containing Cu indicated that OsHIPP17 gene reduces the tolerance of Cu in the cells. Meanwhile, the Cu content in the yeast cells was significantly increased by OsHIPP17 (Figure 3C). This suggested that in the yeast cell, OsHIPP17 induced Cu tolerance decrease may be due to the increased toxicity resulted from increased cellular Cu content.

The subcellular localization of proteins is closely related to their functions (Feng et al., 2020). Studies have shown that some HIPPs are nucleus or cytoplasm localized (Chen and Xiong, 2021). In Arabidopsis, HIPP26 interacts with a zinc finger transcription factor ATHB29 in the nucleus to jointly regulate the drought stress response of Arabidopsis (Barth et al., 2009). Interestingly, the subcellular localization of OsHIPP17 was observed in nucleus in both tobacco and yeast cells (Figure 4). Therefore, we cannot exclude the possibility that OsHIPP17 may regulate the tolerance of yeast or plant cells by “sensing” and passing the Cu signal to other regulators instead of a direct effect of binding or absorbing Cu. Therefore, identification of OsHIPP17 interacting factors especially transcription factors may help to elucidate the mechanism of OsHIPP17 regulated Cu tolerance in yeast and plants.

To further reveal the function of OsHIPP17 in plants in response to Cu stress, OsHIPP17 overexpression Arabidopsis and Oshipp17 knockout rice mutants were constructed. Overexpression of OsHIPP17 increased the sensitivity of Arabidopsis to Cu (Figure 5B). This phenotype is similar to that of OsHIPP24 in response to Cu stress (Chen and Xiong, 2021). We have known that members of HIPPs gene family play diverse functions under heavy metal stress in rice. It has been proven that OsHIPP29 improves the tolerance of plants to heavy metals (Zhang et al., 2020). The different functions of HIPPs in response to heavy metal stress may be due to the presence of HMA and isoprenylation motifs. Meanwhile, the knockout of OsHIPP17 affected the Cu content in rice (Figure 6E). It was shown that Cu content in rice was strictly regulated by Cu transport proteins (Zhang et al., 2018c). In this study, different correlations patterns were shown between the expression levels of OsHIPP17 and variant Cu transporter genes (Figure 7A). Meanwhile, the knockout of OsHIPP17 increased the expression level of OsCOPT1 (Figure 7D). Studies have indicated that overexpression of OsCOPT1 leads to increased Cu content in rice roots (Yuan et al., 2010). Also, OsATX1, OsZIP1 and OsHMA5 showed decreased expression levels in the Oshipp17 mutant compared to those of the control (Figure 7B, C). Studies have showed that knockout of OsATX1, OsZIP1 or OsHMA5 increased Cu content in rice roots (Zhang et al., 2018c; Liu et al., 2019). Therefore, the Cu content change resulted from the knockout of OsHIPP17 may be associated with the expression level changes of Cu transporter genes. Yet, whether the underlying relationship between OsHIPP17 and Cu transporter genes needs to be further explored. On the other hand, the knockout of Oshipp17 influenced the growth of shoots in rice, which may be due to the reduced Cu translocation from roots to shoots. Related studies have shown that OsHIPP24 may plays a crucial role in long-distance transport of Cu ion from roots to shoots of plants (Chen and Xiong, 2021). Our yeast two-hybrid analysis result also showed that OsHIPP17 and OsHIPP24 may interact with each other (Unpublished data). Therefore, it is still necessary to further explore whether OsHIPP17 and OsHIPP24 together influence the translocation of Cu from roots to shoots. Meanwhile, OsHIPP17 may affected cytokinin signaling in rice (Figures 9D-F). Therefore, it is a worthwhile topic to study whether the impaired shoot growth of Oshipp17 rice mutants was mediate by the changes of cytokinin level. Moreover, further study on the function of OsHIPP17 may be expected to reveal the mechanisms involved in the growth differences under Cu deficiency in rice.

Antioxidant enzymes such SOD, POD or CAT are crucial for plants to deal with stress (Tatiana et al., 2017). Therefore, the activities of these antioxidant enzymes could be used to estimate the status of plants under specific stress (Tatiana et al., 2017). In this study, overexpression and knockout of OsHIPP17 even without Cu treatment conditions affected the activity of antioxidant enzymes in plants (Figure 8). Studies have shown that the activities of antioxidant enzymes are affected by endogenous cytokinin in plants as well (Lubovská et al., 2014; Wang et al., 2015). Therefore, based on the result that the expression levels of cytokinin-related genes were influenced by OsHIPP17 in plants, we cannot exclude the possibility that the activities of antioxidant enzymes were affected by cytokinin. Meanwhile, the overexpression of OsHIPP17 in Arabidopsis resulted in the increased antioxidant enzymatic activities compared with those of control under Cu stress (Figure 8). It has been shown that although plant growth was inhibited by heavy metal stress, plants still had higher antioxidant enzymatic activities compared with the control (Ali et al., 2008). Therefore, this results implied that the increased content and toxicity of Cu induced the increased antioxidant enzymatic activities in OsHIPP17 overexpression Arabidopsis plants. Moreover, knockout of OsHIPP17 slightly decreased SOD activity in rice without copper stress (Figure 8D). Although this slight decrease showed a statistically significant difference, it does not seem to be biologically significant for the plant.

Under heavy metal stress, plant growth and development are regulated by HIPP proteins. The roots of OsHIPP17 overexpression Arabidopsis showed a stunting phenotype under Cu stress (Figure 5B). Studies have shown that HIPP proteins regulate the cytokinin signaling in plants (Guo et al., 2021). In this study, the expression levels of AtCKX1 or AtIPT1 were significantly reduced in transgenic Arabidopsis treated with Cu (Figures 9A, B). It has been shown that the inhibition of Arabidopsis root growth due to Cu stress may be attributed to the affected cytokinin homeostasis (Lequeux et al., 2010). Therefore, we conclude that overexpression of OsHIPP17 may affect the expression levels of plant cytokinin-related genes to result in abnormal root development in overexpression or knockout mutant plants. However, whether cytokinin content is affected by OsHIPP17 overexpression or knockout deserves further investigation. Moreover, the expression levels of AtARR5 or OsRR1 were insensitive to Cu (Figures 9C, E). It has shown that the expression level of OsARR5 is variably regulated by different Cu treatment concentrations (Lequeux et al., 2010). Therefore, we suppose that the expression levels of AtARR5 or OsRR1 may be determined by various factors such as the stage of plant growth, Cu treatment concentration and duration and so on. Meanwhile, AtARR5 or OsRR1, as members of the Type-A RRs gene family, may have feedback effect on their own expression (Kieber and Schaller, 2018).

Cytokinin plays a crucial role in maintaining the activity of shoot and root meristem, which may be based on the uptake and translocation of essential nutrients by plants (Gao et al., 2019). It is remarkable that knockout of OsHIPP17 restricts the translocation of Cu from rice roots to shoots (Figure 6F). Studies have shown that the transporters responsible for internal Zn transport in rice are tightly controlled by cytokinin (Gao et al., 2019). Currently, there are few studies on the link between Cu transporters and cytokinin. however, it should be noted that some Zn uptake or translocation proteins are also responsible for the regulation of Cu transport in plants (Liu et al., 2019). In addition, the knockout of OsHIPP17 increased the expression levels of OsCKX1 and OsIPT1 in rice under Cu treatment (Figure 9D, E). Therefore, a hypothesis is put forward in this study that the roots of Oshipp17 rice mutants exhibiting Cu sensitivity might be due to the high level of Cu accumulated in the roots. However, in this process, whether cytokinin or Cu transporters which are responsible for Cu translocation from roots to shoots are involved still needs further investigation.




5 Conclusions

In this study, we proved that both overexpression and knockout of OsHIPP17 affected the tolerance of plants to Cu. OsHIPP17 affects the activities of SOD, POD or CAT enzymes in plants under Cu stress. Meanwhile, OsHIPP17 regulates the expression levels of Cu transport genes or cytokinin-related genes in plants. In addition, knockout of OsHIPP17 also affected the translocation of Cu from rice roots to shoots. Overall, we conclude that OsHIPP17 is involved in the regulation of tolerance to Cu stress in rice, and this regulatory process may involve antioxidant enzymatic activity, Cu translocation and expression of cytokinin-related genes.
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Introduction

The drought and phosphorus deficiency have inevitably become environmental issues globally in the future. The analysis of plants functional trait variation and response strategies under the stress of phosphorus deficiency and drought is important to explore their ability to respond to potential ecological stress.





Methods

In this study, Carex breviculmis was selected as the research object, and a 14-week pot experiment was conducted in a greenhouse, with two phosphorus treatment (add 0.5mmol/L or 0.05μmol/L phosphorus) and four drought treatment (add 0-5%PEG6000), totaling eight treatments. Biomass allocation characteristics, leaf anatomical characteristics, biochemical parameters, root morphology, chemical element content, and photosynthetic parameters were measured.





Results

The results showed that the anatomical characteristics, chemical elements, and photosynthetic parameters of Carex breviculmis responded more significantly to main effect of phosphorus deficiency. Stomatal width, leaf phosphorus content and maximum net photosynthetic rate decreased by 11.38%, 59.39%, 38.18% significantly (p<0.05), while the change in biomass was not significant (p>0.05). Biomass allocation characteristics and root morphology responded more significantly to main effect of drought. Severe drought significantly decreased leaf fresh weight by 61% and increased root shoot ratio by 223.3% compared to the control group (p<0.05). The combined effect of severe drought and phosphorus deficiency produced the highest leaf N/P ratio (291.1% of the control) and MDA concentration (243.6% of the control). Correlation analysis and redundancy analysis showed that the contributions of phosphorus and drought to functional trait variation were similar. Lower epidermal cell thickness was positively correlated with maximum net photosynthetic rate, leaf phosphorus, chlorophyll ab, and leaf fresh weight (p<0.05).





Discussion

In terms of response strategy, Carex breviculmis was affected at the microscopic level under phosphorus deficiency stress, but could maintain the aboveground and underground biomass well through a series of mechanisms. When affected by drought, it adopted the strategy of reducing leaf yield and improving root efficiency to maintain life activities. Carex breviculmis could maintain its traits well under low phosphorus and moderate drought, or better conditions. So it may have good ecological service potential in corresponding areas if promoted. This study also provided a reference for plant response to combined drought and phosphorus deficiency stresses.
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1 Introduction

Currently, the global environment is facing various issues. Exploring the ecological strategies of plants in response to environmental stress is a hot topic in plant ecology and plant application research (Moeneclaey et al., 2022; Yu et al., 2022).

The soil around global is faced with the dilemma of depletion of phosphorus, which is a non-renewable resource. The available chemical form of phosphorus that can be directly utilized by plants in the soil is very scarce due to the mineralization of organic phosphorus and the easy conversion of inorganic phosphorus into an unusable form (Zhou et al., 2017). The ecological strategies of some plants in response to low phosphorus stress have practical value, as they can ensure the plants growth and contribute to ecological restoration and alleviation of soil degradation. The ecological strategies are worth researching and promoting in low-phosphorus areas (Muler et al., 2014).

In terms of climate, many regions of the world are trending towards drought (Han et al., 2021; Gessner et al., 2022). Drought stress has a significant impact on plant survival and yield, which further affects ecological environment and socio-economic stability (Schimpl et al., 2019; Aguiar et al., 2020). However, the response mechanisms and strategies of plants to drought are extremely complex and diverse. Therefore, in ecological planning, the selected plants need to have excellent ecological strategies for possible drought climates, in order to construct sustainable plant communities proactively (Bastin et al., 2019).

To study the ecological strategies of plants in response to phosphorus and drought stress, quantitative research on plant traits is an important methodology. Plant traits cover many aspects, including yield distribution characteristics and morphological characteristics of various organs, anatomical traits, and nutrient element content indicators (Flexas et al., 2022). These trait indicators have different responses to the environment: some indicators have a synergistic relationship, and some have a reverse change. It reflects the trade-off strategy of plants which put limited resources proportionally into different levels of different trait in responce to environmental stress (Wright et al., 2004). For example, traits associated with faster growth rates (acquisitive strategy) often related to larger and thinner leaves with shorter lifespans, while those involving considerable resource storing (conservative strategy) related to the opposite. They represent the extremes of an ecological continuum. In addition, some researchers believe that analyzing the ecological strategies of plants more comprehensively requires measuring traits at multiple levels, including biomass allocation, morphology, physiology, and other aspects (Crainejoseph, 2009; Freschet et al., 2018).

Plants respond to drought stress by exhibiting a decrease in leaf photosynthetic rate, reduction in biomass, and an increase in root shoot ratio. Tabassum investigated 113 horticultural species and employed trait-based approaches to identify three differential trait-investment strategies that plants adopt when facing drought stress. Plants exposed to drought stress exhibit negative responses in leaf traits such as leaf fresh weight and the ratio of leaf fresh weight to dry weight (Tabassum et al., 2021). Carvajal ‘s research showed that plants of the same species employ different trait-investment strategies to cope with drought stress due to differences in the aridity gradient of their environments (Carvajal et al., 2017).

Plants exhibit various strategies to cope with phosphorus deficiency, including morphological, biochemical, and physiological responses, ultimately enabling them to survive better under low-phosphorus conditions (Yuan and Liu, 2008).Researcher Wen found a trade-off between phosphorus (P) acquisition strategies among 16 crops: species with finer roots tend to alter root morphological traits to acquire P, while species with thicker roots increase mycorrhizal colonization or release more root exudates containing carboxylates. Li’s research demonstrated that readily available phosphorus was one of the main factors affecting multiple leaf traits in desert herbaceous plants. Zhao’s study showed that low-P treatment increased Caragana’s leaf mass per area (Meier et al., 2023) and leaf dry matter content (LDMC), and had a negative impact on photosynthetic capacity (Zhao et al., 2013).

However, it is not fully understood how plants respond to drought and phosphorus deficiency at the same time, which are likely to be more widespread in the future climate. Some scholars investigated the negative effects of different drought treatments on plant nitrogen and phosphorus uptake (He and Dijkstra, 2014; Suriyagoda et al., 2014). Josipovic believed that phosphorus application can reduce the damage of drought to yield to a certain extent (Josipovi et al., 2012). Namugwanya used bean development as an example to study agricultural countermeasures to cope with phosphorus deficiency and drought stress in soil (Namugwanya et al., 2018).They generally believed that drought and phosphorus deficiency will become important constraints in future habitats. The drought may affect phosphorus uptake and transport, exacerbating negative effects on plant production. However, these studies mainly focus on individual key traits and fail to analyze the trade-offs among multiple plant traits. It is not conducive to evaluate the response strategies adopted by plants, which makes it difficult to measure their value for ecological application value in the future.

It is necessary to analyze the relationship between various plant traits and environmental stress, and evaluate whether plants have good coping strategies (Bastin et al., 2019). After identifying potential plants with stress tolerance, social managers, botanists, and seedling producers need to jointly carry out advanced ecological planning (Zölch et al., 2018). These potential plants can be promoted gradually in the wild environment that require ecological restoration and in residential area that require low maintenance costs. Ultimately, it will provide more stable ecological service capability with lower management costs in the future (Li et al., 2021).

Carex are a promising object for studying plant traits in response to phosphorus deficiency and drought stress. Plants of the Carex family are distributed across multiple continents and climate zones and appear in low-phosphorus and drought-prone regions, occupying advantageous ecological niches and demonstrating strong adaptability and ecological restoration potential (Playsted et al., 2006; Masuda et al., 2021). As one of the most widely used plants in this family, Carex breviculmis is known to have drought-tolerant physiological characteristics (Y. Wang et al., 2023) and is valued for its beautiful form and color in landscaping (Mi et al., 2022). Overall, Carex breviculmis has potential in ecological restoration and landscape design.

In this study, we used Carex breviculmis as the research object and set up cross-stress conditions of P and drought to explore the multi-faceted trait responses of Carex breviculmis, such as biomass allocation, morphology, physiology, and chemical element content, and attempt to answer the following questions: (1) Clarify the impact of multiple drought and phosphorus deficiency treatments on plant functional traits. (2) Explore the synergistic and trade-off relationships among Carex breviculmis traits. (3) Evaluate the Carex breviculmis’s response strategies to drought and P deficiency stress.

This study analyzed the ability of Carex breviculmis to resist drought and low phosphorus, providing a reference for studying plant trait changes and corresponding strategies under compound stress. Plants with better coping strategies can be involved in future ecological planning, cultivated and produced in advance, and applied in areas where the climate and environment are deteriorating. This project is especially important in degraded natural environments, and low-maintenance plant landscapes in urban areas.




2 Experimental materials and methods



2.1 Experimental materials and process

The plant material used in this study was Carex breviculmis R. Br., collected from a university campus in Shanxi Province, China (E108.075288, N34.266719), and stored in a greenhouse. The temperature was maintained at 24-32°C, and artificial light was used as a supplement to natural light during cloudy weather. The central wavelength of artificial light was 589nm, the red blue ratio was 8.5:1, the luminous flux was 48000lm, the height was 2 meters, the horizontal spacing was 2.5 meters, and the light–dark cycle was 16/8 (light/darkness, hours).

The experiment began in May 2022 and was conducted for 14 weeks. Carex breviculmis were carefully uprooted from the original substrate with minimal damage to the root system and rinsed clean. They were then uniformly trimmed to a height of about 12cm above ground and a root length of about 10cm, with a total weight of 2g. Each plant was transplanted individually into a 13cm diameter pot. A mixture of high-purity quartz sand of different particle sizes, totaling 850g as the substrate (Φ0.3 mm: Φ0.7 mm: Φ2mm = 7:2:1, m/m/m). The pot’s position was randomly changed every two weeks to eliminate environmental influences. Deionized water was used to water the plants for the first two weeks of the experiment to deplete plant’s mineral nutrients (Ji et al., 2020). From the third week onwards, nutrient solution was applied according to the treatment conditions. The plants were watered once a week with a nutrient solution of 100ml each time. The nutrient concentration increased each week, starting at 1/4, then to 1/2, 3/4, and finally full concentration. The nutrient solution formula used Hoagland’s method (Hoagland and Arnon, 1950).

The experiment was conducted using a completely randomized design, including two levels of phosphorus treatment and four levels of drought treatment, for a total of eight treatment levels. The phosphorus treatment varied in the content of KH2PO4 (high phosphorus concentration: 0.5 mmol/L, represent by HP; low phosphorus concentration: 0.05 μmol/L, represent by LP). The drought treatment varied in the concentration (w/w) of added PEG6000, and whether or not the weighing method was used for watering. According to the degree of drought from strong to weak, four treatment conditions were represented by ABCD in sequence. A: Add 5% PEG6000.B: Add 2.5% PEG6000. C: Do not add PEG6000. D: Do not add PEG6000 and supply water according to weighing method. The weighing method was to supplement 100ml of deionized water when the water content is below 40% of the saturated water content. The details and abbreviations of all treatment conditions were provided in Table 1. Among them, HPD was the control group (high phosphorus concentration, no PEG6000, watered timely), which was considered a relatively ideal treatment for plant growth. Each treatment was replicated six times, and at the start of the experiment, there were a total of 48 samples. At the end of the experiment, three of them that had survived were randomly selected for data collection.


Table 1 | Schematic table of experimental treatments.






2.2 Sampling and measurement



2.2.1 Measurement of photosynthetic parameters

Photosynthetic parameters were collected using a portable photosynthesis system, LI-6400 (LI-COR, Lincoln, Nebraska, USA). Three days before harvest, photosynthetic parameters were measured using an automated light response curve measurement program between 08:00-11:30 and 15:00-18:00. Photosynthetically Active Radiation (PAR) of photosynthesis was set as: 1500, 1200, 1000, 750, 500, 250, 200, 150, 100, 50, 25, 0 μmol m−2s-1, flow rate set 500 μmol *s-1 and concentration of CO2 set 400 μmol CO2 *mol-1, Tblock 25°C (Busch and Lösch, 1998). Results of the light response curve were imported into the software, Photosynthesis, to calculate the light saturation point, maximum net photosynthetic rate, and dark respiration rate.




2.2.2 Measurement of leaf biomass and specific leaf area

After plant harvest, leaves and roots were separated. Use analytical balance for weighing. The required amount of leaves was weighed for subsequent biochemical analysis and anatomical measurements. Three to five mature leaves were selected. The leaves’ projected area was obtained using the scanner Winrhizo and dried weight was weighed to calculate SLA, the ratio of leaf area to leaf dry weight (cm2/g) (Lienin and Kleyer, 2011). The remaining leaves were dried and weighed to determine the leaf dry matter content (LDMC).




2.2.3 Measurement of biochemical parameters

Chlorophyll content was extracted from fresh leaves of Carex breviculmis using 95% (v/v) ethanol. The absorbance value was measured at 665, 649, and 470 nm to calculate the content of chlorophyll a and b (Lichtenthaler and Wellburn, 1983). The concentration of malondialdehyde (MDA) and soluble sugars (SS) was determined using the thiobarbituric acid method at 532, 600, and 450 nm (Weng et al., 2015).




2.2.4 Measurement of leaf anatomical characteristics

Leaf sections were dehydrated in a graded series of ethanol solutions, infiltrated with warm paraffin (56-58°C), dried, and sectioned. The sections were stained with methylene blue solution and observed under a light microscope to measure length (Liu et al., 2021). The following indicators were recorded: stomatal length and width, leaf thickness, bubble cell thickness.




2.2.5 Measurement of root biomass and root morphology

The harvested fresh roots were weighed. The root system images were obtained using the Winrhizo scanner, and root morphology indices were analyzed. Then dried the root and weighed. Some root index was calculated as follows: specific root length (SRL, m*g−1, the ratio of root length to root dry mass), root tissue density (RTD, g*cm−3, root dry mass divided by fresh root volume), the ratio of root surface area to root dry biomass (RSAB, cm2*g−1), branching intensity (BI, cm−1, ratio of branch number to root length) (Kang et al., 2022).




2.2.6 Measurement of chemical element content

The roots and leaves of the plants were separated, weighed, washed with deionized water, dried, and ground for chemical analysis. Carbon content was determined by the potassium dichromate wet-oxidation method, nitrogen content was determined by the indophenol blue colorimetric method, and phosphorus content was determined by the vanadium molybdate yellow colorimetric method (Zhang et al., 2021).





2.3 Statistical analysis method

All data were tested for normality using the Shapiro-Wilke test and for homogeneity of variance using the Levene test. If the results don’t obey the normal distribution, the logarithmic function and the square root function are adopted to form normal distribution. Fisher’s LSD was used to analyze the statistical significance of the differences between the different treatments (p<0.05). Factorial analysis was used to judge the effects of phosphorus and drought on each index. Spearman correlation was used to analyze the relationship between each plant functional traits. Redundancy analysis (RDA) was used to study the relationship between the experimental conditions and the traits after logarithmic processing.





3 Result



3.1 Photosynthetic parameter results

According to the results of the light response curve, software analysis was used to obtain the maximum light saturation point, maximum photosynthetic value, and dark respiration rate, as shown in Table 2. The maximum light saturation point and maximum photosynthetic value of the low phosphorus treatment group were 37.0% and 38.2%, lower than those of the high phosphorus treatment group, and both differences were significant (p<0.05). The light saturation point of HPD reached 816μmol·m-2·s-1 and maximum photosynthetic rate reached 9.452μmol·m-2·s-1. These values were significantly higher than most other treatment groups (p<0.05).


Table 2 | Photosynthetic parameter results.






3.2 Biomass allocation characteristics and specific leaf area results

Figure 1 showed the biomass allocation characteristics and specific leaf area results. The results of fresh weight and dry weight of leaves showed that in both high-phosphorus and low-phosphorus treatments, drought treatment D group led to the highest values. Leaf fresh weight was 1.895g in LPD, 2.586g in HPD, and values from 0.708g to 1.096g in other treatment groups. The value of the HPD group is the highest and was significantly higher than all other groups (p<0.05). The difference in leaf fresh weight between high and low phosphorus groups was not significant (P>0.05).




Figure 1 | The effect of phosphorus and drought treatments on the biomass allocation (Mean ± SE, N=3). Different letters indicate significant differences in mean values between treatments based on ANOVA analysis.



The results of fresh weight of roots showed that in both high- and low-phosphorus group, drought treatment A led to the relative highest value of 1.517g, while treatment C had the lowest value under drought treatment of 0.794g. The differences between most of the treatment values were not significant. The differences in dry weight of roots were not significant.

The results of root shoot ratio of fresh weight showed that in both high- and low-phosphorus treatments, the values increased monotonically as the degree of drought treatment increased. Within the high- and low-phosphorus treatments, treatment A led to the highest value which was significantly higher than those of C and D groups (p<0.05). In high phosphorus treatment, the HPA value was 1.464, which is 3.494 times higher than HPD. In low phosphorus treatment, the LPA value was 1.755, which is 2.885 times that of LPD.

The results of leaf dry matter content showed that in both high- and low-phosphorus treatments, the values of drought treatment A are all higher than 0.5 and significantly higher than treatment D (p<0.05). There were no significant differences in root water content between the treatments.

The results of specific leaf area showed that in both high- and low-phosphorus treatments, the values of treatment D were the lowest. In the high-phosphorus treatment, the values of HPA, HPB, and HPC ranged from 147.588 cm2*g-1 to 254.700 cm2*g-1, while the HPD value were 84.163 cm2*g-1, significantly lower than other three treatments (p<0.05). In the low-phosphorus treatment, the values of LPA, LPB, and LPC ranged from 204.360 cm2*g-1 to 227.970 cm2*g-1, while the HPD values were 60.713 cm2*g-1, significantly lower than other three treatments (p<0.05).




3.3 Leaf biochemical parameters results

The results of leaf biochemical parameters were shown in Figure 2. The results of chlorophyll a showed that in both high- and low-phosphorus treatments, treatment D had the highest values, but the differences were not significant compared to the other drought treatments. Among all treatments, the HPD had the highest value of 3.074mg*g-1FW, significantly higher than the LPA(1.864 mg*g-1FW) and LPB(1.781 mg*g-1FW) (p<0.05). The results of chlorophyll b showed that the HPD had the highest result, 1.161 mg * g-1FW, significantly higher than the LPA (p<0.05), and the differences between the other treatments were mostly not significant.




Figure 2 | The effect of phosphorus and drought treatments on the concentration of biochemical parameters in leaves (Mean ± SE, N=3). Different letters indicate significant differences in mean values between treatments based on ANOVA analysis.



The results of MDA showed that the LP treatment was higher than the HP treatment overall. In the LP treatment, the LPA value was 1.514μmol *g-1 FW, significantly higher than most treatment groups, and they ranged from 0.621 to 1.134μmol *g-1 FW (p<0.05). In the HP treatment, the HPD value was 0.621μmol *g-1 FW, which was the relatively lowest value. The results of soluble sugar showed that in both high- and low-phosphorus treatments, treatment A had the highest value of 5.609μmol *g-1 FW, with HPA significantly higher than many other treatment (p<0.05).




3.4 Leaf anatomy indicators results

Figure 3 showed that epidermal thickness values in the high phosphorus treatment were generally higher than those in the low phosphorus treatment. The highest Stomatal length value was found in the HPD (24.333μm) and LPD (25.889μm) (p<0.05), the values for other treatments ranged from 17.556μm to 19.889μm. The stomatal width of the low phosphorus group is 11.38% lower than that of the high phosphorus group (p<0.05). Stomatal width in the HPD group was 13.333μm significantly higher(p<0.05) than in other (ranged from 8.889μm to 10.889μm).




Figure 3 | The effect of phosphorus and drought treatments on the leaf anatomy indicator. Different letters indicate significant differences in treatment means based on ANOVA analysis. The data of epidermal thickness in each treatment were transformed to conform to normal distribution in ANOVA analysis.






3.5 Chemical element content results

As shown in Figure 4, leaf phosphorus content in the high phosphorus treatment ranged from 0.951g*kg-1 to 1.664g*kg-1, which was significantly higher than 2.990g*kg-1to 3.590g*kg-1 in the low phosphorus treatment (p<0.05). The leaf phosphorus content of the low phosphorus group decreased by 56% compared to the high phosphorus group. But differences among the drought treatments were not significant. Differences in leaf nitrogen and root phosphorus content among treatments were mostly not significant. Root nitrogen content was highest in the HPC treatment (21.182g*kg-1), and differences among the other treatments were mostly not significant.




Figure 4 | The effect of phosphorus and drought treatments on the chemical element content. Different letters indicate significant differences in treatment means based on ANOVA analysis.



Root carbon content in the LPA, LPB, and HPD ranged from 54.011% to 57.150%, which was significantly higher than the 29.820% to 37.451% of other treatments (p<0.05). Leaf nitrogen to phosphorus ratio of the low phosphorus treatment ranged from 16.161 to 26.314, mostly higher than 5.896 to 9.588 for all high phosphorus treatments. Leaf nitrogen to phosphorus ratio of LPA was 26.314, significantly higher than all other treatments.




3.6 Root morphology results

Results of root morphology are shown in the Figure 5. The highest total root length was 719.786cm in the HPB and lowest was 313.857cm in the LPC. The results of surface area showed that the highest value in the high phosphorus treatment was 123.958cm2 in HPB, and the highest in the low phosphorus treatment was LPD value of 100.056cm2. In all treatments, the HPB had the highest value, and was significantly higher than the LPC (p<0.05), while differences among the other treatments were not significant.




Figure 5 | The effect of phosphorus and drought stress on the root morphology. Different letters indicate significant differences in treatment means based on ANOVA analysis.



According to the results, the A treatment had the lowest values in both the high phosphorus and low phosphorus groups for root length. The specific root length of HPA (10.857m*g-1) and LPA (9.235 m*g-1) was the lowest, and the other six treatments ranged from 12.564m*g-1 to 18.065m*g-1. The root tissue density was the relatively highest in the HPA, and there is no significant difference between other groups. The ratio of root surface area to root dry biomass was lowest in HPA (144.774cm2*g-1) and highest in HPB (316.221cm2*g-1). The results of the branching number to root length ratio showed the highest value for LPB and the lowest value for LPC.




3.7 Factorial analysis results

The results of the factorial analysis (Table 3) showed that the primary effects of phosphorus deficiency stress on most biomass distribution characteristics indicators and root morphology indicators were not significant. However, leaf fresh and dry weight, root shoot ratio of fresh weight, leaf dry matter content, specific leaf area, root surface area, root dry weight, branch intensity all had significant main effects under drought stress (p<0.05), indicating that drought had a significant impact on these indicators. Among them, F values of leaf dry matter content and specific leaf area were the highest, which were both over 10, indicating that the drought treatment had the strongest effect on them. Furthermore, there was a significant interactive effect between phosphorus deficiency stress and drought stress on leaf dry matter content (p<0.05).


Table 3 | The effects of phosphorus deficiency and drought stress on various traits based on factorial analysis.



Regarding anatomical indicators, the thickness of upper and lower epidermal cells and stomatal width were significantly affected by phosphorus deficiency stress (p<0.05), while stomatal length was significantly affected by drought stress (p<0.05). The thickness of spongy cells was significantly affected by the main effects of phosphorus deficiency stress and the interaction effects of phosphorus and drought stress (p<0.05).

Chemical element content analysis showed that the effects of phosphorus deficiency stress were significant on root carbon content, leaf phosphorus content, and leaf nitrogen-to-phosphorus ratio (p<0.05). The effect of drought stress was significant on root carbon content, while there was a significant interactive effect on leaf nitrogen and root carbon (p<0.05).

Results of biochemical parameter analysis showed that the main effects of drought and phosphorus deficiency stress were significant on malondialdehyde (MDA) (p<0.05). The F value of the drought treatment reached 12.119, which was nearly three times higher than the F value of the phosphorus deficiency treatment. It might indicate that drought caused stronger oxidative stress than phosphorus deficiency.The effect of drought stress was significant on soluble sugar content (p<0.05).

Photosynthetic parameters showed that the primary effects of phosphorus deficiency stress were significant on maximum photosynthetic value and light saturation point (p<0.05). Their F values all exceeded 15, indicating a strong effect of phosphorus deficiency on photosynthetic parameters. The interactive effect on light saturation point was significant (p<0.05).

Simple effect analysis was conducted on indicators which were affected by significant interactive effects. The simple effect of phosphorus treatment was significant (p<0.05) on leaf dry matter content and spongy cell thickness only under drought treatment C. Similarly, the simple effect of phosphorus treatment was significant (p<0.05) on root carbon content only under drought treatment ACD. Finally, the simple effect of phosphorus treatment was significant (p<0.05) on light saturation point only under drought treatment A.




3.8 Correlation analysis

The Spearman correlation analysis showed the relationship between the treatment levels and functional traits. In the Figure 6, the numbers in the lower left corner represent the correlation coefficients. In the upper right corner, blue indicates negative correlation, red indicates positive correlation, and an asterisk indicates a significant correlation. The following only showed results with significant correlation (p<0.05).




Figure 6 | Spearman correlation analysis showed the relationship between treatment levels and functional traits. In the area in the lower left corner, the number represents the correlation coefficient. In the upper right corner, blue indicates a negative correlation, red indicates a positive correlation, and * indicates a significant correlation. Interpretation of abbreviations: LFM, Leaf fresh mass; LDM, Leaf dry mass; RFM, Root fresh mass; RDM, Root dry mass; R/S(FM), Root shoot ratio (fresh mass); R/S(DM), Root shoot ratio (dry mass); LDMC, Leaf dry matter content; SLA, Specific leaf area; LN, Leaf nitrogen content per mass; LP, Leaf phosphorus content per mass; RN, Root nitrogen content per mass; RP, Root phosphorus content per mass; RC, Root carbon content per mass; SRL, Specific root length; RTD, Root tissue density; RSAB, the Ratio of root surface area to root dry biomass; BI, Branching intensity; TRL, Total root length; RSA, Root surface area; UET, Upper epidermis cell thickness; LET, Lower epidermis thickness; SL, Stomatal length; SW, Stomatal width; BT, Bubble cell thickness; LT, Leaf thickness; N/P, Leaf N/P ratio; Chla, chlorophyll a; Chlb, chlorophyll b; MDA, malondialdehyde concentration; SS, Soluble sugar concentration; LSP, light saturation point, Pnmax-maximum net photosynthetic rate; DR, dark respiration rate.



The correlation analysis to some extent indicates the co-variation relationship between various indicators. Among them, leaf fresh weight was positively correlated with stomatal length and width, leaf thickness, and negatively correlated with leaf dry matter content. Root fresh weight was positively correlated with root shoot ratio, root length, and other root morphology indicators, and negatively correlated with root dry matter content. Specific leaf area was positively correlated with root shoot ratio, leaf dry matter content, and soluble sugar content, and negatively correlated with total biomass, fresh and dry leaf weight, root phosphorus content, stomatal length and width, leaf thickness, and respiration rate. Root carbon content was positively correlated with leaf nitrogen-phosphorus ratio. Root phosphorus content was positively correlated with biomass and root weight. Leaf phosphorus was positively correlated with light saturation point, maximum photosynthetic value, chlorophyll a and b, carotenoids, upper and lower epidermal cell thickness, and negatively correlated with MDA. Among the anatomical indicators, the thickness of the lower epidermis was related to multiple types of indicators, positively related to leaf phosphorus, fresh leaf weight, leaf dry matter content, photosynthetic pigments, and light saturation point. Root indicators had a few significant correlations with other types of indicators. The absolute values of correlation coefficients between different types of traits are mostly between 0.4 and 0.6.




3.9 Redundancy analysis

Redundancy analysis (RDA) was performed on 16 functional trait indicators that could comprehensively represent the various aspects of the research material and had a good response to the experimental treatments. These indicators were selected based on the results of causality and correlation analyses, and indicators with poor response and those directly derived from basic indicators were excluded (Flexas et al., 2022).

Supplementary Tables 1, 2 showed that both phosphorus deficiency and drought significantly contributed to the traits of Carex breviculmis. Phosphorus deficiency contributed 53.5% while drought contributed 46.5% to the trait variation, indicating a similar contribution from both treatments. The RDA biplot displayed the treatment factors and plant indicators as two-dimensional arrows, where the length and direction of the arrows reflected the treatment conditions’ influence on the plant indicators, and the balance of the indicators was reflected by the arrows between them (Figure 7). The biplot indicated an orthogonal relationship between drought and phosphorus deficiency stresses. Drought was strongly positively correlated with leaf dry matter content, specific leaf area, and root fresh weight, but negatively correlated with leaf weight and anatomical traits. Phosphorus deficiency was positively correlated with root carbon content and dark respiration rate, but negatively correlated with leaf phosphorus content, root nitrogen content, maximum photosynthetic rate, stomatal width, lower epidermal thickness, and leaf fresh weight. Leaf phosphorus was negatively correlated with root carbon, while leaf dry matter content was negatively correlated with leaf fresh weight. Anatomical traits were positively correlated with leaf fresh weight and leaf phosphorus, and maximum photosynthetic rate. These results were consistent with the results of correlation analysis.




Figure 7 | Dual diagram of RDA. Red vector arrows represent the conditioning factors, and blue vector arrows represent the response variables.







4 Discussion



4.1 Response of Carex breviculmis to phosphorus deficiency stress

Overall, phosphorus deficiency had a minor effect on biomass allocation characteristics, root morphology, and root elemental content. However, it had a significant impact on leaf anatomical indicators, leaf chemical element content, and photosynthesis.

Leaves are the most adaptable and plastic organs to environmental changes, and can clearly reflect the effects of various stresses on plant growth and development. In this experiment, there was a large difference in phosphorus concentration between the two treatment levels, but the response of each yield allocation index to phosphorus deficiency stress was not significant. Some researchers believed that some of the plants with conservative growth strategies reduced their growth rate, nitrogen metabolism and utilization efficiency by adjusting their internal nitrogen utilization strategy under phosphorus limitation, thereby maintaining biomass (Moeneclaey et al., 2022; Han et al., 2021). This may explain why Carex breviculmis maintained its yield under phosphorus deficiency stress, but the specific mechanism needed further study. This characteristic made Carex breviculmis had the potential to be applied in phosphorus-deficient soils, thereby maintaining the biomass of ground cover plants with basic ecological service capacity.

At the same time, phosphorus deficiency had a significant main effect on leaf anatomical indicators, including upper and lower epidermal thickness and stomatal width. Previous studies have shown that phosphorus concentration can affect the proportion of primary meristem tissues in plants and the input of photosynthetic-related tissues, and cell elongation may also be limited by low phosphorus availability (Corrêa et al., 2017). These results may explain why some leaf tissue cells at low phosphorus levels have smaller microscopic sizes.

The impact of phosphorus deficiency was reflected directly in the chemical element content of leaves, with significant main effects on leaf phosphorus content, leaf nitrogen-phosphorus ratio. Due to phosphorus deficiency, plants would reduce the transport of leaf phosphorus and regulated the proportion of metabolic phosphorus to ultimately reduce the phosphorus content of the leaves (Tao et al., 2022; Yu et al., 2022). At the same time, phosphorus levels significantly affected the relationship between plant nitrogen and phosphorus. The leaf N:P ratio was generally regarded as an indicator of plant soil nutrient limitation. A ratio greater than 16 indicated phosphorus limitation. Some also believed that leaf N/P ratio reflected the balance between N and P absorption and loss, and the adjustment of helping plants better responded to the availability of nutrients in phosphorus-deficient soils (Drenovsky and Richards, 2004). According to the results, the nitrogen-phosphorus ratios of all drought treatments in the low phosphorus treatment group were greater than 16, indicating the phosphorus limitation of Carex breviculmis. At the same time, the nitrogen-phosphorus ratio of the A treatment (5% PEG6000) was significantly higher than that of other drought treatments, indicating that heavy drought stress exacerbates phosphorus limitation. Some studies have suggested that drought may exacerbate phosphorus deficiency symptoms, possibly due to osmotic pressure affecting the flow of phosphate ions, leading to a decrease in plant root absorption efficiency (Suriyagoda et al., 2014), or drought affecting root microbiota and enzyme activity related to root phosphatase and dehydrogenase. Another possible reason was that further affecting phosphorus absorption and transport (Paz-Ares et al., 2022).

Phosphorus deficiency had a significant negative impact on photosynthetic parameter, reducing the light saturation point and maximum net photosynthetic rate. Some researchers believed that low phosphorus supply and low leaf phosphorus might reduce the photosynthetic capacity of leaves due to the reduction in proteins that regulate CO2 enrichment, the Calvin cycle and the electron transport system (Thomas et al., 2006). However, Carex breviculmis maintained biomass despite the reduced photosynthetic productivity, which could be attributed to the improved efficiency of phosphorus recycling in senescent tissues or the deceleration of cellular metabolism (Han et al., 2021).




4.2 Response of Carex breviculmis to drought stress

In response to drought stress, Carex breviculmis exhibited changes in biomass allocation, root morphology, and partial leaf anatomical indices, while its chemical elements content and photosynthetic performance showed no significant alterations.

Leaves are the primary organs for plant transpiration, and more leaf biomass means greater water consumption, while roots are the primary organs for water absorption. Thus, under drought stress, plants adjust the allocation of above- and below-ground biomass to optimize water use and maintain their vital functions (Loudari et al., 2022).

Drought stress had a significant impact on biomass allocation features. Among the high and low phosphorus groups, the value of leaf weight in the non-drought stress treatment group was the highest, while the HPD (high phosphorus non drought treatment group) value was the highest among the eight treatment groups, significantly higher than most stress treatment groups. This result was consistent with previous studies that have verified the negative effects of drought on plant productivity from the perspectives of photosynthesis, ion transport, and stress resistance mechanisms (Osakabe et al., 2014). According to the results of the factorial analysis, the mild drought treatment C already significantly affected the fresh and dry weights of leaves but did not further decrease them as the degree of drought stress increased. Drought stress also leaded to an increase in leaf dry matter content, which was a direct consequence of reduced water content, but it also indicated that plants increased the solute content inside their bodies to enhance osmotic pressure and reduce water loss through transpiration (Barros et al., 2020).

In addition to the direct effect on leaf biomass, drought stress significantly affected the allocation proportion of resources between roots and leaves. The root shoot ratio is a sensitive growth index in plant stress physiology, which reflects the adjustment of plant biomass allocation to improve the absorption of light, water, and nutrients. In this study, the response of the root shoot ratio to phosphorus deficiency stress was not significant, but the response to drought stress was very clear, manifested by a significant decrease in leaf biomass while root biomass was almost unaffected. The numerical value of the root shoot ratio decreased from large to small according to the intensity of drought treatment (ABCD). This was consistent with previous research results, indicating the drought response strategy which Carex breviculmis reduced the resource investment in leaves and maintained the resource investmennt in roots on the one hand, this strategy reduced water evaporation caused by leaves, and on the other hand, it maintained the investment in roots to ensure the plants’ ability to obtain water from the substrate (Luo et al., 2021).

In terms of leaf anatomy indicators, both the length and width of stomata in Carex breviculmis responded significantly to drought stress. The length and width of stomata in the non-drought treatment (D) were both significantly higher than those in the drought-treated group (ABC treatments). Previous studies have shown that the shrinkage of stomata can reduce water transpiration loss, while also affecting carboxylation efficiency and sucrose phosphate synthase activity, leading to a decrease in plant productivity (Yang et al., 2022). This is also corroborated by the decrease in leaf biomass. On the other hand, drought reduced cell turgor pressure, which caused damage to cell division and inhibits elongation and extension. This leads to in the size of some cells, such as stomatal cells, being affected (Santos et al., 2015; Khan et al., 2023).

The impact of drought on the functional characteristics of root morphology was also significant, including root surface area and root dry biomass, the branch intensity, etc. When water supply in the substrate was insufficient, plants changed their root morphology to improve nutrient acquisition efficiency and improve their own growth, including biomass, root absorption area, number and length of root tips, etc. These indicators reflected that the root system of Carex breviculmis was using as few resources as possible, increasing the number of branches and the contact area between roots and soil, and further improving the efficiency and cost-effectiveness of resource absorption by the root system (Kang et al., 2022).




4.3 Dual effects of phosphorus and drought stress

The results of the dual effects of phosphorus deficiency and drought stress were noteworthy. Among the high and low phosphorus treatments, Treatment B (2.5% PEG application) had the highest ratio of root surface area to root dry biomass and the highest branching intensity. This might indicate that moderated drought stress, relative to no drought stress and severe drought stress, may induce plants to adopt a more effective strategy for resource acquisition by the root system. Additionally, treatment B in the high phosphorus treatment had the highest values for total root length and root surface area among all treatments, and was higher than Treatment B in the low phosphorus treatment. When the phosphorus supply was sufficient, plants might also invest more in the root system to cope with other stresses, such as drought, some studies have also confirmed this phenomenon (Jing et al., 2010).

Some studies have shown that fertilization can partially alleviate the damage caused by drought stress. The results of chlorophyll and MDA content in this study were consistent with this view, especially for Treatment A under drought stress. The high phosphorus treatment had a healthier value than the low phosphorus treatment (Xia et al., 2020).

The results of the redundancy analysis indicated that the functional trait response of Carex breviculmis was jointly affected by phosphorus and water. The light saturation point results showed that the phosphorus treatment has a significant simple effect (p<0.05) only under the A drought treatment. It was evident that phosphorus content significantly affected the level of light saturation point during severe drought stress. Previous studies have shown that phosphorus is an important element involved in photosynthesis, while drought reduced the important substrate of photosynthetic reactions, which was water (Wang et al., 2022). Under the dual stress of severe drought and phosphorus deficiency, the saturation point of photosynthetic reactions was lower, indicating that this indicator was more severely affected than under other treatments. At the same time, as mentioned earlier, the nitrogen to phosphorus ratio was significantly higher in the LPA treatment than in all other treatments. It may indicate that severe drought treatment exacerbates phosphorus deficiency symptoms in Carex breviculmis.




4.4 Trade-offs and synergies among different traits



4.4.1 Relationships and response strategies among traits

Plants often acquire limited resources, and how to allocate and utilize these resources reflects their “wisdom”. Exploring the relationships among different plant traits under different experimental conditions can effectively measure the plant’s resource allocation strategies (Yu et al., 2022).

The redundancy analysis and correlation analysis results provided some explanation about the effects of treatment conditions on the measured indicators. The selected indicators for the redundancy analysis covered root and leaf biomass allocation characteristics, leaf anatomical traits, photosynthetic indicators, and root morphology, and both drought and phosphorus deficiency have similar overall contributions to these indicators.

Phosphorus deficiency was positively correlated with root carbon content and dark respiratory rate, while negatively correlated with leaf phosphorus, maximum photosynthetic rate, stomatal width, and epidermal thickness. Phosphorus participated in photosynthesis and cell construction in plants, and its deficiency leaded to a decrease in photosynthetic capacity and affects photosynthetic and respiratory organs.

Drought levels were significantly correlated with several traits. Leaf fresh weight, lower epidermal thickness, stomatal length was negatively correlated with drought levels, while root shoot ratio of dry weight, leaf dry-to-fresh weight ratio, specific leaf area, and branching intensity were positively correlated with drought levels. According to with the previous analysis, it could be concluded that drought had a negative impact on the yield and microstructure of leaves in Carex breviculmis. The significant change in leaf dry matter content was also very typical to indicate the stress of drought on leaf physiology (Lienin & Kleyer, 2011). However, the relationship between specific leaf area and drought stress was not consistent with some studies and would be discussed later. At the same time, drought had a positive impact on the biomass proportion and resource utilization efficiency of the root system, which was consistent with previous research.

In the correlation results of various functional traits between leaves and roots, leaf fresh weight was negatively correlated with root shoot ratio, indicating that Carex breviculmis had a trade-off between leaf and root investment, especially in drought treatments. The change in root shoot ratio showed a significant decrease in leaf investment to ensure root investment strategy.

The correlation results between leaf biomass and leaf anatomical indices showed that leaf fresh weight was positively correlated with lower epidermal thickness, stomatal width, and leaf thickness, while these anatomical indices were negatively correlated with drought stress levels. This indicated that when drought stress was severe, leaf fresh weight decreased while microstructural size also decreased in coordination to counteract the stress.

It was worth noting that stomatal width and lower epidermal thickness were two representative anatomical indices that were correlated with many key measurement indicators. For example, lower epidermal thickness was positively correlated with fresh leaf weight, stomatal length, and light saturation point, while it was negatively correlated with specific leaf area and root shoot ratio. This finding might link microstructural size with the yield and distribution characteristics, photosynthetic capacity, and chemical element content of plant individuals. Previous studies have shown that the physiological changes in plants in different environments were coordinated with changes in microstructure (Ivanova et al., 2018). The co-evolution of physiological function and leaf anatomical characteristics enhanced the ability of plants to cope with the environment. It confirmed that the thickness of the epidermal cells was significantly positively correlated with local precipitation (Liu et al., 2021). Therefore, some anatomical indices were potential predictable in the trait set.

Root traits, in comparison to leaf traits, were relatively weak predictors. Although some root traits have been shown to improve efficiency under moderate drought stress in Section 4.3, most root traits and their relationships with other root traits or leaf traits were not significantly correlated. This phenomenon was common in the theory of root economics spectrum. Several studies have suggested that root environments were more complex than leaf environments, and root traits exhibited diverse and varied responses to environmental nutrients and stress. Therefore, the responses of root system traits to environmental factors were relatively independent among different species and environments, lacking coordination (Shen et al., 2022). Most root traits, including SRL and RSAB, which were considered to have the potential to become core traits, were not always coordinated with leaf traits. This might be due to mismatches in trait measurement standards or differences in the way plants allocate above-ground and below-ground resources. In summary, the correlations between root traits were difficult to explain clearly (Kramer-Walter et al., 2016).




4.4.2 Discussion of unusual results

Specific leaf area (SLA) was a core indicator of leaf economics spectrum, closely related to multiple leaf traits, and reflected the strategies that plants adopted to cope with ecological environments at the individual level. However, the changes in SLA in this study were not entirely consistent with previous research. Generally, a higher value of SLA often indicated a larger leaf area, thinner leaves, and more exposure to light, all of which reflected higher indicators of leaf resource utilization efficiency of the same quality (Wright et al., 2004; Lienin and Kleyer, 2011). In this study, drought stress caused an increase in the value of SLA in Carex breviculmis, and a higher SLA predicted a higher root shoot ratio, wider stomatal length, thicker leaves, and higher dark respiration rates. This reflected that Carex breviculmis is more inclined to respond to drought by shrinking stomata and reducing respiration intensity, which is consistent with most studies.

However, some results were not consistent with previous studies on leaf economic spectrum, such as Problem A: the nitrogen-phosphorus correlation between SLA and leaves was not significant, Problem B: higher SLA appeared in drought treatment. Problem C: the changes in SLA and leaf dry matter content were positively correlated.

Problem A may be related to phenology and plant age. In leaf phenology studies, some researchers suggested that leaf traits may be significantly affected by phenology and plant age (Liu et al., 2019). Changes in phenology and plant age may decouple intraspecific trait-trait relationships from the global leaf economics spectrum. Due to the different levels of nitrogen and phosphorus consumption in different leaf stages, the time and size of nitrogen and phosphorus fluxed entering and leaving the leaves differ, resulting in differences in the relationship between chemical elements and traits such as SLA (Townsend et al., 2007; Liu  et al., 2021). This made the correlation between SLA and leaf nitrogen and phosphorus elements, especially in mature leaves, may not be significant. In this study, leaf samples were not distinguished by different developmental stages. It was possible that the difference in leaf age and phenology might have led to a decrease in the coordination strength between SLA and nitrogen and phosphorus. Ultimately, this results in their relationship not being consistent with the results of some leaf economics spectrum studies.

The reason for Problem B might be complex. Moderate drought forced plants to adopt a resource gain strategy that maximizes short-term high-resource returns under drought stress, to compensate for losses and cope with risks (Navarro and Hidalgo-Triana, 2021). In addition, previous research had shown that drought led to a down-regulation of sucrose-phosphate synthase activity, which inhibited carbohydrate synthesis, while an up-regulation of invertase promoted the decomposition of related carbohydrates, ultimately reducing carbohydrate content and biomass under drought stress (Li et al., 2023). Meanwhile, plants used the fixed carbon from photosynthesis to produce secondary metabolites to resist drought stress (Attarzadeh et al., 2020). The results of this study indicated that drought had a negative impact on the aboveground biomass and carbon content of rhizomes, while the strategy adopted by Carex breviculmis included reducing water loss and increasing specific leaf area, i.e. reducing stomatal and respiratory rated to avoid water evaporation on the one hand, and using fewer leaves, lower leaf mass, and thinner leaf thickness to increase specific leaf area on the other hand, to obtain the largest possible supplement of photosynthetic resources. The response of leaf thickness to drought was considered complex and controversial (Poorter et al., 2009). Therefore, the expansion of leaf area to receive light and compensate for decreased carbohydrate productivity under drought treatment in Carex breviculmis might be a response to this unfavorable situation.

Problem C exhibited a rare phenomenon of coordinated changes in SLA and leaf dry matter content, which was supported by a few desert plants. This indicated that the utilization and adjustment ability of leaf tissue in Carex breviculmis under drought stress was extremely powerful (Akram et al., 2022). In addition, some studies had shown that the relationship between SLA and LDMC under drought stress might not necessarily be in harmony with environmental gradients (Yang et al., 2022). This warranted further research at the genetic and molecular level in the future.






5 Conclusion

In this study, we selected phosphorus deficiency and drought, which may become future environmental stress, as treatment factors, and investigated the response of different traits and the trade-offs between traits in Carex breviculmis.

This study showed that, (1) the response of Carex breviculmis traits to the two stresses: variations in biomass allocation characteristics and root morphology were mainly caused by drought stress, especially the decrease in leaf weight and the increase in root efficiency. While variations in anatomical traits, chemical elements, and photosynthetic parameters were mainly caused by phosphorus deficiency stress, especially stomatal width, leaf phosphorus content and maximum net photosynthetic rate have decreased. (2) The ecological response strategies of Carex breviculmis were as follows: under drought stress, Carex breviculmis maintained the balance of physiological functions by reducing the investment of leaf biomass and improving root efficiency. Although some microstructures and physiological functions were affected by phosphorus deficiency stress, the above- and below-ground biomasses were well-maintained through a series of physiological regulation. (3) The combined effect of severe drought and phosphorus deficiency resulted in a greater negative impact on photosynthesis and leaf nitrogen phosphorus ratio in Carex breviculmis. (4) Among the anatomical traits, the lower epidermal cells and stomatal width were more special. They showed close correlations with other types of traits such as biomass allocation characteristics, photosynthetic parameter, chemical elements, and specific leaf area.

These research results to some extent reveal the ecological potential of Carex breviculmis in the stress environment. Some of strategic features, such as maintenance of biomass under low phosphorus stress, enhancing the relative investment and use efficiency under drought stress, are conducive to plant survival. These stress-tolerance strategies of Carex breviculmis may allow it to be potentially promoted in areas with phosphorus deficiency but moderate drought, or in areas with more ideal conditions, laying the foundation for generating habitats with certain biomass and ecological service capacity. These strategies can also be used as a reference for the adaptive capacity of other plants.

However, several issues still need to be further explored in the future. For example, (1) there were some unusual correlations between specific leaf area and some indicators that cannot be fully explained by leaf economics spectrum. It needs to be explored. (2) The molecular regulatory mechanisms of traits in response to stress need further study. Particularly, what biological processes occur under low phosphorus stress that made biomass not significantly affected. (3) Possible soil microbial communities, interspecific interactions and other factors were neglected in this pot experiments. Further field experiments are needed to verify the potential of Carex breviculmis for application in natural environments. In summary, the response strategies, mechanisms, and ecological application potential of plants under phosphorus deficiency and drought stress are worth continuous investment.
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Sugarcane productivity is being hampered globally under changing environmental scenarios like drought and salinity. The highly complex nature of the plant responses against these stresses is determined by a variety of factors such as genotype, developmental phase of the plant, progression rate and stress, intensity, and duration. These factors influence plant responses and can determine whether mitigation approaches associated with acclimation are implemented. In this review, we attempt to summarize the effects of drought and salinity on sugarcane growth, specifically on the plant’s responses at various levels, viz., physiological, biochemical, and metabolic responses, to these stresses. Furthermore, mitigation strategies for dealing with these stresses have been discussed. Despite sugarcane’s complex genomes, conventional breeding approaches can be utilized in conjunction with molecular breeding and omics technologies to develop drought- and salinity-tolerant cultivars. The significant role of plant growth-promoting bacteria in sustaining sugarcane productivity under drought and salinity cannot be overlooked.
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1 Introduction

Globally, sugarcane (Saccharum officinarum) is a commercial crop with high demand. It is extensively used in the sugar industry and the production of bioethanol (Vital et al., 2017). Sugarcane is widely grown in tropical as well as subtropical climatic regions, covers approximately 24.9 million hectares worldwide, and is cultivated in nearly 80 countries with a total production of 174 million tons (OECD/FAO, 2019). Sugarcane productivity and sustainability are both affected by abiotic changes, as are other crops. Climate change increases crop susceptibility to various abiotic stresses (e.g., drought, salinity, temperature, and waterlogging) and biotic stresses (e.g., pests, diseases, and weeds) in current and future scenarios. The severity of these stresses has significant economic and ecological repercussions on sugarcane production systems worldwide. Population growth, which is increasing continuously, could reach approximately 10 billion by 2050 (Food and Agriculture Organization of the United Nations [FAO], 2017), and rapid globalization puts pressure on agricultural land, shifting crop cultivation to marginal and less suitable lands. The adverse effect of environmental changes also leads to yield reductions and total crop production. High and low temperatures, floods, drought, and salinity stresses are major factors that impede crop yield.

Abiotic stresses have harsh impacts on plant morphological, anatomical, and physiological growth. Abiotic stresses, in general, have an impact on stomatal conductance, chlorophyll synthesis, leaf growth, transpiration, photosynthesis machinery, enzyme activity, membrane stability, and ultimately crop productivity (Gujjar et al., 2020). Drought affects nearly 30% of agricultural land globally (Dinh et al., 2017). Drought or water deficit inhibits physiological and biochemical processes such as growth, development, photosynthesis, and respiration, resulting in a loss in total biomass and juice production (Verma et al., 2019; Gujjar et al., 2021). According to the Food and Agriculture Organization of the United Nations (FAO) estimates, drought caused an 80% drop in global productivity (FAOSTAT 2019). Almost one-third (~33%) of the world’s arable land is salinized, which reduces production and yield significantly. In the present scenario, drought (water scarcity) is a major factor leading to lowering cane productivity and sugar recovery. Zhang et al. (2015) observed clear damage in the structure of the chloroplast of sugarcane leaves during drought or water-deficit conditions.

To cope with adverse environmental situations, plants have developed a variety of coping methods, including escape, avoidance, tolerance, or a combination of these. In case of escape, the plant completes its life cycle before the commencement of an unfavorable environment. However, in sugarcane, being a long-duration crop, this mechanism is ineffective. The second mechanism is stress avoidance, which involves developing the mechanism to endure normal growth and development under stress that can be achieved through morphological modification such as reducing leaf width and length, senescence of old leaves, and stomata closure to reduce water loss (Gujjar et al., 2020). The physiological response of plants to cope with stress involves cross-talk of distinct pathways like signal transduction cascades, and phytohormone transduction pathways (Gujjar et al., 2019). As the abscisic acid (ABA) concentration rises, the efflux of K+ and Ca2+ ions starts, which accumulates in the guard cells. This leads to the closing of stomata and prevents loss of water by upregulation of soNCED gene in sugarcane (Li et al., 2013) and several other ABA-responsive genes in plants (Gujjar et al., 2014; Gujjar et al., 2020). Salicylic acid (SA) protects the plant from drought (water deficit) and salinity stresses. SA is a phenolic compound that regulates plant resistance. It binds to the SA receptors and induces SA genes via nitric oxide action. Nitric oxide activates ICS1 gene and the SA pathway (Verma, 2021). Drought stress condition leads to the increased activity of sucrose-phosphate synthase (SPS) over adenosine diphosphate (ADP) glucose pyrophosphorylase in sink tissues, promoting sucrose synthesis over starch by interfering with ADP glucose pyrophosphorylase. Higher sucrose synthesis promotes the biosynthesis of osmoprotectants, which protects plants from osmotic stress.

Genetically engineered plants with compatible solutes such as glycine betaine, sorbitol, mannitol, and proline enhance abiotic stress tolerance (Gujjar et al., 2019; Gupta et al., 2022). Conventional plant breeding can help to cope with abiotic stress by developing tolerant lines of a few selected crops specific for drought, but this technique takes more time and labor, and it is costly (Ashraf, 2010). Breeding techniques like trait-based selection, inheritance studies, marker-assisted selection (MAS), genome-wide association study (GWAS), genetics, and approaches using gene editing and omics (genomics, proteomics, transcriptomics, and metabolomics) are better ways for selecting and developing heat- and drought-tolerant genotypes (Oladosu et al., 2019). The science of stress biology has progressed extensively to develop tolerant plants, and integrating conventional breeding with omics technology will open new avenues for future research. In this review, we have discussed physiological and biochemical changes during drought and salt stresses, and mitigating opportunities using approaches such as genome editing, conventional breeding, and omics technology.




2 Physiological responses of sugarcane under drought and salinity stresses

Initial sensing and response communication of plants toward both drought and salinity are nearly identical due to the induction of osmotic stress upon exposure that causes a reduction in growth and stomatal aperture, and nutritional deficiency (like K+ and Ca2+). However, in addition to dehydration, plants experience ionic stress during prolonged salt exposure, which causes leaf senescence and impairment in photosynthesis leading to a further negative impact on growth (Vasantha et al., 2017). Root elongation increases during long-term drought exposure, as evidenced by the need for plants to access groundwater (Brunner et al., 2015). However, prolonged exposure to salinity stress leads to heavier roots that accumulate more chloride. The accumulation of enormous concentrations of ions, especially Na2+, has negative impacts on photosynthetic machinery, resulting in a reduction in enzyme activities as well as the synthesis of pigment. These stressful states reduce the rate of carbon assimilation, while the inability of plants to absorb surplus light leads to enhanced accumulation of reactive oxygen species (ROS), which consequently results in oxidative stress. Most plant species have a mechanism for salt exclusion, which can counteract salt entry into the plant cell by reducing concentration in the cytoplasm via sequestration into the vacuole (Khan et al., 2019). Negative effects on photosynthesis and other physiological activity can be reduced by modifying their physiological processes.



2.1 Photosynthesis

Photosynthesis is a prime physiological process that can be the principal target of drought- and salinity-induced imbalance (Chaves et al., 2009) (Figure 1). A high amount of water is required in sugarcane during tillering and the grand growth phase to sustain the physiological activity as well as growth and development, and in such a way, sugarcane is more vulnerable to drought stress at this phase of development (Dinh et al., 2017). Sugarcane, as a C4 crop, has a unique CO2 concentrating system that gives it an advantage over C3 crops in terms of reduction of photorespiration and maximization of its water use efficiency (Ghannoum, 2009; De Souza et al., 2018). Reduced leaf water potential decreased photosynthetic enzyme activity such as ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCo), phosphoenolpyruvate carboxylase (PEPC), nicotinamide adenine dinucleotide phosphate-malic enzyme (NADP-ME), and pyruvate, phosphate dikinase (PPDK). The decrease in activity was most pronounced in PPDK (Du et al., 1998). Sugarcane has two distinct modes of C4 metabolism depending on their decarboxylating enzymes, namely, NADP-ME and phosphoenolpyruvate carboxykinase (PEPCK), and PEPCK is more prevalent than NADP-ME (Calsa and Figueira, 2007).




Figure 1 | Consequence of drought and salinity on the photosynthetic performance. Downregulation of enzymatic activity as well as electron transport chain (ETC) that leads to rupture of membrane, reduced CO2 availability, and senescence of leaf are the events taking place under drought stress. In contrast, salinity leads to ion toxicity, disruption of membrane, reduction in stomatal conductance, lower PSII quantum yield, and slower electron transport rate, which will, in turn, reduce the photosynthetic enzyme activity.



A substantial drop in physiological attributes during drought stress in both susceptible and tolerant genotypes of sugarcane can be noticed, while the severity of the adverse effect was pronounced in susceptible genotypes. Higher biomass accumulation, increased photosynthetic rate, and antioxidant enzyme activities were exhibited by tolerant genotypes (Zhang et al., 2020). Physiological processes and the yield of sugarcane were significantly affected under drought stress (Silva et al., 2008; Basnayake et al., 2012). The decline in the photosynthesis rate led to the consequent reduction in the yield during drought (Zargar et al., 2017). Plants can reduce their stomatal aperture in response to drought situations, and when the stress condition persists, impairment in the leaf photochemistry and carbon metabolism results in negative consequences on photosynthesis. Reduced stomatal aperture prevents or minimizes water loss, and this protection system can be considered an adaptive response toward drought onset (Saradadevi et al., 2017).

Drought stress-induced non-stomatal constraint has been described as a major obstacle that inhibits the photosynthesis in sugarcane (Ribeiro et al., 2013), under severe drought, or prolonged moderate drought conditions in sugarcane production systems (Basnayake et al., 2015). Under mild water deficiency, changes in the activity and amount of the RuBisCo were reported at the transcription level (Zhang et al., 2013). Moreover, ROS production in the chloroplast under a stress state reduces the adenosine triphosphate (ATP) production by decreasing the activity of ATP synthase, consequently lowering the regeneration capacity of substrate ribulose-1,5-bisphosphate (RuBP). Early onset of drought stress in sugarcane led to the reduction in the efficiency of photosystem (PS)-II by lowering the maximum quantum yield (Leanasawat et al., 2021). Physiological traits like the maximum quantum yield of PSII efficiency (Fv/Fm), stomatal conductance, and net photosynthetic rate have been investigated in sugarcane during drought stress and recommended for the improvement in yield under drought (Jangpromma et al., 2010; Cha-um et al., 2012).

Even though plants have complex machinery to adapt under osmotic and ionic stresses induced by high salt through an osmotic adjustment with the aid of elevated levels of compatible solute accumulation, drastic retardation of growth at various stages is substantiated due to the highly sensitive nature of sugarcane (Plaut et al., 2000). Reduced photosynthetic efficiency under salt stress conditions debilitates productivity and quality (Akhtar et al., 2003), resulting in a reduction in stalk sucrose concentration (Rozeff, 1995). Reduction in the photosynthetic rate in sugarcane under salinity stress is probably a response against stress in which loss of moisture is prevented through the partial closure of stomata, followed by stomatal conductance reduction, reduced transpiration rate, and, subsequently, limitation in the internal stomatal CO2 concentration (Sharma et al., 2021). However, non-stomatal factors such as degradation of chlorophyll and reduction in photosynthetic enzyme activity could also play a major role (Vasantha et al., 2010). Additionally, salt stress influences other components of the photosynthetic machinery, such as chlorophyll and other accessory pigments, biosynthetic enzymes, and carbon fixation competency of the RuBisCo (Demetriou et al., 2007). The susceptibility of light-mediated photosynthetic reactions has been investigated against salt stress and was found to be extremely high. Salinity-induced photosynthesis inhibition is somewhat related to the PSII complex. Reduced PSII activity and a decrease in electron transport quantum yield alter the pigment–protein complex of photosynthesis (Demetriou et al., 2007). Reduction in maximum quantum yield of PSII efficiency (Fv/Fm) in sugarcane under salinity stress due to lesser uptake of water lowers the ATP synthase electrochemical potential as well as photo-system-I, which can further hinder the ATP and NADPH production through interference in photosynthetic apparatus (Silva et al., 2018). Variation in the photosynthetic complex parameters relies on the duration and severity of stress, with plant species being the main factor.




2.2 Chlorophyll content

The leaf chlorophyll content of the plant plays a significant role in its photosynthetic capacity. Under salinity or drought conditions, a reduction in chlorophyll content caused by photooxidation of photosynthetic pigments and degradation of chlorophyll is supposed to be a consequence of oxidative stress. Sugarcane is an isohydric plant, capable of maintaining water potential under water-deficit conditions (Meinzer and Grantz, 1990), and this characteristic of the plant helps to use water more efficiently under mild-to-moderate osmotic stress. However, under severe stress conditions, the chloroplast structure of plants is affected due to their chlorophyll content, which leads to a reduction in photosynthetic rate. Different studies have reported that sugarcane chlorophyll concentration decreases in response to osmotic stress (Tang et al., 2021). Sharma et al. (2021) reported a reduction in SPAD (soil plant atmosphere device) reading of sugarcane under salt stress by 56% as compared to their non-stressed counterparts. Under extreme drought stress conditions, the tolerant sugarcane varieties had higher SPAD values (Zhang et al., 2020). Reduction in total chlorophyll content was noticed in both tolerant and susceptible sugarcane clones exposed to salinity, and the level of reduction was less in tolerant clones. Additionally, phenolic and anthocyanin syntheses increased (Wahid and Ghazanfar, 2006). During salt stress, the chlorophyll content of sugarcane becomes reduced, and this impacts the plant’s photosynthetic capacity. Commercial varieties, which have higher chlorophyll content during salt stress, exhibit higher activity of aminolevulinic acid synthase (ALA synthase) or lower chlorophyllase (Dhansu et al., 2022). The interruption in the photosynthetic potential caused by lower photosynthetic pigments reduces the primary production efficiency of the cane crop.




2.3 Phytohormonal regulation

The recognition of the stress event initiates cascades of signal transduction; further interaction with the phytohormones transduction of signal via pathway takes place (Harrison, 2012). Moreover, their important role in plant growth endogenous phytohormone assists in the adaptation of plants to drought and salt stresses through manipulation of their molecular and physiological responses (Fahad et al., 2015; Wani et al., 2016). A diverse group of phytohormones such as ABA, cytokinins (CK), SA, indole-3-acetic acid (IAA), jasmonic acid (JA), and gibberellins (GA), biosynthesis, accumulation, and their further distribution are all influenced under drought and salt stress conditions (Eyidogan et al., 2012; Gujjar and Supaibulwatana, 2019). Rodrigues et al. (2011) reported the differential expression of genes associated with hormone metabolism, stress response, signal transduction, and photosynthesis under different levels of drought in sugarcane. Under drought- and salt-induced stress, signal perception triggers the synthesis of phytohormone, abscisic acid, which plays a significant role in the stress response. Stress perceived by plants triggers the ABA synthesis principally in roots. Moreover, synthesis of ABA can also take place in the leaf cells; further, it can be translocated throughout the plant and can regulate the physiological activities such as stomatal aperture, activities of channels, and upregulation of ABA response-associated genes (Gujjar et al., 2014; Fahad et al., 2015; Ullah et al., 2018). Li et al. (2014) suggested that the endogenous synthesis of ABA as well as its exogenous application in sugarcane imparts drought tolerance through enhanced expression of its antioxidative system. A steady decline in the transpiration rate as well as stomatal conductance, associated with increased ABA content, was observed in sugarcane during rising drought conditions introduced for up to 9 days (Li et al., 2016).

Endogenous ABA, as well as exogenous application, regulates the stomatal closing and opening (Wilkinson and Davies, 2002) via one of the various signaling pathways (Neill et al., 2008) involving a network of alternative intermediate molecules such as secondary metabolites and mineral ions (An et al., 2016; Li et al., 2016). ABA-regulated gene in sugarcane, SoNCED, upregulated under drought stress, which encodes an enzyme 9-cis-epoxy carotenoid dioxygenase, which commits the rate-limiting steps of ABA biosynthesis (Li et al., 2013). Bundle sheath cell’s water status regulation is linked to SoDip22 (sucrose-phosphate synthase) (Sugiharto et al., 1997). The effect of IAA is extensively accepted for the invigorations of plant growth and their development (e.g., apical dominance, cell elongation, and vascular tissue expansion) (Fahad et al., 2015). This phytohormone appears to carry out growth correspondence during drought and salt stresses (Eyidogan et al., 2012; Iqbal et al., 2014), induce the expression of genes responsible for the initiation of the root meristem, accelerates the root branching, and improves stress tolerance in plant. Li et al. (2016) found an increase in both ABA and IAA contents in sugarcane in response to drought stress.

Salicylic acid, as a phenolic compound, is generally associated with pathogen-mediated protein expression and regulation (Miura and Tada, 2014). Additionally, various reports highlighted the importance of SA in combating drought and salt stresses and defending the plant against them (Fahad and Bano, 2012). Almeida et al. (2013) reported the differential expression of sucrose-phosphate and trehalose-6-phosphate under drought stress in sugar cane following the foliar application of SA.




2.4 Source/sink interplay

Carbon assimilation and conversion into the glucose and other sugars are carried out into the source organs (exporter of photosynthates, e.g., completely developed leaves), and photo assimilates are exported to the sink organs (photo accumulation importers, e.g., stems, root, fruits, and seed) for the growth and development of plant organ (Yu et al., 2015). During plant growth phases, communication between organs of source and sink influences the assimilation of carbohydrates and their partitioning/allocation, both of which are closely related to photosynthesis. Reduction in the photosynthetic activity under drought and salt stress conditions exacerbates the effect on carbon flow in sink organs (Courtois et al., 2000; Lebon et al., 2006). Drought and salinity stresses influence phloem loading and sugar metabolism and have been extensively studied (Pattanagul and Thitisaksakul, 2008; Lemoine et al., 2013). Reduced photosynthesis leads to the alteration in carbohydrates at the source and inconsistency in the translocation pattern between source and sink levels under drought and salinity, particularly in sucrose-translocating plants (Pattanagul and Thitisaksakul, 2008). Furthermore, the reduction in demand caused by stress-induced growth limitation raises the sugar concentration.

During drought stress, the expression of various genes including gluconeogenic enzymes fructose-bisphosphate aldolase (Cramer et al., 2007), soluble sugar phosphorylating enzyme hexokinase (Whittaker et al., 2001), and enzyme associated with the biosynthesis of the raffinose family oligosaccharide galactinol synthase (Taji et al., 2002) enhanced, as exhibited by their abundance at the transcript level in the source leaves. Enhancement in the activity of sucrose-phosphate synthase over ADP glucose pyrophosphorylase in sink tissues under drought stress augmented sucrose synthesis over starch by interfering with the ADP glucose pyrophosphorylase (Geigenberger et al., 1997). Maintenance of cell turgidity under drought can be regulated through a higher content of sugar found in the cytosol, which lowers the osmotic potential (Razavi et al., 2011). Subsequently, a decline in photosynthetic activities as well as leaf senescence can be observed. An increase in plant sugar levels under drought stress is probably an attempt by plants to balance their metabolism for the further maintenance of osmotic homeostasis (Giné-Bordonaba and Terry, 2016). Since sugar concentration acts as a differential sensor for the process like, leaf development by the route of senescence may become affected; however, it can be utilized in carbon mobilization and subsequent reallocation to assist the host plant in mitigating drought-induced negative effects (Whittaker et al., 2001).

Irrigation with poor quality water commonly leads to the salinity stress that initially affects the physiological traits of the plants as influenced under drought stress, specifically the early response of the plant, since both the stresses interrupt the water absorption via the root system through osmotic effects (Navarro et al., 2008). Moreover, prolonged exposure to particular stress affects differently, and the transport of sodium into the plant tissues by the route of the transpirational pull leads to sodium toxicity that can be considered as an initial response to stress. The involvement of K+ channels in Na+ recirculation via leaf phloem to roots led to a decrease in Na+ concentration in leaves (Berthomieu, 2003). The distinct mechanisms utilized by plants to alleviate salt stress are either reduction in cytoplasmic salt concentration or curtailed entry of ions into the plant tissues.





3 Biochemical responses of sugarcane under drought and salinity stresses

Production of ROS under stress conditions damages membranes and plant biomolecules that affect physiological processes. Antioxidant defense system scavenges the ROS produced in plant cells, which participates in better crop development, plant redox signaling, and plant–microbe mutualism (Hasanuzzaman et al., 2020). Plants utilize enzymatic and non-enzymatic antioxidant defense mechanisms to alleviate the destruction caused by ROS production. Enzymatic antioxidant involves catalase (CAT), superoxide dismutase (SOD), peroxidase (POX), ascorbate peroxidase (APX), lipid peroxidase (LPX), glutathione peroxidase (GPX), and glutathione reductase (GR). The non-enzymatic antioxidants are tocopherols, stilbenes, phenols, ascorbate, glutathione, flavonoids, and carotenoids. In the last decades, flavonoids have been considered a powerful antioxidant in plant systems. These enzymatic and non-enzymatic antioxidant systems and osmolytes quench ROS produced during drought and salinity stresses (Kumar et al., 2021), thereby defending cells from oxidative stress, as shown in Figure 2.




Figure 2 | Defense system of sugarcane to combat and tolerate drought- and salinity-generated ROS and their consequence. ROS, reactive oxygen species.



The antioxidant defense mechanism has a significant role to prevent drought and salinity stresses and promote crop growth (Gupta et al., 2022). During aerobic metabolism, nearly 1–2% of oxygen uptake by plants is converted into ROS as a by-product in cell organelles like mitochondria, the chloroplast, and peroxisomes. Singlet oxygen, hydroxyl radical, superoxide radical, hydrogen peroxide, alkoxy radicals, and peroxy radicals are classified as reactive oxygen species (Miller et al., 2010; Farnese et al., 2016). Photochemical and electron transport chain reactions mainly contribute to ROS generation in plant cells. Abiotic stress conditions, especially drought and salinity, lead to the exponential hike in ROS production, and antioxidant defense systems are unable to scavenge the ROS produced, leading to oxidative burst that damages biomolecules, osmotic balance, and cellular homeostasis (Maier et al., 2001; Segal and Wilson, 2018).

During the crop growth cycle, plants experience several stresses and utilize their inherent system to combat those stresses, which can be referred to as innate tolerance. However, acquired tolerance is the mechanism that evolved in some plants to overcome these stress conditions. These phenomena acknowledged the immune response of plants against stress (Gupta et al., 2022).



3.1 Antioxidant systems

Plants developed complex oxidation–reduction reaction in which ROS are used as markers to regulate normal and stress-related biological processes (Mittler et al., 2011). The activation of the antioxidant defense system is an important chemical process to oxidative stress with respect to plant adaption. Thus, the positive regulation at the transcriptional and post-transcriptional levels of the antioxidant defense system acts as an important marker for stress such as drought and salinity (Gill and Tuteja, 2010). The important ROS scavengers in plants are APX, CAT, and GPX. In comparison to the upregulation of CAT and GPX, the upregulation of APX occurs strongly at the post-transcriptional level. APX is a marker enzyme for the cytosol, chloroplast, and peroxisomes and is found in all plant species. Mittler and Zilinskas (Mittler and Zilinskas, 1994) found higher activity of APX during drought stress in peas. In Arabidopsis, alx8 mutant (altered expression of APX2) has increased tolerance toward drought stress (Estavillo et al., 2011). Transgenic tobacco with overexpressed APX (peroxisomal/cytosolic) from poplar has increased plant performance during drought (Rodrigues et al., 2009). Rodrigues et al. (2009) observed enhanced expression of a peroxidase gene in a drought-tolerant sugarcane cultivar, and a decrease in peroxidase activity is considered to be a limiting step to sugarcane ROS deactivation (Chagas et al., 2008).

CAT is a tetrameric heme-containing enzyme. In peroxisomes, the reaction of catalase involves the dismutation of H2O2 into H2O and O2•−. An isomeric form of catalase (CAT2) is important during severe drought stress. CAT activation occurs at the post-transcriptional level. The complex regulation of CAT activity involves gene expression, translation, and protein turnover when plants are exposed to severe drought (Sofo et al., 2015). The activities of APX and CAT control redox levels in cells and may contribute to the increased capacity of some sugarcane cultivars to decompose H2O2 under drought conditions (Jain et al., 2015; Sales et al., 2015). SOD is a class of metalloenzyme. It catalyzes the dismutation of two molecules of O2•− into molecular oxygen and H2O2. The higher activity of SOD isoforms (Mn-SOD, Fe-SOD, Cu, and Zn-SOD) counteracts O2•− accumulation in different cell organelles during drought stress. Transgenic plants that are more drought-tolerant expressed higher activity of Cu-Zn SOD (Wu et al., 2016). SOD activity in sugarcane is regulated by water-deficit conditions (Jain et al., 2015). Moreover, drought-tolerant sugarcane cultivars exhibit maximum SOD activity under water deficit (Jangpromma et al., 2012). Different SOD isoforms in sugarcane cultivars with different expression patterns have a major impact on antioxidant response during stress conditions (Jain et al., 2015).

However, low-molecular-weight compounds such as glutathione-S-transferase (GST), thiol peroxidases, and GPX engage in an antioxidant defense system. Drought increases the activity of thiol peroxidases such as NADPH-thioredoxin reductase (NTR), ferredoxin-dependent TRX reductase (FTR), and GSH/GRX systems. To overcome the drought stress activity of MDHAR, DHAR, GST, and GR transcripts were also expressed (Vaseghi et al., 2018). PRX plays a major role during redox signaling and information transmission in the cell, which might be their predominant function under drought stress (S.-Z. Zhang et al., 2006; Thalmann and Santelia, 2017). To protect plant cells from oxidative damage, non-enzymatic antioxidant molecules can work in tandem with the enzymatic ROS scavenging system.




3.2 Osmolytes

Plants in a drought environment must integrate stress signaling and osmoprotective mechanisms. The biotechnological implication for improving abiotic stress tolerance involves metabolic pathway engineering for a number of osmolytes such as glycine betaine, sorbitol, mannitol, and proline (Gujjar et al., 2018; Gujjar et al., 2019). Transgenic plants engineered with osmoprotectant molecules have improved resistance to drought stress, high salinity, and cold stress (Suprasanna et al., 2016; Gupta et al., 2022). Abiotic stress increases the activity of sucrose catabolic enzymes such as invertase (INV) and sucrose synthase (SuSY). Invertase catalyzes sucrose into glucose and fructose, while sucrose synthase gives uridine diphosphate (UDP)-glucose and fructose. Trehalose is a non-reducing disaccharide sugar that acts as an osmolyte and stabilizes membrane lipids (Suprasanna et al., 2016). Sugars homeostasis is a dynamic process in which sucrose–starch interconversion occurs as per the cellular requirement. Starch metabolism and its associated enzymes perform important roles in alleviating the effects of abiotic stress in plants (Thalmann and Santelia, 2017). In sugarcane, the accumulation of osmolytes in drought conditions prevents damage associated with ROS generation (Guimarães et al., 2008). Proline is an efficient scavenger of ROS. Furthermore, proline can function as a compatible osmolyte and molecular chaperone. During water-deficit conditions, proline is accumulated in plants mainly due to increased synthesis and reduced degradation (Das and Roychoudhury, 2014).





4 Breeding for drought and salt tolerance in sugarcane

Among the different methods of sugarcane breeding, the two approaches, i.e., traditional breeding methods (involving parental selection, hybridization, and progeny selection) and molecular breeding methods, that complement the traditional approaches using molecular tools are the major approaches.



4.1 Conventional breeding

In the present climatic change scenario, frequent occurrences of abiotic stress such as drought and salt stresses in various regions are major constraints for the sugarcane production system that leads to a decline in tonnage. Despite recent progress in conventional breeding as well as transformation technique, the development of drought- and salt-tolerant sugarcane is still a major challenge. These limitations are due to the complex sugarcane genome, complicated plant responses to water-deficit and salinity conditions, and difficulty in the identification of morpho-physiological traits that could be utilized during the selection processes for the commercial production of drought- and salt-tolerant varieties. The parental selection is very important from the viewpoint of the development of commercial cultivars and depends on the progeny performance (Breaux, 1984). The response of clones to various biotic and abiotic stresses, in addition to cane yield and sucrose content, should be the main criteria for selecting good parental lines under changing climatic conditions. Two types of selection approach, i.e., individual and family selection, are utilized in sugarcane breeding programs. Individual selection approach is used when characters have high heritability, and family selection is used when the heritability of the family mean is higher than that of a single plant (Falconer et al., 1996).

Hybridization techniques include biparental crossing and poly crossing involving two and more than two parents, respectively (Cox, 2000). Hybridization and selection techniques are mainly used in sugarcane breeding programs to generate new recombinant clones with high yield, sugar content, and resistance to stresses. Generally, the parents for breeding for peninsular zones and north Indian plain zone are to be selected on the basis of water regimes, rainfall patterns, and irrigation facilities. As far as yield and sucrose are concerned, the studies suggest that in sugarcane breeding, more importance has to be given to the selection of the female lines than to the male lines (Misra et al., 2020). Drought is a complex trait and involves multiple dynamic interactions. During breeding for drought tolerance, selections for traits such as stalk number, height, diameter, and weight are critical along with the cane weight. Integration of suitable physiological traits in the selection program will be valuable in improving the genotypes against drought and salinity stresses. In the past, traditional breeding methods have been fruitful in the development of drought-tolerant cultivars such as Co-87 and Co-263 (Sreenivasan and Amalraj, 2001). Saccharum spontaneum, Narenga, and Erianthus serve as donor varieties in drought conditions when used as a parent for breeding the variety (Wahid and Ghazanfar, 2006; Patade et al., 2008).

The essential guiding force for adaptive responses to drought and other stresses is genetic variability. Conventional breeding is regulated by Mendelian genetics, which means that traits are passed down from parent to offspring. Plant breeders cross-pollinate parental lines with desired traits to produce progeny with desired characteristics. Conventional breeding has primarily been used to increase genetic variability in sugarcane in order to improve variety. During the grand growth phase, cane formation and elongation occur very actively (Jaiphong et al., 2016), and water stress causes crop production losses of up to 60% (Basnayake et al., 2012). Moderate stress, in contrast, has a positive effect on sucrose yield during the maturity stage. Imposing stress at specific crop stages is an effective method for screening abiotic stress and recording observations on physio-biochemical parameters at different crop intervals. Drought has the greatest impact on complex traits such as shoot, leaf, and root parameters; however, their genetic control varies between genotypes. Under water stress, highly exploitable genetic variation for cane and sugar yield was observed (Hemaprabha et al., 2006; Meena et al., 2013; Basnayake et al., 2015; Meena et al., 2020). Through conventional breeding, varieties that have high yield and high sucrose content and are drought tolerant are produced.

Imposing stress at a specific crop stage is an effective approach for screening abiotic stress and recording the observation of physio-biochemical parameters at various crop intervals. Therefore, screening for these important parameters under the drought stress environment is of paramount importance for drought tolerance breeding. The selection of drought-tolerant genotypes through an indirect selection of physiological traits can also be integrated into the breeding program for the improvement of sugarcane (da Silva et al., 2012; Basnayake et al., 2015). Physiological traits are used for drought-tolerant genotype selection. S. spontaneum, Narenga spp., and Erianthus species are used in the sugarcane breeding program for the incorporation of drought tolerance in sugarcane (Meena et al., 2020). Alternatively, drought tolerance can be increased in the plants through exposure to water stress during the early stage of the life cycle (Marcos et al., 2018; Leanasawat et al., 2021). For the selection of desired clones, clones should first enter zonal evaluation trials after those distinct stages of selection; i.e., ground nursery stage, first clonal stage (C1), second clonal stage (C2), and pre-zonal varietal trial stage (PZVT) are used for selection of desired sugarcane clone. For screening crops for abiotic stresses like drought, waterlogging, and salinity, these stresses are applied at C2 and PZVT stages to identify plants that are high yielding and vigorous and perform better in a particular specific climate.

The screening of drought-tolerant cultivars showing low heritability and high interactions between genotype and environment (G × E) is difficult because of the complexity of traits and genes (Cattivelli et al., 2008). Drought-tolerant lines of some selected crops were produced through conventional plant breeding, but this method is time-consuming, labor-intensive, and costly (Ashraf, 2010). Crop physiology, marker-assisted breeding, GWAS, gene editing, and omics (genomics, transcriptomics, proteomics, metabolomics) are all being used to provide knowledge and tools for plant improvement (Oladosu et al., 2019). Despite the importance of quantitative trait loci (QTLs) and GWAS in identifying genomic regions associated with drought-related traits, genetic variants associated with drought-related traits are largely unknown (Liu and Qin, 2021). Given this, there is an urgent need to integrate modern breeding techniques with multi-omics platforms and high-throughput phenotyping to vastly improve our understanding of drought stress response in sugarcane.




4.2 Use of gene pool

Sugarcane parent species have a complex genome that evolved from a large breeding pool of five closely related genera: Saccharum species (S. officinarum, S. spontaneum, and Saccharum robustum), Erianthus species, Miscanthus species, Narenga species, and Sclerostochya species (Scortecci et al., 2012). Several Saccharum spp. and related genera, including Erianthus spp., Saccharum barberi, Saccharum sinense, and S. robustum, are thought to be good sources for instilling salinity tolerance in commercial cultivars (Rao and Sreenivasan, 1985). The ploidy level of Saccharum species ranges from 5× to 16× (Manners et al., 2004). Modern sugarcane varieties are produced by interspecific hybridization between S. officinarum and S. spontaneum. The tropical cane, which is the noble cane S. officinarum, has a thicker stem, higher sugar content, and basic chromosome number x = 10. S. spontaneum is a wild species tolerant to biotic and abiotic stresses with basic chromosome number x = 8 (MaChado et al., 2009; Sica, 2021). The varied species of these genera can be classified into various gene pools based on their cross-ability with the cultivated sugarcane. In the primary gene pool (GP-I), the varied species are grouped, which can be easily crossed to produce a fertile hybrid. In the secondary gene pool, the species are crossable with certain difficulties and tend to be sterile. S. spontaneum, S. barberi, S. sinense, and S. robustum can be viewed as a secondary gene pool. However, the number of generations of breeding required for the transfer of traits in varietal improvement will be more. In the tertiary gene pool, Narenga, Miscanthus, Erianthus, Sclerostachya, Sorghum, and Zea are included, and the crossing of these species with cultivated sugarcane is difficult to achieve and needs the techniques of embryo rescue and tissue culture (Figure 3). The produced hybrids will be weak, lethal, or completely sterile (Sica, 2021).




Figure 3 | Classification of Saccharum species gene pool.






4.3 QTL/candidate gene-based tolerance

Molecular methods are suitable for the development of cultivars for tolerance to one or more traits at once. In sugarcane, the Agrobacterium-mediated transformation of Arabidopsis tubes pyro-phosphatase (AVP-1) was performed to achieve tolerance against drought and salinity stresses (Kumar et al., 2014). New breeding and genomic approaches have been used in recent decades to improve genotypic performance under abiotic stress conditions. Introgression of genes from wild species and related genera for abiotic stress tolerance traits in sugarcane is important in the development of several stress-tolerant varieties. The QTL mapping work has been performed for the disease resistance traits, soluble solid content, and yield traits (Balsalobre et al., 2017); however, to date, there is no report on mapping QTL(s) related to drought and salinity. The sources of genes/QTLs for drought and salinity tolerance need to be explored at a greater pace than the earlier, already reported species of sources such as wild relative S. spontaneum, and members of the related genera such as Narenga spp. and Erianthus spp. (Meena et al., 2020) serve as valuable resources for the same. The utilization of wild and related species in the breeding program is further made difficult due to genome complexity and polyploidy. A successful cross was made to generate an inter-generic hybrid between Erianthus arundinaceus and S. spontaneum (Lekshmi et al., 2017).

Some of the hybrids have higher root volume and polyphenol component, thereby influencing the extent of drought tolerance (Fukuhara et al., 2013). The transcriptomic analysis of the drought-tolerant and sensitive genotypes led to the identification of several differentially expressed genes (DEGs), and it was noted that the genes such as MYB, E3 ubiquitin ligase, small ubiquitin-related modifier-protein (SUMO-protein), SIZ2, and aquaporin are drought-responsive genes and transcription factors (Belesini et al., 2017). When salt stress is introduced, an osmotic adjustment mechanism begins to maintain cell turbidity, resulting in slow growth in stressed plants. Changes in morphology, anatomy, water relations, photosynthesis, hormones, ion distribution, and biochemical adaptation may occur depending on genotype, developmental stage, stress intensity, and duration (Liang et al., 2018). Identifying QTLs associated with salt tolerance is an important step toward improving salt-tolerant varieties (Nakhla et al., 2021) and increasing crop production in saline soils. The various QTLs associated with salt tolerance have been identified in cultivated crops such as soybean (Glycine max L. Merr.) (Cho et al., 2021), maize (Zea mays L.) (Luo et al., 2019), and rice (Oryza sativa L.) (Singh et al., 2021), but reports on identified QTL(s) in sugarcane are still lacking. Understanding the magnitude of the impact of salinity on sugarcane crop growth and yield, as well as mapping the salinity stress QTL, should be the primary focus. The list of candidate genes suitable for the improvement of sugarcane for tolerance against salinity and drought is presented in Table 1.


Table 1 | Genes and their function in governing the tolerance against drought and salinity environments.







5 Genome editing approaches

In crops with complicated genomes like sugarcane, introducing a desired feature into a commercial elite variety by traditional breeding is extremely labor-intensive and time-consuming. It takes 12–15 years for a normal breeding method to produce an improved variety (Mohan, 2016; Chen et al., 2017). It is also nearly impossible to introduce several characteristics at a time or to change the metabolic pathways. However, with the introduction of transgenic technology, this was made possible to some extent. With the advent of genome editing (GE) approaches, it may now be performed with significant success and precision. Genome editing is a revolutionary technique in which nucleases create sequence-specific double-strand breaks (DSBs) to insert, remove, or replace DNA at specified locations in the genome of any organism. Non-homologous end joining (NHEJ) or homologous recombination (HR) is used to repair these breaks, resulting in specific mutations. Drought tolerance can be realized via genome editing to target drought-sensitive genes as well as negative regulators of drought tolerance mechanisms in crops. In sugarcane, ScNsLTP gene was targeted to modify the response of a novel non-specific lipid transfer protein, thereby catalyzing phospholipid response against the abiotic stress (Chen et al., 2017). There are primarily four different families of genome editing tools or nucleases: mega nucleases, zinc finger nucleases (ZFNs), transcription activator-like effector nuclease (TALEN), and clustered regularly interspaced short palindromic repeats (CRISPR/Cas9).

Zinc finger nucleases were the first endonucleases discovered. These are based on zinc finger proteins, a type of transcription factor found in nature, coupled to the endonuclease FokI. A trinucleotide DNA sequence can be recognized by zinc finger domains. Longer DNA sequences can thus be recognized by a series of connected zinc finger domains, resulting in the necessary on-target specificity. However, zinc finger motifs placed in an array influence the specificity of neighboring zinc fingers, making the design and selection of modified zinc finger arrays more difficult and time-consuming. The final layout’s specificity is difficult to predict because FokI endonuclease is a dimer, and it only cleaves double-strand DNA where two ZFNs attach to opposing DNA strands (Basak et al., 2021). TALENs are bacterial fusion proteins composed of the TALE protein and the FokI endonuclease. Target specificity, like in ZFNs, is derived from the protein–DNA connection (Shan et al., 2013). A single TALE motif identifies one nucleotide in the case of TALENs, while an array of TALEs can interact with a longer sequence. Because each TALE domain’s activity is limited to one nucleotide and does not impact the binding specificity of surrounding TALEs, TALENs are easier to create than ZFNs. TALE motifs are linked to FokI endonuclease, which requires dimerization to cleave DNA, similar to ZFNs. This necessitates the binding of two distinct TALENs in close proximity to the target DNA on opposite strands (Shan et al., 2013). Despite the fact that all three genome editing approaches (ZFN, TALEN, and CRISPR/Cas) are commonly employed, the CRISPR method has few advantages.

Unlike other approaches that rely entirely on protein-based recognition, the CRISPR/Cas system uses fundamental RNA/DNA hybrids to assess sequence specificity. The protospacer adjacent motif (PAM) establishes specificity in the guide RNAs’ (gRNAs’) 20-nucleotide sequence, and the Cas9 enzyme cleaves it. The ability to change multiple genes at the same time, or multiplexing as it is commonly known, is the second significant benefit of this approach, which significantly reduces time. Finally, both ZFNs and TALENs are dimers, and vector creation and plant transformation are difficult processes, whereas CRISPR is simple and efficient. CRISPR/Cas9 technology has emerged as a new tool for editing the sugarcane genome due to its effectiveness and ability to overcome the transgene-silencing problem. This method can easily change several useful genes for many important agronomical traits, even across multiple sites (Kannan et al., 2018). As the sugarcane plant is a glycophyte, drought and salinity stresses have a significant impact on its growth and sucrose content. GE of sugarcane using Arabidopsis vacuolar pyrophosphatase (AVP1) gene can confer drought and salinity tolerance into sugarcane by the development of a profuse root system. An annotated genome sequence is one of the most important criteria for genome editing because it allows scientists to build specific gRNAs in silico that can target specific genes with known or unknown functions (Mohan, 2016).

Drought stress genes and signaling pathways have been better understood due to the advances in genomics analysis techniques like next-generation sequencing (NGS), gene editing systems (Shan et al., 2013), gene silencing (Yin et al., 2014), and overexpression method (Bortesi and Fischer, 2015). These technologies have the advantage of producing small sequence libraries for gRNA design. Sugarcane gRNA design is complicated by the genome’s polyploidy and the lack of a complete genome sequence for commercial variants (Augustine, 2017). To solve this problem, gene expression patterns obtained from RNA-Seq data can be used to assess the sequence variations that exist between different allelic forms. This understanding of the allelic form of sequence diversity can be used to design precise gRNAs that target all allelic forms of the gene of interest. The allele-defined genome of S. spontaneum is also available for use as a reference genome. Dimeric RNA-Guided FokI Nucleases (RFNs) can also be used to increase genome editing frequency while minimizing off-target effects (Bortesi and Fischer, 2015). Off-target cleavage in dimeric RFNs is reduced by accurate spacing, gRNA location, and reducing the possibility of an off-target site appearing more than once in the genome (Bortesi and Fischer, 2015).

However, due to the complicated genome, vast genome size, and extremely polyploid and aneuploid nature, there are still many hurdles that must be overcome before this technique can be fully utilized. With a genome size of approximately 10 GB and 8 to 12 homologous gene copies, sugarcane is a classic example of a complex polyploid crop, which poses various challenges in genome editing (Shan et al., 2013). Transgene silencing at both transcription and post-transcriptional levels is a major bottleneck in sugarcane molecular improvement programs (Birch et al., 2010). To tackle off-target cleaving issues, customized Cas9 variants can be used to increase GE efficiency. Overall, despite the fact that significant obstacles remain, the utilization of various Cas9 variants and other CRISPR-associated nucleases could soon be a strong tool for enabling successful GE in sugarcane and other polyploid crops. Genome editing would inevitably increase researcher’s curiosity in producing new and desirable trait modifications in crops in the future. In a country where there is a complete moratorium on trials and uses of genetically modified crops, this could be a highly effective method to generate new improved cultivars of sugarcane.




6 Role of omics in acclimation

Recent development in the field of “omics” techniques, specifically ionomics, transcriptomics, metabolomics, and proteomics, provide insight into the mechanism adopted by plants against drought and salinity and are useful in identifying important genes and QTLs that provide tolerance to drought and salinity. Omics can be defined as a biotechnological approach dealing with genomics, proteomics, transcriptomics, or metabolomics. Various omics technologies have been discussed briefly considering drought and salinity in the case of sugarcane under the following subheadings.



6.1 Transcriptomics of sugarcane against drought and salinity

Transcriptomics involves the study of total mRNA synthesized by the genome under specific conditions; therefore, it is important to study transcriptome profiling during different stress conditions. Furthermore, alterations in climatic conditions have posed a major threat to agricultural production, which severely impacts the food requirement of the population. In case of severe abiotic stress, plants have developed various kinds of molecular approaches to combat natural stress conditions, in particular the transcription factors (TFs), to deal with different abiotic stress in sugarcane and other crops that can be studied using advanced transcriptomics technology. The sugarcane plant belongs to the Poaceae family, which produces sucrose and is greatly used in agro-based enterprises in different tropical and subtropical regions. To that end, the sugarcane transcriptome profile under stressed conditions must be investigated.

The NAC (no apical meristem (NAM), ATAF1/2, Arabidopsis transcription activation factor 1/2, and cup-shaped cotyledon) proteins are a class of TFs that are useful in plant developmental activities and help in providing resistance to various kinds of stresses in different crops. Recently, Belesini et al. (2017) studied the transcriptomic activity of two different sugarcane varieties, “SP81-3250” and “RB855453”, grown under different drought levels with the aid of Illumina HiScanSQ platforms. They observed the upregulation of several genes such as ascorbate peroxidase, E3 SUMO-protein ligase SIZ2, MYB, key enzymes involved in the flavonoid biosynthesis like coenzyme A ligase, and aquaporins, which are responsible for drought tolerance. Furthermore, Belesini et al. (2017) identified various kinds of receptor-like protein kinases (RLKs) and their elicitation upon onset of drought in drought-sensitive varieties; these RLKs are a major player in drought sensing, bHLH TFs (basic helix-loop-helix), and 1-aminocyclopropane-1-carboxylic acid oxidase (ACC oxidase) generated in ethylene biosynthesis and different unknown genes. These TFs play crucial roles in abiotic stress resistance (Guo et al., 2017). However, Pereira-Santana et al. (2017) employed a next-generation sequencing technique to unravel the transcriptome profile of the cultivar Mex 69-290 against osmotic stress in Mexico. They observed that enhancement in the expression of genes is related to transcriptional regulation, oxide reduction, carbohydrate breakdown, flavonoids, and distinct kinds of secondary metabolites in the tolerant cultivar. Additionally, genes related to ABA biosynthesis, water regulation, and heat stress were also upregulated.




6.2 Proteomics

Proteomics is an advanced study of the proteome that gives useful information about proteins in plant cells at various stages of growth under specific climatic conditions; therefore, it is necessary to study the sugarcane proteome, which helps in determining the drought-resistance mechanism. Sugiharto et al. (2002) isolated and identified a drought-inducible gene SoDip22 in a drought-stressed cultivar of sugarcane by using two-dimensional gel electrophoresis (2-DE) and reported that SoDip22 functions in drought stress adaptation in the cells of bundle sheath, which is where ABA-mediated signaling path is induced. An 18-kDa protein was extracted and purified, and 2-DE methodology was applied to identify that protein that was present in leaves of sugarcane subjected to drought conditions (Jangpromma et al., 2007). Various proteins useful in the photosynthesis process and enzymes associated with anti-oxidative injury were isolated and characterized by 2-DE as well as liquid chromatography–tandem mass spectrometry (LC–MS/MS) (Ngamhui et al., 2012). The overexpression of gene EaDREB2 (dehydration responsive element-binding 2), which was transferred from E. arundinaceus, in combination with pea helicase gene PDH45 (pea DNA helicase), increased drought and salinity tolerance in transgenic sugarcane (Augustine et al., 2015). To understand the impact of drought on protein profiling two contrasting cultivars of sugarcane, RB 72910 (resistant) and RB 943365 (susceptible) were grown under water-stressed conditions for 30 days. The water deficit-associated proteins were identified by using 2-DE and mass spectrometry. Several types of proteins related to photosynthesis, signaling pathways, and regulation processes were either upregulated or downregulated in RB 72910; alternatively, these proteins were downregulated in RB 943365.

Khueychai et al. (2015) used 2-DE accompanied by LC–MS/MS to characterize different types of proteins that were responsive to drought in two different cultivars: K86-161 (resistant) and B34-164 (susceptible). Their findings demonstrated that gene expression of fructose bisphosphate aldolase, O2-liberating enhancer proteins, and SOD increased to a greater extent in various parts of K86-161; alternatively, these proteins were found in lower quantities in B34-164 under drought conditions. Furthermore, Salvato et al. (2019) quantified the protein of drought-stressed sugarcane stalk nuclei using filter-aided sample preparation (FASP) and LC–MS/MS techniques. Their result exhibited that most of the 74 exclusive proteins found in control plants are associated with cell wall metabolism, indicating that cell wall metabolism is negatively regulated under drought. Similarly, 37 TFs that were related to different protein domains, e.g., NAC, C2H2 (Cys2-His2), bZIP (basic leucine zipper), C3H (Cysteine3Histidine), LIM (LIN-11, Isl-1, and MEC-3), Myb-related (myeloblastosis viral oncogene homolog), HSF (heat shock factor), and auxin response factor (ARF), were characterized. These TFs are known to be present in nucleus and are synthesized by plant in response to drought conditions.

Moreover, salinity present in the soil is an important problem that affects the sugarcane growth and development process. Pacheco et al. (2013) used 2-DE and LC-MS to analyze the differentially expressed proteome in sugarcane root against the salinity stress in different cultivars and concluded that most proteins accumulated in response to stress are involved in developmental process, carbohydrate metabolism, ROS pathway, protection of protein, and membrane steadiness in resistant cultivar after 2 h of salinity appearance, whereas their presence in a susceptible cultivar was noted after 72 h of salinity stress.




6.3 Ionomics

Ionomics is the study of trace elements and mineral nutrients in plant systems. During salinity stress, ion concentrations in different cells are disturbed, but plants can adapt to drought and salinity through osmotic adjustment. Various approaches have been identified in response to highly saline and drought conditions in crop plants. Physiochemical changes in buds of sugarcane were reported in the canes exposed to salinity stress (Rasheed et al., 2016). Salinity causes overproduction of hydrogen peroxide, high amount of Cl−and Na+ in sugarcane plant tissue, and decreased amount of K+ and Ca2+, as well as Ca2+:Na+ and K+:Na+ proportions, and is useful in the production of different osmolytes in sugarcane plant cells.




6.4 Metabolomics

Metabolomics is an advanced technique used for exclusive profiling of all metabolites present in plant cells; therefore, it has been actively used in describing the mechanism of salinity and drought stresses in sugarcane. In recent reports, salt-tolerant and salt-sensitive sugarcane varieties were grown under salinity and drought conditions to identify the various secondary metabolites involved in salinity tolerance. Accumulation of a high amount of proline and lower Na+ in leaves of salt-tolerant variety was noticed (Chiconato et al., 2019). Similarly, enhanced levels of phenolic acid, anthocyanin content, and flavone content were beneficial in providing resistance to drought and salinity conditions in sugarcane plants (Molinari et al., 2007; Ali et al., 2019). Furthermore, in order to investigate the physiological and developmental changes in sugarcane-developing buds, which were subjected to salt stress, Rasheed et al. (2016) undertook an experiment, according to which salinity increases the production of hydrogen peroxide, increases the tissue limit of Cl− and Na+, decreases the K+ and Ca2+, and Ca2+:Na+ and K+:Na+ ratios, and increases osmolyte synthesis in growing sugarcane buds. Similarly, Vital et al. (2017) in their metabolomics studies revealed that drought and salinity stresses led to a reduction in sucrose content and an increase in the reducing sugar such as glucose and fructose in different sugarcane cultivars. Sugarcane varieties like RB867515 showed significantly higher glucose content when subjected to drought stress. Xylose and inositol sugars also increased during drought and salinity stresses. Moreover, the level of organic acids increased as compared to the levels of pyruvate and isocitrate, which sharply decreased during drought conditions. Several amino acids, which include tryptophan, phenylalanine, tyrosine, leucine, valine, proline, glutamine, lysine, isoleucine, asparagine, and glycine, accumulated in different cultivars of sugarcane like RB867515 and RB855536.





7 Soil–plant–microbe interactions and responses

Drought and salinity result in low soil microbial activity and poor plant growth. Soil microbes play a crucial role in the soil during the decomposition of soil organic matter through oxidation, ammonification, and nitrification. Various studies have revealed that some beneficial microbes like plant growth-promoting bacteria (PGPBs) have a positive impact on plant growth promotion under stress conditions through a series of mechanisms including exopolysaccharide (ESP) production, phytohormone production (like indole-3-acetic acid, cytokinin, abscisic acid, gibberellins, and ethylene), regulation of nutrient exchange, and influencing the biosynthesis process of osmoprotectant compounds (e.g., total soluble sugar (TSS), betaine, trehalose, or proline) (Vargas et al., 2014; Gupta et al., 2021a). The indirect way of promoting plant growth by PGPBs is the production of antibiotics, hydrogen cyanide, siderophores, volatile organic molecules, and ammonia, which suppress plant pathogens. PGPBs also play a significant role by modulating molecular pathways, thus inducing the production of different molecules like late embryogenesis abundant (LEA) proteins, lipochitooligosaccharides (LCOs), nodulation factors (NFs), and regulating microbe-associated molecular patterns (MAMP) as well as activating several salt- and drought-responsive genes. Plants with induced systemic tolerance may be influenced by stress-responsive genes mediated by PGPR. In sugarcane, it has been observed that Gluconacetobacter diazotrophicus activates genes related to ABA-dependent signaling (Vargas et al., 2014).



7.1 Plant growth-promoting bacteria (PGPB)

Production of different osmolytes by microbes protects the plant from drought stress. Increasing the root–shoot biomass through PGPB-mediated IAA production may significantly contribute to coping with drought stress by the plant. Production of aminocyclopropane-1-carboxylate deaminase (ACCD) by rhizospheric bacteria suppresses the ethylene signaling pathway to negatively regulate root drying under water stress conditions. There is also a report of increased proline content in plant leaves and root after injection with drought-tolerant bacteria, thus achieving better plant growth (Yuwono et al., 2005). PGPBs also increase the availability of some chemicals, which play a role in growth promotion and provide micronutrients to the host plant. Production of ESP plays an important role in protection from desiccation (Vanhaverbeke et al., 2003). Secretion of SA by microbes acts as a signaling molecule under drought stress, which triggers genes that act as heat shock proteins (HSPs), antioxidants, and chaperones and also activates genes synthesizing secondary metabolites (El-Daim et al., 2019). It is reported that microbes increase the metabolites like pyruvic acid (PA), thiamine pyrophosphate, uridine diphosphate, succinic acid, and dihydroxyacetone, which helps in combatting drought (El-Daim et al., 2019).

PGPBs can reduce the effects of salt stress through both direct and indirect mechanisms (M’piga et al., 1997; Gupta et al., 2021b), and it was reported that PGPBs act against different phytopathogens by inducing different defense-related enzymes like POX, chitinase, β-1,3-glucanase (GLU), and phenylalanine ammonia lyase (PAL). Extracellular polymeric substances (EPSs) produced by PGPBs bind with positively charged ions such as Na+ and reduce the accessibility of toxic ions (Upadhyay et al., 2011). EPS around roots increases the water potential, providing a physical barrier to toxic ions, and improves plant nutrient uptake by plants (Dodd and Pérez-Alfocea, 2012; Zulfiqar et al., 2020). At higher salt concentrations, a greater influx of Na+, Cl−, Ca2+, Mg2+, SO32−, or CO32− leads to ion toxicity. PGPBs maintain high K+/Na+ ion ratios and regulate toxic ion homeostasis. It reduces the accumulation of ions like Na+ and Cl− in the leaves, increases ion exclusion by the root system, or modulates the ion transporter expression (Zhang et al., 2008; Ha-Tran et al., 2021). A plasma membrane protein, high-affinity K+ transporter (HKT), facilitates Na+ ion transport in plants, which prevents the over-accumulation of Na+ ion concentration in shoots (Zhang et al., 2008). Host–microbe interactions influence the tissue-specific regulation of some genes like HKT-type genes during salt stress to maintain ion homeostasis.





8 Conclusions

Sugarcane is an economically important crop that serves as a source of nutrition and energy. Climate change impacts sugarcane crop yield and productivity. Drought and salinity are the two major constraints of sugarcane production. Drought and salinity affect the morphological traits, physiological properties, and enzyme activities, ultimately reducing crop productivity. The first visible symptoms of these abiotic stresses are morphological changes such as leaf rolling, reduced leaf size and number, altered root growth, and stunted growth. To cope with stress conditions, plants have evolved various mechanisms such as escape, avoidance, tolerance, or a combination of these. The diverse gene pools and several wild relatives of sugarcane have served as donors of the resistant QTLs against drought and salinity, which can be introgressed during the development of new cultivars. New techniques such as genome editing and omics technology are opening up new avenues for research to understand the mechanism of drought and salinity stress tolerance. The role of endophytes, and soil–plant–microbe interaction is also highly important in sugarcane crop management against drought and salinity.
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The African spider plant (Gynandropsis gynandra (L.) Briq.) is a nutrient-dense, climate-resilient indigenous vegetable with a C4 carbon fixation pathway. Understanding African spider plant drought tolerance mechanisms is essential for improving its performance in water-stressed areas. The objective of this study was to evaluate the stress tolerance potential of African spider plant accessions based on thirteen morphological, physiological, and biochemical traits under three different water treatment regimes. Eighteen accessions were evaluated over two growing seasons in the greenhouse using a split-split plot design with four replications and three water treatment-regimes namely optimum (100% field capacity), intermediate drought (50% field capacity) and, severe drought (30% field capacity). The results revealed that water regime had a significant effect (P< 0.01) on the accessions for the traits studied. A significant reduction across most of the studied traits was observed under drought conditions. However, proline content in all the accessions significantly rose under drought conditions. The principal component analysis revealed a considerable difference in the performance of the 18 African spider plant accessions under optimum and drought stress conditions. Several morphological and physiological parameters, including days to 50% flowering (r = 0.80), leaf length (r = 0.72), net photosynthesis (r = 0.76) and number of leaves per plant (r = 0.79), were positively associated with leaf yield under drought conditions. Cluster analysis categorized the 18 accessions and 13 measured parameters into 4 clusters, with cluster-1 exhibiting greater drought tolerance for most of the studied traits, and cluster-4 having the most drought-sensitive accessions. Among the accessions tested, accessions L3 and L5 demonstrated excellent drought tolerance and yield performance under both conditions. As a result, these accessions were selected as candidates for African spider plant drought tolerance breeding programs. These findings will serve as the foundation for future studies and will aid in improving food and nutrition security in the face of drought.
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Introduction

African spider plant (Gynandropsis gynandra (L.) Briq.) is a member of the Cleomaceae family which is native to Sub-Saharan Africa (SSA). It is also widely referred to as spider flower, spider plant, cats’ whiskers, as well as African cabbage. The plant has multiple uses, which include human food and medicine, animal feed, and has crop protectant abilities. G. gynandra is an essential leafy vegetable for achieving food security for households in remote regions of several African countries including South Africa, Zimbabwe, Zambia, Kenya, Namibia and Botswana (Mbugua et al., 2011; Keatinge et al., 2015). African spider plant has been found naturally thriving in seven of South Africa’s nine provinces; KwaZulu-Natal, Free State, Gauteng, Mpumalanga and Northern Cape Limpopo, Northwest (Chataika et al., 2022; Moyo and Aremu, 2022).

Vitamins C, A, E, B1, B2, and B9 as well as minerals including iron, zinc, calcium, copper, potassium, magnesium, manganese, phosphorus, and sodium are abundant in the species’ leaves and surpass those in most exotic vegetables (Abukutsa-Onyango, 2005; Odhav et al., 2007; Uusiku et al., 2010; Singh et al., 2013; Houdegbe et al., 2022). The leaves of G. gynandra are also high in proteins and fatty acids (Mnzava, 1990; Van Der Walt et al., 2009), as well as essential amino acids (histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, valine). Furthermore, spider plant has a variety of health-promoting secondary metabolites, including flavonoids, terpenoids, tannins, glucosinolates, aldehydes, ketones, sesquiterpenes, and several other phenolic compounds (Neugart et al., 2017; Sogbohossou et al., 2020; Somers et al., 2020; Chataika et al., 2022) with various therapeutic applications (plant extracts, drugs, etc.). The species is a valuable resource for the pharmaceutical industry because its extracts have antimicrobial (fungi and bacteria), anthelmintic (Ajaiyeoba et al., 2001), antimalarial (Igoli et al., 2016), hepatoprotective (Lakshmi Narsimhulu et al., 2019), antiarthritic (Narendhirakannan et al., 2005), antioxidant, anti-inflammatory (Chandradevan et al., 2020), immunomodulatory (Kori et al., 2009), antinociceptive (Ghogare et al., 2009), anticancer (Bala et al., 2010), antidiabetic (Ravichandra et al., 2014), and vasodilatory (Runnie et al., 2004) properties. Improvement of this vegetable will thus help to combat malnutrition, promote health, and generate income for stakeholders such as pharmaceutical companies and local communities.

Drought stress has continuously posed a threat and has become a serious problem to agricultural production. Recent studies have revealed that the majority of rural families in sub-Saharan Africa (SSA) rely on agriculture for their livelihood and food, thus extended periods of drought in those areas can have a devastating effect on the families (Meze-Hausken, 2000; Mupangwa et al., 2011; Rusinamhodzi et al., 2012). Drought is an extreme climatic phenomenon that is a prevalent natural hazard that leads to water scarcity and eventually famines (Abaje., et al., 2014). In plants, drought stress has been found to have an adverse effect on the morphological, physiological, and biochemical characteristics which leads to low yields (Baroowa et al., 2016; Mohammadi Alagoz et al., 2022).

Due to its efficient drought avoidance, tolerance, and escape mechanisms (Cernansky, 2015; Mabhaudhi et al., 2019; Chatara et al., 2023), G. gynandra thrives under insufficient and untimely precipitation. However, the leafy vegetable has received insufficient research in the past, although it is fast gaining attention of researchers and policymakers (Gido et al., 2017). As an underutilized horticultural crop, there are no established varieties of the African spider plant, and the majority of accessions exist in the form of landraces, that is mixtures of genotypes with common local adaptation (Houdegbe et al., 2022). Genetic diversity of the African spider plant has been the focus of research as breeders aim to establish knowledge on the existing genetic diversity. Genetic diversity can be identified by morphological, physiological, and biochemical markers (Chakhchar et al., 2015; Madisa and Tshamekang, 1997).

Phenotyping continues to be a fundamental criterion for evaluating germplasm on the basis of drought adaptability and essential morpho-physiological and biochemical traits, together with yield and its components (Monneveux et al., 2012; Passioura, 2012). Conventional breeding methods have enhanced crop productivity considerably due to the use of such traits in both ideal and low rainfall conditions. Thus, studying drought-associated traits is extremely important in enhancing crops for drought tolerance. Earlier studies have been centered on identifying key morphological and physiological traits in G. gynandra under irrigated conditions (Masuka et al., 2012; Wasonga et al., 2015; Omondi et al., 2017; Kangai Munene et al., 2018; Adeka et al., 2019). However, studies on the effects of drought stress on G. gynandra genotypes for morphological, physiological, and biochemical traits under drought conditions are lacking. Such studies can be used to better understand the mechanisms involved in drought tolerance. Therefore, this study was conducted to investigate the effects of different drought stress levels on morphological, physiological, and biochemical traits in African spider plant genotypes. Two key aspects were addressed. Firstly, identifying and selecting genotypes that are tolerant and sensitive to drought based on morpho-physiological and biochemical characteristics. Secondly to identify traits that can be used as markers in identifying tolerant genotypes under drought stress conditions.





Materials and methods




Plant material

Eighteen African spider plant accessions originating from East Africa (5), West Africa (5), Southern Africa (4) and Asia (4) were evaluated in this study. The accessions were obtained from the gene bank of the University of Abomey-Calavi, Laboratory of Genetics, Biotechnology, and Seed Science (Republic of Benin); the World Vegetable Center; the Kenya Resource Center for Indigenous Knowledge (Kenya); and the University of Ouagadougou (Burkina Faso) (Table 1). The chosen accessions are grown mainly under rain-fed conditions by smallholder farmers and are frequently exposed to prolonged drought stress. These accessions were also selected based on germination percentage and ability to produce high leaf yield under optimum conditions.


Table 1 | List of genotypes used for the study.







Experimental design, growth conditions and agronomic practices

Two experiments were carried out in 2020 and 2021 seasons at the University of KwaZulu-Natal, School of Agricultural, Earth, and Environmental Sciences in Pietermaritzburg, South Africa (29°37’34.1”S and 30°24’14.3”E), in the Controlled Environment Research Unit (CERU). The 18 African spider plant accessions were evaluated for drought tolerance using morphological, physiological and biochemical traits under three moisture regimes i.e. severe stress (30% field capacity), moderate stress (50% field capacity), and well-watered (100% field capacity), defined based on the findings of Masinde et al. (2005).

The seeds were sown in October and February of 2020 and 2021 seasons, respectively. The experiment was performed in a split-split plot design with four replicates, with the two seasons comprising the main plot, water stress (optimum, mild-drought stress and severe-drought stress) making-up the sub-plots, and the 18 genotypes constituting the sub-sub plots. Under each water regime, the seeds of each accession were sown in dedicated seedling trays and nurtured into seedlings before transplanting into individual pots two weeks after sowing. During the first seven days after transplanting, the seedlings were irrigated to keep the soil moisture in the pots at 100% field capacity. All irrigations were done using an automated drip irrigation system. Drought stress was applied from the 8th day after transplanting by ceasing irrigation until the harvest maturity stage, which occurred 21 days after transplanting. Using the method outlined by Kesiime et al. (2016), the amount of water applied in the pots was calculated based on the field capacity (FC) of the potting mixture. Soil moisture was constantly checked using a HS2 and HS2P Hydro sense II soil moisture measurement system and a Campbell scientific CR1000 series data loggers (Campbell scientific, Logan, Utah, USA).

The pots used for the study were medium-sized and made of plastic, with a pot height of 28 cm, diameter of 30 cm, and capacity of 4.5 kg. Each plot consisted of three pots, with a single plant in each pot. The potting mix used was a weed free Gromor composted pine bark with a volume of 60 dm3. Fertilizer was applied in accordance with the properties of the Gromor Potting Mix. Fertilizer containing (N:P:K) (2:3:2) was applied to seedlings in the pots during the transplanting process through the basal application technique at 40 g pot-1. The average air temperature and relative humidity in the greenhouse were 24 ± 3 °C and 65.7 ± 2%, respectively.





Data collection

Data for the following traits were collected from samples taken from 3 plants from each plot.





Phenological characteristics

Days to 50% flowering (Fl) were recorded from planting date to the date when 50% of the plants initiate flowering.





Physiological characteristics

The following physiological traits were assessed:




Relative water content

Fully expanded relatively young leaves from each treatment were collected to get a precise estimation of relative water content (Rwc). After meticulously drying the surface of the leaf with tissue paper, everything was covered in polythene bags and taken to the laboratory. The leaf samples were weighed to establish the fresh weight of the leaf (FW). Following that, the samples were placed in petri dishes containing distilled water and left in the dark for an entire night. The excess water from the leaves was wiped with blotting paper before measuring the turgid weight (TW). The leaves were then dried in an oven at 80°C for 24 h, and their dry weight (DW) was measured.

The following formula was used to calculate the relative water content (Rwc):



Where FW = Sample of fresh leaf weight TW = Sample of turgid leaf weight and DW = Sample of dry leaf weight.





Leaf gas exchange parameters

During the growing season, the following parameters were taken three times: Net photosynthesis (Photo), transpiration rate (Trans, mmol m–2 s–1), and stomatal conductance (Cond, mol m–2 s–1) using a LI-6400XT Portable Photosynthesis System (Licor Bioscience, Inc. Lincoln, Nebraska, USA) equipped with an infrared gas analyzer (IRGA) interconnected to a leaf chamber fluorometer (LCF). The outward leaf  concentration ( ) and the constructed saturating photosynthetic active radiation (PAR) were set to   -1and  , respectively. The temperature of the leaves was kept constant at 25°C. The water flow rate and relative humidity were both held constant at   and 43%, respectively. To avoid stomatal closure due to low air humidity, the cuvette’s leaf-to-air vapor pressure deficit was kept constant at at 1.7 kPa. Parameters were measured on the third half-formed leaf from the plant’s tip between 08.30 and 12.00 a.m. by attaching the leaf inside the sensor head. Measurements were taken from three plants in both non-stressed and drought-stressed conditions for each accession.





Chlorophyll content (Spad)

Chlorophyll content (Spad) was measured on flag leaves of all three plants in a plot using a Biobase portable chlorophyll meter (Biobase, Jinan, China).





Proline content

Proline content was determined in the Plant Physiology Laboratory at the University of KwaZulu-Natal, Pietermaritzburg, South Africa. During harvesting, ten fully expanded flag leaf samples were randomly selected from non-stressed and drought-stressed treatments for proline analysis. The samples were freeze-dried and kept at 74°C. To obtain 0.1 g, the dried leaf tissue was ground and weighed. Upon obtaining the 0.1 g, 10 ml of 3% aqueous sulfosalicylic acid were used to homogenize the 0.1 g of leaf tissue. Proline was extracted using the acid-ninhydrin method described by Bates et al. (1973). After heating the samples for 1 hour at 100°C, 5 ml of toluene was added. The absorbance of the proline extract in toluene at 520 nm was measured using a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

The concentration of proline was then calculated using the formula proposed by Bates et al. (1973).



Where 115.5 is the molecular weight of proline.





Morphological characteristics

	Plant height (Ph, cm) measured from the surface of the soil to the tip of the flower for the three plants in each plot.

	Leaf length (Ll, cm) determined on fully expanded leaves by measuring the length per each leaf from the pointy part at one end to the point at which the leaf joins the stalk at the other end with a meter ruler. Four leaves per plant were used.

	Leaf width (Lw, cm) measured on fully expanded leaves, was achieved by recording the longest extension of any two points on the blade edge perpendicular to the leaf length axis using a meter ruler.

	Stem diameter (Sd, mm) was recorded on the thickest part of the stem using a digital Vernier caliper.







Yield and yield components

	Leaf yield (Ly, g) was determined by weighing and summing-up all leaf harvests per plot. Harvesting of leaves was carried out from the 6th – 9th week after planting.

	Number of leaves per plant (Nl) was determined by counting the total number of leaves per plant in each plot. All three plants were counted, and the mean was determined per plot.








Data analysis

R-software version-4.1.1 was used to perform all statistical analysis for the study (R Core Team, 2021). The package agricolae was used to perform the analysis of variance (ANOVA). Fisher’s Least Significant Difference (LSD) was also used to compare the significance of the three water treatments at a probability of P< 0.05, and the results are presented in a boxplot created in R version 4.1.1 (R Core Team, 2021) using the ggplot2 package. A hierarchical clustering heatmap showing the studied genotypes and traits were constructed using the R package ComplexHeatmap. To analyze the correlation matrix plot, the R package corrplot was used, whilst two R packages FactoMineR and factoextra were utilized to produce the principal component analysis (PCA) and the PCA biplot. Data for split-split plot design was analyzed using a linear mixed model based on the following statistical model:



Where   measurement of outcome variable,   overall mean,  random effect of block or replication, fixed effect of factor A (main plot),   = random interaction between the block or rep and factor A (main plot factor)- this is the error term for factor A - main plot error,   = fixed effect of factor B - sub plot,  = fixed interaction between factor A and factor B,  = random interaction between the block or rep and factor B (sub plot factor) - this is the error term for factor B and the interaction between factor A and B -sub plot error,   = fixed effect of your factor C-sub plot.  = fixed interaction between factor A and factor C,  = fixed interaction between factor B and factor C,  = fixed interaction between factor A, factor B, and factor C,  = residual error — correct error term for Sub -Sub plot factor C, AC, BC, and ABC.






Results




Effect of accessions, environments, and water regimes on morpho-physiological and biochemical traits

The ANOVA results provided in Table 2 show the effects of growing season, water regime, and genotype factors, along with their interaction effects, and coefficients of variation (CVs) on the studied morpho-physiological and biochemical traits. The effect of planting season was not significant for most traits, except for Fl, Spad, and Cond (P< 0.05). Highly significant differences (P< 0.001) were recorded for the different water regimes for all traits (Table 2; Figure 1). The interaction between season and water regime was not significant for most traits except for Ph, Cond, Photo, Trans and Pro which were significantly affected (P< 0.001) (Table 2).


Table 2 | F-values from a combined analysis of variance of the 13 traits of 18 African spider plant accessions under 3 water regimes and over two seasons.






Figure 1 | Boxplots showing distribution of morpho-physiological and biochemical traits recorded in 18 African spider plant accessions grown under three water regimes. ***P < 0.001, ns, non-significant. (A) Days to 50% flowering, (B) Plant height, (C) Leaf length, (D) Leaf width, (E) Stem diameter, (F) Chlorophyll content, (G) Relative water content, (H) Net photosynthesis rate, (I) Transpiration rate (J) Stomatal conductance, (K) Number of leaves per plant, (L) Proline content.






Figure 2 | Principal component analysis (PCA)-biplot of 18 African Spider plant accessions based on the variance in 13 morpho-physiological and biochemical traits grown under (A) optimum and (B) drought conditions. Fl, Days to 50% flowering; Ph, Plant height; Ll, Leaf length; Lw, Leaf width; Sd, Stem diameter; Spad, Chlorophyll content; Rwc, Relative water content; Photo= Net photosynthesis rate; Cond, Stomatal conductance; Trans, Transpiration rate; Nl, Number of leaves per plant; Ly, Leaf yield; Pro, Proline content.



The accessions were significantly different for most studied traits (P< 0.001), except for Pro (Table 2). Season by genotype interaction was not significant for most traits, except for Ph, Ll, Lw and Sd (P< 0.001) (Table 2). Except for Trans and Pro where the interaction was not significant, the interaction between genotype and water regime was highly significant (P< 0.001) on all other traits studied (Table 2). Most of the traits had non-significant interaction effects of season, water regime and genotype, except for Ph, Ll, Lw, and Photo which were significant (Table 2).





Performance of the accessions under different water regimes

Supplementary Table 1 shows the mean values, and LSD values for comparing the accessions for morpho-physiological and biochemical traits under non-stressed and drought-stressed conditions. When compared to optimum conditions, drought stress reduced morpho-physiological traits (Supplementary Table 1 and Figure 1). A phenological trait, Fl showed significant genotypic differences (P< 0.05) across the three conditions (Table 2), and was reduced as the stress intensified (Figure 1A). Drought stress considerably reduced Fl by 11 days under moderate stress and 20 days under severe stress conditions. Accessions L3 and L5 showed the most Fl under optimum and severe stress conditions. Additionally accessions L8 and L5 recorded the most Fl under mild stress conditions.

Across all three water regimes, Ph showed significant genotypic differences (P< 0.05) (Table 2), and ranged from 44.26 cm to 61.64 cm under optimum conditions, 18.41- 44.46 cm under mild stress conditions and 14.25-33.71 cm under severe stress (Supplementary Table 1 and Figure 1B). Drought stress significantly reduced the Ph by 34.7% under mild stress and 56.63% under severe stressed conditions. Accessions L5 and L8 recorded the tallest plants whilst accessions L16 and L18 recorded the lowest Ph under optimum conditions. The highest Ph was observed in accessions L8 and L3, whereas accessions L12 and L18 recorded the lowest Ph under mild stress. Under severe stressed conditions, accessions L12, L16, and L13 recorded the lowest Ph. In parallel accessions L6 and L8 had the tallest plants.

Leaf length (Ll) significantly differed among the spider plant accessions (P< 0.05) (Table 2) across all three water regimes. Drought stress reduced Ll by 43.6% under severe stress and 28.3% under mild stress conditions (Supplementary Table 1 and Figure 1C). Ll ranged from 4.74-8.11 cm under optimum conditions, 3.58-5.61 cm under mild stress and 2.64-4.01 cm under severe stressed conditions. Accessions L3 and L5 recorded the highest Ll under optimum whereas accessions L18 and L10 recorded the lowest leaf length. Under mild stress conditions, accessions L3 and L17 had the highest observed Ll measurements. Nonetheless, accessions L16 and L11 recorded the lowest Ll under mild stress. Contrastingly, accessions L3 and L14 had the highest leaf lengths under severe stress whereas accessions L2, L12 and L16 recorded the lowest leaf lengths under severe stress.

There were significant (P< 0.05) genotypic differences in Lw Table 2). Drought stress reduced Lw by 29.1% in mild stress conditions and 45.54% in severe stress conditions (Supplementary Table 1 and Figure 1D). The range for Lw was 6.39-10.20 cm under optimum conditions, 3.96-7.16 cm under mild stress and 3.31-4.76 cm under severe stress. Under optimum conditions, accessions L3 and L5 recorded the highest Lw whereas accessions L1 and L18 recorded the lowest Lw. Accessions L3 and L8 had the highest leaf widths, whilst L11, L12 and L4 recorded the lowest Lw widths under mild stress. Accessions L15 and L9 recorded the highest Lw under severe stress but accessions L11 and L12 had the lowest Lw.

Genotypic differences were significant (P< 0.05) for stem diameter (Table 2). Water stress reduced Sd by 35% in mild stress conditions and by 52.6% in severe stress conditions (Supplementary Table 1 and Figure 1E). Sd ranged from 4.86-9.00 mm under optimum conditions, 3.13- 6.24 mm under mild stress 2.24-4.05 mm under severe stress conditions. Accessions L3 and L5 recorded the highest Sd and the lowest Sd were observed for accessions L1 and L18 under optimum conditions. Under mild stress conditions, L18 and L1 were the lowest whilst accessions L3 and L8 recorded the highest Sd. The lowest recorded Sd under severe stress were for accessions L16 and L18 and the highest was observed for accessions L3 and L11.

Spad was significantly reduced by drought stress, with a reduction of 14.4% under mild stress and 15.5% under severe stress conditions (Supplementary Table 1 and Figure 1F). The genotypic differences were significant across all three water regimes (P< 0.05) (Table 2). Spad ranged from 37.78- 43.33 under optimum condition, 32.59- 36.88 under mild stress and 27.78-32.51 under severe stress conditions. The highest Spad readings were observed in accessions L14 and L17 under optimum, L14 and L8 under mild stress and accessions L14 and L11 under severe stress conditions. The lowest readings for Spad were observed for accessions L10 and L8 under optimum conditions, L16 and L1 under mild stress and accessions L12 and L2 under severe stress conditions.

With regards to Rwc, significant genotypic differences were observed across all water regimes (P< 0.05) (Table 2). A decrease in available water caused a significant reduction in the Rwc of the leaves by 28.5% under mild stress and 47.3% under severe stress conditions (Supplementary Table 1 and Figure 1G). Rwc ranged from 56.75- 88.00% under optimum, 42.31- 62.93% under mild stress and 31.84- 49.16% under severe stress conditions. Accessions L3 and L5 recorded the highest Rwc across all three water regimes. The lowest readings in Rwc were noted for accessions L7 and L18 under optimum, L2 and L13 under mild stress and L1 and L12 under severe stress conditions.

Photo varied significantly (P< 0.05) among the African spider plant accessions studied (Table 2), with L3, and L5 having significantly higher Photo across all three water regimes (Supplementary Table 1). Accessions L10 and L16, accessions L6 and L18 and accessions L18 and L13 recorded the lowest Photo under optimum, mild stress and severe stress respectively. Drought stress reduced Photo by 20.6% under mild stress and 47.3% under severe stress conditions (Supplementary Table 1 and Figure 1H). The ranges for Photo varied from 69.74- 89.08% under optimum, 54.82-65.15% under mild stress and 37.77-56.74 under severe stress conditions.

Across all water treatments, significant (P< 0.05) genotypic transpiration rates were observed (Table 2). Drought stress reduced the Trans by 47.1% under severe stress conditions and 30.3% under mild stress conditions (Supplementary Table 1 and Figure 1I). The Trans ranged from 0.0082-0.0114 mmol m–2 s–1 under severe stress, 0.0099-0.0138 mmol m–2 s–1 under mild stress and 0.0146-0.0211 under optimum conditions. Accessions L18 and L15 had the lowest Trans under severe stress whereas the highest rates were observed on L5 and L9. Under mild stress the lowest Trans were found in accessions L15 and L12 whilst the highest rates were found in accessions L1 and L10. Accessions L3 and L5 had the highest Trans whilst L15 and L18 had the lowest rates under optimum conditions (Supplementary Table 1).

For Cond, accessions L3 and L14, had significantly higher conductance under optimum conditions (Supplementary Table 1), L16 and L14 under mild stress and L3 and L17 under severe stress conditions. The genotypic differences were significant across all three water regimes (P< 0.05) (Table 2). Drought reduced Cond by 35% under mild stress and 47.5% under severe stress (Supplementary Table 1 and Figure 1J). In terms of range, Cond ranged from 0.1625-0.2931 mol m–2 s–1 under optimum, 0.0866-0.2050 mol m–2 s–1 under mild stress and 0.1008-0.1703 mol m–2 s–1 under severe stress (Supplementary Table 1).

Water stress decreased the Nl by 53.1% and 72.8.4% under mild and severe stress, respectively (Supplementary Table 1 and Figure 1K). Significant (P< 0.05) genotypic differences were observed across all three water regimes (Figures 1K, Table 2). Nl ranged from 11- 44 under severe stress, 26-76 under mild stress and 52-131 under optimum conditions. Accessions L3 and L5 had the highest Nl under optimum and severe stress conditions. Accessions L3 and L14 had the highest Nl under mild stress conditions. Accessions L2 and L12, L18 and L12 together with accessions L10, L12 and L13 had the least Nl under severe stress, mild stress, and optimum conditions respectively.

There were no significant genotypic differences among the genotypes for Pro (Table 2; Supplementary Table 1). However, Pro varied significantly across water regimes (Table 2 and Figure 1L) and its concentration increased significantly as the stress intensified.

Water stress decreased Ly by 63.5% and 85.4% under mild and severe stress, respectively (Supplementary Table 1). There were significant (P< 0.05) genotypic differences observed across all water regimes (Table 2; Figure 3). Ly ranged from 3.33-26.99 g per plot under severe stress, 11.98-59.27 g per plot under mild stress and 26.57-131.19 g per plot under optimum conditions. Accessions L3 and L5 produced the highest Ly in all three water regimes. Accessions L18 and L2 had the lowest Ly under severe stress conditions. Accessions L2 and L13 under mild stress and accessions L10 and L18 under optimum produced the lowest Ly.




Figure 3 | Barplots showing variation in leaf yield recorded in 18 African spider plant accessions grown under three water regimes. *** P < 0.001.







Principal component analysis

Table 3 presents the principal component analysis (PCA) results showing the proportion of total variance explained, and cumulative variance of studied morpho-physiological and biochemical traits among African spider plant accessions under non-stressed and drought-stressed conditions. Three principal components (PCs) with a cumulative variance of 82% were identified under optimum conditions. PC1 positively related to leaf yield, Fl, Photo, and Nl, accounting for 61% of total variation. Pro and Ph were negatively correlated with PC2. In contrast, Rwc was positively correlated with PC2, which was responsible for 14% of total variation. Ph and Spad positively correlated with PC3, which explained 7% of total variation.


Table 3 | Rotated component matrix of 13 morpho-physiological and biochemical traits of 18 African spider plant accessions under drought-stressed and optimum conditions.



Similarly, three PCs with a cumulative variance of 84% were identified under drought-stress conditions. PC1 negatively correlated with all the thirteen studied and accounted for 69% of total variation. PC2 positively correlated with Lw, Spad, Ll, Nl and negatively correlated with net photosynthesis and stomatal conductance accounting for 9% of total variation. PC3 positively correlated with Nl, and Rwc accounting for 6% of total variation.

The association between African spider plant accessions and investigated traits is represented using principal component biplots under optimum and drought-stressed conditions (Figure 2). In terms of discriminating accessions, relatively small angles between dimension vectors indicated high trait correlation. Accessions that excelled at a specific trait were plotted closer and further away from the vector line. Under optimum conditions, the biplot was created using PC1 (61.5%) and PC2 (13.7%) (Figure 2A). The biplot results revealed that most traits clustered together in the biplot’s rightmost part region except for proline. However, most of the accessions were scattered at the leftmost part region of the biplot.

Under drought stressed conditions, the biplot was created using PC1 (69.2%) and PC2 (8.9%) (Figure 2B). The biplot findings confirmed that traits such as Lw and Pro were clustered together in the biplot’s leftmost region. The accessions under severe stress were clustered at the left most region whilst mild-stress accessions were clustered at the right. Traits such as Ly, Nl, Sd, Fl, Photo, Trans, Spad, Cond, Rwc, Ll and Ph were clustered to the right side.





Pearson’s correlation coefficient analysis

Figure 4 illustrates Pearson correlation coefficients for the 13 characters studied. Under optimum conditions (Figure 4A), morphological traits such as Ll and Lw were positively and significantly correlated with each other (r = 0.97; P< 0.001). Ll was also positively and significantly correlated with Sd (r = 0.84; P< 0.001). Physiological traits were also found to be correlated with each other under optimum conditions. Photo was positively and significantly correlated with Trans (r = 0.72; P< 0.001) and Cond (r = 0.81; P< 0.001). Yield and yield components were found to be high and significantly correlated with each other. Ly was positively and significantly correlated with Nl (r = 0.88; P< 0.001). Ly was also positively and significantly correlated with Fl (r =0.96; P< 0.001), Ll (r =0.68; P< 0.001), Sd (r = 0.71; P< 0.001), Photo (r = 0.9; P< 0.001), Cond (r =0.71; P< 0.01), Trans (r = 0.78; P< 0.001) and Lw (r = 0.66; P< 0.01). Furthermore, there was a negative and non-significant correlation between Pro and Rwc (r = -0.41; P = 0.09).




Figure 4 | Pearson 's correlation coefficient of the 13 measured traits of 18 African Spider plant evaluated under optimum (A) and drought stress (B) conditions. * P < 0.05, ** P < 0.01, *** P < 0.001. Fl, Days to 50% flowering; Ph, Plant height; Ll, Leaf length; Lw, Leaf width; Sd, Stem diameter; Spad, Chlorophyll content; Rwc, Relative water content; Photo= Net photosynthesis rate; Cond, Stomatal conductance; Trans, Transpiration rate; Nl, Number of leaves per plant; Ly, Leaf yield; Pro, Proline content.



In terms of correlation coefficients in drought conditions (Figure 4B), morphological traits such as Ll and Sd were positively and significantly correlated with each other (r = 0.78; P< 0.001). Physiological traits such as Spad were positively and significantly correlated with Trans (r = 0.71; P< 0.001), Photo (r = 0.78; P< 0.001) and Rwc (r = 0.69; P< 0.001). Ly was positively and significantly correlated with Fl (r = 0.80; P< 0.001), Ph (r = 0.66; P< 0.001), Ll (r = 0.72; P< 0.001), Sd (r = 0.68; P< 0.001), Rwc (r = 0.64; P< 0.001), Photo (r = 0.76; P< 0.001), Trans (r = 0.67; P< 0.001) and Nl (r = 0.79; P< 0.001). Pro was significantly and negatively correlated with all studied traits except for Lw (r = 0.74; P< 0.001), the only positively correlated trait with Pro.





Cluster analysis

A hierarchical clustering characterized by significant fold-change values through a complete method and Euclidean distance measurement was conducted to provide an overview of the morpho-physiological and biochemical traits and identify major clusters across 18 accessions under both control (optimum) and stress conditions (Figure 5). Based on cultivar-trait relationships, the various colors and intensities were adjusted. The lighter whitish-orange color represents lower values (drought-sensitive), whereas the darker red color represents higher values (drought-tolerant). Based on the cluster heatmap, four clusters were identified.




Figure 5 | Hierarchical clustering and heatmap illustrating the associations among 18 African Spider plant and 13 different traits in respect to drought tolerance. FL, Days to 50% flowering; Ph, Plant height; Ll, Leaf length; Lw, Leaf width; Sd, Stem diameter; Spad, Chlorophyll content; Rwc, Relative water content; Photo= Net photosynthesis rate; Cond, Stomatal conductance; Trans, Transpiration rate; Nl, Number of leaves per plant; Ly, Leaf yield; Pro, Proline content.



The 18 African Spider plant accessions were organized into four row-clusters, with cluster-1, cluster-2, cluster-3, and cluster-4 each consisting of 2, 1, 5 and 10 accessions, respectively, with the most closely related accessions within each cluster joining. Cluster 1 showed accessions with the highest drought tolerance based on leaf yield and other traits. Accessions L3 and L5 were found in cluster 1 thus representing genotypes with the highest drought tolerance. Cluster 2 showed a low level of tolerance with one accession L14 present in this cluster. Cluster 3 accessions showed a great degree of drought tolerance to drought stress with accessions L7, L4, L1, L8 and L6 representing this cluster. Cluster 4 had drought sensitive genotypes with 10 genotypes present in this cluster. Accessions L15, L11, L17, L9, L13, L10, L16, L2, L12, and L18 were all found in cluster 4.






Discussion

The current study assessed the morpho-physiological and biochemical responses of African spider plant accessions to identify genotypes with a combination of traits that are adaptable to water-limited conditions. All the accessions used in the study were chosen from different pedigrees and most of the measured traits are quantitatively inherited and thus expected to be affected by the African spider plant genotypes, water regimes, and genotype by water regime interaction.




Effect of accessions, environments, and water regimes on morpho-physiological and biochemical traits

The study observed variable responses amongst the accessions for the measured morpho-physiological and biochemical traits varied considerably across the African spider plant accessions. Water stress affected several phenological processes (Supplementary Table 1 and Figure 1). For example, Fl a significant phenological trait linked to present photosynthesis and assimilate displacement from reserve pools in vegetative tissues, was reduced. Drought, in particular, reduces a plant’s life cycle and duration of flowering. The flowering period shortens under drought conditions due to increased leaf senescence, reduced photosynthetic activity, and sink limitation (Fang and Xiong, 2015; Shavrukov et al., 2017; Paudel et al., 2021). Moreover, the relatively short flowering period has a direct impact on leaf number and leaf size, which accounts for a large portion of the decrease in African spider plant yield. Early flowering is a drought escape mechanism that has been developed by plants to complete its life cycle under water deficit stress. This phenomenon explains why accessions L12, L2 and L18 recorded extremely low Ll, Lw, Nl and eventually very low Ly. Because the African spider plant is a facultative long-day plant, selecting for delayed bolting has possibility of increasing yield (Koevenig, 1973; Zorde et al., 2020). This phenomenon is backed by this study which showed that accessions L3 and L5 had more flowering days and because of that recorded the highest Nl and Ly.

Morphological traits such as Ph, Ll, Lw and Sd were significantly reduced by drought stress. Water stress has a significant impact on cell expansion and growth, which is linked with a loss of cell turgor, resulting in a reduction in Ph. Similar patterns have previously been reported in legumes (Baroowa and Gogoi, 2012). Reduced leaf water status impairs cell division in dehydrated plants, causing a decrease in leaf morphological traits (Dale, 1988; Tardieu, 2013).

Leaf gas exchange parameters were reduced under both severe and mild stress conditions. The decrease in photosynthetic rates was caused by both stomatal and non-stomatal factors. Drought stress has been shown to reduce photosynthesis in faba bean (Girma and Haile, 2014), grain legumes (Farooq et al., 2017), and dry bean (Lanna et al., 2017). Furthermore, under drought stress, stomata close, causing a decrease in stomatal conductance and, as a result, a lower photosynthetic rate (Reddy et al., 2004; Chaves et al., 2009). Drought stress causes a water shortage within the plant tissue, which significantly inhibits photosynthesis. It has been reported that stomatal closure reduces bean photosynthetic rates (Brestic et al., 1995). Berry and Bjorkman (1980) claim that an integration of stomatal and non-stomatal effects on photosynthesis occurs, based on the severity of drought stress. Tezara et al. (1999) concluded that water stress restricts photosynthesis by reducing the supply of ribulose-1,5-bisphosphate (RuBP) because of low ATP-synthesis.

Furthermore, under water deficit conditions, stomata begin to close, resulting in decreased stomatal conductance, which may lead to decreased photosynthetic rate (Jamshidi Zinab et al., 2022). Previous studies have shown that a decrease in stomatal conductance in drought-stressed plants reduces photosynthesis (Flexas et al., 2004; Kirschbaum, 2004; Reddy et al., 2004). Stomatal closure during water stress, as well as decreased CO2 availability in chloroplasts, are major causes of reduced photosynthetic activity (Franks et al., 2015). Stomatal closure restricts CO2 from entering the leaf and decreases photosynthetic carbon assimilation in favor of photorespiration. Drought stress has a similar effect on transpiration and photosynthetic rate (Li et al., 2017; Morales et al., 2020). When plants are stressed by drought, their stomata close, resulting in less transpiration and a restriction of gas exchange between the leaves and the environment.

Drought stress significantly reduced Spad, with a reduction of 14.4% under mild stress and 15.5% under severe stress conditions. The decrease in Spad could have stemmed from drought-damaged leaves turning yellowish. Drought stress has been shown to reduce chlorophyll content in wheat (Talebi, 2011), triticale (Mohammadi Alagoz et al., 2023), maize (Mohammadkhani and Heidari, 2007), chickpea (Mafakheri et al., 2010), soybean (Makbul et al., 2011), and rice (Jnandabhiram and Sailen Prasad, 2012). The reduction in Spad is due to chloroplast damage stemming from active oxygen species (Golldack et al., 2014). Drought stress causes the formation of reactive oxygen species (ROS) such as   and  H2O2, which destroy chlorophyll (Smironff, 1993; Foyer et al., 1994).

The Rwc estimates in the drought stressed and optimum treatments were consistent with the findings reported by Goodarzian Ghahfarokhi et al. (2015) and Soltys-Kalina et al. (2016). Drought stress reduced the Rwc of the leaves by 28.5% under mild stress and 47.3% under severe stress, but accessions differed in preserving their relative water content under both water stressed and optimum conditions. The water balance of a plant is interrupted during drought stress, resulting in a decrease in relative water content and water potential of leaves (Bogale et al., 2011). High relative water content values are widely regarded as an index of stress tolerance. Rwc is also thought to be a reliable predictor of the severity of water stress as evidenced by accessions L3 and L5 which showed a high Rwc value across all water treatment.

Osmotic adjustment at the cellular level is an important method for reducing the adverse effects of drought induced damage in crops (Kazemi Oskuei et al., 2023). As the stress increased, the proline content increased significantly. Plants can effectively protect cells from water stress by increasing proline accumulation and stabilizing osmotic potential with the external environment, as noted in wheat (Mwadzingeni et al., 2016). Elevated proline accumulation plays an adaptative role in conferring tolerance in plants (Bhaskara et al., 2015; Kazemi Oskuei et al., 2023). During drought stress, proline accumulation performs the function of a compatible solute, limiting water loss from plant cells (Li et al., 2019). It also aids in the supply of energy for plant survival and growth (Furlan et al., 2020). As a result, accumulation of proline can be employed as an effective selection criterion in germplasm screening studies for drought tolerance (Arteaga et al., 2020; Saddique et al., 2020; Belay et al., 2021).

Water stress causes defoliation and the cessation of new leaf production, resulting in fewer leaves. This explains why the Nl reduced significantly as the stress intensified from mild to severe stress. Selecting for higher yields under both stressed and non-stressed conditions allows accessions to retain high yield rankings because the same accessions will perform well in either situation.

The reported retention of high Ly under stressed and non-stressed conditions in some accessions, such as L3, and L5, supports Foulkes et al. (2007) findings that accessions doing well under non-stressed conditions retain high Ly under stress. However, the strong cross-over associations found in this study, on the other hand, were caused by severe stress imposed on the accessions, resulting in yield losses of approximately 63.5% and 85.4% under mild and severe stress respectively in comparison to stress imposed by Foulkes et al. (2007).





Principal component analysis

In this study, a PCA was used to identify the most crucial morpho-physiological and biochemical traits for the distribution of a set of accessions in the three treatments (Table 3; Figure 2) and, as a result, the traits that may be most important for drought tolerance. PCA-biplot is a multivariate analytic technique that combines traits and variables in two or more dimensions while minimizing overlapping variations to make it simpler to discover key elements for selection (Kose et al., 2018; Huqe et al., 2021). Strong positive loading of Ly, Fl, Photo, and the Nl in the PC1 under optimum conditions indicates that they have a significant effect and can be selected for at the same time due to their direct influence on each other (Table 3). Under drought stressed conditions, PC2 had a favorable correlation with Nl and Ll, Spad and Lw. PCA results also showed that variables Lw and Pro clustered together in the PCA biplot, closely scattering around the accessions under severe stress conditions, indicating that their role in selecting best characters under severe stress conditions is critical.





Pearson’s correlation coefficient and cluster analysis

Understanding the relationship between traits allows for effective and simultaneous selection. The moderate to high positive and significant correlations (r > 0.50) of Ly with Fl, Ph, Photo, Ll, Sd, Trans and Nl under both optimum and stressed conditions (Figure 2) suggest these characteristics make a direct contribution to yield and should be characterized as influential target traits during selection. Under optimum conditions, leaf yield was also positively and significantly correlated with Fl, Ll, Sd, Photo, Cond, Trans, Lw, and Nl which emphasizes the importance of those yield components in contributing to high leaf yield under optimum conditions. Previous research has found a positive and strong correlation between Ly and Ph, Sd, Ll and Lw (Zakaria et al., 2017). Similarly, Kangai Munene et al., 2018; Houdegbe et al., 2022 discovered a positive and strong relationship between Ph and Nl.

Under drought stressed conditions, Ly was positively and significantly correlated with Fl, Ph, Ll, Sd, Rwc, Photo, Trans and Nl. Such a positive correlation between these traits suggests that simultaneous and direct selection for these desired traits is feasible. Pro was significantly and negatively correlated with all studied traits except for Lw. Proline is an osmolyte that also functions as an osmotic regulator and has antioxidant activity by scavenging reactive oxygen species (ROS) and protecting plants from further oxidative damage and cell death (Upadhyay et al., 2020).Various studies have indicated that a higher unrestricted accumulation of proline is related with drought-resilience and lower content with drought sensitivity (Asao, 2012; Upadhyay et al., 2020).

Although Pro significantly increased in all African spider plant accessions studied when subjected to drought stress, the scale of accumulation differed, and the increase was observed on sensitive accessions such as L18. Corresponding research studies in wheat (Rampino et al., 2006) and maize (Ibarra-caballero et al., 1988) found that free proline levels multiplied as relative water content decreased in all sensitive wheat genotypes. Though proline levels rise during drought stress, the function of proline accumulation in conferring drought stress tolerance is debatable. As a result, more research is needed to avoid differences in opinion about whether an increase in proline levels can help plants cope with drought stress (Arteaga et al., 2020; Belay et al., 2021).

Ultimately, accessions in cluster 1 and, to a lesser extent, cluster 3 maybe valuable genetic stocks for breeding drought tolerance in African spider plant, considering the morpho-physiological traits. Accessions L3, L5 and L7, L4, L1, L8 and L6 from these clusters were superior for several traits. According to the current study’s findings, accessions such as L3, L5 and L7, L4, L1, L8 and L6, can maintain notable high leaf yields in both optimal and stressful conditions. The accessions’ tolerance response to drought stress is attributed primarily to their genetic constitution, which regulate the key traits in African Spider plant under drought stress which is consistent with previous research (Islam et al., 2007; Mohi-Ud-din et al., 2021; Chatara et al., 2023).






Conclusion

In this study, we evaluated a panel of 18 African spider plant accessions based on 13 morpho-physiological, and biochemical character traits under three different water regimes. Overall, most traits studied were significantly affected by the season of study and accessions, whereas variability due to water regimes was significant for all traits studied. Significant changes in phenological, physiological, morphological, and yield traits were observed under the three different water regimes. Proline accumulates in response to stress, but when evaluated at a specific time point, proline may not be a reliable indicator or marker for indirect selection for water stress stressed yield. The present study also concluded that the investigated accessions contain valuable genetic diversity for drought tolerance. The drought-tolerant accessions reported in this study based on discriminative analyses, L3 and L5, could be highly suggested as promising parents for spider plant drought tolerance improvement breeding programs, along with developing stable and high-performing lines. Future research can also investigate the molecular facets of these promising inbred lines, such as the molecular mechanism and gene expression profile of candidate drought resistant genes.
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Indexes Growth stage R? RSS
Pn and SOD Vegetative growth Yy = -0.02Xysop + 33.31 0.968** 0539
Fleshy root growth Y = -0.02Xgs0p + 38.90 0.741% 6.407
Flesh root maturity Yt = -0.02Xusop + 31.33 0.852%% 2316
Pn and POD Vegetative growth Yy = -0.02Xypop + 35.62 0.976** 0.407
Fleshy root growth Y = -0.01Xgpop + 38.00 0.642* 8.880
Flesh root maturity Yu = -0.01Xppop + 26.29 0.701* 4.682
Pn and CAT Vegetative growth Yy = -1.77Xycar + 49.00 0.944* 0.955
Fleshy root growth Y = -1.58Xgcar + 4349 0.667* 8243
Flesh root maturity Yy = -0.73Xycar + 22.19 0.448* 8.663

Yv, Y, and Yy represent the net photosynthetic rate during the vegetative growth period, fleshy root growth period, and fleshy root maturity period, respectively. Xysop, Xrsop, and Xysop
represent SOD activity during the vegetative growth, fleshy root growth, and fleshy root maturity periods. Xvpop, Xrrop» and Xypop represent the POD activity during the vegetative growth
period, fleshy root growth period, and fleshy root maturity period, respectively. Xvcar, Xecar, and Xycar represent CAT activity during the vegetative growth, fleshy root growth, and fleshy root
maturity periods. * and ** mean that the R? is significant at the probability levels of 0.05 and 0.01, respectively.
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Different lowercase letters in the same column mean the significant differences among treatments according to LSD (P < 0.05). Data were presented as mean + SE (n = 3).
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T1 75-85% 65-75% 75-85% 75-85%
T2 75-85% 55-65% 75-85% 75-85%
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Soil depth/cm Bulk density/ Field capacity/ Saturated water content/ Permanent withering Cosmid/% Powder/% Grit/%

-3 -1 -1 . -1

(Mg m™) (gg) (gg) coefficient/(g g™)
0-20 1.60 0.21 0.24 0.10 243 41.49 56.08
20-40 155 024 0.30 0.10 256 4140 56.05
40-60 1.58 0.25 033 0.12 2.88 42.82 54.29

60-80 1.59 0.25 032 0.13 2.60 41.40 56.00
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Leaf C

Treatment Concentration Allocation

Ti00-S10
T100-Ss0
T100-Se0
Too-Sa0
Too-Sso
Too-Ss0
T0-Sa0
T50-Ss0
T70-Se0
Ftest I
Ftest S
FIxS

(%)

33.92 + 2.69ab
3141 + 2.74b
3542 +0.62a
33.85 + 1.35ab
3541 + 1.95a
3547 + 0.45a
3452 = 1.91a
34.41 £ 1.89a
35.40 + 0.50a
ns

ns

(%)

23.74 + 1.66b
21.58 + 2.38¢c
24.33 + 0.44b
25.16 + 0.46b
24.48 + 1.52b
25.33 + 0.25b
27.57 £ 1.21a
27.24 + 0.80a
28.63 + 0.61a

ot

ns

Stem C

Concentration Allocation

(%)

38.49 + 1.17a
39.63 + 0.35a
41.51 + 6.68a
34.08 + 8.46a
38.25 + 0.62a
38.16 + 0.52a
36.97 +2.24a
38.22 + 0.40a
38.13 + 0.94a

ns

ns

ns

(%)

19.00 + 0.54ab
19.57 + 0.04ab
19.83 + 3.31ab
17.55 + 3.65b
19.17 + 0.6ab
19.16 = 0.81ab
2108 + 1.13a
217 £ 0.46a
2174 + 0982
-
ns

ns

Root C
Concentration Allocation
®) %)
3794 £ 6.72a 991 + 1.29ab
4397 +5.052 11.80 + 2.31a
4034 +13.2a 1275 + 3.81a
39.18 + 2.36a 1041 £ 0.94ab
3844 +3.83a 1083 + 1.01a
40.76 + 5.65a 11.96 + 1.60a
3864 +3.81a 7.57 + 1.06b
40.07 £7.22a 10.80 £ 2.09
393 +£7.71a 1043 + 1.19ab

ns

ns

ns

ns

ns

Grain C
Concentration Allocation
(%) (%)
4220 £020a  47.36 £ 1.2a
4267 +0.13a  47.06 +0.12a
4138 + 1.04a  43.09 £ 2.5b
418 +159% 4546 +2.953b
4234 +£052a 4552 + 1.57ab

4251 + 0.75a
42.25 + 0.96a
41.82 + 0.53a
41.97 + 0.59%
ns
ns

ns

43.55 + 0.99b
43.79 + 2.96b
40.27 £ 2.17¢

39.2 £ 0.28¢

P

ns

Values are mean + S.D. (n = 4) for each measurement. I, loo and 1,09 represent irrigation regimes of flooding with 30mm (upper limit) as the soil water reaches 70% of saturation (lower limit); flooding
‘with 30mm (upper limit) as the soil water reaches 90% of saturation (lower limit) and flooding with 30mm (upper limit) as the soil water reaches 100% of saturation (lower limit). S0, S50, and Sgg indicate
soil clay content with 40%, 50% and 60% respectively. Different letters mean significant differences (p<0.05) according to the Duncan’s test. I, S, and IxS indicate irrigation regime, soil type, and the
interaction between irrigation regime (I) and soil type (), respectively. ns, *, ** and represent no significance, 0.01<p<0.05, and p<0.01, respectively.
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Treatment Dry weight  Fresh weight Plant Nitrate-nitrogen  Soluble sugars IAA ABA

(g/plant) (g/plant) height (ng/g FW) (mg/g FW) (ug/g FW) (ug/g FW)
(cm)

CK 0.40+0.07¢ 2.87+0.08d 39.96+1.10b 58.42+1.07¢ 30.59+0.2a 3.93+0.08bc 16.71+0.23a
M20 0.48+0.02ab 2.97+0.15¢d 40.97+1.01ab 67.22+0.85b 28.19+0.36b 4.21+0.04a 13.71+0.23d
M50 0.45+0.02bc 3.20+0.07bcd 39.79+1.05b 59.98+0.94¢ 28.81+0.34b 3.83+0.06¢ 13.48+0.31d
BS 0.52+0.03a 3.27+0.03bc 40.98+1.00ab 72.32+0.98a 31.23+0.23a 4.04+0.06b 14.82+0.21c
BM20 0.51+0.03ab 3.37+0.07ab 41.88+0.98ab 69.97+0.78a 30.24+0.44a 3.61+0.06d 14.40+0.24¢
BMS50 0.53+0.03a 3.63+0.19a 43.52+1.00a 70.38+1.04a 28.90+0.47b 4.07+0.05ab 15.83+0.14b
B. subtilis 20.90*** 20.95%* 5ar* 134.91** 6.62* 3.66 4.21*
MWCNTs 141 5.15* 0.76 8.16** 20.32%%* 0.84 28.34%%*
B. subtilis x 1.78 0.02 122 1505w 4.11* 30.80*** 4272+

MWCNTs

The dry/fresh weight data are presented as the means of three replicates. The plant height data are presented as the means of 20 replicates + SE and were compared using Duncan’s multiple
range tests. The nitrate-nitrogen, soluble sugar, IAA and ABA contents are presented as the means of 7 replicates + SE and were compared using Duncan’s multiple range tests. Within each
column, the values with the same lowercase letter are not significantly different. Significant levels of the two-way analysis of variance are denoted *P < 0.05, **P < 0.01, ***P < 0.001. The
treatments were as follows: CK, no addition of MWCNTSs or B. subtilis; M20, addition of 20 mg/L MW CNT's without B. subtilis; M50, addition of 50 mg/L MWCNTs without B. subtilis; BS,
addition of B. subtilis without MWCN'Ts; BM20, addition of 20 mg/L MWCNTs with B. subtilis; and BM50, addition of 50 mg/L MWCNTSs with B. subtilis.
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Traits Traits degree
ABA 0.685 1 Pro 0655
A 0.669 2 SPAD 0653 14
PH 0.666 3 SOD 065 15
GN 0.664 4 CAT 0.649 16
TGW 0.663 5 E 0648 17
MDA 0.663 6 SSP 0648 18
Gs 0.662 7 APX 0646 19
LwC 0.661 8 LAI 0645 20
(o4 0.661 9 SN 0.641 21
Ci 0.659 10 SPC 0634 2
FV/EM 0.658 11 DM 062 23
N3 0.657 12 POD 0605 24
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Cultivar  Cly Cly Cls Cly (@

GY2018 | 0817 4499 | -0.019 6961 | 19470 = 6586  -1314 0504 | 0617 0425 0871 0597 0906 0327 0582 6
GY5218 -3.765 11.670 -2.015 -4.688 -19.990 -3214 11204  0.356  0.706 0252 | 0.365 0.312 0.128 = 0.964 0.408 11
JM738 -0.818 -11.530 0.205 9.927 47475 1.435 -2.461 0.451 0.419 0.445 1.000 0.800 0497 | 0.268 0.540 7
SX828 | 14732 45354 | -4.833 | -11453 38889  -4497 9496  0.000  0.000 0007 & 0071 0738 0026 | 0877 = 0.128 16
54366 5646 -10808 | -0341  -5031  -39914  0.003 = -7.734 0661 0428 0397 | 0350 0169 0384 0000 0452 9
JM585 -5.080 1.828 2.101 -0.006 60.214 -1.769 -1.424 0313 0.584 0.609 = 0.568 0.892 0243 | 0321 0.478 8
JM418 16.090 [ 20.579 5.688 8.202 -63.244 I -4.831 -2.344 I 1.000 = 0.816 I 0.920 | 0.925 0.000  0.000 = 0.274 0.753 1
SL02-1 0.556 -3.682 -3.867 -4.216 -42.756 -1.426 -6.023 0496 = 0.516 0.091 0.385 0.148 0270 | 0.087 0.361 12
XM7 5366 -13013 | 0703 | -6.139 20278 4280 11912 0304 0400 0488 | 0302 0603 0723 1000 0435 10
XMI3 | 10673 21697 | 2651 = 4165  -35153  -1407 3286 0132  0.830 097 | 0750 0203 0272 0561 = 0.361 13
CM6002 -2.260 -0.934 -1.367 -13.081 -3.184 -3.023 1.733 0.405 = 0.550 0.308 | 0.000 0.434 0143 | 0482 0.354 14
HM19 8.822 -10.533 6.605 -2.651 9.795 -2.445 -2.266 0.764 = 0.431 1.000 | 0453 0.528 0.189 | 0.278 0.622 4
SN086 -13.772 0.362 -4.916 -0.259 75.198 -3.892 1.761 0.031 0.566 0.000 | 0.557 1.000  0.075 @ 0.483 0.292 n
SM22 5.398 35.438 2913 7.207 -9.909 1.732 -6.527 0.653 1.000 0.680 = 0.882 0.385 0.521 0.061 0.673 2
H4399 11374 3115 | 1331 | 4357 -30.351  7.767 | -5265 0847  0.600 0542 | 0758 0238 1000 | 0126 = 0.671 3
HG35 7767 -3336 | 0463 = 6708  -26817 4701 | -4034 0730 0520 0467 0860 0263 0757 | 0188  0.607 5

W, 0376 = 0.152 0.137 | 0.123 0.096  0.065 | 0.051

J
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Cultivar  Cly Cly
GY2018 | 2544 3582 38616  -2.048 22146 | -14.122  -1672 0.563 | 0587 0866 0341 0572 0396 0378 0560 5
GY5218 -0.795 -15.873 36.754 -3.766 67.144 43.942 1.205 0372 | 0.242 0.853 0.237 0.825 1000 = 0577 0.496 9
JM738 -0.516 -5.420 -45.112 2396 -4.503 12.509 -6.060  0.388 = 0.427 0.286 = 0.611 0.423 0.673 = 0.074 0.407 10
SX828 | 3570 29575 86504 5518 | 98285 = 7207 | -6947 0213  0.000 0000 & 0130 1000 0468 & 0012 = 0223 16
54366 6228 8421 12143 0558 | 13791 = 43966 = 0575  0.061  0.672 0683 0431 0525 1000 0533 0398 11
JM585 -1.980 2.150 26.398 -0.613 18.472 23.185 6.701 0.304  0.561 0.781 0.428 0.552 0.784 | 0958 0.507 8
JM418 5199 26.932 57.984 6.617 -55.849 -37.040 6.792 I 0.712 1.000 I 1.000 | 0.867 0.134 0157 | 0.964 0.730 1
SL02-1 -3.858 -26.321 51913 -7.664 55.969 28.498 6.702 0.197 = 0.058 0.958 = 0.000 0.762 0.839 = 0.958 0.392 12
XM7 4772 6647 | 48544 0176 | 23305 = -1518 | -4277 0144  0.641 0263 | 0476 0579 0527 | 0197 = 0332 13
XM13 6470 9993 | 29628  -1766 | -6.129 4875 | -2525 0047 0347 0394 0358 0414 0593 0319 0251 14
CM6002 -1.174 8.154 35.107 8.806 -48.981 -19.036 2276 0.350 = 0.668 0.842 1.000 0.173 0.344 | 0.651 0.524 7
HM19 9.374 7.010 40.231 -0.627 -30.028 -52.144 3.087 0.953 = 0.647 0.877 | 0427 0279  0.000 & 0.707 0.707 2
SN086 -7.298 -6.359 -30.361 -7.184 14.492 16.589 0.816 0.000 = 0.411 0.389 = 0.029 0.529 | 0.715 | 0.550 0.239 n
SM22 5.557 8.422 41.293 5.502 -79.779 -34.760 7312 0.735 | 0.672 0.884 | 0.799 0.000 = 0.181 1.000 0.663 3
H4399 | 10187 5486  -33.865 3149 | 43342 14601 | -7.126 1000 | 0.620 0364 0657 0205 0391 0000  0.660 4
HG35 3840 16738 66427 = 3099 | -44997 = 6864 | -6859 0637  0.820 039 | 0654 0195 0614 0018 0525 6

W, 0415  0.143 0.124 = 0.100 0.088 0.070 | 0.060

J
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2019-2020 2020-2021

Principle factor

a, c, Cly Cly Cly
Factor weight 0415 | 0143 024 0100 = 0.088 0070 | 0060 = 0376  0.152 0137 | 0123 0.096 | 0.065 0.051
Eigenvalue 8208 | 2.831 2458 1.979 1.749 1377 1185 | 7.630  3.091 2778 | 2490 1.956 1.327 1.045
CR (%) 34198 | 11795 | 10242 | 8245 7.286 » 5738 | 4937 | 31790 | 12879 | 11577 | 10375 » 8.148 5529 4.356
CCR (%) 34.198 45.993 56.235 64.480 71.766 77.504 82.441 31790  44.669 56.246 66.621 74.769 80.298 84.654
Eigenvector |
PH 0.168 0.231 -0.260 0.137 0.805 -0.036 -0.107 0.070 -0.006 0.107 -0.073 0.181 0.878 0.104
DM 0.331 0.496 0.454 0.370 -0.002 0.037 0.347 0.433 0.127 0.172 0.513 0.210 -0.348 0.451
SN 0.193 0.484 0.683 0.044 -0.046 -0.002 -0.370 0.299 0.463 0.567 -0.201 0.099 0.371 0.136
GN 0.223 0.231 0.111 -0.821 -0.030 -0.132 -0.250 -0.060 0.085 -0.104 0.108 0.859 -0.058 0.225
Sp <0125 | -0.182 | -0.001 | -0.128 | 0.849 0118 | -0014  -0.243  -0.019  -0.177 | -0.101 = -0.106 = 0833  -0.246
SSp -0.041 | 0018 | -0.130 = 0024 | -0050 | -0.180 = 0771 0.291 0514 | -0.188 | 0344 0032 | 0506  -0279
TGW 0.134 -0.813 -0.153 0.275 0.211 0.082 -0.065 0.128 -0.846 -0.124 -0.214 -0.003 -0.174 -0.182
LAI 0.581 0.533 0.258 0.384 0.052 0.088 -0.222 0.151 0.389 0.763 0.076 0.135 -0.086 0414
CT 0.754 0.144 0.307 0.177 0.163 -0.039 0.072 0.712 0.344 0.220 0.169 0.282 -0.226 0214
LweC 0.187 | 0469 = 0053 | 0109 | -0492 | 0486 | 0238 | 0277 0034 = 0544 = 0540  -0363 = 0.198 0.071
SPAD 0635 | 0436 0240 | 0030 | 0074 0388 | -0.116 = 0.897  0.024 0192 0095 0070 | 0.057 0250
A 0.733 0.069 -0.047 0519 -0.143 0.042 0.275 0.562 0.089 0.676 0.303 0.116 0.030 -0.053
E 0.330 0.140 0.345 0.180 -0.199 0.097 0.630 0.032 0.124 0.102 0.871 -0.038 -0.100 -0.123
Gs 0.196 0.150 -0.073 0.696 -0.031 0.294 -0.074 0.399 -0.024 0.223 0.101 0.022 0.311 0717
Ci 0.460 0.588 0.306 0.080 ‘ -0.224 0.152 -0.355 0.457 0.281 0.147 0.068 0.188 -0.241 0.462
Fv/Fm 0308 | 0310 | 0417 | 0698 | -0057 = -0212 | -0021 | 0034 0024 = 085 0192  -0001 | -0200 = 0279
SPC 0264 | 0013 | -0.053 | 0.165 | -0022 = 0813 | -0.179 = 0098 = 009 = 0254  -0216 = 0141 | -0212  0.804
SOD 0.656 0.290 0.373 0.284 0.075 0.220 0.305 0.149 0.080 0453 0.716 0423 0.019 -0.008
POD 0.157 0.083 0.879 -0.273 -0.256 0.083 0.044 0.226 0.879 0.084 -0.105 -0.075 -0.168 0.131
CAT 0.501 0.193 0.015 -0.130 -0.312 -0.617 0.025 0.388 -0.136 0.083 0.398 0.557 -0.014 -0.203
APX 0536 | 0479 | 0202  -0281 | 0314 0308 | -0068 = 0.39  -0.144 0278 | -0.121 | 0839 | 0210  -0.033
MDA 0.105 | 0837 | -0.015 0292 | 057 | -0040 = 058 0162  -0.559 = -0.093 = 0577 0071 | -0254  0.300
Pro 0.835 -0.175 0.115 -0.184 -0.194 0.083 -0.053 0.522 0.022 -0.078 0.014 0.672 0.025 0.224
ABA 0.528 0.007 0.698 0.226 -0.003 -0.249 0.047 0.397 0.656 0.280 0.188 -0.046 -0.426 -0.133

CI, comprehensive indices; CR, Contribution ratio; CCR, Cumulative contribution ratio.
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Optimum Drought-Stressed

Traits PC2 PC2

H 0.32043 -0.19588 -0.21092 033774 -0.1781 0232332
Ph 0211481 -0.11642 0.686428 031664 0.07903 -0.38559
1 0.30578 0.242105 -0.04807 031816 0.364343 0.004674
Lw 0.294836 0.231222 -0.05752 02421 0.428673 -0.12701
sd 0299911 0.126289 -0.06238 033257 -0.04518 -0.23727
Spad 0229639 | 0.222319 0.499979 [ -0.07015 0.528818 -0.09657
Rwe 0239282 0.440847 0.120608 -0.23018 -0.03766 0.321672
Photo 0.327278 -0.01867 -0.2026 -0.32746 -0.31684 0.138791
Cond 0286774 -0.01922 -0.25965 -0.13662 -0.2583 03314
Trans 0286964 -0.19249 -0.15048 -0.24614 -0.25001 0.113058
NI 0.306739 -0.28105 0.167221 -0.0536 0.319616 0.64286
Pro 0.057781 -0.653 0.169809 -0.3664 0.102217 -0.13569
Ly 0.321105 -0.18197 -0.14963 -0.36568 -0.14215 0.196314
Explained variance (eigenvalue) 28278 1.3367 0.96179 8.990 1154 0.812
Proportion of total variance (%) 61512 13.744 7.11566 69.154 8.879 6248
Cumulative variance (%) 61512 7525 8237254 69.154 78.033 84.280

Fl, Days to 50% flowering; Ph, Plant height; L1, Leaf length; Lw, Leaf width; Sd, Stem diameter; Spad, Chlorophyll content; Rwc, Relative water content; Photo= Net photosynthesis rate; Cond,
Stomatal conductance; Trans, Transpiration rate; NI, Number of leaves per plant; Ly, Leaf yield; Pro, Proline content.
Bold values represent traits with the highest values that are positively related to that particular Principal component.
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(ug proline/ml x toluene)/115.5ug/ umol|/ (g sample)/:

umol proline/ g of fresh weight material Equation (2)
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(%) RWC =0 =0 x 100 Equation (1)
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Season 1 901+ 0.70ns
Rep (Season) = Error a 6 9.10 829
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Season * WR 2 037ns 227ns
Rep(Season*WR) = Errorb | 12 591 252
Gen 17 10507 1456
Season * Gen 17 0sdns 263
WR* Gen 4 2 297
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cv 951 1754

*P <005, **P < 0,01, ***P < 0001, ns, non-significant; Rep, Replication; WR, Water regi
 Cond, Stomatal conductance; Trans, Transpiration rat
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e, Relative water content; Photo, Net photosynthesis rat
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Genotype Genebank of Origin* Country of origin Reg

L1 KENRIK Kenya East Africa

L2 University of Ouagadougou Burkina-Faso West Africa

L3 GBioS/UAC Benin West Africa

L4 GBioS/UAC Benin West Africa

L5 GBioS/UAC Togo West Africa

L6 University of Ouagadougou Burkina-Faso West Africa

L7 World Vegetable Center Thailand Asia

L8 ‘World Vegetable Center Zambia Southern Africa
L9 ‘World Vegetable Center South Africa Southern Africa
L10 World Vegetable Center Malaysia Asia

L11 World Vegetable Center Uganda East Africa

L12 ‘World Vegetable Center Malaysia Asia

L13 KENRIK Kenya East Africa

L14 ‘World Vegetable Center Uganda East Africa

L15 LUANAR Malawi Southern Africa
L16 Otjiwarongo Namibia Southern Africa
L17 World Vegetable Center Laos Asia

L18 KENRIK Kenya East Africa

*KENRIK, Kenya Resource Centre for Indigenous Knowledge; LUANAR, Lilongwe University of Agriculture and Natural Resources; GBioS/UAC, Laboratory of Genetics, Biotechnology and

Seed Science, University of Abomey-Calavi.
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prblock +A;+ BlockA ; + B, +AB 4 +BlockBy +¢,+AC,+BCy + ABCy i+ ey Equation (3)
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Plant height 0.4510.180260.13037 041 0.27
Branchlength | 0.71]0.56/ 1.0 [0 1=]0.50L0 280 1d0.41]0.36
Branch diameter 0.55/0.61/0.89 0.67 0.54|0.41
Leafarea 0.41 510.71]0.41 052 0.31
Crown width () 0.30(0.75/0.61 0.84 0.36(0.60{0.50
SPAD : ; 0.70]0.56]0.85| ' [0.58L0320370.2¢
Po [0 1 [0.25/0.83(0.50(0.96,  [0.49+038-031/0.25/0.2
Tr Y )| 1 [028l0540 1 1[0390390500810.41 033
Gs | @ 1 |0.400.71[027047[035026
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Treatment

FLasoBE250BRoso 0.00 0.00 0.48 4
FL;50BE250BRaso 0.01 0.00 0.40 v 5
FL;50BE350BRaso 0.00 0.01 0.68 2
FLysoBE150BRaso 0.01 0.00 0.16 7
FLysoBE350BRis50 0.00 0.01 0.79 1
FL350BE150BRaso 0.01 0.00 0.28 6
FL350BE250BRis0 | 0.00 7 0.00 0.53 3

Dj, Positive ideal solution distance; Dy, negative ideal solution distance; R,, relative proximity
coefficient.
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Treatmen Arol Flav Aftertaste Acidity Body Balance Overall Total Score
MFL,50BE,50BRys0 7.44ab 7.19bc 7.13b 7.50a 7.13b 7.50a 7.25¢d 81.13bc
MFLy50BE 50BRaso 731b 7.06cd 7.13b 738 7.13b 7.50a 7.31bed 80.81c
MEFL,56BE350BRoso 7.56a 731ab 7.31ab 7.50a 7.50a 7.50a 7.50ab 82.19
MFL;50BE50BRsso 7.44ab 6.88d 6.88¢ 731a 6.81c 731a 7.19d 79.81d
MFL;50BE350BR;50 7.56a 7.44a 7.44a 7.56a | 7.44a 7.56a 7.63a 82.63a
MFL350BE50BRjs0 731b 7.25abe 7.13b 7.44a 7.13b 7.50a 7.25¢d 81.00bc
MFL350BE 50BR; 5 7.5ab 731ab 7.19b 7.56a 7.19b 7.38a 7.44abe 81.56b
Significance test (P value) 0.020 <0.001 <0.001 0266 <0.001 0340 0.001 <0.001
DFL,50BE;50BRoso 7.13bc 7.13ab 7.56a 6.81b 7.56ab 7.13a 7.19ab 80.50bc
DFL;50BEx50BRss0 7.00¢ 7.00b 7.19b 6.75b 7.44ab 7.19a 7.13ab 79.69d
DFL;50BE350BRoso 7 7.25ab 7.13ab | 7.19b 6.69b 77A38b 7.13a [ 7.25ab 80.00cd
DFLy50BE; 50BRss0 7.13bc 7.13ab 7.06b 6.69b 7.56ab 7.25a 7.06b 79.88cd
DFL,50BE;50BR; 50 7.44a 7.25ab 7442 7.00a 7.44ab 7.13a 7.31a 81.00ab
DFLy50BE; 50BRyso 7.13bc 7.13ab 7442 681b 763 7.13a 731a ‘ 80.56bc
DFLs50BE;50BRy50 7.38a 731a 7.56a 6.81b ‘ 7.63a 725 7.31a 81.25
Significance test (P value) 0.003 0309 <0.001 0.007 0078 0451 0.032 <0.001

M, medium roasting degree; D, dark roasting degree. Different lowercase letters in the same column under the same roasting degree indicate a significant difference at P<0.05 level.
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Total sugar Protein Caffeine Chlorogenic acid

flisatnent /g (100g)" /g (100g)" 1% /g kg
FL50BE250BR2s0 5.56+0.12b 11.47+0.10d 14.73+0.07cd 15.33+0.19¢ 1.03+0.02bc 23.73£1.01b
FL150BE250BR350 5.27+0.13c 11.28+0.21d 14.59+0.15d 15.23+0.16¢ 1.12+0.08b 23.23+0.69b
FL150BE350BRos0 5.67+0.14ab 12.07+0.10b 15.58+0.22a 16.49+0.33b 12240042 26.45£0.77a
FLysoBE,50BRys0 4.95£0.20d 10430.11f 14.18+0.08¢ 14.25+0.17d 1.05:0.04b 20.730.80¢
FL50BE350BR, 50 5.92+0.20a 12.58+0.09a 15.26+0.23b 17.48+0.26a 1.08+0.04b 27.3940.45a
FL350BE;50BR2s0 4.96+0.10d 10.76+0.13¢ 14.23+0.16e 14.31+0.13d 0.95+0.04¢ 20.18+1.02¢
FL350BE250BR, 50 5.22+0.16cd 11.77+0.10c 14.95+0.19¢ 15.17+0.22¢ 0.96+0.03¢ 23.65+0.64b
Significance test (P value) 1 <0.001 | <0.001 <0.001 <0.001 <0.001 <0.001

Values are means + standard deviations (n=3), different lowercase letters in the same column indicate significant difference at P<0.05 level.
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Comprehensive
score G/ Rank

Membership

[[reatment Growth indicators Physiological indicators  vield Quality indicators

Branch length  Branch diameter ~ SPAD Pn WUE Yield Polysaccharide Total Sugar Betaine Crude fat Protein

LN, 0.00 000 0.00 0.00 000 0.00 030 057 042 042 068 021 10
N, 012 024 044 070 070 001 056 053 0.64 058 026 042 6

IN; 015 059 019 056 028 009 050 031 058 0.16 057 034 8

LN 034 055 034 0.67 027 018 052 0.62 0.08 000 037 033 9

LN, 100 100 100 100 076 100 100 045 021 100 065 081 1

o LNy 083 080 079 077 022 075 080 023 025 054 085 061 4
[ 077 040 053 052 060 087 100 100 058 094 072 3

085 097 079 0.80 100 073 098 0.63 044 053 1.00 078 2

LN 0.62 081 035 070 069 053 091 053 042 095 0.00 0.58 5

K 074 075 053 077 040 056 000 0.00 0.00 037 044 041 7
LN, 0.00 000 0.00 0.00 033 000 009 0.54 012 0.28 058 017 10

LN, 017 044 039 0.08 047 012 041 0.48 041 044 000 033 9

IN; 029 025 0.26 07 047 024 027 037 029 006 052 033 8

LN, 0.65 059 052 065 033 043 044 100 0.08 000 047 044 6

LN, 100 097 100 100 072 100 100 0.44 015 100 055 078 2

e LN; 0.88 082 082 0.80 100 082 062 023 021 041 061 0.63 4
LN, 078 091 040 0.45 037 057 092 0.90 100 052 088 [ 3

LN, 0.96 100 081 081 082 08 098 0.69 0.65 036 100 0.80 1

IN; 092 090 045 0.66 028 065 005 041 046 036 037 0.48 5

CK 087 070 067 079 000 082 000 0.00 0.00 025 041 037 7
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Comprehensive quality indicator

Year Treatment D;
Polysaccharide Total Sugar Betaine Crude fat Protein

LN, 0.296 0.319 0.313 0.303 0.320 0.147 0.108 0.423 7
Ny 0311 ‘ 0.318 0.361 ‘ 0.322 0.302 0.100 0.156 0.609 ‘ 2
I;N3 0.307 0.310 ‘ 0.347 ‘ 0.272 0.316 0.140 0.128 0.476 5
LN, 0309 0.320 0.244 0253 0.307 0229 0.044 0.160 10
LN, 0336 [ 0315 i 0271 ; 0373 0319 0.165 0.144 0.466 [ 6
LN, ‘ 0325 0.308 0279 0317 0.328 0.168 0.102 0379 8
2021
LN, 0.329 0.333 0.435 0.323 0.332 0.051 0.231 0.821 1
LN, 0.335 0.321 0.318 0.316 0.335 0.130 0.134 0.507 4
EVY 0.331 0.318 0.315 0.367 0.290 0.129 0.154 0.545 3
CK 0278 0.301 0227 0297 0.310 0232 0.048 0.172 9
z I 0336 I 0333 0435 0373 1 0335
z 0278 0.301 0227 0253 0.290
LN, 0.285 0.317 0.277 0.292 0319 0.224 0.079 0.261 7
LN, 0.310 0.315 0.324 ‘ 0.327 0.273 0.178 0.120 0.404 4
I;N; 0.298 0.312 0.305 0.246 0314 0.241 0.067 0.218 8
LN, 0312 0.330 0272 0233 0.310 0.266 0.059 0.183 10
LN, 0356 0314 0283 0.446 0316 0.142 0233 0.620 2
LN, 0326 0.308 0293 0320 0.321 0.185 0.116 0.387 5
2022
LN, 0.349 0.327 0.420 0.343 0.342 0.103 0.221 0.682 1
15N, 0.354 0.321 0.363 0.310 0.351 0.147 0.171 0.538 3
15N 0.282 0.313 0.332 0.310 0.302 0.185 0.112 0.376 6
CK 0278 0.302 0258 0285 0.305 0.246 0.062 0.200 9
z 0356 0.330 0420 ‘ 0.446 0351
z 0278 0.302 0258 0233 0273

C; indicates the fit degree, Z" indicates the ideal solution, Z" indicates the inverse ideal solution, D;" indicates the distance between each treatment and the ideal solution, and D;” indicates the
distance between each treatment and the inverse ideal solution.
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Polysaccharide Total sugar Betaine Crude fat Protein

fleatineht (g100g™) (g100g™") (g100g™) (g100g")  (g100g™)

LN, 4.61d 50.43 ab 0.66 be 1.60 cd 11.00 abe
LN, 4.85 ¢ 50.23 ab 0.76 b 1.70 abc 10.37 od
N5 479 ¢ 49.10 be 073 b 143 cd 10.83 abc
LN, 482 c 50.67 ab 052d 133d 10.53 bed
LNy 525a 49.80 be 0.57 cd 197 a 10.97 abc

2021
LN 5.07b 48.70 be 0.59 cd 1.67 be 11.27 ab
LN, 5.13 ab 52.61 a 092 a 1.70 abc 1140 a
LN, 523a 50.73 ab 0.67 be 1.67 be 11.50 a
LN 5.17 ab 50.23 ab 0.67 be 1.93 ab 9.96 d
CK 434 e 4753 ¢ 048 d 1.66 cd 10.63 bed

I - * - * 1S

F value of ANOVA N G A ns * ns
XN * g o o o
LN, 4.21 de 36.47 be 0.77 cde 1.14 bed 10.92 be

2022
LNy 4.57 ¢ 36.29 be 0.90 bed 1.28 be 936d
LN; 441 cd 35.93 be 0.85 cde 0.96 de 10.75 be
LN, 4.60 ¢ 38.00 a 0.76 de 091 le 10.63 be
LN, 525a 36.15 be 0.78 cde 174 a 10.83 be
LN; 482b 3544 cd 0.81 cde 1.25 be 11.00 abc
LN, 516a 37.67 a 117 a ' 134 b 11.72 ab
LNy 523a 36.96 ab 1.01b 1.21 be 1203 a
LN; 4.16 e 36.05 be 0.92 be 121 be 10.36 cd
CK 4.10e 3469 d 0.72 e 1.12 cd 10.46 ¢

1 - e - . o

F value of ANOVA N =¥ 25 ns 5 ns

IxN x 56 . o o

Different lowercase letters in the same column indicate significant differences between the treatments (p < 0.05). ** indicates a highly significant effect (p < 0.01); * indicates a significant effect
(p < 0.05); and ns indicates no significant effect (p > 0.05). CK, control; I, irrigation quota; N, amount of nitrogen applied.
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o-fresh ratio

Fruit yield (kg

Hundred grains weig

Number of grains (50g)

LN, 1953.00 ¢ 17.40 abc 426 b 293.00 abe
LN, 1956.16 ¢ 16.79 ¢ 4.28 ab 295.67 ab
LiN; 1984.41 ¢ 1821 a 4.32a 279.67 ¢
LN, 2020.84 ¢ 17.91 ab 4.29 ab 282.00 be
LN, 232094 a 17.24 be 4.28 ab 288.67abc

2021
LN; 2230.26 ab 17.59 abc 426b 290.67 abc
LN, 2172.74 b 17.39 be 413d 293.67 abc
LN, 2221.63 ab 17.96 ab 420 ¢ 297.33 ab
JEVEY 2148.89 b 17.25 be 4.25 be 29733 ab
CK 2159.34 b 17.34 be 432a 302.33 a

1 - 5§ . i

F value of ANOVA N h ns h ns
IxN . P o i
LN, 1924.87 f 14.95 ¢ 4.18d 321.33 ab

2022
LN, 1983.14 ef 15.01 ¢ 4.23 bed 322.00 ab
LN 2035.97 def 15.34 be 4.29 bed 31033 b
LN, 2125.74 cde 15.34 be 4.27 bed 31167 b
LN, 239173 a 16.54 a 420 cd 315.33 6b
LN; 2307.75 ab 16.34 ab 419 cd 30833 b
LN, 2192.29 bed 1523 ¢ 4.34 abc 319.33 ab
LN, 2333.85 ab 15.66 abc 4.36 ab 323.33 ab
N3 2227.90 abc 15.80 abc 4.38 ab 319.33 ab
CK 2305.82 ab 14.77 ¢ 4.48 a 33833 a

1 o - o s

F value of ANOVA N il ® ns ns

IxN ns ns ns ns

Different lowercase letters in the same column indicate significant differences between treatments (P< 0.05); **indicates a highly significant effect (P< 0.01), *indicates a significant effect (P< 0.05),
and ns indicates no significant effect (P > 0.05); the same applies to Table 5 below.
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Spring tip period Flowering period Fruit ripening period

Indices Treatment

2021 2022 2021 2022 2021 2022

1 o . o . i o

Plant height N ns * 3 wE ns ns

IxN g 3 ns ns ns g

1 . . » fis - o

Crown width (E-W) N ns # ns 3 * ns

IxN * . s o o P

1 e At ns ns ns ns

Crown width (S-N) N ns ns ns ns ns ns

IxN b ® ns ns ns ns

1 o - P o o e

Branch length N ns ns xE 3 ns **

IxN ns ns + ns * ns

1 ns 2 e > ns ns

Branch diameter N ns ns ns ns ns ns

IxN ns ns ns ns ns ns

**indicates a highly significant effect (P< 0.01), *indicates a significant effect (P< 0.05), and ns indicates no significant effect (P > 0.05); I, irrigation quota; N, the amount of nitrogen applied; E-W,
East-West; S-N, South-North.
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Fertility stages

Spring tip period

Flowering period

Fruit ripening period

Defoliation period

Total

2021 2022
Irrigation amount m>  Nitrogen amount kg Irrigation amount m>  Nitrogen amount kg
ha' ha-1 ha' ha

N, N3 N; N> N3

04-30 432 513.0 594 2475 | 3375 | 4275 | 0428 | 432 513.0 594 2475 | 3375 | 4275
0523 | 216 256.5 297 1238 | 1688 2138 | 0523 216 256.5 297 1238 | 1688 | 2138
06-18 432 513.0 594 2888 3938 | 4988 | 0615 432 513.0 594 2888 | 3938 | 49.88
0705 216 256.5 297 2063 | 2813 | 3563 | 0702 216 256.5 297 2063 | 2813 3563
0715 216 256.5 297 2063 | 2813 | 3563 0715 216 256.5 297 2063 | 2813 3563
0725 216 256.5 297 2063 2813 | 3563 0728 216 256.5 297 2063 | 2813 3563
0805 216 256.5 297 2063 | 2813 | 3563 | 0808 216 256.5 297 2063 | 2813 3563
0825 216 256.5 297 1650 | 2250 2850 | 08-28 216 256.5 297 1650 | 2250 | 2850
2160 2565 2970 165 225 285 2160 2565 2970 165 225 285
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Total N Total P Total K Organic material Ammonium N Nitrate N

-1 -1
gkg mgrkg
0-20 8.00 1615 0.46 043 16.19 7.58 12,67 14.69
2021
20-40 8.20 1091 0.42 042 17.15 6.73 4.51 473
0-20 8.06 1524 0.45 0.40 17.00 721 1224 14.17
2022

20-40 8.12 963 0.41 0.41 17.00 6.28 442 4.82
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Chlorophyll ~ Chlorophyll  Chlorophyll  Chlorophyll = Seed Weight ' Single Seed Seed Shoot Dry

Day 4 Day 8 Day 12 Day 16 per Plant Weight number Weight
Chlorophyll Day 4 1.0000 07215 0.4663 0.2685 0.1592 0.1852 0.0939 0.0957
<0001 <0001 <.0001 <0001 <0001 0.0045 0.0038
Chlorophyll Day 8 07113 1.0000 0.6721 03973 0.1861 02161 0.1047 0.0784
<0001 <0001 <.0001 <0001 <0001 0.0015 00180
Chlorophyll Day 12 05342 0.8349 1.0000 0.6173 0.0561 0.1271 -0.0191 0.0035
<0001 <.0001 <0001 0.0906 0.0001 0.5584 09150
Chlorophyll Day 16 04651 0.7426 0.8477 1.0000 00335 0.0977 -0.0260 -0.0280
0.0001 <.0001 <0001 03121 0.0032 0.4327 03983
Seed Weight per plant 0.1396 0.1593 0.1568 0.1050 1.0000 07527 0.7775 02328
02753 02125 02198 0.4127 <0001 <0001 <.0001
Single Seed Weight 03537 02544 02485 0.0826 03087 1.0000 -0.2234 00193
0.0045 0.0442 0.0496 0.5199 00138 <0001 05076
Seed number -0.1046 -0.0168 0.0028 0.0533 07768 -0.3395 1.0000 03503
04144 0.8959 0.9825 0.6784 <0001 0.0065 <0001
Shoot Dry Weight -0.2263 -0.1510 -0.0984 0.0246 0.4680 -0.4790 0.7903 1.0000
00746 02376 0.4429 0.8480 <0001 <0001 <0001

For each cell, upper number is the Pearson correlation coefficient (1), and lower number is the P value for the null hypothesis r = 0. In Exp.1 n=912. In Exp.2 n=63.
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F valuet F valuet

Chlorophyll content Day 4 4.00 <0001 917 <0001
Chlorophyll content Day 8 355 <0001 2301 <0001
Chlorophyll content Day 12 3.67 <0001 18.59 <0001
Chlorophyll content Day 16 3.66 <0001 2293 <0001
Seed weight per plant 398 <0001 406 00002
Single seed weight 477 <0001 404 0.0002
Seed number 277 <0001 L12 03636
Shoot dry weight 2.55 <0001 243 00143

Analysis of variance with SAS GLIMMIX using negative binomial distribution. Type III F test of fixed effects. In Exp. 1, DF equal 303; Denominator degrees of freedom equal 608 for chlorophylls and
607 for yield-related traits. In Exp. 2, DF equal 12; Denominator degrees of freedom equal 50.
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i Gurern Nitrogen application HlF NPP NAE

Years = Treatment water o ] (€] hait 1 2oy
kg.ha = kg.k kg.k
i (kg.ha™) e (kgkg™) = (kgkg™)
CK 200 180 5 39.6¢ 20.7¢ 43.9¢ 6.7¢
2020-2021 1l 200 180 i 40.6b 23.7b 45.1b 7.2b
)3 200 180 X 42.5 25.0a 47.2a 7.7
CK 200 180 £ 40.4¢ 20.8¢ 449¢ 6.3¢
2021-2022
I 200 180 X 41.6b 2452 46.2b 67b
2 200 180 X 4252 2492 47.22 7.2

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
underground drip fertilization. WP, water productivity; IWP, irrigation water productivity; NPP, nitrogen partial productivity; NAE, nitrogen agronomic efficiency.
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Spikes

Treatments number Grains per spike K 1009 i g Yan (kgha)
(10%ha™) ernel weight (g) ha™')
‘ CK ‘ 653.4b 322b 36.4a 7916.9¢ 6712.7¢
2020-2021 ‘ 1 ‘ 665.4a 347a 36.52 8115.2b 6813.8b
‘ 2 ‘ 676.6a 33.6ab 36.6a 8497.8a ‘ 7113.6a
‘ CK ‘ 658.4b 32.0b 35.7a 8078.7¢ 6942.4¢
2021-2022 ‘ i \ 679.6a 3492 36.1a 8317.3b 7103.2b
‘ 2 ‘ 697.2a 346a 36.7a 8500.9a 7211.52

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; I1: surface drip fertilization; 12:
underground drip fertilization; Yy: grain yield in N -applying plot; Yy grain yield in non-nitrogen-applying plot.





OPS/images/fpls.2023.1132108/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1133592/table1.jpg
Factors ght Fresh weight

Variety (V) <0.001 <0001 <0001
Nitrogen (N) <0.001 <0.001 <0.001
Growth recovery time (T) <0001 <0.001 <0001

VN - - o

VT - - -

NT " - o

VANCT - - s

* and ** represent P < 0.05 and P < 0.01, respectively, ns represents no significant.
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Jointing stage Flowering stage

Treatments Pn Rroot RE Pn Rroot RE
(pmolm'2 s (pmolm'2 ) (Pn/Rroot) (umolm'2 s} (umolm'2 s} (Pn/Rroot)

CK 13.1b 0.36a 36.4b 24.8b ‘ 054a 46.1c

1l 14.5b 032b 4532 26.1a ‘ 0.48b 54.4b

2 11.8a 0.26¢ 454a 26.7a ‘ 0.44c 60.7a

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
underground drip fertilization. Ry To0t respiration; RE, root system efficiency.
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Jointing stage Flowering stage

Treatments Pn T Bn
(umolm'2 s (pmolm'2 s (umolm'2 s
CK 13.1b 2.5b 5.2¢ 24.8b 947a 263¢
1 1452 2.8ab 5.2b 26.1a 9.12a 2.9b
2 11.8¢ 2.0¢ 5.9 26.7a 8.40b 32a

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
underground drip fertilization.; IWUE: instantaneous water use efficiency.
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Jointing stage Flowering stage

. : . Syleleld
Treatments Root biomass (g Shoot biomass (g Root - shoot Root biomass (g Root - shoot
?) 5) ratio m?) ratio
CK 2363b 842.34b 0.28 327.7a 1505.33b 0.22a
il 249.2a 899.29a 028 311.3b 1642.29a 0.19b
2 2289¢ 780.35¢ 029 302.8¢ 1698.39 0.18b

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
underground drip fertilization.
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nting stage

Treatments 0-20 20-40 40-80 0-20 20-40 40-80
CK 182.2b 51.3b 2.8a 242.8a 79.8a 5.1a
n 198.3a 49.2¢ 1.7b 232.6b 74.3b 4.4b
2 176.8¢ 53.4a 2.7a 218.3c 78.6a 5.9a

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
subsurface drip fertilization.
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Jointing stage Flowering stage

Treatments | pjn¢ height = Leaf area (cm? per  Number of tillers  Plant height Leaf area (cm® per  Number of tillers
(cm) plant) (per m? (cm) plant) (per m?)
CK 36.4b 74.6b 1004.3b 7582 84.2¢ 901.4a
il 38.6a 76.4a 1208.6a 76.1a 87.6b 949.7a
2 338¢ 70.5¢ 960.7¢ 72.5b 92.82 861.4b

Different letters within a column imply significant differences between different treatments at P< 0.05. CK: traditional irrigation and fertilization methods; 11: surface drip fertilization; 12:
subsurface drip fertilization.
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Tral

Gene

Function

References

Drought and Trehalose synthase (TSase) Trehalose accumulation (Zhang et al., 2006)

salinity

Drought Ethylene responsive factor (SodERF3) — (Trujillo et al., 2009)

Drought Drought responsive factor (Scdr 1) Signaling cascade (Begcy et al,, 2012)

Drought Lipoxygenase (ScLoX) — (Andrade et al., 2014)

Drought and Arabidopsis vacuolar pyrophosphatase Increasing vacuolar solute content (Kumar et al., 2014)

salinity (AVP 1)

Drought and Erianthus arundinaceus DREB2 (EaDREB2) Maintenance of relative water content and (Augustine et al., 2015)

salinity photosynthetic rate

Drought Sugarcane MYB (EaMYBI8) Reduced oxidative damage (Raza et al., 2016; Saravanan et al., 2018)

Drought Arabidopsis vacuolar H+-pyrophosphatase — (Raza et al., 2016)

(H + PPase)

Drought and BcZATI2 — (Saravanan et al,, 2018)

salinity

Drought bet A Glycine betaine production (Aloni et al, 2003; dos Santos and de
Almeida Silva, 2015)

Drought Superoxide dismutase (SOD) ROS scavenging (dos Santos and de Almeida Silva, 2015)

Drought Indole-3-glycerol phosphate synthase (IGS) Auxin-related gene activity (Aloni et al., 2003)

Drought Disulfide isomerase protein (DEFI) = (Vantini et al., 2015)

Drought and Late embryogenesis abundance (LEA) Protection of macromolecules (Sakuma et al., 2006)

salinity

Drought EaHSP70 Membrane and protein stabilization (Augustine et al., 2015)

Drought Dehydrin proteins (DHNs) Protection of macromolecules (Iskandar et al., 2011)

Drought and DEAD-Box Helicase (PDH45) Nucleic acid duplex unwinding (Augustine et al., 2015)

salinity

Drought Sucrose non-fermentingl-related protein kinase = Regulation of ROS and antioxidants (Phan et al,, 2016)

2 (SoSnRK2.1)
Drought Trehalose synthase gene (TSase) Trehalose accumulation (S.-Z. Zhang et al., 2006)
Drought BAX inhibitor (BI-1) Suppressing endoplasmic reticulum stress-induced  (Ramiro et al,, 2016)
plant cell death

Drought Cell wall invertases (ShCWINV) Sucrose homeostasis (Wang et al,, 2017)

Drought and Glyoxalase (Gly) Methylglyoxal metabolism (Manoj et al., 2019)

salinity

Drought o-Expansin 1 (EXPAI) Plant cell wall modification (Narayan et al., 2019)

Drought and Sugarcane drought responsive 2 (Scdr2) Reduced oxidative damage (Begcy et al., 2019)

salinity

Drought and NAC protein (SONAP) Senescence-associated function (Carrillo-Bermejo et al., 2020)

salinity

Drought and Mitogen-activated protein kinase (ShMAPK) Signal transduction pathways (Al et al., 2021)

salinity

Drought Saccharum spontaneum (SsDREB) Osmotic and photosynthetic regulation (Li et al., 2021)

Drought

Dirigent proteins (ScDIR)

Lignin biogenesis

(Li et al., 2022)
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Interaction

Main effect of Main effect of between
phosphorus defi- drought phosphorus
ciency stress stress deficiency

and drought

Partial eta partial eta partial eta
square square square

Biomass distribution
- Leaf fresh mass 1540 0233 0.088 6420 0.005% 0.546 0289 0833 0.051
characteristics
Root fresh mass 0254 0621 0016 1955 0.161 0.268 0234 0871 0.042
Leaf dry mass 0235 0635 0014 6161 0.005* 0536 129 0310 0.196
Root dry mass 0490 | 0.827 0,003 1690 0209 0.241 0289 0833 0.051
Root shoot ratio (fresh
0196 0.664 0556 6670 0.004% 0.556 0253 0858 0.045
mass)
Root shoot ratio (dry
0256 0.620 0016 1473 0259 0216 0170 | 0915 0.031
mass)
Root dry matter content | 0.147 0706 0.009 0475 0.704 0.082 0614 | 0616 0.103
Leaf dry matter content 4420 | 0.052 0216 10266 0.001% 0.658 3426 0.043 0.391
Sla and stl Specific leaf area 0033 0858 0.002 16627 00007 0.757 2363 0.110 0.307
Specific root length 0007 0935 0.000 3062 0.580 0.365 0709 0561 0.117
Root morphology Root tissue density 0210 0653 0013 1829 0.182 0255 2107 | 0.140 0.283
0 of f
Ratio of root surface area ) )55 309 0.447 4311 00210 0.447 1457 | 0.264 0215
to root dry biomass
Branching intensity 0044 0837 0,003 6326 0.005 0543 1218 0335 0.186
Total root length 0001 1.000 0.340 2753 0077 0.340 1106 0376 0.172
Root surface area 0371 0551 0023 2242 0123 0.296 0965 | 0433 0.153
Leaf anatomy Upper epidermis cell 9166 0.008" 0.364 0491 0,693 0.084 1542 0.242 0.224
indicators thickness
Lower epidermis cell
; 5255 0.036" 0247 2636 0.085 0.331 0745 | 0541 0.123
thickness
Stomatal length 0000 0985 0,000 4094 0.025 0.434 0776 | 0.524 0.127
Stomatal width 7197 0016 0310 4884 0.013° 0.478 1329 0.300 0.199
Bubble cell thickness 4848 0043 0233 0459 0714 0.079 3926 0.028% 0.424
Leaf thickness 0335 0571 0,020 1233 0330 0.188 083 | 0494 0.136
Chemical element )
ot Leaf nitrogen content 0307 0587 0019 039 0762 0.068 3250 0.050% 0.379
Root nitrogen content 2368 0.143 0.129 0670 0583 0.112 2885 0.068 0.351
Root carbon content 42473 0000 0726 10975 0.000°** 0.673 48723 0.000% 0.901
Root phosphorus content 0.598 0.451 0.036 1.052 0.397 0.165 0.329 0.805 0.058 |
Leaf phosphorus content | 158439 | 0.000°** 0.908 2990 0,062 0359 0063 | 0979 0.012 ‘
Leaf N/P ratio 46728 | 00007 0.745 1585 0232 0.229 2548 0.092 0.323 ‘
Leaf biochemical
cal blochemic Mda 12119 | 0003 0431 3344 | 0.046% 0.385 0495 0.691 0.085 ‘
parameters
Chla 3851 0067 0.194 1670 0213 0.238 0.560 | 0.649 0.095 ‘
Chib 3471 0081 0178 1132 0366 0.175 1103 0377 0.171 ‘
Soluble sugar 1843 0193 | 0103 4845 00147 0.476 0520 0674 0.089
Photosynthetic Maximum net
) 19765 0.0007* 0553 0782 | 0521 0.128 1460 0263 0215
parameter photosynthetic rate
Dark respiration rate 0920 0352 ‘ 0.054 0647 0.59 0.108 0174 | 0912 0.032
Light saturation point 15,149 | 0.001* 0.486 0804 0510 0.131 3964 | 0.027% 0.426

* indicates a significant correlation(p<0.05),*** indicates a highly significant correlation(p<0.05),





OPS/images/fpls.2023.1080234/fpls-14-1080234-g005.jpg





OPS/images/fpls.2023.1194759/fpls-14-1194759-g005.jpg
—
2.76

HM19
- 2.09
IM418 142
CM6002 0.74
. IM585 0.07
. HG3S 0.60
H4399 Gide

IM738
-1.95

= s [

2.62

. SNO86

SL02-1

XM13

xm7

— . 54366

. GY5218

GY2018

PSR T T ECIN I E TV FL TP OF oL
ﬁbee&ov@ CIFEF TS § V@%gp%@ TS
2019-2020
‘—I:J;

2.50

SNO86
‘ SLO2-1 187
$4366 a4

. CM6002 -0.01
. XM7 -0.64

. XM13
-1.89
. HM19

-2.52

SMm22

. JM418

JM585

JM738

HG35

H4399

GY2018

S > o S 2D > T VPS5
FFEFELET S G C ST RS

»

2020-2021





OPS/images/fpls.2023.1203924/table2.jpg
Light saturation point/ Maximum net photosynthetic rate/ Dark respiration

LLeatmendotolp pmol-m2s’” pmolm2s’ rate/umol-m2s™

LPA 413 £ 103.034 be 4843 £ 1.047 cd -0.383 + 0.054 abc
LPB 446 + 41737 be 48330338 cd -0.429 + 0086 ab
rC 409 + 129275 be 5.008 + 0853 bed -0.318 + 0.039 be
PD 284+ 11183 ¢ 4334+0941d -0.257 + 0136 be
HPA 587 +207.519 ab 7.546 + 2,573 abe -0.433 £ 0.024 ab
HPB 413 £ 20,396 be 6.113 + 0.872 bed -0.200 £0.177 ¢

HPC 649 £ 37.974 ab 7.653 +0.893 ab -0.550 + 0091 a

HPD 816+ 15346 a 94521721 a -0.432 £ 0.083 ab

Mean + SE, N=3. Different letters indicate significant differences in mean values between treatments based on ANOVA analysis.
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AM and DSE fungal colonization

*Source

RLAR RLAC RLV RLDSH
M 147 2.073ns 22.966%** 1.219ns 0387ns 5.494% 3777% 7.949*% 0.534ns
1 347 1134514 141274 3537+ 2.039ns 15514 5460 1.439ns 11252+
ST 147 279917 94,091 4.989* 26.568*** 3.885% 17,692 047ns 0.642ns
M1 347 27.799* 5841 1.821ns 12784+ 1.533ns 4497 1.404ns 3730
M *ST 147 6.594* 5399* 18672+ 2712ns 6.442* 242ns 3273 9.933+
1%ST 347 5.481%% 1.462% 3.436* 2.602ns 13.286** ‘ 691ns 3015 8843
M*1*ST 347 13,094 24916 7449 1.676ns 1 6.860"* 1.301ns 3207+ 3368

M, mica; 1, inoculation; ST, soil type.

TTRLH, root length hyphae; RLHC, root length hyphal coil; RLAR, root length arbuscules; RLAC, root length arbusculate coil; RLV, root length vesicles; RLDSH, root length dark septate hyphae;
RLMC, root length moniliform cells; RLTC, root length total colonization.

*, **, #* significant at p< 0.05, p< 0.01, p< 0.001 respectively; ns, not significant.





OPS/images/fpls.2023.1207518/table6.jpg
Number of productive ears Grain number per ear 1000-grain weight (g)

Variety Treatment
2018-2019 2020-2021 2018-2019 2020-2021 2018-2019 2020-2021
control 30.33a + 0.88 31.20a + 1.16 46.50a + 0.43 46.50a + 1.26 45.51a £ 049 45.60a + 0.12
2°C 23.67a + 0.88 22.20b + 0.73 38.00a + 0.45 36.83b + 1.14 41.36b + 0.21 39.88b + 0.13
Yannogl9 T T T T
0°C 21.67a £ 0.88 19.00c + 1.05 34.832+0.54 33.00c + 0.58 38.34c £ 0.55 36.25¢ + 0.34
-2°C 23.00a + 0.58 18.20c + 0.66 33.17b + 0.40 29.17d +0.75 35.64d + 0.62 32.92d + 0.59
control 30.67a + 145 31.40a + 0.81 45.50a + 0.76 44.83a £ 1.54 46.54a + 0.53 46.57a + 0.38
2°C 21.33a £ 1.76 18.40b + 0.93 37.67a + 0.67 36.83b + 1.11 36.39b + 0.35 38.23b £ 0.27
‘Wanmai52
0°C 19.33a + 0.67 16.80b + 0.80 34.33a + 042 31.83c + 0.87 34.63c + 0.60 35.92c + 0.30
-2°C 17.67a £ 0.67 14.20c + 0.58 31.50b + 0.76 28.67d + 0.49 31.25d +0.32 31.39d + 0.56

Control and 2, 0 and ~2°C treatments are as in Table 3. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The
number after “+”indicates the standard error.
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'AM colonization "'DSE colonization

Treatment RLAR% /o RLDSH% RLMC%

Alfisol

Without mica
Control 4042 £ 0.94° 9.04 050" 638 +0.93" 585051 9.04 £ 050" 9.04 +050° 588 £ 1.96" 8831+ 1.91"
Bacillus licheniformis 4675 + 147" 417 £ 047 474 + 103" 7.80 + 0.58° 604 + 1.30" 10.73 + 0.60° 656 + 0.35" 9042 + 0.42°
Aspergillus violaceofuscus 5317 + 165" 473 £ 089 7.37 £ 051° 263+ 052° 157 £090° 948 £ 095" 736 + 136" 8736 £ 097
B. licheniformis + A. violaceofuscus 55.62 + 2.19" 564 + 059 671 + 083" 252+ 043 6.11+0.75" 820 + 064" BLE1EP 9440 £ 1.26"

With mica
Control 3444+ 192 454 £ 0.62% 455 £ 0,67 7.15 £ 069" 584+ 113" 13.62 £ 1,05 583+ 194" 8312 0.61°
B. licheniformis 4636 + 153" 6214052 679 + 100%™ 452057 623£061" 1016 + 094" 677 +0.94° 8928 + 1.41°
A. violaceofuscus 5226 + 123" 3.93 + 054 448 + 1.09" 6.19 £ 0.59° 450 +0.58° 785 + 107" 619 % 114" 87.66 + 1.98"
B. licheniformis + A. violaceofuscus 5116 + 1.00° 474 £ 1.02% 419 £ 071" 327 + 039% 654 + 079" 848 £ 091" 891 £0.29" 9105 + 1.30™

Vertisol

Without mica
Control 2940 + 0.40° 1172 £ 0.81° 7.16 £ 046" 718 +123% 10.46 £ 0.61 1116 £ 091° 393 £0.12° 90.19 + 1,09
B. licheniformis 23732 1.77° 1507 +0.25 830 £ 109" 1310 £ L11* 501 £ 046" 1127 £ 044* 824+ 082" 87.96 + 0.98°
A. violaceofuscus 3486 + 1.19° 1109 £ 115 368 + 068" 667 + 122" 1025 + 113 1183 + 049" 3714075 8732181
B licheniformis + A. violaceofuscus 51354229 600 £ 1.14% 270 £ 0.74° 7.31 £ 125% 495+ 1.03% 1001 £ 115 466 + 0.62° 89.34 £ 0.58%

With mica
Control 2152+ 1.13° 1332 £ 1.20° 6.96 £ 057" 7.55 + 0.89™ 945 + 085" 13.32 + 1.20° 1082 + 095" 9049 £ 1.17%
B. licheniformis 4104+ 101 382071 854+ 082 3774 197° 240 + 141° 1323 + 108" 858 +0.96™ 8447 £ 0.90°
A. violaceofuscus 39.82 + 164" 7.8 113 7.2+ 092" 8.87 + 160" 479 067 10.69 + 087 660 + 1.66™ 9164 + 0.73
B. licheniformis + A. violaceofuscus 4027 + 061" 753 + 1.08° 7.95 + 026" 891 + 134 5.48 + 0.50" 1151 129 544+ 129% 9405 +0.74*

*RLH, root length hyphae; RLHC, root length hyphal coil; RLAR, root length arbuscules; RLAC, root length arbusculate coil; RLV, root length vesicles. 'RLDSH, root length dark septate hyphac; RLMC, root length moniliform cells; RL
Meanz standard error in a column for a soil type followed by the same superscript(s) is not significantly (p > 0.05) different according to Duncan’s Multiple Range Test.

. root length total coloni
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R Rmax
(91000 (g-1000
grain”'-d ain~'-d

Decision coef- T Tinax

Variety = Treatment ficient (R?) ) d)

Y=47.5044/(1

control +e(1679-0.1729720) 0.9961** 10.6988 152254 50880 @ 31.0123 | 183116 1.3573 2.0546
Y=41.1449/(1
2°C (,\7,3,0.765(99,, 0.9974** 105000 149151 49843 303993 179575 11756 1.8165
+e' - )
Yannong
19
Y=37.0516/(1
0°C +e(3'2”6’°"“/3(7°')) 0.9976** 10.2852 | 14.2842 | 47735 | 29.3429 | 17.4273 1.0586 1.7081
-2°C +e§j§3;§2?i§2,,) 0.9955%% 108794 135773 45372 289939 | 17.6680 0.9675 1.6424
Y=47.6889/(1
control eB7161-0. |935(75,)) 0.9947** 120800  13.2628  4.4321 | 29.7750 | 187115 1.3625 23678
Y=40.6325/(1
2°C (,79,,,020,/3(,6,, 0.9933* 120952 12.8613 42980 292545 185259 1.1609 20804
" +e - )
‘Wanmai
52
Y=35.0907/(1
0°C +e(3'9“°’°'22‘/2(57')) 0.9978** 12.0380  11.9024 = 39775 279179 | 17.9892 1.0026 1.9414
Y=32.7670/(1
~2°C; H(A,,m,,o,u,g(m,,) 0.9970%* 124096 11.8702  3.9668 = 282466 = 183447 0.9362 18177

Control and 2, 0 and -2°C treatments are as in Table 3. Y: the weight of 1000 grains; t: the day after anthesis; Ty, T, and T3: the duration of grain filling increasing period, the fast increasing
period, and slow increasing period; Tyna: the time of maximum grain filling rate; T: the duration of grain filling; R: average grain filling rate; R, maximum grain filling rate. **indicate significant
differences at the 0.01 level.
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TRWC (%) Total chlorophyll Catalase

Treatment
ST us
Alfisol
Without mica
Control 51.26 + 3319 5830 +4.89" 103 + 0,028 129 +0.00° 13.53 £ 0.31° 1501 £ 0.34" 101 +0.00° 106 +0.02
Bacillus licheniformis 53.98 + 433 7017 £229" 111 001" 160 002 3163+ 151 38.53 + 042" 2824001 2914003
Aspergillus violaceofuscus 65.73 + 3.05% 73.38 + 423" 115 + 0.00° 1.50 £ 0014 2891 £ 0.14° 29.72 4 029" 225 +0.02° 252 +0.02°
B licheniformis + A. violaceofuscus 6832+ 125™ 7685 + 2.89" 172 000° 200 £ 0.10° 3496 +0.13" 35.63 £ 0.30° 3154003 3204008
With mica
Control 5991 +4.30° 5316 +0.96" 125 £ 001° 135 £001° 1610 £ 0.13¢ 17,53 £ 0.13¢ 0932002 104002
B licheniformis 65.50 + 543" 69.00 £ 3.90" 154 £ 002 1.6 +0.02° 2906 + 0.50° 3177 £ 0.08° 276+ 0.15° 305 +0.02°
A. violaceofuscus 74.70 + 045" 77.90 + 4.59" 1.44 £ 0.01¢ 1.59 0,014 32.06 + 033" 33.15+ 027 296 + 003 3.05 £ 0.05°
B. licheniformis + A. violaceofuscus 82.97 + 363" 8005 +2.84° 201 £ 003" 245 +0.03 3515017 36.96 + 0.41° 290 + 0.01% 356 + 0.05"
Vertisol
Without mica
Control 47.69 + 469 4354 393 105+ 0.01* 115 £0.02¢ 16.15 £ 0.19" 2101 £ 0.42° 273 £0.03° 313 +0.03
B licheniformis 6192+ 269" 5652 + 1.38° 113 £ 001 1244001 3520 +0.22° 35,68 + 0.50° 292+ 0.01° 3324005
A. violaceofuscus 66.79 £ 272 59.17 + 135 129 £0.01° 122 £001" 3625 £0.39° 35.20 + 0.44° 274 £005° 305 +0.02d
B licheniformis + A. violaceofuscus 6929 + 227 7454 £ 845" 161 008 197 £001° 3925 + 045" 40.15 £ 045" 302+ 001° 3624008
With mica
Control 4854371 57.14 + 4.93° 136 £ 0.05° 1.34 £001° 1672 + 025 17.91 038 111 0,02 124 £ 0.02°
B. licheniformis 68.53 + 3.64° 69.05 + 4.24 158 + 0.03" 161 £ 0.01° 3206 +0.22° 33.49 + 033° 316+ 0.04° 362 +0.04"
A. violaceofuscus 67.17 £ 046" 7853 + 280" 164 £ 009" 148 £ 000° 3439 £0.53° 3577 £ 0.58° 304£0,03 337 £ 0.05°
B. licheniformis + A. violaceofuscus 7120 + 4.03° 7260 + 2.86" 225+ 003" 256 +0.02" 3730 + 025" 3839 + 072" 333 +0.02 407 +0.07

T %RWC, percentage of relative water content; *Soil condition: ST, sterile; US, unsterile. Meansz standard error in a column for a soil type followed by the same superscripi(s) is not significantly (p > 0.05) different according to Duncan’s Multiple Range Test.
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thesis stage Maturity stage

Variety Treatment

Stem-sheath Leaf Spike Stem-sheath Leaf Spike-stalk+glume Grain
(%) (%) (%) (%) (%) (%) (%)
control 61.78a £ 0.25 18.45¢ +0.28 19.77a £ 0.33 31.59 + 0.29 8.44c £ 0.74 14.21b + 0.45 45.76a + 1.19
2°C 60.65ab + 1.17 20.19bc £0.99 | 19.16ab + 0.80 36.47a = 0.57 9.99b + 0.24 15.01b + 0.38 38.52b + 0.84
Yannong 19
0°C 60.12ab + 0.63 21.40b +0.60 = 18.48ab + 0.33 35.02a + 0.95 11.89a + 0.24 17.67a £ 0.75 3542¢ + 033
-2°C 58.37b + 0.57 23.65a + 0.49 17.98b + 0.21 36.82a = 0.19 13.19a + 0.27 17.80a £ 0.11 32.19d £ 0.39
control 66.46a + 0.19 16.69c +0.33 | 16.85a +0.18 3235d + 0.24 9.67b + 0.21 14.37a + 0.45 43.61a £ 071
26 65.32ab +0.79 | 1837bc £0.70 | 16.31ab + 0.51 37.63c + 0.51 11.65a + 027 15.25a + 045 3547b + 028
Wanmai 52
0°C 64.52b + 0.56 19.40ab + 0.88 | 16.08ab + 0.47 40.50b + 0.34 11.56a + 0.20 15.50a £ 0.41 32.44¢c £ 028
=2°C 63.91b + 0.31 20.49a + 0.27 15.60b + 0.18 42.87a + 041 11.15a + 0.30 1547a + 0.29 30.51d £ 0.23
Control and 2, 0 and ~2°C treatments are as in Table 3. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The

number after “+”indicates the standard error.
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'Plant growth parameters

Treatment Shoot length (cm/plant) Leaf area (cm?/plant) Total root length (cm/plant) R/S ratio
25T, *US ST us ST us
Alfisol
Without mica
Control 533 %009 1190 +0.35¢ 564+ 004 1103 +0.42° 60.15 273" 25482 + 6.00° 023 +0.02° 026 + 0,03
Bacillus licheniformis 2073+ 033" 2270 055" 1537 £ 052" 17.26 % 1.24° 28417 £ 1541° 434.06 £ 7.86° 039 0,02 035 + 0.04°
Aspergillus violaceofuscus 15.63 + 026 2067 + 0.90° 15.60 + 0.67° 2104 + 078" 399.47 + 6.48° 608.37 + 33.28° 028 +0.03¢ 0.36 + 0.01°
B. licheniformis + A. violaceofuscus 2187 £ 038 23931023 1648 + 071" 2159 2 1.04% 54417 £ 6.38" 822,63 % 1693 030 £ 0.01° 037 £ 0,05
With mica
Control 520 +023° 937 £0.09° 617 £ 0.15° 1158 0.27° 4082 + 250" 23680 + 13.86" 023001 0.17 £ 0.02°
B licheniformis 1570 £ 029° 2340 £ 0,61 15,69 074 1843 £ 0.42° 28209 + 1234° 67615 £ 1155 046 £ 007 034002
A. violaceofuscus 1673 £ 0.12° 20.10 £ 0.47° 1692  0.39° 1862 + 0.20° 31654 £ 10.96° 608,00 £ 13.70° 048 £ 0,03 037 £ 0.04°
B licheniformis + A. violaceofuscus 2193 £ 033" 2450 + 025" 18.40 £ 030° 2348 £ 0.64° 48125 + 13.15" 77271 £ 1141 036 £0.01% 039 £ 002
Vertisol
Without mica
Control 1030 + 0.49° 1243 £029° 827+ 0.16° 1279 £ 077 5981+ 334° 11715 + 418" 023 +0.03 018+ 0.01°
B. licheniformis 17.80 £ 0.30° 2177 £ 029" 1403 £ 043" 17.25 £ 0.36° 21483 + 8.88° 265.26 + 15.86° 030 £ 0,03 026 % 0.01°%
A. violaceofuscus 1897 + 029" 2347 £ 0.55° 14.39 + 0.70" 19.00 + 0.43° 32493 + 2528" 45550 + 10.03 0.32 002" 0.25 + 0.02%
B. licheniformis + A. violaceofuscus 2220 035 2817+ 033" 18.14 + 0.52° 2311 2054 27415 + 9.90° 501.88 + 187" 0.35001° 029 +0.02¢
With mica
Control 9.13 £ 0.32° 9.60 + 0.26" 7.36 £ 0.55° 115 £ 0.61¢ 4148 £ 1.30° 68.56 + 4.41% 019 £ 0.01° 021 £ 002
B. licheniformis 1777 £ 037" 2257 £ 052 1626 + 0.69° 1726 053" 285.93 % 386 493.68 + 9.55% 026+ 0.03% 032 003"
A. violaceofuscus 18.03 + 027" 2350 + 0.58° 17.74 + 0.13% 18.38 + 0.52° 22230 + 703" 53870 + 952" 029 +0.02 0.35 £ 001
B licheniformis + A. violaceofuscus 2240 £ 061° 3240 £ 0.44° 2155 £ 055" 2214 £ 049" 37474 + 1003 60734 £ 3021° 033 £ 003" 039 £ 001°

"RS ratio, root/shoot ratio. *Soil condition: ST, sterile; US, unsterile. Meanst standard error in a column for a soil type followed by the same superscripi(s) is not significantly (p > 0.05) different according to Duncan’s Multiple Range Test.
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Variety

Yannong
19

Wanmai
52

Control: wheat that was not exposed to low-temperature stress (L) treatment at booting and remained in the field; 2,0 and ~2°C: wheat placed in an artfic
19:00. Different lowercase letters indicate a significant difference between treatments according to Duncan’s multiple range test (P< 0.05). The number after “+”indicates the standard rror.

control

2C

Heading Stage

Net photosyn-

photo Stomatal
hetl conductance
pmol €0, m2 | Mol Hh0m
= s
1149 2 009 009 2000
10.38b + 0.02 0.08b = 0.00
551c +0.14 0.03¢ £ 0.00
3.60d + 0.05 0.02d + 0.00
12.70a + 0.09 0.16a £ 0.00
10.07b + 0.01 0.06b + 0.00
7.6lc +0.08 0.04¢ £ 0.00
5.64d £ 0.04 0.04c £ 0.00

Transpiration
rate
mmol H,0 m
2
s

2132 £004
2082 £ 0.00
085b + 0,00
0.70¢ + 0.00
4.06a £ 0.00
151b + 000
118¢ £ 0.03

L14c £ 003

Net photosyn-

thetic

rate
umol CO, m

&1

s

18.60a + 044
15.26b £ 0.99
12.70¢ + 0.09
8.91d +0.02
18.50a £ 0.01
13.66b + 0.44

1087¢ £ 0.06

8.07d +0.10

Anthesis stage

Stomatal Transpiration
conductance rate
mol H,0 m™2 | mmol H,0 m
2 5
s s
016 £ 0.00 406 % 0.00
0162 000 404 £ 001
0162000 4020 000
007b £ 0.00 214c 2 001
03222000 6362 001
0.18b =001 391b £ 0.19
0.11c £ 000 297¢ £ 000
0.11¢ £ 000 2654 008

Net photosyn-
thetic
rate
umol CO, m™2
=

1667a £ 0.06
14.09b + 005
11.56¢ £ 0.10
7.98d +0.12
1639 £ 0.03
1233b + 008
7.20¢ £ 005

5.86d + 001

Filling Stage

Stomatal
conductance
mol H,0 m™2

ez

0261 £ 000

0.17b =000

0.13¢ 2000

0.12d 0,00

0172000

0.13b £ 000

0.12b 000

0.05¢ £ 0.00

Transpiration
rate
mmol H,0 m
&
s

7.092 £ 005

490b + 0,02

4.16¢ £ 0.00

3.13d £ 0.05

7.292 £ 001

3.15b + 004

3.14b £ 0.00

181¢ £ 001

ate chamber at booting and treated for 24 h at 2,0 or ~2°C from 19:00 until 07:00 then at 5°C from 07:00 to
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*'Plant growth parameters and enzyme activity

'Source

RDM SKC RKC R/S ratio
M 195 5869 9745 32762 186,513+ 307252 936647 178341 7615 2213 7389220 12.753" 13150
1 395 21253 5647547 15903+ 537200 | 722045 938914 807655 46,072 54041 993090 3353.289"° 3208100
ST 195 1818487 | 2886 705787 156,055+ 33697 396805 512069 30215 10884 1158ns 3215280 1316138
sC 195 959081 | 297.888" 19153 2024427 | 25217 | 640715 591,828 0.531ns 4939° 21614 116402 474862
Me1 395 19.250 4046° 66495 21453 43148 33421 31879 45880 0574ns 30874 49.167++ 451363
Mo ST 195 7211 0017ns 30786 15,607+ 10,157 6141 15429 0.597ns 0.149ns 46065+ 439850 164695+
MsC 195 7,689 19.101° 78457 0530ns 3,968 19,395 1.718ns 0.000ns 0.169ns 2127 1.328ns 8187
1*sT 395 37.789° 6907 45308 9759 2477 477140 2751 4576+ 09295 6139 16,841+ 150412
1*sc 395 7274 7.356" 13275 6147 22082 12415 38412 2445 0204ns 27255 1159 25,835
ST*SC 195 266" 8.448° 103032 8423 8424 79.123+ 0.046ns 0.468ns 1.605ns 67502 6898 59,886
M*1ST 395 8914 3796 16292+ 2031ns 12850 42000 5770 1.136ns 16460 15250 19,603+ 267,274
M*1°sC 395 18,063+ 38800 303417 1646ns 2592 14280 10328 0.730ns 144705 6274 65747 14983
M*ST*sC 195 0767ns 6:659* 0.098ns 15915 5989 4107 77706 20252 13299 1522ns 1.160ns 10390
1%5TSC 395 9616 L154ns 115230 62740+ 11804+ 9564+ 5046+ 2190 L517ns 9467+ 12833 1.889ns
M*I*ST*SC | 395 10982+ 14250 4613 2549* 3853 12415 38992 0.996ns 0631ns 5097 9.069"* 6636

ica 1, inoculations ST, soil type; SC, soil condition,

shoot elongation; LA, leaf area; TRE, total root elongation; SDW, shoot dry mass; RDW, root dry mass; SKC, shoot potassium content; RKC, root potassium content; R/S, root/shoot ratio; RWC, reative water content;
activity; PRO, proline content.

%, %%, *** significant at p< 0.05, p< 001, p< 0.001 respectively; ns, not significant.

€. total chlorophyll content; CAT, catalase
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NCBI accession number

721969

AF286320

AF091803

AF155217

EU595762

qRT-PCR primer
F: GCGAACTCAAGAACGCGATG
R: TCTTTGTGTTCTCCCCGACG
F: CGTCTCCGAGATCAAGGTCG
R: AAGCGTAGCTGGTTGTCCTC
F: TGCTCGAAGGGATTGCTGAG
R: GCTTGAGGTTGCTCATTCGC
F: CTCCCAGGCTGGACATTGAC
R: TTCAAAGGAGCCCGCATCAT
F: ACGGGGAAGTTGCTTGTTCA

R: CGCCCTTTTTCTCTGCTGTC

114

183

97

215

109
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Organic matter Total N : —1 Available P Available K
= Available N -k = =
(gkg i vailable N (mgkg™) (mgkg D) (mgkg )
2018—2019 148 1.09 90.6 165 79.6 6.15
2020—2021 174 ‘ 091 87.5 148 80.7 6.19

Before sowing, the soil in the experimental field was sampled, and the related indexes of the soil were measured and analyzed in the laboratory environment.
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Boll stage -528.167 3373453 3957.418 -0.253 0.847 0.894






OPS/images/fpls.2023.1194759/im4.jpg





OPS/images/fpls.2023.1080234/table2.jpg
0.219 ‘ 0.447 7253.248 1.313 0.995





OPS/images/fpls.2023.1194759/im3.jpg





OPS/images/fpls.2023.1080234/table1.jpg
owth stage Seedling stage Bud stage Flowering stage Boll stage Bo

pening stage

Irrigating water quota (L) 8 10 13 13 14
Irrigation amount (L) 16 40 52 52 28
Irrigation cycle (d) 5 4 4 3 8

Nitrogen fertilizer (g) 132 264 320 320 16.0

Phosphate fertilizer (g) 8 16 20 20 10
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Hierarchical clustering and a heatmap outlining the relationships between 18 African Spider plant accesions and 13 different traits
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eur 2019-2020 2020-2021

Drought resis- Drought resis-
Treatment DS tance coeffi- tance coeffi-
cient cient
Statistical param- v v v
P Mean @ Mean o

eter (%) (%)
PH 76.75* 6.32 64.80° 5.54 0.84 2.90 79.41° 6.65 65.42° 681 0.83 3.4
DM 18811.75° 572 | 10354.89° 1644 0.55 13.69 | 19557.09° | 499  11521.66° = 9.00 059 1063
SN 56.73" 1061 41.71° 11.87 0.74 7.45 47.49° 9.10 34.36" 9.04 0.72 3.60
GN 34.44° 4.68 26.94" 7.73 0.78 6.64 3578 3.4 28.01° 449 078 461
SP 16.51° 432 13.60° 7.10 0.82 6.83 16.48° 515 13.39° 5.53 0.81 242
ssp 1.93° 18.40 391° 14.07 2.02 19.62 244° 20,09 449 10.35 1.90 18.82
TGW 40.38* 7.29 36.60" 7.97 0.91 355 36.30° 6.07 33.76" 6.42 0.93 281
LAI 7.40° 452 456" 10.29 0.62 9.17 630" 4.67 412 930 0.65 7.74
€T 23.12° 1.49 2507 332 1.08 241 25.16* 177 2695 340 1.07 213
LWC 73.03* 2.66 67.43" 2.97 0.92 247 67.11° 203 61.67° 1.83 0.92 161
SPAD 57.69 235 47.18° 7.79 0.82 7.74 57.43" 265 48.39 5.56 084 498
A 26.20° 5.92 21.16° 7.83 0.81 6.42 26.10° 4.63 20.44° 6.16 078 511
E 4.49° 9.80 326" 11.24 0.73 8.97 433° 6.06 328" 7.40 076 6.61
Gs 37791 3.66 323.89" 353 0.86 4.32 376.23° 251 323.93" 479 0.86 354
Ci 333.43° 1.97 276,02 7.09 0.83 6.55 333.30° 140 288.30° 3.90 0.86 3.66
Fv/Fm 0.84* 0.55 0.81° 118 0.97 0.99 0.84° 0.53 0.81° 0.82 0.97 0.66
SPC 48.81° 7.26 7137 10.42 1.46 10.10 57.88 4.59 84.37° 7.05 146 829
SOD 53165 435 385.97° 1132 0.73 9.23 572.08" 636 41247° 8.07 0.72 827
POD 251.18° 7.47 161.92° 15.52 0.65 1452 250.21° 9.76 153.70° 15.68 0.62 17.28
CAT 131.42° 252 78.94° 11.83 0.60 13.38 141.78 1495 61.63" 25.40 043 16.18
APX 6.30° 7.10 3.80° 16.17 0.60 14.36 653" 6.14 5.02° 837 077 6.99
MDA 30.76" 1179 51.92° 1453 1.69 1259 34.59° 1565 55.84° 18.23 161 8.18
Pro 31.48° 1084 46.18" 11.62 147 1559 3357 1118 51.42° 1543 153 879
ABA 32.50° 7.19 53.70° 1322 1.65 12.27 35.16" 8.08 55.08" 6.03 1.58 1036

Plant height (PH), dry matter accumulation (DM), spike number (SN), grain number (GN), spikelet number per spike (SP), the number of infertile spikelets per spike (SSP), thousand-grain
weight (TGW), leaf area index (LAI), canopy temperature (CT), leaf water content (LWC), relative chlorophyll content (SPAD), photosynthetic rate (A), transpiration rate (E), stomatal
conductance (Gs), intercellular CO, concentration (Ci), photochemical efficiency (Fv/Fm), soluble protein content (SPC), superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX), malondialdehyde (MDA), proline (Pro), abscisic acid (ABA), normal irrigation (CK), drought stress (DS), and the coefficient of variation (CV); different letters
denote significant differences between means of CK and DS treatments at a significance level of 0.05 (P< 0.05) by paired sample t-test.
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Trait Abbreviati Trait Abbreviation
Plant height PH Transpiration rate E
Dry matter accumulation DM Stomatal conductance Gs
Spike number SN Intercellular CO, concentration Ci
Grain number GN Photochemical efficiency Fv/Fm
Spikelet number per spike SP Soluble protein content SPC
The number of infertile spikelets per spike ssp Superoxide dismutase SOD
Thousand-grain weight TGW Peroxidase POD
Leaf area index LAT Catalase CAT
Canopy temperature CT Ascorbate peroxidase APX
Leaf water content LwcC Malondialdehyde MDA
Relative chlorophyll content SPAD Proline Pro
Photosynthetic rate A Abscisic acid

ABA






OPS/images/fpls.2023.1171479/fpls-14-1171479-g001.jpg
Tmax{°C)

40 25

35 A 20 4
4 /
s A d
'y ’
1 x Al s i
... ST w0 — e
& g x ’ _ .. .,-’ . A . / ,E "- ~ o p p
25 | m M A‘ ,,’ - /.’s X € 10 _-* 7//‘-5'"' \.t'” "X
! \’ . -.\ 'x I," ,-'. - X o "-. 7 , /! .
™ Yoo -+ 2015-16 D1 N oS
LSS ,;‘{{,* '\\ X. -, -..J:- x . oo 2015-16 D1
20 i dh-3 ml=coirioRe g . g --8--2015-16 D2

- @ -2016-17 D2 - & - 2016-17 D2

& N ‘
G Growth stage N & Growth stage Q‘(‘*

50

H
o

iz 2015-16 D1

82015-16 D2

Rainfall (mm)
w
o

N
o

2016-17 D1

A A A A A A A A Ao TS AT TSI

G,

10
B2016-17 D2
0
N 6 QA
< & & 6&,@% & ,@“% SRS
S ¢ & N 9O &

&
© Growth stage &





OPS/images/fpls.2023.1194759/table1.jpg
Certification Certification

Cultivars year Pedigree Cultivars year Pedigree
Gaoyou2018
1 (GY2018) 2005 9411/98172 9 Xingmai7(XM7) 2007 935031/GY503
Gaoyou5218
2 (GY5218) 2015 XN979/8901-11-14 10 Xingmail3(XM13) 2016 H117-2/H4589
Cangmai6002
3 Jimai738(JM738) 2016 G9618/LX99 11 (CM6002) 1996 LF6154/)M32
4 Shixin828(SX828) 2002 422/SX163/612 12 Hanmail9(HM19) 2018 H02-6018/JM22
5 Shi4366(54366) 2019 LX99/SY17 13 Shinong086(SN086) 2019 LM14/H6172
TG genic male sterile
6 Jimai585(JM585) 2008 population 14 Shimai22(SM22) 2006 18014/]M38/54185
7 Jimai418(JM418) 2016 J5157/820-7221 15 Hengd399(H4399) 2008 H6174/HS28

Shiluan02-1(SL02-
8 1) 2007 9411/9430 16 Hengguan35(HG35) 2006 84G749/H87-4263
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Leaf N content (mg g W) Leaf Na content

N NO 31.98 + 0.52¢ 2.18 + 0.02e
N1 41.51 £ 0.73b 1.89 + 0.05f
N2 45.68 £ 0.61a 1.69 = 0.03g
N3 46.22 £ 0.97a 1.66 + 0.04g

S1 NoO 32.01 £ 0.56¢ 7.33 + 0.09a
N1 41.90 £ 0.92b 5.58 + 0.10b
N2 45.39 + 0.84a 4.84 +0.08d
N3 45.46 £ 0.64a 5.07 + 0.06¢

ANOVA

Salt-ion concentration (SC) ns o

N rate (NR) h h

Saltx N ns b

Data are mean + SE (n = 6). S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg™ soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1,0.2, and 0.3 g N kg™ soil.
Different letters within a column indicate significant differences at p = 0.05. Probability levels are indicated by ns and ** for not significant and 0.01, respectively.
DW, dry weight.





OPS/images/fpls.2023.1194759/M5.jpg
£

Vin + PAmar) /(A0 (K)) + pA,

]






OPS/images/fpls.2023.1196319/table2.jpg
Salt N rate (g kg Soluble protein (mg g~ FW) Soluble sugar (mg g~ FW) Proline g

S0 NoO 537 +0.20f 96.33 + 2.97d 182.26 + 5.46f
N1 542 +0.14f 96.67 + 2.25d 196.42 £ 8.37¢
N2 7.54 +0.12¢ 10450 = 2.69b 23214 £ 6.71d
N3 7.80 + 0.15d 100,57 + 3.02¢ 258.48 + 5.37¢

st No 7.82 + 0.08d 96.64 + 2.38d 25228 + 6.13¢
N1 812 +0.18¢c 102.12 + 3.06bc 270.18 + 8.19b
N2 8.80 + 0.17a 117.22 + 3252 31299 + 7.51a
N3 855 +0.23b 114,64 £ 2.77a 308.62 + 6.78a

ANOVA

sl - - o

N - - -

Saltx N - - -

Data are mean + SE (n = 6). S0 and S1 respectively represent salinity levels of 0 and 3 g NaCl kg™ soil. N0, N1, N2, and N3 respectively represent N rate levels of 0, 0.1,0.2, and 0.3 g N kg™ soil.
Different letters within a column indicate significant differences at p = 0.05. Probability level is indicated by ** for 0.01.
FW, fresh weight.
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(9 Pn (umol CO, m~2 s Ci (umol CO, Tr (mmol H,0 m~2
) m) sy
0.15 +0.01cd 0037 +
50 No 1109 + 1.02f 299.17 + 18.93b 277 + 0.12¢ 0.006f
0.16 + 0.01c 0.066 +
NI 1621 + 0.53d 24513 + 15.23d 3.06 +0.27d 0.003d
023 +0.01a 0.108 +
N2 23.84 +0.79% 221,13 £ 5.33¢ 399 +021b 0.006a
024 +0.01a 0.108 +
N3 2422 + 1.00a 224,05 + 7.20¢ 431 £0.11a 0.008a
0.11 + 0.01e 0026 +
s No 8.85 + 0.20g 338.03 + 11042 205 + 0.12f 0.001g
0.14 £ 0.02d 0052+
NI 1413 £ 121e 27427 + 1068¢ 288 + 0.26de 0.005¢
0.19 £ 0.01b 0.086 +
N2 2151 + 117b 25078 + 9.36d 381 £0.17b 0.008b
0.18 + 0.01b 0076 +
N3 19.49 + 0.95¢ 25520 £ 5.72d 3.52 £ 0.12¢ 0.005¢
ANOVA
Sl o w - a -
N - 5 " ” "
Saltx N L ¥ ns * *

Data are mean + SE (n = 6). S0 and SI respectively represent salinity levels of 0 and 3 g NaCl kg™ soil. NO, N1, N2, and N3 respectively represent N rate levels of 0, 0.1,0.2, and 0.3 g N kg ™" soil.
Different letters within a column indicate significant differences at p = 0.05. Probability levels are indicated by ns, *, and ** for not significant, 0.05, and 0.01, respectively.
Pn, net photosynthetic rate; Gs, stomatal conductance; Ci, intercellular CO, concentration; Tr, transpiration rate; CE, instantaneous carboxylation efficiency.
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