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Global climate warming and shifts in rainfall patterns are expected to trigger increases in the frequency and magnitude of drought and/or waterlogging stress in plants. To cope with water stress, plants develop diverse tactics. However, the adoption capability and mechanism vary depending upon the plant species identity as well as stress duration and intensity. The objectives of this study were to evaluate the species-dependent responses of alpine herbaceous species to water stress. Nine herbaceous species were subjected to different water stresses (including moderate drought and moderate waterlogging) in pot culture using a randomized complete block design with three replications for each treatment. We hypothesized that water stress would negatively impact plant growth and metabolism. We found considerable interspecies differences in morphological, physiological, and biochemical responses when plants were exposed to the same water regime. In addition, we observed pronounced interactive effects of water regime and plant species identity on plant height, root length, root/shoot ratio, biomass, and contents of chlorophyll a, chlorophyll b, chlorophyll (a+b), carotenoids, malondialdehyde, soluble sugar, betaine, soluble protein and proline, implying that plants respond to water regime differently. Our findings may cast new light on the ecological restoration of grasslands and wetlands in the Qinghai-Tibetan Plateau by helping to select stress-tolerant plant species.
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1 Introduction

Grasslands and wetlands play a critical role in water and soil conservation, flood storage, maintaining productivity, cycling and storing carbon and sustaining biodiversity (Wang et al., 2021; Wang Y. et al., 2022). The Qinghai–Tibetan Plateau is dominated by alpine grassland, which accounts for more than 60% of the total area of the Qinghai–Tibetan Plateau (Li et al., 2023) and is important for its contributions to the aforementioned processes (Wang Y. et al., 2022). However, approximately 70% of alpine grassland has been degraded in recent decades (Peng et al., 2019). The degradation of grasslands has resulted in soil erosion (Liu et al., 2018; Li et al., 2019; Dai et al., 2021; Li et al., 2023) and biodiversity loss (Wang et al., 2009; Yu et al., 2022).

Ongoing climate change is expected to induce extremes in drought and flooding (Bailey-Serres et al., 2012), particularly in the Qinghai-Tibetan Plateau region, and thus, the plants here are likely to be subjected to frequent drought and waterlogging stress concurrently under global warming (Luo et al., 2022). To reduce and eliminate the deleterious effects of degrading grasslands on ecosystem functioning, it is of utmost importance to develop and adopt germplasms that have a better capacity to endure abiotic stress. A comprehensive understanding of the developmental, morphological, and physiological responses of plants to extremes in water availability is a prerequisite to identify high-quality germplasm resources. Waterlogging stress or drought stress, the major environmental stresses that plants encounter during their growth and development stages (Bello et al., 2022), limits plant survival, reproduction and yield (Kar, 2011). Previous studies have demonstrated that water stress induces changes in morphological, physiological, and biochemical plant characteristics to counteract potential harm (Hsiao, 1973; Nautiyal et al., 1994; Fernández et al., 2002). However, the degree of adaptation of plants to water stress may vary considerably among environmental conditions (including soil fertility and climate) and within species. Moreover, there are complex interactions across plant species, water stress intensity and duration and environmental factors. Therefore, the response and adaptation mechanisms of plants to water stress remain unclear. However, the response and adaptation mechanisms of plants are very important for breeding water-tolerant varieties (Wu et al., 2022).

Plant height is an important trait used to indicate competition capability, plant growth and production (Jiang et al., 2020). Plant roots are also an important component of the drought stress response (Guo et al., 2020). The root/shoot ratio is an alternative measurement method and is frequently employed to capture the biomass allocation of plants (Poorter et al., 2012) or reflect the differential investment of photosynthesis between the aboveground and belowground organs (Titlyanova et al., 1999). An increased root/shoot ratio suggests more investment of photosynthesis into belowground parts. According to the “optimal partitioning theory” (Gedroc et al., 1996), plants preferentially allocate biomass and nonstructural carbohydrates to acquire the resource that most limits their growth (Kobe et al., 2010). For example, drought increased the root/shoot ratio in rice (Xu et al., 2015) and Sage (Caser et al., 2017), and waterlogging reduced the root/shoot ratio in winter wheat (Shao et al., 2013) and maize (Herzog et al., 2016). Photosynthetic pigments play a role in the absorption, transmission and transformation of light energy during photosynthesis (Arjenaki et al., 2012; Reinbothe et al., 2010). Chlorophyll a mainly converts the collected light energy into chemical energy for photochemistry, while chlorophyll b mainly collects light energy. Although both chlorophyll a and chlorophyll b can receive and transmit light energy, only part of chlorophyll a can act as the central pigment of photosynthetic reactions (Reddy et al., 2004). Chlorophyll concentration is known as an indicator for the evaluation of photosynthesis (Zobayed et al., 2005), and its decline has been considered a nonstomatal limiting factor and a kind of protection mechanism for photosynthetic structures under abiotic stress (Du et al., 2012; Jumrani and Bhatia, 2019; Bhusal et al., 2020a). The contents of chlorophyll a and chlorophyll b directly affect the photosynthesis and growth status of plants to a certain extent (Paknejad et al., 2006). Carotenoids overcome the effects of stress on plant growth by helping maintain photosynthesis and reducing the degree of membrane oxidative damage (Paknejad et al., 2006). Photosynthetic activity is inhibited in plant tissues due to an imbalance between light capture and its utilization under drought stress (Foyer and Noctor, 2000). Malondialdehyde (MDA) can well indicate the degree of membrane lipid peroxidation (Rui et al., 2013; Zhou et al., 2022), and its content has been used to reflect the response of plants to stress (Gill and Tuteja, 2010; Wang X. et al., 2022; Zhou et al., 2022). Osmotic adjustment substances such as proline (Pro), soluble sugars (SS), and soluble protein (SP) can effectively reduce the water potential of plant cells under drought conditions and prevent cell dehydration to ensure normal plant growth (Ozturk et al., 2021; Zhou et al., 2022). For instance, Pro accumulates as an adaptive response under stress conditions (Maggio et al., 2002; Zulfiqar and Ashraf, 2022) to protect plants from the deleterious impact of water deficiency-mediated oxidative stress by increasing ROS quenching efficiency via different mechanisms, including maintaining GSH/GSSG balance. In addition, its accumulation aids in retaining membrane integrity by decreasing lipid oxidation by guarding the cellular redox potential and scavenging free radicals (Shinde et al., 2016; Nadeem et al., 2019). Finally, inhibited activities of Pro dehydrogenase and Pro oxidase by water stress slow the incorporation of Pro into protein (Kumar et al., 2020).

In the present study, we compared the performance of nine herbaceous species in different soil water conditions stimulating global climate change. As environmental stress induces multiple responses in plants, from subcellular to structural levels, major morphological, physiological, and biochemical parameters were assessed. We aimed to answer the following questions: (1) Is plant species identity an important factor determining the morphological, physiological and biochemical responses to environmental change? (2) Does environmental stress change the inherent differences in growth and metabolism across plant species? We hypothesized that water stress would impact plant growth and metabolism. We also expected that the effect of moderate water stress would be less pronounced than that of plant species identity.



2 Materials and methods


2.1 Substrate

To exclude the potential effects of soil texture, fertility and soil biota on plant growth and metabolism, all soil used in the present study was of the same source. The soil was collected from an alpine meadow in Dawu Town, Maqing County, Golog Tibetan Ethnic Minority Autonomous Prefecture, Qinghai Province, while the sands were purchased from a building materials market nearby. As previously described (Luo et al., 2022), the soil of the alpine meadow was classified as Mat Cry-gelic Cambisol, and its chemical properties are as follows: soil organic matter 14.53 mg/g, total nitrogen 3.12 mg/g, total phosphorus 0.26 mg/g, total potassium 19.58 mg/g, pH 7.63 (water/soil at 1:1 weight/volume) and CEC 225.52 μS/cm (water/soil at 5:1 weight/volume).



2.2 Plant material

In the present study, nine herbaceous species including Deschampsia caespitosa, Poa crymophila Keng, Poa pratensis L. cv. Qinghai, Festuca sinensis Keng ex S. L. Lu, Puccinellia tenuiflora (Griseb.) Scribn. et Merr. cv. Tongde, Elymus nutans Griseb., Kobresia tibetica, Blysmus sinocompressus Tang et Wang, and Carex moorcroftii Falc. Ex Boott were tested. All selected plants were supplied with root nutrients. D. caespitosa, P. crymophila, P. pratensis, F. sinensis, P. tenuiflora, and E. nutans were obtained from the seed breeding fields of the Grassland Research Institute, Academy of Animal Husbandry and Veterinary Sciences, Qinghai University, which is located in Dawu Town, Maqin County, Golog Tibetan Autonomous Prefecture, Qinghai Province, whereas K. tibetica, B. sinocompressus and C. moorcroftii were collected from the nearby alpine meadow of the seed breeding field. In early May 2018, the plants with rootstalk were dug up, and then litter were removed. The plants were carefully divided into small clusters with approximately the same amount of root and aboveground biomass and kept at moderate moisture for later use.



2.3 Experimental setup

The study was conducted at the Chengbei Campus of Qinghai Normal University (36°44′N, 101°44′E), Xining city, Qinghai Province, China. In May 2018, each cluster of the nine plant species was transplanted into a pot (20 cm in diameter, 25 cm in height) containing 3.0 kg of a mixture of alpine meadow soil and sand (sand/soil at 1:1 weight/volume). Seedlings were kept at 10 individual plants per pot after seedlings survived. During this period, the plants were kept in the greenhouse and watered when needed. To ensure that all replicates of each treatment had similarly healthy and representative individuals, only those growing well were kept for later use. In July 2018, water stress treatment was carried out using a completely randomized design.

During water treatment, the canopy was erected in situ. Both sides of the canopy were ventilated, which did not affect the temperature and humidity. Thereafter, the daytime and nighttime temperatures of the greenhouse were continuously managed to mimic environmental field conditions. During the experiment, the daytime temperature was (20 ± 2)°C, and the nighttime temperature was (5 ± 2)°C. The day length of the interior climate was that of the outside environmental conditions since the transparent, clear glass chamber structure was completely exposed to the outside environment. The structure was also equipped with automatic vents and fans. Air temperature and relative humidity inside the canopy were monitored with a portable meteorological meter (Holder HED-SQ, China).

Three water treatments were set up as follows: moderate waterlogging (only the root and neck of the plant was flooded, that is, the depth of the water was approximately 3 cm, MW), normal plant water requirement (70%-80% of field water capacity, control (CK), and moderate drought (30%-40% of field water capacity, MD). There were 10 replicates for each treatment. Soil moisture was monitored by the combined weighting method and soil moisture sensor (ProCheck, USA), and the lost water was replenished every two days to ensure that the plants were living under the given soil moisture. Watering was performed between 18:00~19:00, and a plant-free pot was set as a control to estimate water loss due to evaporation. The water stress treatments lasted for 35 days.



2.4 Sampling and assaying



2.4.1 Determination of biomass

Sampling was conducted on the 36th day after treatment. Five individual plants were randomly selected from each pot to measure height and root length using a measuring tape. Then, three pots of each treatment were randomly selected and harvested manually, and the biomass of aboveground parts, including stems and leaves, and underground root biomass were collected separately. The plants were cut with scissors at 5 cm above the soil. Stems and leaves were collected and put into a kraft bag, and roots were removed carefully and washed. All the collected plant materials were desiccated at 105°C and oven-dried at 80°C to determine the dry weight. The plants of the remaining seven pots were collected, snap-frozen and stored at –80°C for biochemical assays (contents of photosynthetic pigment, MDA and osmoprotectant). The root/shoot ratio was estimated by dividing the total dry root biomass by the total dry shoot biomass of each pot.



2.4.2 Photosynthetic pigment determination

Chlorophyll was extracted using acetone and anhydrous ethanol. Briefly, approximately 0.1 g of fresh leaves was weighed, cut and put into a calibration test tube. Then, 10 mL of a mixture of 95% ethanol and 80% acetone at a volume ratio of 1:1 was added and incubated in the dark for 48 hours until the green leaves became colorless. A mixture of 95% ethanol and 80% acetone was used as a blank control. The absorbance values were measured at 470 nm, 645 nm and 663 nm by an enzyme-labeled instrument (Bole xMark). Absorbance values were calculated using the following equations:

	

	

	

	

where V represents the volume of the extract, N represents the dilution, and W represents the fresh weight of the sample (g).



2.4.3 MDA assaying

Lipid peroxidation, an indicator of oxidative damage to the cell membranes (Girotti, 1990), was estimated by measuring MDA production (Dhindsa and Matowe, 1981). Briefly, frozen leaf samples (0.5 g) were ground to a powder in a mortar with liquid nitrogen and homogenized with 2 mL phosphate buffer (PBS, pH 7.8). The resulting residue was washed three times with 1 mL PBS each time and pooled into a centrifuge tube. The homogenate was centrifuged at 6000 rpm for 20 min. The supernatant was used to measure MDA. The supernatant (1 mL) was added to 5 mL of 0.5% TCA containing 0.6% thiobarbituric acid (TBA). The solution was boiled for 10 min and then centrifuged at 12000 rpm for 10 min after cooling. The absorbance of the mixture was measured at 450 nm, 532 nm, and 600 nm. The MDA content was estimated according to the following equation:

	

where V1 represents the total volume of the extract; V2 represents the volume of sample solution during measurement; and W is the fresh weight of the sample (g).



2.4.4 Determination of osmotic adjustment substances

The SS content was determined using the anthrone method (John et al., 1950). The content of SP was determined using the G-250 Coomassie brilliant blue method (Bradford, 1976). A 1 g frozen sample was ground with 1.5 mL 80% ethanol (adding a little quartz sand) in the precooling bowl, and the volume was fixed to 5 mL with 80% ethanol solution. The extract was transferred into the test tube at 80°C for 20 min. Then, the extract was filtered twice through filter paper with activated carbon. The filtrate was placed in the test tube with 0.2 × the weight of zeolite and oscillated for 5 min. The supernatant was centrifuged at 4°C for 10 min at 5000 × g, and Procontent was determined by acid ninhydrin colorimetry (Bates et al., 1973).




2.5 Statistical analysis

Before analysis, the normality and variance homogeneity of variables were examined by using the Shapiro−Wilk normality test and Levene’s test, respectively. When the assumption was met, means were compared with two-way ANOVAs, and multiple comparisons were carried out using Tukey’s HSD test. Otherwise, means were compared with the Kruskal−Wallis test, and multiple comparisons were performed using the Wilcox test with the Benjamini method to adjust the P values. All statistics were performed using Statistical Product and Service Solutions (SPSS v22.0, IBM Corporation, United States). The figures were produced using OriginPro 2017 (OriginLab Corp, Northampton, United States).




3 Results


3.1 Morphology and biomass

We found a significant effect of water stress on plant height, root length, total biomass, and root/shoot ratio and distinct interspecies differences in plant height, total biomass, and root/shoot ratio (Tables 1, A1). Additionally, we also observed significant interactive effects of water stress and species identity on plant height, biomass and root/shoot ratio (Tables 1, A1).


Table 1 | Plant height, root length, plant biomass and root/shoot ratio of nine selected herbaceous plant species under different water regimes, including control (CK), moderate drought (MD), and moderate waterlogging (MW).



In comparison with CK, moderate waterlogging significantly increased the plant height of C. moorcroftii, whereas moderate drought significantly decreased the plant heights of C. moorcroftii, E. nutans and F. sinensis. Additionally, the heights of C. moorcroftii, D. caespitosa, and F. sinensis under moderate waterlogging were significantly higher than those under moderate drought. The opposite was the case for E. nutans and P. crymophila.

In comparison with CK, the root length of nine selected plant species under moderate drought did not significantly change. In contrast, the response of root length to moderate waterlogging varied greatly depending on plant species identity. In comparison with CK, moderate waterlogging significantly decreased the root length of E. nutans, whereas moderate drought exerted no significant effect on the root length of E. nutans. However, the root length of E. nutans under moderate waterlogging was significantly shorter than that under moderate drought.

In comparison with CK, both moderate waterlogging and moderate drought significantly decreased the biomasses of D. caespitosa, E. nutans, F. sinensis and P. crymophila. In contrast, moderate waterlogging significantly increased the biomasses of B. sinocompressus and C. moorcroftii in comparison with CK. In addition, the biomasses of D. caespitosa, E. nutans and P. crymophila under moderate waterlogging were significantly less than those under moderate drought. The opposite pattern was observed for B. sinocompressus, C. moorcroftii, K. tibetica and P. pratensis. However, only the biomasses of D. caespitosa, E. nutans and P. crymophila showed significant differences across water regimes.

In comparison with CK, moderate waterlogging significantly decreased the root/shoot ratios of E. nutans and K. tibetica, and moderate drought significantly increased the root/shoot ratios of B. sinocompressus, D. caespitosa, E. nutans, F. sinensis and P. tenuiflora, while significantly decreasing that of P. crymophila. However, only the root/shoot ratio of E. nutans showed significant differences across water regimes.



3.2 Photosynthetic pigments

Water regime, species identity and their interactive effect significantly affected the contents of chlorophyll a, chlorophyll b, chlorophyll (a+b), and carotenoids (Tables 2, 3), suggesting that photosynthetic pigment contents in plants respond differently to water stress.


Table 2 | Chlorophyll a, chlorophyll b, chlorophyll (a+b) and carotenoid contents of nine herbaceous plant species under different water regimes, including control (CK), moderate drought (MD), and moderate waterlogging (MW).




Table 3 | Results of two-way ANOVAs examining the major and interactive effects of water regime and plant species identity on the contents of photosynthetic pigments.



In comparison with CK, the content of chlorophyll a in leaves of B. sinocompressus, C. moorcroftii and K. tibetica significantly increased under moderate waterlogging but significantly decreased under moderate drought. In contrast, the content of chlorophyll a in leaves of P. crymophila significantly increased under water stress, whereas those in leaves of F. sinensis significantly decreased. Finally, the chlorophyll a content in the leaves of D. caespitosa significantly decreased under moderate drought compared to that of CK. Overall, we observed significant differences in chlorophyll a content in leaves of B. sinocompressus, C. moorcroftii, K. tibetica and P. crymophila across water regimes.

In comparison with CK, the content of chlorophyll b in leaves of B. sinocompressus, C. moorcroftii and K. tibetica significantly increased under moderate waterlogging, whereas the opposite held true for those in leaves of B. sinocompressus, C. moorcroftii and K. tibetica under moderate drought. Additionally, the chlorophyll b content in the leaves of D. caespitosa significantly decreased under both moderate waterlogging and moderate drought. Finally, the content of chlorophyll b in leaves of P. crymophila significantly decreased under moderate waterlogging in comparison with those of CK. Overall, we observed significant differences in the content of chlorophyll b in leaves of B. sinocompressus, C. moorcroftii, K. tibetica and D. caespitosa across water regimes.

Moderate waterlogging significantly increased the chlorophyll content in the leaves of B. sinocompressus, C. moorcroftii and K. tibetica in comparison with CK. In contrast,moderate drought significantly decreased the chlorophyll content in the leaves of B. sinocompressus, C. moorcroftii and K. tibetica. However, both moderate waterlogging and moderate drought significantly increased the chlorophyll content in leaves of P. crymophila. Finally, chlorophyll content in leaves of P. crymophila significantly decreased under moderate drought compared to that of CK. Overall, we observed significant differences in chlorophyll content in leaves of B. sinocompressus, C. moorcroftii, K. tibetica and P. crymophila across water regimes. The carotenoid content in leaves of B. sinocompressus and D. caespitosa significantly increased under moderate waterlogging in comparison with CK. In contrast, the carotenoid contents in leaves of B. sinocompressus and D. caespitosa significantly decreased under moderate drought in comparison with CK. Additionally, the carotenoid content in leaves of P. crymophila significantly increased under moderate drought compared to that of CK. Overall, we only observed significant differences in carotenoid content in leaves of B. sinocompressus across water regimes.



3.3 Lipid peroxidation

MDA content in both the shoots and roots of the nine selected plants was changed by the water regime. In addition, MDA content showed a remarkable interspecies difference. Furthermore, we observed significant interactive effects of plant species identity and water regime on MDA contents in shoots of the nine selected plants (Table A2; Figure 1).




Figure 1 | Malonaldehyde contents in leaves of nine selected plant species under different water regimes, including control (CK), moderate drought (MD) and moderate waterlogging (MW). Plant species include Deschampsia caespitosa (F), Poa crymophila Keng (L), Poa pratensis L. cv. Qinghai (QC), Festuca sinensis Keng ex S. L. Lu (Y), Puccinellia tenuiflora (Griseb.) Scribn.et Merr.cv. Tongde (T), Elymus nutans Griseb. (C), Kobresia tibetica (Z), Blysmus sinocompressus Tang et Wang (H), and Carex moorcroftii Falc. Ex Boott (QT). Different lowercase letters indicate that there are significant differences between water regimes for the same plant species at P<0.05, different capital letters indicate that there are significant differences between plant species under the same water condition at P<0.05. Bars represent the standard error (n = 3).





3.4 Osmoprotective compounds

The water regime exerted significant effects on the contents of soluble sugar, betaine, soluble protein and proline in both the shoots and roots of the nine selected plants. Plant species identity exerted significant effects on the contents of soluble sugar and proline in the shoots of selected plants as well as on the contents of soluble sugar, betaine, soluble protein and proline in the roots of selected plants (Table A3; Figure 2). Additionally, the interactive effects of water regime and plant species identity significantly affected the contents of soluble sugar, betaine, soluble protein and proline in plant shoots and roots, suggesting that osmoprotective compound contents in plants respond differently to water stress (Table A3; Figure 2).




Figure 2 | Proline (A), soluble protein (B), soluble sugar (C) and betaine (D) contents in shoots of nine selected plant species under different water regimes, including control (CK), moderate drought (MD) and moderate waterlogging (MW). Plant species include Deschampsia caespitosa(F), Poa crymophila Keng (L), Poa pratensis L. cv. Qinghai (QC), Festuca sinensis Keng ex S. L. Lu (Y), Puccinellia tenuiflora (Griseb.) Scribn.et Merr.cv. Tongde (T)>, Elymus nutans Griseb. (C), Kobresia tibetica (Z), Blysmus sinocompressus Tang et Wang (H), and Carex moorcroftii Falc. Ex Boott (QT). Different lowercase letters within the same row indicate that there are significant differences between water regimes for the same plant species at P<0.05 and different capital letters within the same column indicate that there are significant differences between plant species under the same water condition at P<0.05. Bars represent the standard error (n = 3).






4 Discussion


4.1 Morphology and biomass

In the present study, water stress including drought and waterlogging, evidently decreased the biomasses of D. caespitosa, E. nutans and P. crymophila, but did not significantly change the biomass of P. tenuiflora. However, moderate waterlogging significantly increased the biomasses of B. sinocompressus and C. moorcroftii (Table 2). Our results are in agreement with previous studies that demonstrated that drought stress inhibits plant growth and biomass accumulation (e.g., Loggini et al., 1999; Lenhart et al., 2015; Caser et al., 2019; El-Beltagi et al., 2020; Moreno-Galván et al., 2020; Wang et al., 2021), whereas waterlogging decreases (de San Celedonio et al., 2014; Imaz et al., 2015; Doupis et al., 2017) or increases plant biomass (Rubio et al., 1995). The likely reason why does plant increase biomass under waterlogging is that this plant has a tight regulation of water and carbon relations under severe soil-oxygen deficiency (Insausti et al., 2001). In light of the stability of biomass, we argue that P. tenuiflora rather than D. caespitosa is a promising species in grassland restoration in the Qinghai-Tibetan Plateau.

In our study, the responses of plants to drought and waterlogging were dependent on plant species identity. Similar results have been reported elsewhere (Reents et al., 2021). In addition, E. nutans showed a marked increase in root/shoot ratio when exposed to drought and pronounced lower in root/shoot ratio when exposed to waterlogging (Table 1). As proposed, an increased root/shoot ratio would increase absorbent root surface and further improve water and nutrient use to enhance tolerance of plants under stress conditions (Hebeisen et al., 1997; Lazzarotto et al., 2009). Besides, previous studies have reported resource allocation was a response of plant to water stress (Blanch et al., 1999; Reents et al., 2021). However, the allocation of photosynthetic carbon in the underground part is likely to change with soil physicochemical properties (Wang et al., 2019). For instance, soil nutrient shortages will increase the proportion of plant photosynthates to roots in wetlands (Cronin and Lodge, 2003). Further studies are warranted to explore the potential effects of soil physicochemical properties in shaping how plants respond to water stress.



4.2 Photosynthetic pigments

Our study agrees with previous studies suggesting that the contents of chlorophyll a and b showed a species-dependent response to water stress (Zaefyzadeh et al., 2009; Bhusal et al., 2020b). We observed that photosynthetic pigments in the P. crymophila significantly increased under water stress (Table 2). Previous studies demonstrated that drought stress and water deficit decreased (Din et al., 2011; Sperdouli and Moustakas, 2012; Chen et al., 2016; Meher et al., 2018; El-Beltagi et al., 2020) or increased (Balbaa et al., 2022) the chlorophyll content of leaves. In addition, waterlogging also exerts a negative effect on chlorophyll content and photosynthesis (Du et al., 2012; Bai et al., 2013; Barickman et al., 2019; Bhusal et al., 2020a). The decrease in chlorophyll content may be because drought or waterlogging induced the production of reactive oxygen species (ROS), such as O2 and H2O2, which led to lipid peroxidation and consequently chlorophyll destruction. We observed that moderate drought decreased chlorophyll a and b contents as well as carotenoid content. In previous studies, drought decreased chlorophyll a and b contents as well as carotenoid contents in green grams (Anosheh et al., 2012), and moderate drought also decreased chlorophyll a and b in Salvia officinalis (Caser et al., 2019).



4.3 MDA content

Earlier studies suggested that drought did not change (Loggini et al., 1999) or increased lipid peroxidation (Moreno-Galván et al., 2020), whereas waterlogging increased lipid peroxidation (Tan et al., 2008; Jumrani and Bhatia, 2019). In our study, we found that there were significant plant species effect and interactive effects of water regime and plant species on lipid peroxidation (Figure 1; Table A2), implying that plant tolerance to abiotic stress can be context dependent; the interspecies inherent difference in adoption tactics would change with living conditions. From the perspective of lipid peroxidation, D. caespitosa seems to be suitable for both waterlogging and water deficit conditions. The possible reason why the content of MDA remained fairly stable under water stresses may be related to either effective scavenging of free radicals by the antioxidant system or the prevention of free radical production (Tokarz et al., 2020).



4.4 Osmoprotective compounds

Our findings imply that the interspecies differences in the contents of soluble sugar, betaine, soluble protein and proline in plant shoots and roots changed greatly with their habitats (Table A; Figure 2). Specifically, we observed divergent effects of water stress on soluble sugar in plants (Figure 2C). Previous studies found that drought stress significantly increased the levels of sugars, betaines and proline (Chaves and Oliveira, 2004; Anosheh et al., 2012). Additionally, plants can also cope with water or osmotic stress by increasing the synthesis of osmoprotectants, such as proline (Sperdouli and Moustakas, 2012), an amino acid, exhibiting a dual function as an osmolyte compound and as an antioxidant when plants are exposed to various stresses (Hayat et al., 2012; Sperdouli and Moustakas, 2012; El-Beltagi et al., 2020). Studies have proposed that drought triggers modifications in proline metabolism that impair plant stress tolerance. Our findings are in agreement with studies suggesting that the proline content of plants under drought stress significantly increased compared with that of untreated plants (Hare et al., 1998; Anosheh et al., 2012; Sperdouli and Moustakas, 2012; Jayant and Sarangi, 2014; Jumrani and Bhatia, 2019; El-Beltagi et al., 2020).




5 Conclusions

In summary, we found significant effects of water stress on plant height, root length, total biomass, root/shoot ratio, and contents of chlorophyll a, chlorophyll b, chlorophyll (a+b), carotenoids, malondialdehyde and soluble sugar. We also observed apparent interspecies differences in plant height, root length, total biomass, root/shoot ratio, and contents of chlorophyll a, chlorophyll b, chlorophyll (a+b), carotenoids, malondialdehyde, soluble sugar, betaine, soluble protein and proline. Finally, we observed significant interactive effects of water stress and species identity on plant height, root length, total biomass, root/shoot ratio, and contents of chlorophyll a, chlorophyll b, chlorophyll (a+b), carotenoids, malondialdehyde, soluble sugar, betaine, soluble protein and proline. However, the interactive effects of water stress and plant species identity on some examined parameters changed with plant tissue. Our results yield important implications for our understanding of ecosystem resilience to water stresses as well as plant species distribution in the Qinghai-Tibetan Plateau. We argue that these findings could provide a fundamental basis for the identification of tolerant germplasm resources to restore the degraded grassland and wetlands under future intensive global climate change.



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 author.



Author contributions

YSM designed the experiments. QL, HX and YGM collected the samples. QL and HY performed the laboratory work. QL, ZC and BY analyzed the data. BY contributed to manuscript revision. QL wrote the first version of the manuscript, which was then edited by all co-authors. All authors contributed to the article and approved the submitted version.




Funding

This work was kindly supported by the National Key Research and Development Program of China (2016YFC0501903), Natural Science Foundation of Qinghai Province (2022-ZJ-941Q).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1147208/full#supplementary-material



References

 Anosheh, H. P., Emam, Y., Ashraf, M., and Foolad, M. R. (2012). Exogenous application of salicylic acid and chlormequat chloride alleviates negative effects of drought stress in wheat. Adv. Stud. Biol. 4, 501–520.

 Arjenaki, F. G., Jabbari, R., and Morshedi, A. (2012). Evaluation of drought stress on relative water content, chlorophyll content and mineral elements of wheat (Triticum aestivum L.) varieties. Int. J. Agric. Crop. Sci. 4, 726–729.

 Bai, T., Li, C., Li, C., Liang, D., and Ma, F. (2013). Contrasting hypoxia tolerance and adaptation in Malus species is linked to differences in stomatal behavior and photosynthesis. Physiol. Plant 147, 514–523. doi: 10.1111/j.1399-3054.2012.01683.x

 Bailey-Serres, J., Lee, S. C., and Brinton, E. (2012). Waterproofing crops: effective flooding survival strategies. Plant Physiol. 160, 1698–1709. doi: 10.1104/pp.112.208173

 Balbaa, M. G., Osman, H. T., Kandil, E. E., Javed, T., Lamlom, S. F., Ali, H. M., et al. (2022). Determination of morpho-physiological and yield traits of maize inbred lines (Zea mays l.) under optimal and drought stress conditions. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.959203

 Barickman, T. C., Simpson, C. R., and Sams, C. E. (2019). Waterlogging causes early modification in the physio1ogica1 perfonnance carotenoids ch1orophylls proline and soluble sugars of cucumber plants. Plants (Basel) 8, 160. doi: 10.3390/plants8060160

 Bates, L. S., Waldren, R. A., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207.

 Bello, Z. A., van Rensburg, L. D., Dlamini, P., Tfwala, C. M., and Tesfuhuney, W. (2022). Characterisation and effects of different levels of water stress at different growth stages in malt barley under water-limited conditions. Plants (Basel) 11, 578. doi: 10.3390/plants11050578

 Bhusal, N., Kim, H. S., Han, S. G., and Yoon, T. M. (2020a). Photosynthetic traits and plant–water relations of two apple cultivars grown as bi-leader trees under long-term waterlogging conditions. Environ. Exp. Bot. 176, 104111. doi: 10.1016/j.envexpbot.2020.104111

 Bhusal, N., Lee, M., Reum Han, A., Han, A., and Kim, H. S. (2020b). Responses to drought stress in Prunus sargentii and Larix kaempferi seedlings using morphological and physiological parameters. For. Ecol. Manag 465, 118099. doi: 10.1016/j.foreco.2020.118099

 Blanch, S. J., Ganf, G. G., and Walker, K. F. (1999). Growth and resource allocation in response to flooding in the emergent sedge Bolboschoenus medianus. Aquat. Bot. 63, 145–160. doi: 10.1016/S0304-3770(98)00109-0

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72 (1-2), 248–254. doi: 10.1016/0003-2697(76)90527-3

 Caser, M., Angiolillo, F., Chitarra, W., Lovisolo, C., Ruffoni, B., Pistelli, L., et al. (2017). Ecophysiological and phytochemical responses of Salvia sinaloensis fern. to drought stress. Plant Growth Regul. 84, 383–394. doi: 10.1007/s10725-017-0349-1

 Caser, M., Chitarra, W., D'Angiolillo, F., Perrone, I., Demasi, S., Lovisolo, C., et al. (2019). Drought stress adaptation modulates plant secondary metabolite production in Salvia dolomitica codd. Ind. Crop Prod 129, 85–96. doi: 10.1016/j.indcrop.2018.11.068

 Chaves, M. M., and Oliveira, M. M. (2004). Mechanisms underlying plant resilience to water deficits: prospects for water-saving agriculture. J. Exp. Bot. 55, 2365–2384. doi: 10.1093/jxb/erh269

 Chen, Y. E., Liu, W. J., Su, Y. Q., Cui, J. M., Zhang, Z. W., Yuan, M., et al. (2016). Different response of photosystem II to short and long-term drought stress in Arabidopsis thaliana. Physiol. Plant 158, 225–235. doi: 10.1111/ppl.12438

 Cronin, G., and Lodge, D. M. (2003). Effects of light and nutrient availability on the growth, allocation, carbon/nitrogen balance, phenolic chemistry, and resistance to herbivory of two freshwater macrophytes. Oecologia 137, 32–41. doi: 10.1007/s00442-003-1315-3

 Dai, L., Guo, X., Ke, X., Du, Y., Zhang, F., and Cao, G. (2021). The variation in soil water retention of alpine shrub meadow under different degrees of degradation on northeastern qinghai-Tibetan plateau. Plant Soil 458, 231–244. doi: 10.1007/s11104-020-04522-3

 de San Celedonio, R. P., Abeledo, L. G., and Miralles, D. J. (2014). Identifying the critical period for waterlogging on yield and its components in wheat and barley. Plant Soil 378, 265–277. doi: 10.1007/s11104-014-2028-6

 Dhindsa, R. S., and Matowe, W. (1981). Drought tolerance in two mosses: correlated with enzymatic defence against lipid peroxidation. J. Exp. Bot. 32 (1), 79–91. doi: 10.1093/jxb/32.1.79

 Din, J., Khan, S. U., Ali, I., and Gurmani, A. R. (2011). Physiological and agronomic response of canola varieties to drought stress. J. Anim. Plant Sci. 21, 78–82. doi: 10.4081/ijas.2011.e11

 Doupis, G., Kavroulakis, N., Psarras, G., and Papadakis, I. E. (2017). Growth, photosynthetic performance and antioxidative response of ‘Hass’ and ‘Fuerte’ avocado (Persea americana mill.) plants grown under high soil moisture. Photosynthetica 55, 655–663. doi: 10.1007/s11099-016-0679-7

 Du, K., Xu, L., Wu, H., Tu, B., and Zheng, B. (2012). Ecophysiological and morphological adaption to soil flooding of two poplar clones differing in flood-tolerance. Flora 207 (2), 96–106. doi: 10.1016/j.flora.2011.11.002

 El-Beltagi, H. S., Mohamed, H. I., and Sofy, M. R. (2020). Role of ascorbic acid, glutathione and proline applied as singly or in sequence combination in improving chickpea plant through physiological change and antioxidant defense under different levels of irrigation intervals. Molecules 25 (7), 1702, 2-17. doi: 10.3390/molecules25071702

 Fernández, R. J., Wang, M. B., and Reynolds, J. F. (2002). Do morphological changes mediate plant responses to water stress? a steady-state experiment with two C4 grasses. New Phytol. 155, 79–88. doi: 10.1046/j.1469-8137.2002.00438.x

 Foyer, C. H., and Noctor, G. (2000). Oxygen processing in photosynthesis: regulation and signalling. New Phytol. 146, 359–388. doi: 10.1046/j.1469-8137.2000.00667.x

 Gedroc, J. J., McConnaughay, K. D. M., and Coleman, J. S. (1996). Plasticity in root/shoot partitioning: optimal, ontogenetic, or both? Funct. Ecol. 10, 44–50. doi: 10.2307/2390260

 Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909–930. doi: 10.1016/j.plaphy.2010.08.01

 Girotti, A. W. (1990). Photodynamic lipid peroxidation in biological systems. Photochem. Photobiol. 51, 497–509. doi: 10.1111/j.1751-1097.1990.tb01744.x

 Guo, J., Li, C., Zhang, X., Li, Y., Zhang, D., Shi, Y., et al. (2020). Transcriptome and GWAS analyses reveal candidate gene for seminal root length of maize seedlings under drought stress. Plant Sci. 292, 110380. doi: 10.1016/j.plantsci.2019.110380

 Hare, P. D., Cress, W. A., and Van Staden, J. (1998). Dissecting the roles of osmolyte accumulation during stress. Plant Cell Environ. 21 (6), 535–553. doi: 10.1046/j.1365-3040.1998.00309.x

 Hayat, S., Hayat, Q., Alyemeni, M. N., Wani, A. S., Pichtel, J., and Ahmad, A. (2012). Role of proline under changing environments: A review. Plant Signal Behav. 7, 1456–1466. doi: 10.4161/psb.21949

 Hebeisen, T., Lüscher, A., Zanetti, S., Fischer, B., Hartwig, U., Frehner, M., et al. (1997). Growth response of trifolium repens l. and Lolium perenne l. as monocultures and bi-species mixture to free air CO2 enrichment and management. Global Change Biol. 3 (2), 149–160. doi: 10.1046/j.1365-2486.1997.00073.x

 Herzog, M., Striker, G. G., Colmer, T. D., and Pedersen, O. (2016). Mechanisms of waterlogging tolerance in wheat – a review of root and shoot physiology. Plant Cell Environ. 39, 1068–1086. doi: 10.1111/pce.12676

 Hsiao, T. C. (1973). Plant responses to water stress. Ann. Rev. Plant Physio. 24, 519–570. doi: 10.1146/annurev.pp.24.060173.002511

 Imaz, J. A., Giménez, D. O., Grimoldi, A. A., and Striker, G. G. (2015). Ability to recover overrides the negative effects of flooding on growth of tropical grasses Chloris gayana and Panicum coloratum. Crop Pasture Sci. 66 (1), 100–106. doi: 10.1071/CP14172

 Insausti, P., Grimoldi, A. A., Chaneton, E. J., and Vasellati, V. (2001). Flooding induces a suite of adaptive plastic responses in the grass Paspalum dilatatum. New Phytol. 152 (2), 291–299. doi: 10.1111/j.0028-646X.2001.257_1.x

 Jayant, K. S., and Sarangi, S. K. (2014). Effect of drought stress on proline accumulation in peanut genotypes. Int. J. Adv. Res. 2 (10), 301–309.

 Jiang, T., Liu, J., Gao, Y., Sun, Z., Chen, S., Yao, N., et al. (2020). Simulation of plant height of winter wheat under soil water stress using modified growth functions. Agr Water Manage 232, 106066. doi: 10.1016/j.agwat.2020.106066

 John, A., Barnett, G., and Miller, T. B. (1950). The determination of soluble carbohydrate in dried samples of grass silage by the anthrone method. J. Sci. Food Agr 1 (11), 336–339.

 Jumrani, K., and Bhatia, V. S. (2019). Interactive effect of temperature and water stress on physiological and biochemical processes in soybean. Physiol. Mol. Biol. Pla 25, 667–681. doi: 10.1007/s12298-019-00657-5

 Kar, R. K. (2011). Plant responses to water stress: role of reactive oxygen species. Plant Signal Behav. 6 (11), 1741–1745. doi: 10.4161/psb.6.11.17729

 Kobe, R. K., Iyer, M., and Walters, M. B. (2010). Optimal partitioning theory revisited: Nonstructural carbohydrates dominate root mass responses to nitrogen. Ecology 91, 166–179. doi: 10.1890/09-0027.1

 Kumar, S., Kumar, D., Kumar, P., Malik, P. S., and Kumar, M. (2020). Proline accumulation in the leaves of four potato cultivars in response to water stress. Plant Arch. 20 (2), 3510–3514.

 Lazzarotto, P., Calanca, P., and Fuhrer, J. (2009). Dynamics of grass–clover mixtures–an analysis of the response to management with the PROductive GRASsland simulator (PROGRASS). Ecol. Model. 220 (5), 703–724. doi: 10.1016/j.ecolmodel.2008.11.023

 Lenhart, P. A., Eubanks, M. D., and Behmer, S. T. (2015). Water stress in grasslands: dynamic responses of plants and insect herbivores. Oikos 124, 381–390. doi: 10.1111/oik.01370

 Li, W., Shang, X., Yan, H., Xu, J., Liang, T., and Zhou, H. (2023). Impact of restoration measures on plant and soil characteristics in the degraded alpine grasslands of the qinghai Tibetan plateau: A meta-analysis. Agr Ecosyst. Environ. 347, 108394. doi: 10.1016/j.agee.2023.108394

 Li, Y., Li, J., Are, K. S., Huang, Z., Yu, H., and Zhang, Q. (2019). Livestock grazing significantly accelerates soil erosion more than climate change in Qinghai-Tibet Plateau: Evidenced from 137Cs and 210Pbex measurements. Agr. Ecosyst. Environ. 285, 106643. doi: 10.1016/j.agee.2019.106643

 Liu, S., Zamanian, K., Schleuss, P.-M., Zarebanadkouki, M., and Kuzyakov, Y. (2018). Degradation of Tibetan grasslands: consequences for carbon and nutrient cycles. Agr Ecosyst. Environ. 252, 93–104. doi: 10.1016/j.agee.2017.10.011

 Loggini, B., Scartazza, A., Brugnoli, E., and Navari-Izzo, F. (1999). Antioxidative defence system, pigment composition and photosynthetic efficiency in two wheat cultivars subjected to drought. Plant Physiol. 119, 1091–1099. doi: 10.1104/pp.119.3.1091

 Luo, Q., Ma, Y., Chen, Z., Xie, H., Wang, Y., Zhou, L., et al. (2022). Biochemical responses of hairgrass (Deschampsia caespitosa) to hydrological change. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.987845

 Maggio, A., Miyazaki, S., Veronese, P., Fujita, T., Ibeas, J. I., Damsz, B., et al. (2002). Does proline accumulation play an active role in stress-induced growth reduction? Plant J. 31, 699–712. doi: 10.1046/j.1365-313X.2002.01389.x

 Meher,, Shivakrishna, P., Ashok Reddy, K., and Manohar Rao, D. (2018). Effect of PEG-6000 imposed drought stress on RNA content, relative water content (RWC), and chlorophyll content in peanut leaves and roots. Saudi J. Biol. Sci. 25, 285–289. doi: 10.1016/j.sjbs.2017.04.008

 Moreno-Galván, A. E., Cortés-Patiño, S., Romero-Perdomo, F., Uribe-Vélez, D., Bashan, Y., and Bonilla, R. R. (2020). Proline accumulation and glutathione reductase activity induced by drought-tolerant rhizobacteria as potential mechanisms to alleviate drought stress in Guinea grass. Appl. Soil Ecol. 147, 103367. doi: 10.1016/j.apsoil.2019.103367

 Nadeem, M., Li, J., Yahya, M., Sher, A., Ma, C., Wang, X., et al. (2019). Research progress and perspective on drought stress in legumes: A review. Int. J. Mol. Sci. 20 (10), 2541, 1–32. doi: 10.3390/ijms20102541

 Nautiyal, S., Badola, H. K., Pal, M., and Negi, D. S. (1994). Plant responses to water stress: changes in growth, dry matter production, stomatal frequency and leaf anatomy. Biol. Plantarum 36 (1), 91–97.

 Ozturk, M., Turkyilmaz Unal, B., García-Caparrós, P., Khursheed, A., Gul, A., and Hasanuzzaman, M. (2021). Osmoregulation and its actions during the drought stress in plants. Physiol. plantarum 172 (2), 1321–1335. doi: 10.1111/ppl.13297

 Paknejad, F., Majidi, H. E., Nourmohammadi, G., Siadat, A., and Vazan, S. (2006). Effects of drought stress on chlorophyll fluorescence parameters, chlorophyll content and grain yield of wheat cultivars. J. Biol. Sci. 7, 841–847. doi: 10.3923/jbs.2007.841.847

 Peng, F., Xue, X., You, Q., Sun, J., Zhou, J., Wang, T., et al (2020). Change in the trade-off between aboveground and belowground biomass of alpine grassland: Implications for the land degradation process. Land Degrad. Dev. 31 (1), 105–117. doi: 10.1002/ldr.3432

 Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P., and Mommer, L. (2012). Biomass allocation to leaves, stems and roots: meta-analyses of interspecific variation and environmental control. New Phytol. 193, 30–50. doi: 10.1111/j.1469-8137.2011.03952.x

 Reddy, A. R., Chaitanya, K. V., and Vivekanandan, M. (2004). Drought-induced responses of photosynthesis and antioxidant metabolism in higher plants. J. Plant Physiol. 161, 1189–1202. doi: 10.1016/j.jplph.2004.01.013

 Reents, S., Mueller, P., Tang, H., Jensen, K., and Nolte, S. (2021). Plant genotype determines biomass response to flooding frequency in tidal wetlands. Biogeosciences 18 (2), 403–411. doi: 10.5194/bg-18-403-2021

 Reinbothe, C., El Bakkouri, M., Buhr, F., Muraki, N., Nomata, J., Kurisu, G., et al. (2010). Chlorophyll biosynthesis: spotlight on protochlorophyllide reduction. Trends Plant Sci. 15 (11), 614–624. doi: 10.1016/j.tplants.2010.07.002

 Rubio, G., Casasola, G., and Lavado, R. S. (1995). Adaptations and biomass production of two grasses in response to waterlogging and soil nutrient enrichment. Oecologia 102, 102–105.

 Rui, H. Y., Wang, L. N., Jin, L., Li, L., Pan, H. L., Li, J. Y., et al. (2013). Effect of drought stress at seedling on protective enzyme activity and MDA content of different soybeans. Soybean Sci. 32, 647–649.

 Shao, G. C., Lan, J. J., Yu, S. E., Liu, N., Guo, R. Q., and She, D. L. (2013). Photosynthesis and growth of winter wheat in response to waterlogging at different growth stages. Photosynthetica 51, 429–437. doi: 10.1007/s11099-013-0039-9

 Shinde, S., Villamor, J. G., Lin, W. D., Sharma, S., and Verslues, P. E. (2016). Proline coordination with fatty acid synthesis and redox metabolism of chloroplast and mitochondria. Plant Physiol. 172 (2), 1074–1088. doi: 10.1104/pp.16.01097

 Sperdouli, I., and Moustakas, M. (2012). Interaction of proline, sugars, and anthocyanins during photosynthetic acclimation of Arabidopsis thaliana to drought stress. J. Plant Physiol. 169, 577–585. doi: 10.1016/j.jplph.2011.12.015

 Tan, W., Liu, J., Dai, T., Jing, Q., Cao, W., and Jiang, D. (2008). Alterations in photosynthesis and antioxidant enzyme activity in winter wheat subjected to post-anthesis water-logging. Photosynthetica 46, 21–27. doi: 10.1007/s11099-008-0005-0

 Titlyanova, A. A., Romanova, I. P., Kosykh, N. P., and Mironycheva-Tokareva, N. P. (1999). Pattern and process in above-ground and below-ground of grassland ecosystems. J. Veg Sci. 10, 307–320.

 Tokarz, B., Wójtowicz, T., Makowski, W., Jędrzejczyk, R. J., and Tokarz, K. M. (2020). What is the difference between the response of grass pea (Lathyrus sativus l.) to salinity and drought stress? —a physiological study. Agronomy 10 (6), 833. doi: 10.3390/agronomy10060833

 Wang, X., He, Y., Zhang, C., Tian, Y. A., Lei, X., Li, D., et al. (2021). Physiological and transcriptional responses of phalaris arundinacea under waterlogging conditions. J. Plant Physiol. 261, 153428. doi: 10.1016/j.jplph.2021.153428

 Wang, C. T., Long, R. J., Wang, Q. L., Jing, Z. C., and Shi, J. J. (2009). Changes in plant diversity, biomass and soil c, in alpine meadows at different degradation stages in the headwater region of three rivers, China. Land Degrad Dev. 20 (2), 187–198. doi: 10.1002/ldr.879

 Wang, Y., Lv, W., Xue, K., Wang, S., Zhang, L., Hu, R., et al. (2022). Grassland changes and adaptive management on the qinghai–Tibetan plateau. Nat. Rev. Earth Env. 3, 668–683. doi: 10.1038/s43017-022-00330-8

 Wang, X., Wu, Z., Zhou, Q., Wang, X., Song, S., and Dong, S. (2022). Physiological response of soybean plants to water deficit. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.809692

 Wang, C., Xiao, R., Cui, Y., Ma, Z., Guo, Y., Wang, Q., et al. (2019). Photosynthate-13C allocation in the plant-soil system after 13C–pulse labeling of Phragmites australis in different salt marshes. Geoderma 347, 252–261. doi: 10.1016/j.geoderma.2019.03.045

 Wu, J., Wang, J., Hui, W., Zhao, F., Wang, P., Su, C., et al. (2022). Physiology of plant responses to water stress and related genes: A review. Forests 13, 324. doi: 10.3390/f13020324

 Xu, W., Cui, K., Xu, A., Nie, L., Huang, J., and Peng, S. (2015). Drought stress condition increases root to shoot ratio via alteration of carbohydrate partitioning and enzymatic activity in rice seedlings. Acta Physiol. Plant 37 (2), 1–11. doi: 10.1007/s11738-014-1760-0

 Yu, J., Wan, L., Liu, G., Ma, K., Cheng, H., Shen, Y., et al. (2022). A meta-analysis on degraded alpine grassland mediated by climate factors: Enlightenment for ecological restoration. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.821954

 Zaefyzadeh, M., Quliyev, R. A., Babayeva, S., and Abbasov, M. A. (2009). The effect of the interaction between genotypes and drought stress on the superoxide dismutase and chlorophyll content in durum wheat landraces. Turk J. Biol. 33 (1), 1–7. doi: 10.3906/biy-0801-12

 Zhou, Q., Li, Y., Wang, X., Yan, C., Ma, C., Liu, J., et al. (2022). Effects of different drought degrees on physiological characteristics and endogenous hormones of soybean. Plants (Basel) 11 (17), 2282. doi: 10.3390/plants11172282

 Zobayed, S. M., Afreen, F., and Kozai, T. (2005). Temperature stress can alter the photosynthetic efficiency and secondary metabolite concentrations in st. john's wort. Plant Physiol. Biochem. 43, 977–984. doi: 10.1016/j.plaphy.2005.07.013

 Zulfiqar, F., and Ashraf, M. (2022). Proline alleviates abiotic stress induced oxidative stress in plants. J. Plant Growth Regul. 1 (1) 1–23. doi: 10.1007/s00344-022-10839-3



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 Luo, Xie, Chen, Ma, Yang, Yang and Ma. 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.


OEBPS/Images/fpls-14-1147208-g001.jpg
Malondialdehyde content (ug/g FW)

N F L [ oc Y ThoC z | nEQr

Aa Aa

4 ABDb
ABD ABa ABa

ABCb

BCa
~BCab

Aa Aa

Root

MW CK MD





OEBPS/Images/M4.jpg
LIRS, = LIV Agy+03 LARNEwN a=114.
Chlorophyll b)/245 x V x N/W





OEBPS/Images/fpls.2023.1147208_cover.jpg
& frontiers | Frontiers in Plant science

Morphology, photosynthetic physiology and
biochemistry of nine herbaceous plants
under water stress





OEBPS/Images/M2.jpg
Chlorophyll .

1(22.88 Agys—4.67 Ags) X VX N/W





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Morphology, photosynthetic physiology and biochemistry of nine herbaceous plants under water stress

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Substrate

          



          		

            2.2 Plant material

          



          		

            2.3 Experimental setup

          



          		

            2.4 Sampling and assaying

          

            		

              2.4.1 Determination of biomass

            



            		

              2.4.2 Photosynthetic pigment determination

            



            		

              2.4.3 MDA assaying

            



            		

              2.4.4 Determination of osmotic adjustment substances

            



          



          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Morphology and biomass

          



          		

            3.2 Photosynthetic pigments

          



          		

            3.3 Lipid peroxidation

          



          		

            3.4 Osmoprotective compounds

          



        



        



        		

          4 Discussion

        

          		

            4.1 Morphology and biomass

          



          		

            4.2 Photosynthetic pigments

          



          		

            4.3 MDA content

          



          		

            4.4 Osmoprotective compounds

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1147208-g002.jpg
(A)
s, [ [ I oc MY ()T N c [0z [+ Mot

Shoot

340

o

Proline content (ng/g FW)
o
2

Root

MW CK MD

Shoot

Aa

Soluble sugar content (mg/g FW)

I
S

Root

w
-3

MW CK MD

Shoot

Soluble protein content (mg/g FW)

20 Root
MW CK
®)
10 Shoot

o IS

Betaine content (mg/g FW)
°

2

Aa

Ba

Aa

MD

BC
e ca CEC®






OEBPS/Images/table2.jpg
Deschampsia Poa Poa Festuca Puccinellia Elymus Kobresia Blysmus Carex

Index  Water regime

caespitosa crymophila pratensis sinensis tenuiflora nutans tibetica sinocompressus moorcroftii
MW 1.28 + 0.11Ca 141 + 0.01Ca 063 £ 0.07Da 0.74 £ 0.20Db 0.47 £ 0.05Da 057 + 0.08Da 232 + 0.09ABa 2.15 % 0.23Ba 2.57 £ 0.08Aa
chla
(mg/g. CK 1.42 + 0.08BCa 1.07 + 0.02Dc 0.73 + 0.10Ea. 1.34 + 0.09BCa 0.50 + 0.07Ea 073 + 0.06Ea 157 + 0.08ABb 1.32 £ 0.09Cb. 1.73 + 0.06Ab
W)
MD 0.90 + 0.04Bb 125 + 0.07Ab 0.84 + 0.02Ba 0.74 % 0.10Bb 0.32 £ 0.09Ca 071 + 0.07Ba 0.73 + 0.06Bc. 041 + 0.05Cc 0.81 £ 0.12Bc
MW 0.55 + 0.04BCb 0.50 + 0.01Ca 0.22 £ 0.02DEa 027 £ 0.06Da 0.16 + 0.02Ea 021 + 0.03DEa 0.85 + 0.03Aa 0.62 + 0.01Ba 0.49 £ 0.04Ca
chlb
(mglg CK 063+ 0.07Aa 0.42 + 0.02Bb 025+003Ca 024 +0.08Ca 0.24 % 0.08Ca 025+002Ca 059 +0.04Ab 027 + 0.03Cb. 029 + 0.02BCh
FW)
MD 0.33 + 0.01Bc. 0.44 + 0.02Aab 030 + 0.01BCa 0.26 + 0.04BCDa. 0.13 £ 0.02Ea 020 + 0.05DEa 025 + 0.02BCDc. 0.13 + 0.02Ec 0.23 £ 0.03CDc
" MW 183 £ 0.12Ba 1914023 085£009Ca  100%027Ca 0,63 +007Ca 079+010Ca | 317 £0.10Aa 276+ 0234 306+ 008Aa
(¢
(mg/g CK 2.05 + 0.09Aa 1.49 + 0.03Bc 098 £ 0.13Ca 1.57 + 0.01Ba 0.74 £ 0.16Ca 0.98 + 0.08Ca 2.16 + 0.08Ab 1.59 + 0.07Bb 201 + 0.04Ab
FW)
WD 1.23 + 0.06Bb 1.69 + 0.08Ab 1.14 £ 0.03BCa 1.00 £ 0.14BCa 0.45 £ 0.11Da 091 +0.11Ca 098 + 0.08BCc 0.53 + 0.06Dc. 1.04 +0.13BCc
MW 0.39 + 0.04Ba 0.43 + 0.02Ba 0.18 £ 0.01CDb 023 + 0.07Ca. 0.16 + 0.01CDa 017 £0.02CDa  0.12 + 0.02Db 0.58 + 0.03Aa 0.38 £ 0.03Ba
Cxe
(mg/g. CK 0.39 + 0.03ABa 032 + 0.04ABCb | 0.23 + 0.02Cab 0.21 +0.08Ca 0.21 £ 0.08Ca 021 +0.01Ca 0.17 + 0.02Cab 0.45 + 0.03Ab 0.29 + 0.03BCab
Fw)
MD 0.26 + 0.01Bb 0.42 + 0.05Aa 0.26 + 0.01Ba 0.23 + 0.03BCa 0.12 £ 0.02Da 021 + 0.02BCa 021 + 0.01BCa 0.12 £ 0.02Dc. 0.18 + 0.04CDb

Different lowercase letters within the same row indicate that there are significant differences between water regimes for the same plant species at 0=0.05; Different capital letters within the same column indicate that there are significant differences between plant species.
under the same water condition at 0:=0.05.





OEBPS/Images/table3.jpg
Chlorophyll (a+b) Carotenoid

Chlorophyll a Chlorophyll b
Source of variation
F P F 2 F 2 F 7
Water regime (W) 2 60.821 <0.001 42,405 <0.001 68.274 <0.001 21.619 <0001
Species identity (S) ‘ 8 97.901 <0001 55472 <0.001 115663 <0.001 10.630 <0001
Interaction (WxS) \ 16 22358 <0001 12941 <0.001 24.868 <0.001 8.000 <0001
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OEBPS/Images/table1.jpg
Water Deschampsia Poa Festuca Puccinellia Kobresia Blysmus Carex
regime caespitosa crymophila | Po@ pratensis sinensis tenuifiora | E/mUs nutans tibetica sinocompress moorcroftii
MW 4309£229ABa | 37.67£433ABCh | 3433£291BCa | 4655% 113Aa 4289 4340ABa  4200+419ABa | 24.11%073Da 3220£078Cab 43892116 Aa
P"';‘(:”)‘gh‘ K 3840 £ 086 ABb | 3878073 ABab | 3366+338ABCa | 4189%142Aa 33894753 ABCa 3722+ 106ABa | 2589 £331Ca 3689+263ABa 2933038 BCc
MD 32025461 ABCb 4133577 Aa | 3633+ 100ABa  33.45+301 ABCb 4133 +100Aa  2689+122Cb | 30.50 £ 087 BCa 3050+ 125BCh 3866+ L54 ABb
MW 16774041 ABCa | 15784244 ABCa | 1078%146Ca 1872+ L16ABa  12442149BCa 13522075 ABCh | 18.56 £ 351 ABa 1272+ 145BCa | 19832277 Aa
R‘”(‘c::')'g"' K 18294125 ABa | 1655+ 1I8ABCa | 1089202Da  1273%183CDa  10283094Da 1722 087ABCa | 1400%176BCDa 1256 +0.11CDa 1950 + 1.83 Aa
MD 1673 % 161 ABa 1800+ 051 ABa | 1600+ 1.07ABCa | 18134309 ABa | 1211£073Ca 1678059 ABa 1773+ 119 ABa 1417+ 144BCa | 1950+ 0.48 Aa
MW 5744032 Ce 4442025 Ce 8174068 Ba 4864038 Cb 8804096 ABa  426%032Cc 8074021 Ba 918 +0.44 Ba 1200 £ 063 Aa
T"‘?;';‘;’:;‘”‘ K 847 023 ABa 643 £ 166 BCa 5414057 Cb 672+ 021BCa 771108 ABCa | 978+ 036 Aa 742 £ 025 ABCa 641072 BCh 881 £0.87 ABb
MD 657+ 0.18 ABb, 8182052 Ab 5754047BCb | 413020 Db 6104038 Ba 7714039 Ab 609+ 021Bb 4704067CDb  7.08+057 ABb
MW 060 + 006 Bb 1455019 Aa 0754005 Ba 054+ 0.12 Bb 0534006Bab 056+ 0.0 Be 0634005 Bb 141£0,05 Ab 058+ 005 Ba
Rootlshoat - ¢y 060 + 003 Db 1.06 £ 0.07 Aa 0654005CDa 056009 Db 0352007 Eb 0984006 ABb | 0.99 £0.09 ABa 112 £ 0.06 Ab 0522006 BCa
MD 160 +0.13 Ba 087018 Db 0724008 Da 131£007BCa 073005Da 1344009BCa | 108010 CDa 2914018 Aa 081009 Da

Different lowercase leters within the same row indicate that there are significant differences between water regimes for the same plant species at 0:=0.05; Different capita letters within the same column indicate that there are significant differences between plant species
under the same water condition at 0:=0.05. Data are expressed as means  SEM (n=3).
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