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Red clover (Trifolium pratense L.), a key perennial pastoral species used globally, can strengthen pastural mixes to withstand increasingly disruptive weather patterns from climate change. Breeding selections can be refined for this purpose by obtaining an in-depth understanding of key functional traits. A replicated randomized complete block glasshouse pot trial was used to observe trait responses critical to plant performance under control (15% VMC), water deficit (5% VMC) and waterlogged conditions (50% VMC) in seven red clover populations and compared against white clover. Twelve morphological and physiological traits were identified as key contributors to the different plant coping mechanisms displayed. Under water deficit, the levels of all aboveground morphological traits decreased, highlighted by a 41% decrease in total dry matter and 50% decreases in both leaf number and leaf thickness compared to the control treatment. An increase in root to shoot ratio indicated a shift to prioritizing root maintenance by sacrificing shoot growth, a trait attributed to plant water deficit tolerance. Under waterlogging, a reduction in photosynthetic activity among red clover populations reduced several morphological traits including a 30% decrease in root dry mass and total dry matter, and a 34% decrease in leaf number. The importance of root morphology for waterlogging was highlighted with low performance of red clover: there was an 83% decrease in root dry mass compared to white clover which was able to maintain root dry mass and therefore plant performance. This study highlights the importance of germplasm evaluation across water stress extremes to identify traits for future breeding programs.
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1 Introduction

Even with advancement in technology and cultivar development, global agricultural productivity has been reduced by 21% over the last 60 years from changes in precipitation patterns caused by climate change (Ortiz-Bobea et al., 2021). Current trends suggest the continuation of disrupted weather patterns and an increase in frequency of soil waterlogging, caused by flooding, and water deficit events (Siddique et al., 2013). Soil waterlogging occurs when there is an excess of water filling the soil pores, usually around 20% higher than the field capacity (Simova-Stoilova et al., 2012). Approximately 10-12% of the global agricultural land is affected by waterlogging (Kaur et al., 2020). Initially waterlogging restricts gas exchange between atmosphere and soil and reduces the amount of available oxygen, resulting in hypoxia in plant roots (Simova-Stoilova et al., 2012). This reduces photosynthesis and the uptake of nutrients essential for plant growth. The chemical makeup of soil also changes with prolonged waterlogging with a switch from an aerobic to anaerobic conditions (Simova-Stoilova et al., 2012). This results in a build-up of toxic compounds such as sulfides and lactic acid, the consumption of stored carbohydrates and eventually anoxia in the plant roots (Fiedler et al., 2007). Prolonged waterlogging causes adverse effects on plant growth and functioning that can induce early senescence of leaves and plant death (Simova-Stoilova et al., 2012).

Drought is declared when there is a prolonged period of abnormally low rainfall accompanied by high temperatures leading to a shortage of available water (Mir et al., 2012). The impact of drought on crops depends on its intensity, timing, duration, crop species and growth stage of the plant (da Silva et al., 2011; Mir et al., 2012). Under water deficit caused by drought, several physiological and biochemical processes are altered including transpiration, photosynthesis and the metabolism of carbohydrates, amino acids, and other organic compounds (Šircelj et al., 2005). A reduction in soil moisture limits the availability of key nutrients from the soil due to the decreased rate of nutrient diffusion to the absorbing root surface (Sadras and Milroy, 1996). The availability is further reduced due to stomatal closure (da Silva et al., 2011). This reduces transpiration, the process of water movement through a plant which is responsible for the transfer of nutrients from roots to shoots (Bohnert and Jenson, 1996). The development, growth and functioning of key physiological processes is adversely affected under prolonged water deficit, this can induce early leaf senescence and plant death (Bohnert and Jenson, 1996; da Silva et al., 2011).

Water stress is defined as an imbalance between an over or under availability of water and the amount of water needed by the plant, this can occur gradually or suddenly Shaw and Laing, 1966; Kar, 2011). Plant response to water stress varies depending on the speed or occurrence and severity (Kar, 2011). Selecting for tolerance to water stress in plants is complex. It involves multiple quantitative traits each controlled by many genes, along with interactions between plant structure, function, and the environment (Barnabás et al., 2008; Mir et al., 2012). It also depends on the breeder’s interpretation of tolerance that they are selecting for. For farmers this will dictate what crops are grown or what farming management system is implemented. Tolerance of plants to moisture stress can be expressed differently via either isohydric (“water saver”) or anisohydric (“water spender”) coping strategies (Domec et al., 2017).

The water spender strategy involves the plant maintaining a higher plant growth rate by using stored carbohydrate reserves. This strategy relies on the plant being able to replenish these carbohydrate stocks post stress. A water spender may switch to reproductive growth prior to severe stress by reducing the length of its lifecycle, using stored carbohydrate reserves to promote a higher rate of growth and by successfully producing seed (Barnabás et al., 2008; Domec et al., 2017). The water saver strategy involves the maintenance of plant function at limited water availability by the senescence of older leaves, reduction in size or adaption of key plant organs and osmotic adjustment (Barnabás et al., 2008; Domec et al., 2017). When developing new cultivars, ensuring genetically diverse backgrounds will increase the ability to tolerate differing environmental stresses by switching between coping strategies depending on stresses as has been shown in a range of species (Domec et al., 2017). A way to do this is through the introduction of raw germplasm material (Egan et al., 2021).

Red clover is a key temperate perennial pastoral legume species used globally. It is recognized as one of the most important legumes in the world, capable of producing forage high in protein and digestibility. It is known for its ability to establish rapidly and grow in a wide range of soil types, pH levels and environmental conditions (Taylor and Quesenberry, 1996). As a legume, red clover can biologically fix nitrogen through forming symbiosis with Rhizobium. Red clover tends to have higher summer production compared to other legume species such as white clover due to its extensive taproot system (Taylor and Quesenberry, 1996; Black et al., 2009). Unlike its well-known drought tolerant feature, limited understanding of its physiological and morphological traits responses under waterlogging conditions. From published studies, red clover showed low tolerance to waterlogging with decreases in chlorophyll content and dry matter yield and increases in levels of oxidant stress in leaves (Simova-Stoilova et al., 2012; Stevenson et al., 2017). Other studies reported changes in root chemical composition and protein changes in leaf tissue when red clover populations were under waterlogging stress (Whitehead et al., 1979; Stoychev et al., 2013).

Research has largely focused on nitrogen fixation and nodule morphological changes for other legume species in response to waterlogging (Pugh et al., 1995). Higher tolerance to waterlogging has been observed in white clover (Trifolium repens L.) compared to red clover (Huber et al., 2009; Simova-Stoilova et al., 2012). Similarly, work in annual clover species such as subterranean clover (Trifolium subterraneum L.), cluster clover (T. glomeratum L.), woolly clover (Trifolium tomentosum L.), strawberry clover (Trifolium fragiferum L.), Talish clover (Trifolium tumens L.) and Caucasian clover (Trifolium ambiguum L.), predominantly in Australia, has focused on short-term tolerance morphological changes, nitrogen fixation and nodule morphology (Gibberd and Cocks, 1997; Stevenson et al., 2017; Enkhbat et al., 2021; Enkhbat et al., 2022).

Under field conditions and when exposed to water deficit, red clovers superior production and tolerance compared to white clover has been well documented (Peterson et al., 1992; Brock et al., 2003; Brown et al., 2005). There are few published controlled glasshouse water deficit experiments for red clover but Vaseva et al. (2011) identified stress tolerance related proteins that protect plant cells from destruction and improved their tolerance to stress conditions. Red clover was shown to significantly reduce shoot dry matter, relative water content and leaf area under prolonged water deficiency (Vaseva et al., 2011; Loucks et al., 2018). This has been proved to hamper recovery and reduce plant survival (Loucks et al., 2018). The objective of this study was to explore the physiological and phenotypic coping mechanisms of red clover (Trifolium pratense L.) germplasm populations under both water deficit and waterlogging. With the aim to (1) assess plant tolerance to water stress (water deficit and waterlogging) amongst a panel of sampled red clover germplasm accessions, (2) identify the coping mechanisms amongst accessions, and (3) identify the key morphological and physiological traits responsible for performance under water stress.




2 Methods



2.1 Plant material

A total of five red clover germplasm accessions (F3474, F4079, F3514, F2507 & F3594), one elite pre-breeding red clover top-cross line (JB4), one commercial red clover cultivar (Grasslands Relish) and one white clover cultivar (Grasslands Quartz) used in this experiment were sourced from the Margot Forde Germplasm Centre (MFGC) (Table 1). The five germplasm accessions were selected based on their place of origin and information on their collection sites. An accession is a distinct collection of uniquely identified seed, which is maintained as a part of a germplasm collection (National Academies of Sciences, Engineering, and Medicine, 1991). The elite line JB4 was selected due to its genetic background, it was produced from a top-cross involving plants from the cultivar Colenso and elite germplasm accessions. An elite line is defined as a group of plants with similar traits that are well adapted to environmental conditions in a targeted region. Which will be used for further breeding or released as a cultivar (National Academies of Sciences, Engineering, and Medicine, 1991; Falk, 2010). Relish and Quartz were selected as superior cultivar comparators, the latter added for interspecific comparison. Cultivars are a collection of plants with distinguishable characters created by breeders to meet specific breeding objectives (National Academies of Sciences, Engineering, and Medicine, 1991; Bernardo, 2002). From here onwards all accessions, elite lines and cultivars will be referred to as populations. A population is a collection of plants with similar backgrounds, individuals within potentially interbreed with one another (National Academies of Sciences, Engineering, and Medicine, 1991).


Table 1 | Characteristics of the five red clover germplasm accessions, pre-breeding population and commercial cultivars.






2.2 Experimental design

A randomized complete block design comprised of five replicates and three treatments containing 120 plants was used for this experiment. Each pot contained one plant. Six-liter plastic pots were filled with a soil mixture made with 75:25 ratio of Templeton silt loam soil and mortar sand. Additional nutrients were added for plant health and soil structure (Supplementary Information). This mixture is free draining to allow for the least resistant root growth and simpler separation of roots at final harvest (Ballizany et al., 2012). A further 108 potted red clover plants were placed next to the outer rows of pots, as a buffer, to minimized border effects. Plants were established in root trainers for 63 days and then transplanted into the pots and allowed to establish for 30 days before experiment initiation. The experiment ran for 52 days from treatment initiation between January 16th, 2021, and March 8th, 2021, at the AgResearch research farm glasshouse. The mean temperature was 24.4°C, average relative humidity 66% and daily solar radiation 19.5 MJ/m2.




2.3 Water stress treatments

All plants were watered to 15% volumetric soil moisture content (VMC) for 30 days to establish the experiment before initiation. Throughout the experiment the control plants maintained this status through watering by hand. In the water deficit stress treatment, plants were kept 3-4% above the wilting point of 5% VMC. This was measured gravimetrically, and the calculated amount of water was applied every 2-3 days (Hofmann et al., 2003). Plant populations were exposed to a minimum of 30 days water deficit stress. Waterlogging stress was applied by submerging the roots in a double pot system. The water level was kept at 2-3cm above pot height by encompassing the pot in a bucket filled with water. This system stopped the drainage of excess water, and the pots were topped up with water to ensure adequate submergence when needed (Simova-Stoilova et al., 2012). VMC was 15%, 5% and 50% for the control, water deficit, and waterlogged treatments, respectively. Plants were supported with bamboo poles when needed, prostrate growing accessions were not staked up to avoid false height measurements. The red clover populations were exposed to waterlogging for the first five days of the experiment between January 16th- 20th 2021. When plants showed signs of stress through wilting the waterlogging treatment was stopped, and plants were allowed to recover. The waterlogging treatment for these plants was then reintroduced four days before the experiment finished. The white clover cultivar Quartz remained submerged for 52 days, as it showed no signs of wilting stress during that period.




2.4 Measurements



2.4.1 Whole plant morphology and yield measurements

Plant height was measured on day 52 using a ruler at the highest point of the plant. Petiole length was measured on day 52 using a ruler on two randomly chosen young, fully unfolded leaves per plant. Dry matter percentage of shoots excluding leaves was calculated after the removal of leaves on day 52. Dry matter percentage was calculated by taking the ratio of dry matter over fresh matter then multiplied by 100. A fresh weight of the petiole and runner biomass was taken on day 52 prior to being oven dried at 80 °C for 48 hours, a dry weight was taken on removal. Estimated total dry matter was calculated per plant using the following equation,

	

where, TLFW is the total combined leaf fresh weight, LDW is the dry weight of two randomly chosen young, fully unfolded leaves, LWW is the fresh weight of the same two leaves and RSDW is the dry weight of the runners and petioles. An actual leaf dry weight was not possible due to the leaves being used for other destructive measurements. The total root dry mass was measured after the removal of the shoot biomass. Soil was carefully removed from the root dry mass using a sieve and water the day after shoot biomass was harvested. Once separated, roots were weighed once they were dried in an oven at 80°C for 48 hours.




2.4.2 Leaf morphology

Two randomly chosen young, fully unfolded leaves per plant were harvested on day 52 and their lamina area was determined using the open-source image processing and analysis program ImageJ (Katabuchi, 2015). Subsequently, the lamina dry weight of these leaves was determined by being oven dried at 80°C for 48 hours. Relative leaf thickness was calculated using the following equation,

	

where, SLA is the specific leaf area and RWC is relative water content. SLA is calculated by the ratio of lamina area and lamina dry weight of two randomly chosen young, fully unfolded leaves per plant (Vile et al., 2005). Leaf fresh weight per plant was measured on day 52 by separating and weighing all the leaves from each plant. Average leaf size per plant was measured on day 52 using a qualitative visual 1-5 score (1: small, 2: small-medium, 3: medium, 4: medium-large, 5: large).




2.4.3 Physiology/water status

Relative chlorophyll content was measured using a Konica Minolta SPAD-502Plus chlorophyll meter on day 52. An average reading was taken from three randomly chosen young, fully unfolded leaves per plant (Ling et al., 2010; Belachew and Stoddard, 2017). Relative water content was measured using the following equation,

	

where, FM is the lamina fresh mass of two randomly chosen young, fully unfolded leaves per plant. TM is the lamina turgid mass after saturation of the two leaves in water for 24 hours and DM is the lamina dry mass after the leaves are oven-dried at 80°C for 48 hours (Marshall et al., 2001).

To measure osmotic potential, leaf samples were collected and frozen in 1.5ml Eppendorf tubes on day 52. Samples were then frozen in liquid nitrogen and centrifuged at 12,200 g for 5 minutes to separate the leaf sap. The sap was then pipetted onto filter paper discs and processed using a Wescor Vapro vapor pressure osmometer (model 5520). Prior to measurements the osmometer was calibrated using 0.1, 0.29, and 1 mmol/kg-1 osmolality standards. Regular cleaning between every 4 samples maintained the accuracy of the osmometer. The osmolality reading (mmol/kg-1) was used to calculate solute potential (Ψπ) using the following equation,

	

where, RT = 0.002437 m3 MPa·mol-1 at 20°C, and cj is the total solute concentration or osmolality (mmol·kg-1) (Cyriac et al., 2018).





2.5 Data analysis

Statistical analysis was carried out using the statistical software package Genstat 18th edition (VSN International, 2021) The unbalanced analysis of variance (ANOVA) using the regression model statistical method was selected for all trait analysis due to the incomplete block effect from plants dying during the experiment. After accounting for block effects, the ANOVA examined the levels of population and of water levels (control, water deficit and waterlogging) as the two main treatment factors, followed by the examination of the interaction of these two main factors. Raw trait data was either square root or log transformed to correct skewed data to conform to normality. Fisher’s unprotected least significant difference (LSD) test was used to separate treatment means wherever the ANOVA showed a significant treatment or interaction effect (P< 0.05). Interspecies differences were obtained using the comparisons contrast function within ANOVA in Genstat. Pattern analysis, a combination of cluster analysis and principal component analysis (PCA), was conducted using means generated from ANOVA, for traits with significant (P< 0.05) differences among populations using DeltaGen (Jahufer and Luo, 2018).

Prior to pattern analysis the data were standardized to remove scaling effects. The optimum number of entry groups from cluster analysis was determined according to Cooper and DeLacy (1994). The resulting biplot is a graphical summary of population by trait associations. Trait associations are presented through directional vectors, a positive relationship between traits is shown if vectors are separated by less than 90°. The results of the clustering analysis are superimposed on the biplot through assigning each group of populations a different color. Quartz was not included in the cluster analysis for water deficit and waterlogging to not affect the differences among the red clover populations. F2507 was not included in the cluster analysis for waterlogging as it did not survive the waterlogging treatment. Means and standard errors produced from ANOVA were used to generate column graphs.





3 Results



3.1 Population trait expression

The average trait expression of each of the eight populations across water treatments is summarized in Table 2. Both F3594 and Relish were classified as large leaved, tall erect populations with large root dry mass and at the high end of the scale for the other morphological traits. Both JB4 and F3474 averaged medium measurements for most of the traits. JB4 had a tall erect growth habit similar to F3594 and Relish but smaller root dry mass, leaf thickness, and leaf size. Populations F3514, F2507, and F4079 all measured as the smallest or lowest for all of the traits. These Populations were characterized as being small-leaved, with low biomass and prostrate growth. While trait expressions changed within each population across water treatments (Tables 3, 4), there were no changes among populations. This indicated that the relative performance of populations that expressed the smallest or lowest for each trait under control conditions did not change under both water stress treatments.


Table 2 | Heat map of average trait expressions amongst the eight populations averaged over all water treatments generated from an ANOVA analysis,  = small/low,  = medium,  = large/high.




Table 3 | Significant changes for water deficit traits as compared to the control of each population (%),  = increase,  = decrease, □ = non-significant; Significance levels of main effect (*P< 0.05; **P< 0.01; *** P< 0.001).




Table 4 | Significant changes for waterlogged traits as compared to the control of each population (%),  = increase,  = decrease, □ = non-significant, X = plants did not survive Significance levels of main effect (*P< 0.05; **P< 0.01; *** P< 0.001).






3.2 Water stress effects

Compared to control conditions, under water deficit and waterlogging, there were decreases in total dry matter (41% and 30%, respectively), root dry mass (19% and 30%, respectively), leaf thickness (50% and 28%, respectively), plant height (15% and 9%, respectively), and leaf number (50 and 34%, respectively); (Figures 1A, C, 2A, C). Under waterlogging both petiole length (10%) and leaf size (8%) increased, in contrast under water deficit both decreased (25% for petiole length, 11% for leaf size) (Figures 2A, 3B). Plant physiology and water status traits were affected by the different treatments, both chlorophyll content (5%) and solute potential (5%) increased under waterlogging but decreased under water deficit (2%, 23%, respectively) (Figures 2B, C). Under water deficit, both runner dry matter and root to shoot ratio increased (10%, 38%, respectively), relative water content also decreased by 10% (Figure 1B).




Figure 1 | Plant response traits under control (Con), water deficit (DR) and waterlogging (WL) for the eight clover populations. (A) Total aboveground dry matter, (B) Root to shoot ratio and (C) Plant height. Statistical letters (a, b, c) indicate differences between treatment means within each population (P> 0.05; Fisher’s unprotected l.s.d. test, ± SE error bars, n = 5).






Figure 2 | Plant response traits under control (Con), water deficit (DR) and waterlogging (WL) for the eight clover populations. (A) Leaf thickness, (B) Leaf size and (C) Leaf number. Statistical letters (a, ab, b, c) indicate differences between treatments within each population(P> 0.05; Fisher’s unprotected l.s.d. test, ± SE error bars, n = 5).






Figure 3 | Plant response traits under control (Con), Water deficit (DR) and waterlogging (WL) for the eight clover populations. (A) Petiole length, (B) Solute potential and (C) Chlorophyll content. Statistical letters (a, b, c) indicate differences between treatments within each population (P> 0.05; Fisher’s unprotected l.s.d. test, ± SE error bars, n = 5).






3.3 Water treatment x population interaction effects

Under water deficit, all populations significantly decreased total dry matter, but increased dry matter percentage (Figure 1A, Table 3). Plant height and petiole length significantly decreased for all populations except for F3514 and F3594, while JB4 also retained plant height (Figures 1C, 2A). Both leaf thickness and leaf number were significantly decreased in all the populations except for F3474 which was able to maintain leaf number (Figures 3A, C). There was a significant decrease in leaf size for populations F4079, F2507, JB4 and Quartz (Figure 3B). Root dry mass decreased for populations F3594 and Quartz, while root to shoot ratio increased for populations F3474, F4079, F3514, F2507, F3594, JB4, and Relish (Figure 1B, Table 3). While relative water content significantly decreased for Relish and Quartz and chlorophyll content significantly increased for populations F3594 and Quartz (Table 2; Figure 2C).

Under waterlogging, total dry matter and root dry mass decreased for all the red clover populations while Quartz only had a significant reduction in total dry matter (Figure 1A). Leaf size increased for populations F3474 and F4079 (Figure 3B). Leaf thickness decreased in populations F4079, F3594, JB4 and Relish (Figure 3A). Plant height decreased for populations F3474, F3594 and Relish, while increasing for Quartz (Figure 1C). Petiole length increased significantly for population F3594 (Figure 2A). In all the red clover populations leaf number significantly decreased except for population F3514 (Figure 3C). Root to shoot ratio significantly decreased for population F3514 and significantly increased for Quartz (Figure 1B). In all the red clover populations chlorophyll content significantly decreased except for in population F3474 (Figure 2C).




3.4 Interspecific comparisons

Under water deficit, there were three significant differences between red clover and white clover responses. Leaf size and plant height decreased 10% and 11%, respectively for red clover and 29% and 43% for white clover, respectively. Relative water content was reduced 7% and 22% for red clover and white clover, respectively (Table 3). Under waterlogging there were large significant differences between red clover and white clover for total dry matter (39%, 2% decreases, respectively), root dry mass (83% decrease, 1% increase, respectively), leaf number (50% decrease, 13% increase, respectively), leaf thickness (37% and 3% decreases, respectively) and root to shoot ratio (24% decrease, 67% increase, respectively). There were lesser significant differences between red clover and white clover for dry matter percentage (1% increase, 11% decrease, respectively), petiole length (6% and 22% increases, respectively) and relative water content (1% and 10% decreases, respectively) (Table 4).




3.5 Water deficit plant trait response and cluster analysis

The principal component analysis for water deficit response in the seven red clover populations showed that the first two principal components explained 69.3% of the variation in the data. The traits and their positive to negative associations with each other are indicated by the directional vectors (Figure 4). Differences between populations were derived from hierarchical cluster analysis. The seven red clover populations were clustered into five groups, indicated in color. Group 1; F3514 had large reductions in total biomass, leaf number and leaf thickness under water deficit. Group 2; F3594, JB4 and Relish had large reductions in leaf thickness and leaf number, along with a small change in leaf size, petiole length and plant height. Group 3; F2507 had high reductions in leaf size, plant height and petiole length. Group 4; F4079 had low reductions in total biomass, leaf thickness, leaf size and leaf number. It also had a large reduction in petiole length. Group 5; F3474 had lower reductions in total biomass, a high increase in dry matter percentage.




Figure 4 | Biplot generated from principal component analysis of the red clover population by multi-trait best linear unbiased estimator (BLUE) matrix based on measurements from the water deficit treatment. The directional vectors indicate different traits. Population groups generated from cluster analysis are indicated using different colors (1-5).






3.6 Waterlogging plant trait response and cluster analysis

The principal component analysis for waterlogging response in six red clover populations showed that the first two principal components explained 74.9% of the variation in the data. The relationships among the traits are shown by the associations among the directional vectors color (Figure 5). Differences between populations were derived from hierarchical cluster analysis. The red clover populations were clustered into groups, indicated in Group 1; F3514 had a high reduction in root dry mass but was able to maintain similar measurements for the other traits. Group 2; F3474 and F4079 had high reductions in total biomass but had low reduction in root dry mass. Group 3; F3594 and Relish had low reductions in biomass, leaf thickness, leaf size and plant height. They also had a medium reduction in root dry mass. Group 4; JB4 had high reductions in total biomass, leaf thickness, leaf size and plant height.




Figure 5 | Biplot generated from principal component analysis of the red clover population by multi-trait best linear unbiased estimator (BLUE) matrix based on measurements from the waterlogging treatment. The directional vectors indicate different traits. Population groups generated from cluster analysis are indicated using different colors (1-4).






3.7 Overall plant trait responses and cluster analysis

The principal component analysis for the combined waterlogging and water deficit stress plant response showed that the first two principal components explained 69.1% of the variation in the data (Figure 6). There were four groups of traits with multiple significant relationships with other traits. These groups can be identified as aboveground plant biomass traits (leaf number, total dry matter, chlorophyll content and leaf thickness), leaf response traits (petiole length and plant height), water status traits (relative water content and root to shoot ratio), and water deficit traits (runner dry matter percentage, root dry mass, leaf size and solute potential). The seven populations were clustered into groups, indicated in color which aligned with the four groups identified above (Figure 6). Group 1; F3514 and JB4 had high reductions in total biomass, root dry mass and number of leaves. Group 2; F4079 and F3474 had high reductions in plant height, petiole length and root dry mass. Group 3; Quartz had the lowest reductions in total biomass and number of leaves. It also increased chlorophyll content. Group 4; F3594 and Relish increased in petiole length and had medium reductions in total biomass. F2507 was not included in this analysis as it did not survive the waterlogging treatment.




Figure 6 | Biplot generated from principal component analysis of the red clover population by multi-trait best linear unbiased estimator (BLUE) matrix based on ratio changes across treatments. The directional vectors indicate different traits. Population groups generated from cluster analysis are indicated using different colors (1-4).







4 Discussion



4.1 Whole plant morphology

The reduction of total dry matter, leaf number, petiole length and plant height under water deficit conditions is a consistent phenomenon highlighted in the literature (Peterson et al., 1992; White and Hodgson, 1999; Vaseva et al., 2011; Scoffoni et al., 2014). The severity of the reduction varies on individual plants as various plant organs respond differently (Wright and Westoby, 2002; Aroca, 2012). By reducing aboveground biomass under water deficit, root growth is prioritized over producing total dry matter. This provides adequate water for root growth from the limited supply until the plant can resume normal growth post water deficit. This results in an increase of root to shoot ratio. (White and Hodgson, 1999). All red clover populations prioritized maintaining root dry mass under water deficit by sacrificing shoot growth as evident by the increasing root-shoot ratio in our experiment. An increase in root to shoot ratio can be attributed to water deficit resistance, with active investment in root growth or maintenance the plant is able to access sufficient available water without fully depleting stored energy reserves (Aroca, 2012).

Under waterlogged conditions, the reduction of plant height, leaf number and total shoot dry matter has been found in red clover and other Trifolium species (Simova-Stoilova et al., 2012; Enkhbat et al., 2021). This reduction is an indication of the lack of tolerance to waterlogging (Bowley et al., 1984). In contrast, plants that tolerate waterlogging elongate shoot growth above the water level to maximize leaf area exposure, ensuring root aeration through the intake of oxygen and carbon fixation (Parent et al., 2008). Waterlogging tolerant species such as white clover are likely to increase root to shoot ratio due to the shift to the less efficient anaerobic energy production pathway needing more roots to support the same amount of growth (Striker, 2012a). Petiole length increased amongst waterlogged populations, this appeared to be the plants trying to efficiently intercept the most amount of light possible with fewer leaves by elongating the petiole above the water level (Black et al., 2009; Huber et al., 2009). Unlike the red clover populations, the white clover cultivar Quartz was able to elongate shoot growth above the water level and increase root to shoot ratio to support similar growth under the less efficient anaerobic energy production pathway.

For plants, developing organs such as leaves is a large investment and construction costs for each varies amongst species. The lifespan of these organs must allow the plant to cover initial investment costs and gain additional energy to promote plant growth (Westoby et al., 2002). When exposed to water stress how a plant invests the available resources changes, including what to invest into and at what scale. Other factors such as water level, light level and temperature can influence this investment. Leaf thickness and size decreased in water deficit plants, reflecting results shown in other clover studies (Huber et al., 2009; Ballizany et al., 2012; Scoffoni et al., 2014). Maintaining leaf thickness and size comes at a great cost to plants. However, by switching to producing fewer smaller leaves requires less energy and reduces transpiration water loss. The trade-off towards thicker leaves is an increase in durability and longevity (Westoby et al., 2002). While decreased leaf size and thickness is advantageous under restricted water availability it does reduce the agronomic productivity of a plant (Aroca, 2012). As in previous red clover studies (Mommer and Visser, 2005; Huber et al., 2009), the waterlogged plants produced larger and thinner leaves. In ideal conditions, plants that produce thinner leaves can increase biomass quicker by producing new leaves at faster rate. Under waterlogging, plants produced thinner leaves, and in previous studies this has been related to reductions in transpiration and photosynthesis (Huber et al., 2009; Striker, 2012b).




4.2 Root morphology

Root structure plays an important role in the storage of energy, response to water stress and subsequent recovery. As expected, both treatments caused a reduction in root dry mass. Similar observations on root structure were made by Christie and Martin (1999) and Aroca (2012). The differences in root dry mass (Table 4) under waterlogging conditions suggest that the white clover root system is better suited for these conditions, as Quartz was the only population that maintained root dry mass. Following water stress, the amount of reserve carbohydrates depleted during this period impacts the longevity and recovery of a plant. During water stress, plants switch to a less efficient anaerobic energy production pathway. Carbohydrates are used to keep up with energy demands. These are limited and so must be used efficiently and effectively to maintain growth. Plants that use less carbohydrate reserve or can continue to add to reserves during this period are able to resume pre-stress growth with more speed and vigor. Plants with very depleted reserves recover more slowly post-stress (Striker, 2012a). It can be suggested that under waterlogged conditions the red clover populations depleted their root reserves quickly resulting in slower recovery, whereas Quartz was able to continue growth close to pre-stress levels. The decreases in root dry mass (Table 3) under water deficit conditions suggest that the depletion of root reserves varied between populations.




4.3 Physiology/water status traits

Under drought conditions, relative water content decreases due to the reduced availability of water, resulting in a reduction of leaf size. A result of this is an increase in chlorophyll concentration (Ling et al., 2010). Chlorophyll content was measured here as an indicator for photosynthetic capacity of the populations, and there was a slight increase for two of the red clover water deficit populations. F3594, unlike the other red clover populations was able to actively raise chlorophyll content, indicating the photosynthetic capacity of these plants had increased (Figure 3C) (Palta, 1990; Ling et al., 2010). Solute potential also decreased amongst populations in response to the water deficit,

Under waterlogging, a reduction in chlorophyll content among the red clover populations indicated a decrease in photosynthetic activity, reducing three key morphological traits, total dry matter, leaf number and root dry mass. This showed a lack of tolerance to waterlogging as the populations spent stored energy but were not able to produce sufficient shoot growth. There is limited literature on both traits in red clover under waterlogging conditions, but similar results have been found in other leguminous species (Simova-Stoilova et al., 2012; Stevenson et al., 2017 ppr; Enkhbat et al., 2021; Kyu et al., 2021). Under waterlogging both traits are affected by the plants reduced uptake of oxygen and carbon dioxide due to stomatal closure and a decrease in the uptake of water and key nutrients such as nitrogen due to reduced root function (Striker, 2012b).




4.4 Overall population performance across water stress treatments

When developing cultivars, assessment of persistence and performance across multiple environments and stresses is crucial. This enables the identification of specific or broad adaptation amongst populations, and stress coping strategies. To our knowledge this is the first published research observing red clover germplasm populations under both water deficit and waterlogging treatments in the same controlled conditions. While no population exceeded expectation or showed full acclimatization under both treatments, four coping mechanisms were identified (Figure 6). Both F3514 and JB4 had high reductions in aboveground and root dry mass resulting in low performance across treatments and lack of broad adaptation. F2507 was not included in this analysis due to perishing under waterlogging after 5 days. The steep coastal land with high rainfall and good drainage conditions where F2507 originates from appears to have led to a lack of adaptation to waterlogging. Therefore, the lack of drainage under the waterlogging treatment appeared to be the key contributor to its death.

The remaining four red clover populations were categorized into two groups, large leaved erect populations, and small leaf prostrate populations. Both groups produced similar total dry matter using different isohydric (“saver”) or anisohydric (“spender”) coping mechanisms. The larger aboveground stature of F3594 and Relish required more energy to maintain than what was produced under stress. This significantly reduced the ability to maintain root dry mass. Whereas the smaller stature F4079 and F3474 populations reduced petiole length and plant height to maintain a high root dry mass. The performance of Quartz white clover appeared to be inflated by its superior performance under waterlogging, as it did not tolerate water deficiency well, with severe reductions in all morphological traits but similar total dry matter to the other populations. Overall, Quartz was able to maintain a larger total biomass than the red clover populations, but further research is recommended to validate its adaptive ability over both stresses. The fact that Relish did not outperform the other germplasm populations under waterlogging, identifies an area to target in future breeding programs.

This study identified key morphological and physiological responses to water stress extremes amongst red clover populations, highlighting the different coping mechanisms applied by differing morphological stature populations under water deficiency and waterlogging. Root dry mass was identified across both water treatments as a key trait, a plant’s ability to maintain root dry mass was a key contributor to its overall growth and survival. The size and number of key aboveground morphological traits such leaf number, leaf size, petiole length and plant height influenced how a plant responded to the water stress. Better understanding the effects of water stress on key plant traits will enable breeders to select important ones in breeding programs. The introduction of raw germplasm for evaluation reveals new genetics for selection and will provide the basis the development of stress-adapted cultivars.






Data availability statement

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





Author contributions

AH, ZJ and RH designed the experiment and contributed to data analyses and the writing of the manuscript. AH performed the experiment and analysed the data. All authors contributed to the article and approved the submitted version.





Funding

AH conducted this research as part of his PhD studies at Lincoln University, funded by a Kathleen Spragg Agricultural Fellowship and by AgResearch Limited.




Acknowledgments

We thank Chikako van Koten (AgResearch) for her assistance with data analysis. We thank Caitlin Kippenberger, Carina Schill, Cameron Hilliard, Dewi Soegiarto, Erin Cheng, Lincoln White, and Stephen Stilwell for their assistance in experiment maintenance and data collection. We thank Drs. Marty Faville and Shengjing Shi (AgResearch) for their insights when reviewing this manuscript.





Conflict of interest

AH and ZJ are employed by AgResearch. This study received part funding from AgResearch for student fees and publication costs. AgResearch had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

The remaining author declares 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.2023.1195058/full#supplementary-material




References

 Aroca, R. (2012). Plant responses to drought stress. from morphological to molecular features. Berlin, Heidelberg: Springer- Verlag. 1–5.

 Ballizany, W. L., Hofmann, R. W., Jahufer, M. Z. Z., and Barrett, B. A. (2012). Multivariate associations of flavonoid and biomass accumulation in white clover (Trifolium repens l.) under drought. Funct. Plant Biology: FPB 39 (2), 167–177. doi: 10.1071/FP11193

 Barnabás, B., Jäger, K., and Fehér, A. (2008). The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 31 (1), 11–38. doi: 10.1111/j.1365-3040.2007.01727.x

 Belachew, K. Y., and Stoddard, F. L. (2017). Screening of faba bean (Vicia faba l.) accessions to acidity and aluminium stresses. PeerJ 5. doi: 10.7717/peerj.2963

 Bernardo, R. (2002). Breeding for quantitative traits in plants Vol. 1 (Woodbury: Stemma press), 369.

 Black, A. D., Laidlaw, A. S., Moot, D. J., and O’Kiely, P. (2009). Comparative growth and management of white and red clovers. Irish J. Agric. Food Res. 48 (2), 149–166.

 Bohnert, H. J., and Jenson, R. G. (1996). Strategies for engineering water-stress tolerance in plants. Trends Biotechnol. 14 (3), 89–97. doi: 10.1016/0167-7799(96)80929-2

 Bowley, S. R., Taylor, N. L., and Dougherty, C. T. (1984). Physiology and morphology of red clover. Adv. Agron. 37, 317–347. doi: 10.1016/S0065-2113(08)60457-5

 Brock, J. L., Hyslop, M. G., and Widdup, K. H. (2003). A review of red and white clovers in the dryland environment. Proc. New Z. Grasslands Association: Res. Pract. Ser. 11, 101–107.

 Brown, H. E., Moot, D. J., and Pollock, K. M. (2005). Herbage production, persistence, nutritive characteristics, and water use of perennial forages grown over 6 years on a wakanui silt loam. New Z. J. Agric. Res. 48 (4), 423–439. doi: 10.1080/00288233.2005.9513677

 Christie, B. R., and Martin, R. A. (1999). Selection for persistence in red clover. Can. J. Plant Sci. 79 (3), 357–359. doi: 10.4141/P98-068

 Cooper, M., and DeLacy, I. H. (1994). Relationships among analytical methods used to study genotypic variation and genotype-by-environment interaction in plant breeding multi-environment experiments. Theor. Appl. Genet. 88 (5), 561–572. doi: 10.1007/BF01240919

 Cyriac, D., Hofmann, R. W., Stewart, A., Sathish, P., Winefield, C. S., and Moot, D. J. (2018). Intraspecific differences in long-term drought tolerance in perennial ryegrass. PloS One 13 (4), 1–17. doi: 10.1371/journal.pone.0194977

 da Silva, E. C., Nogueira, R. J. M. C., da Silva, M. A., and de Albuquerque, M. B. (2011). Drought stress and plant nutrition. Plant Stress 5 (1), 32–41.

 Domec, J. C., Smith, D. D., and McCulloh, K. A. (2017). A synthesis of the effects of atmospheric carbon dioxide enrichment on plant hydraulics: implications for whole-plant water use efficiency and resistance to drought. Plant Cell Environment. 40 (6), 921–937. doi: 10.1111/pce.12843

 Egan, L. M., Hofmann, R. W., Ghamkhar, K., and Hoyos-Villegas, V. (2021). Prospects for trifolium improvement through germplasm characterisation and pre-breeding in new Zealand and beyond. Front. Plant Sci. 12, 1056. doi: 10.3389/fpls.2021.653191

 Enkhbat, G., Ryan, M. H., Foster, K. J., Nichols, P. G., Kotula, L., Hamblin, A., et al. (2021). Large Variation in waterlogging tolerance and recovery among the three subspecies of Trifolium subterranean l. is related to root and shoot responses. Plant Soil 464 (1), 467–487. doi: 10.1071/CP21226

 Enkhbat, G., Ryan, M. H., Nichols, P. G., Foster, K. J., Inukai, Y., and Erskine, W. (2022). Petiole length reduction is an indicator of waterlogging stress for Trifolium subterraneum ssp. yanninicum. Plant Soil 475 (1-2), 645–667. doi: 10.1007/s11104-022-05404-6

 Falk, D. E. (2010). Generating and maintaining diversity at the elite level in crop breeding. Genome 53 (11), 982–991. doi: 10.1139/G10-081

 Fiedler, S., Vepraskas, M. J., and Richardson, J. L. (2007). Soil redox potential: importance, field measurements, and observations. Adv. Agron. 94, 1–54. doi: 10.1016/S0065-2113(06)94001-2

 Ford, J. L., and Barrett, B. A. (2011). “Improving red clover persistence under grazing,” in Proceedings of the new Zealand grassland association. (New Zealand Grassland Association) 73, 119–124.

 Gibberd, M. R., and Cocks, P. S. (1997). Effect of waterlogging and soil pH on the micro-distribution of naturalised annual legumes. Aust. J. Agric. Res. 48 (2), 223–230. doi: 10.1071/A96074

 Hofmann, R. W., Campbell, B. D., Bloor, S. J., Swinny, E. E., Markham, K. R., Ryan, K. G., et al. (2003). Responses to UV-b radiation in trifolium repens l. – physiological links to plant productivity and water availability. Plant Cell Environ. 26 (4), 603–612. doi: 10.1046/j.1365-3040.2003.00996.x

 Huber, H., Jacobs, E., and Visser, E. J. (2009). Variation in flooding-induced morphological traits in natural populations of white clover (Trifolium repens l.) and their effects on plant performance during soil flooding. Ann. Bot. 103 (2), 377–386. doi: 10.1093/aob/mcn149

 Jahufer, M. Z. Z., and Luo, D. (2018). DeltaGen: a comprehensive decision support tool for plant breeders. Crop Sci. 58 (3), 1118–1131. doi: 10.2135/cropsci2017.07.0456

 Jahufer, V., Ford, L., Cousins, I., Woodfield, A., and Huyghe, R.. (2021). Relative performance of white clover (Trifolium repens) cultivars and experimental synthetics under rotational grazing by beef cattle, dairy cattle and sheep. Crop Pasture Sci 72 (11), 926–938. doi: 10.1071/CP21084

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

 Katabuchi, M. (2015). LeafArea: an r package for rapid digital image analysis of leaf area. Ecol. Res. 30 (6), 1073–1077. doi: 10.1007/s11284-015-1307-x

 Kaur, G., Singh, G., Motavalli, P. P., Nelson, K. A., Orlowski, J. M., and Golden, B. R. (2020). Impacts and management strategies for crop production in waterlogged or flooded soils: a review. Agron. J. 112 (3), 1475–1501. doi: 10.1002/agj2.20093

 Kyu, K. L., Malik, A. I., Colmer, T. D., Siddique, K. H., and Erskine, W. (2021). Response of mungbean (cvs. celera II-AU and jade-AU) and blackgram (cv. onyx-AU) to transient waterlogging. Front. Plant Sci. 12, 709102. doi: 10.3389/fpls.2021.709102

 Ling, Q., Huang, W., and Jarvis, P. (2010). Use of a SPAD-502 meter to measure leaf chlorophyll concentration in arabidopsis thaliana. Photosynth Res. 107 (2), 209–214. doi: 10.1007/s11120-010-9606-0

 Loucks, C. E., Deen, W., Gaudin, A., Earl, H. J., Bowley, S. R., and Martin, R. C. (2018). Genotypic differences in red clover (Trifolium pratense l.) response under severe water deficit. Plant Soil 425 (1), 401–414. doi: 10.1007/s11104-018-3594-9

 Marshall, A. H., Rascle, C., Abberton, M. T., Michaelson‐Yeates, T. P., and Rhodes, I. (2001). Introgression as a route to improved drought tolerance in white clover (Trifolium repens l.). J. Agron. Crop Sci. 187 (1), 11–18. doi: 10.1046/j.1439-037X.2001.00495.x

 Mir, R. R., Zaman-Allah, M., Sreenivasulu, N., Trethowan, R., and Varshney, R. K. (2012). Integrated genomics, physiology, and breeding approaches for improving drought tolerance in crops. Theor. Appl. Genet. 125 (4), 625–645. doi: 10.1007/s00122-012-1904-9

 Mommer, L., and Visser, E. J. (2005). Underwater photosynthesis in flooded terrestrial plants: a matter of leaf plasticity. Ann. Bot. 96 (4), 581–589. doi: 10.1093/aob/mci212

 National Academies of Sciences, Engineering, and Medicine (1991). The U.S. national plant germplasm system (Washington, DC: The National Academies Press). doi: 10.17226/1583

 Ortiz-Bobea, A., Ault, T. R., Carrillo, C. M., Chambers, R. G., and Lobell, D. B. (2021). Anthropogenic climate change has slowed global agricultural productivity growth. Nat. Climate Change 11 (4), 306–312. doi: 10.1038/s41558-021-01000-1

 Palta, J. P. (1990). Leaf chlorophyll content. Remote Sens. Rev. 5 (1), 207–213. doi: 10.1080/02757259009532129

 Parent, C., Capelli, N., Berger, A., Crèvecoeur, M., and Dat, J. F. (2008). An overview of plant responses to soil waterlogging. Plant Stress 2 (1), 20–27.

 Peterson, P. R., Sheaffer, C. C., and Hall, M. H. (1992). Drought effects on perennial forage legume yield and quality. Agron. J. 84 (5), 774–779. doi: 10.2134/agronj1992.00021962008400050003x

 Pugh, R., Witty, J. F., Mytton, L. R., and Minchin, F. R. (1995). The effect of waterlogging on nitrogen fixation and nodule morphology in soil-grown white clover (Trifolium repens l.). J. Exp. Bot. 46 (3), 285–290. doi: 10.1093/jxb/46.3.285

 Sadras, V. O., and Milroy, S. P. (1996). Soil-water thresholds for the responses of leaf expansion and gas exchange: a review. Field Crops Res. 47 (2-3), 253–266. doi: 10.1016/0378-4290(96)00014-7

 Scoffoni, C., Vuong, C., Diep, S., Cochard, H., and Sack, L. (2014). Leaf shrinkage with dehydration: coordination with hydraulic vulnerability and drought tolerance. Plant Physiol. 164 (4), 1772–1788. doi: 10.1104/pp.113.221424

 Shaw, R. H., and Laing, D. R. (1966). “Moisture stress and plant response,” in Plant Environment and Efficient Water Use, eds  W. H. Pierre, D. Kirkham, J. Pesek, and R. H. Shaw (Madison, WI: American Society of Agronomy and Soil Science Society of America), 73–94.

 Siddique, K. H. M., Erskine, W., Hobson, K., Knights, E. J., Leonforte, A., Khan, T. N., et al. (2013). Cool-season grain legume improvement in Australia–use of genetic resources. Crop Pasture Sci. 64 (4), 347–360. doi: 10.1071/CP13071

 Simova-Stoilova, L., Demirevska, K., Kingston-Smith, A., and Feller, U. (2012). Involvement of the leaf antioxidant system in the response to soil flooding in two trifolium genotypes differing in their tolerance to waterlogging. Plant Sci. 183, 43–49. doi: 10.1016/j.plantsci.2011.11.006

 Šircelj, H., Tausz, M., Grill, D., and Batič, F. (2005). Biochemical responses in leaves of two apple tree cultivars subjected to progressing drought. J. Plant Physiol. 162 (12), 1308–1318. doi: 10.1016/j.jplph.2005.01.018

 Stevenson, K., Zhou, M., and Smith, R. (2017). Screening for waterlogging tolerance in strawberry clover and other perennial legumes. In ‘18th Australian Society of Agronomy Conference, Doing More with Less’. Ballarat, Vic. (Eds  G. J. O’Leary, R. D. Armstrong, and L. Hafner). Available at: http://www.agronomyaustraliaproceedings.org/.

 Stoychev, V., Simova-Stoilova, L., Vaseva, I., Kostadinova, A., Nenkova, R., Feller, U., et al. (2013). Protein changes and proteolytic degradation in red and white clover plants subjected to waterlogging. Acta Physiologiae Plantarum 35 (6), 1925–1932. doi: 10.1007/s11738-013-1231-z

 Striker, G. G. (2012a). Time is on our side: the importance of considering a recovery period when assessing flooding tolerance in plants. Ecol. Res. 27 (5), 983–987. doi: 10.1007/s11284-012-0978-9

 Striker, G. G. (2012b). Flooding stress on plants: anatomical, morphological, and physiological responses. Botany 1, 3–28. doi: 10.1093/jxb/erw239

 Taylor, N. L., and Quesenberry, K. H. (1996). Red clover science Vol. 28 (Netherlands: Springer Science & Business Media).

 Vaseva, I., Akiscan, Y., Demirevska, K., Anders, I., and Feller, U. (2011). Drought stress tolerance of red and white clover comparative analysis of some chaperonins and dehydrins. Scientia Hortic. 130 (3), 653–659. doi: 10.1016/j.scienta.2011.08.021

 Vile, D., Garnier, E. R., Shipley, B., Laurent, G. R., Navas, M.-L., Roumet, C., et al. (2005). Specific leaf area and dry matter content estimate thickness in laminar leaves. Ann. Bot. 96 (6), 1129–1136. doi: 10.1093/aob/mci264

 VSN International (2021). Genstat for windows. 21st Edition (United Kingdom: Hemel Hempstead).

 Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., and Wright, I. J. (2002). Plant ecological strategies: some leading dimensions of variation between species. Annu. Rev. Ecol. Systematics 33 (1), 125–159. doi: 10.1146/annurev.ecolsys.33.010802.150452

 White, J., and Hodgson, J. G. (1999). New Zealand pasture and crop science (United Kingdom: Oxford University Press).

 Whitehead, D. C., Buchan, H., and Hartley, R. D. (1979). Composition and decomposition of roots of ryegrass and red clover. Soil Biol. Biochem. 11 (6), 619–628. doi: 10.1016/0038-0717(79)90029-4

 Wright, I. J., and Westoby, M. (2002). Leaves at low versus high rainfall: coordination of structure, lifespan and physiology. New Phytol. 155 (3), 403–416. doi: 10.1046/j.1469-8137.2002.00479.x




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 Heslop, Jahufer and Hofmann. 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-14-1195058-i003.jpg





OEBPS/Images/M2.jpg
(SLA<RWC)™





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Responses to water stress extremes in diverse red clover germplasm accessions

      

        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Plant material

          



          		

            2.2 Experimental design

          



          		

            2.3 Water stress treatments

          



          		

            2.4 Measurements

          

            		

              2.4.1 Whole plant morphology and yield measurements

            



            		

              2.4.2 Leaf morphology

            



            		

              2.4.3 Physiology/water status

            



          



          



          		

            2.5 Data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Population trait expression

          



          		

            3.2 Water stress effects

          



          		

            3.3 Water treatment x population interaction effects

          



          		

            3.4 Interspecific comparisons

          



          		

            3.5 Water deficit plant trait response and cluster analysis

          



          		

            3.6 Waterlogging plant trait response and cluster analysis

          



          		

            3.7 Overall plant trait responses and cluster analysis

          



        



        



        		

          4 Discussion

        

          		

            4.1 Whole plant morphology

          



          		

            4.2 Root morphology

          



          		

            4.3 Physiology/water status traits

          



          		

            4.4 Overall population performance across water stress treatments

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1195058-g004.jpg
Component 2 (26.0%)

r\'
‘r\'
(@)
\
n
=3
o
(@)
\r\'
S
.
- o
S,
A5
2.
@)
5
%
1-F3514,,,
“HMe y
9h¢
P .
etloleJ_eng th
2-Relish
2-|BZ

2-F3594

~
c
2
S
@)
!
&
S
/

L

S
Y
)
@

0
Component 1 (43.3%)

5-F3474

§&=
N -
s
Q\\)
geet
Leaf _Size

Leaf Number

4-F4079

SO/ute






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table4.jpg
Average
Red Clover

Average
White Clover

Trait Descrip-
tion

Pop 3
F3514

Pop 4
F2507

Pop 5
F3594

Pop 6
JB4

Pop 7
Relish

Pop 8
Quartz

Total Dry Matter
(@™ -33

Runner Dry
Matter (%) **

Leaf Size (1-5) ** X

Leaf Thickness
(mm)** -38 X =9 o

Plant Height (cm)
i -18 X -13

Petiole Length
(cm) ** X

Root dry mass (g)
piid -65 95 -78 X -62 -85

Leaf Number ** -41 -54 X -58 -67

Root to Shoot
Ratio (%) *** -34 X

Relative Water

Content (%) ** X
Chlorophyll
Content * -3 -7 -4 X -7 -10 -4

Average red and white clover results derived from all respective populations under waterlogged treatment using the comparison contrast function within the ANOVA function in Genstat.





OEBPS/Images/table3.jpg
Trait Descrip- Pop 1 Pop 2 Pop 3 Pop 4 Pop 5 Pop6 Pop7 Pop 8 Average Average
tion F3474 F4079 F3514 F2507 F3594 JB4 Relish Quartz Red Clover ~ White Clover

Total Dry Matter
@™

Runner Dry
Matter (%) **

Leaf Size (1-5) ** -17 -33 =11 -23 -10 -29 ‘

Leaf Thickness
(mm) ** -36 -41 -45 -39 =58 -54 -54 -64

Plant Height (cm) -11 -43
e -12 -27 -29 =11 -27

Petiole Length

(cm) ** 29 -40 -44 -25 -16 =31
Root dry mass (g)
ke -27 -30

Leaf Number ** -41 -58 -41 -58 -58 -48 =57,

Root to Shoot
Ratio (%) ***

Relative Water -7 -22
Content (%) ** -18 -20

Chlorophyll
Content *

Average red and white clover results derived from all respective populations under water deficit treatment using the comparison contrast function within the ANOVA function in Genstat.





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
LR (o
“\Tww

+RSDW)





OEBPS/Images/fpls-14-1195058-i001.jpg





OEBPS/Images/fpls-14-1195058-g005.jpg
Component 2 (31.7%)

1-F3514
: o SO/U
£ S\Ze (\‘e ) te\P
ed ¢ &° 3-Religh Otenti,
e \$Z
W)m‘o e\Na
2-F3474
A
& 2-F4079 oo
\“’O \((O
-1 (A/ N
\0 OO[
N 0 A
4 %
< %
e 2O
£ F 5
_19 o @
c o )
o @ )
O -
I
IS
o
2
9
S
1

-1 0
Component 1 (43.2%)





OEBPS/Images/fpls.2023.1195058_cover.jpg
& frontiers | Frontiers in Plant science

Responses to water stress extremes in
diverse red clover germplasm accessions





OEBPS/Images/fpls-14-1195058-g001.jpg
w W A
S o

25

—
9]

Estimated Dry Matter (g)
= S

S W

Root to shoot ratio (%)

Plant Height (cm)

F3474

F4079

F3514

F2507 F3594
Accessions

JB4

OCon ODR OWL

Relish

Quartz





OEBPS/Images/M4.jpg





OEBPS/Images/table2.jpg
Pop1 Pop 2 Pop 3

Trait Description F3474 F4079 F3514

Total Dry Matter (g) **

Runner Dry Matter (%) **

Leaf Size (1-5) **

Leaf Thickness (mm) **
Plant Height (cm)***
Petiole Length (cm) **
Root dry mass (g)***
Leaf Number **

Root to Shoot Ratio (%)

Relative Water Content
(%) **

Chlorophyll Content *

Significance levels of main effect (*P< 0.05; **P< 0.01; *** P< 0.001)

Pop 4
F2507

Pop 5
F3594

Pop 6
JB4

Pop 7
Relish

Pop 8
Quartz






OEBPS/Images/fpls-14-1195058-g006.jpg
4-F3594

4-Relish
3-Quartz
SR
1-F3514
e
8\_ Total_DM
4 ber
= leat Nllj_g\af_Size
N
4
[
)
[
)
o
-
S
o
o
e
2.
.3
5 h,
% “oPhyy
0
X
P-F4079 20
@
» 2-F3474
5
>
@
lU
=
-1.0 -0.5 0.0 0.5 1.0

1.5
Component 1 (43.2%)





OEBPS/Images/fpls-14-1195058-g002.jpg
Petiole Length (cm)

Solute Potential (mmol/kg)

Relative Chlorophyll Content

N
2]

s [
9] ]

i
>

n

F3474

F4079

F3514

F2507 F3594
Accessions

JB4

OCon GDR OWL

Relish

Quartz





OEBPS/Images/fpls-14-1195058-i002.jpg





OEBPS/Images/M3.jpg





OEBPS/Images/fpls-14-1195058-g003.jpg
Estimated leaf thickness (g mm2)

Leaf Size (1-5)

Leaf number

F3474

F4079

F3514

F2507 F3594
Accessions

OCon

ODR OWL

Relish

Quartz





OEBPS/Images/table1.jpg
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1 F3474 Azerbaijan Quba 412°N 802 400-600 | High rainfall flat meadow in the mountains by a river being
cut for hay.

2 F4079 Greece Lepida 414°N 1475 991 Forest with free draining alluvium soil.

3 F3514 Portugal Monchique 37.5°N 84 499 Very rocky area with good drainage.

4 F2507 Spain Viveiro 43.6°N 32 1102 Steep paddock near the sea.

5 F3594 Spain Vilalba 43.2°N 424 1391 Low fertility area of lime-based track.

6 JB4 New N/A N/A N/A N/A Elite pre-breeding population: maternal Colenso cultivar
Zealand crossed with elite germplasm ecotypes.

7 Grasslands New N/A N/A N/A N/A Commercial cultivar with a complex genetic background

Relish Zealand involving ecotypes from Spain, Portugal, Georgia, Azerbaijan,

Yugoslavia, and New Zealand cultivars.

8 Grasslands New N/A N/A N/A N/A Commercial cultivar with a complex genetic background of
Quartz Zealand elite cultivar populations of Saracen, Trophy and Tribute,
with persistent germplasm ecotypes selected in New Zealand.

Information obtained from MFGC database, Ford and Barrett (2011), and Jahufer et al,, (2021). N/A = information not available.





