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that could be used to screen PRG populations for elite genotypes exhibiting 

improved WUE and summer performance. It was hypothesised that physical traits 

such as soil exploration by roots and regrowth rate together with leaf physiological 

traits are diversely associated with the WUE of PRG populations under simulated 

summer drought conditions. Considering very little information exists on genetic 

aspects of water relations traits of PRG, this research also aimed at evaluating 

quantitative genetic parameters including the heritability of WUE and associated 

traits to inform pasture breeders which traits can feasibly be changed in breeding 

PRG cultivars for drought tolerance through mass selection. 

1.3 Thesis structure  

Excluding this introduction (Chapter 1), there are six interconnected chapters in this 

thesis (Figure 1.1).  

 

Figure 1.1 A flow diagram indicating the sequence of experiments conducted during 

this study and the link between chapters of the thesis (Abbreviations: PRG, 

Perennial ryegrass; WU, Water use; DM, Shoot dry matter).  
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Chapter 2  

Literature review 

2.1 Perennial ryegrass 

2.1.1 Origin, distribution and, adaptation 

Perennial ryegrass (Lolium perenne L.; PRG) (NRCS, 2006) occurs naturally in 

Europe, temperate Asia and, North Africa (Cunningham et al., 1994; Hannaway et 

al., 1999; Lamp et al., 1990; Thorogood, 2003; Thorogood & Hayward, 1991). 

Perennial ryegrass freely interbreeds with Italian ryegrass (Lolium multiflorum 

Lam.) and PRG varieties bred from these two species are now utilized for forage and 

turf purposes throughout the temperate world (Bothe et al., 2018; McDonagh et al., 

2016; Sampoux et al., 2011; Sampoux et al., 2013), most extensively in the United 

States, Europe, Japan, Australia and, New Zealand (Cunningham et al., 1994; 

Thorogood, 2003; Thorogood & Hayward, 1991). In New Zealand, it is the most 

widely used temperate forage grass species in intensive pastoral production systems 

(Charlton & Stewart, 1999; Cyriac et al., 2018; Harmer et al., 2016; Lee et al., 2012; 

Stewart, 2006). 

Among the temperate forage grass species, PRG is palatable, highly nutritious and 

digestible to livestock. Also, this species is comparatively easy to establish and 

maintain, able to withstand treading and hard grazing, adapts easily to a wide range 

of edaphic situations, and usually forms a compatible mixture with white clover and 

a wide range of other pasture grass and legume species (Frame, 1989; Hannaway et 

al., 1999; Wilkins, 1991; Williams et al., 2007). Thus, its usage exceeds six million 

hectares in Australasia, primarily as PRG-based pastures (Moot et al., 2009). 

Perennial ryegrass is best adapted to cool, moist climates and grows best on fertile, 

well-drained soils despite having a good tolerance to a wide range of soil conditions, 

including low soil pH, and waterlogging among others (Cunningham et al., 1994; 

Thorogood, 2003). However, PRG is intolerant of drought and high temperatures, 

particularly when day time temperatures exceed 31°C and night time temperatures 

exceed 25°C (Sullivan & Sprague, 1949; Thorogood, 2003) and soil moisture deficit 

(Attia et al., 2015; Cyriac et al., 2018; Rogers et al., 2019; Thorogood, 2003; 
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Tuberosa, 2012; Ullaha et al., 2019). Hence, PRG growth and development can be 

significantly negatively impacted by periodic summer drought conditions. 

2.1.2 Biology of PRG 

2.1.2.1 Cytogenetics  

Perennial ryegrass is naturally diploid (2n=14) (Cooper, 1951). Colchicine-induced 

autotetraploids have been developed for forage purposes that are typically larger 

plants with bigger cells, higher tissue water content, and larger seeds (Thorogood, 

2003).  

In New Zealand, a large component of commercial PRG breeding activity centres 

around cultivars derived from L. perenne and L. multiflorum (Brock, 1983; Burgess 

& Easton, 1986; Easton & Fletcher, 2007; Humphreys et al., 2010; Lee et al., 2012; 

Rumball, 1970). Hybridisation with meadow fescue (Festuca pratensis) and back-

crossing to PRG has also been used to develop commercial L. perenne cultivars, 

with the objective of harnessing drought tolerance traits from the meadow fescue 

parentage (Easton & Fletcher, 2007; Easton et al., 1994; Lee et al., 2012; Stewart, 

2006) and also to introduce the E. uncinata endophyte from meadow fescue (Barker 

et al., 2015; Wiewióra et al., 2015).  

Perennial ryegrass also exhibits a partial fertility with some species of the genus 

Festuca. As a result, natural hybrids between L. perenne and the Bovinae section of 

the tribe Festuceae (i.e. F. arundinacea or Schedonorus arundinaceus (Schreb.) 

Dumort (NRCS, 2006), tall fescue; F. gigantean, giant fescue) have been observed 

in the wild (Jenkin, 1955; Jenkin, 1933; Peto, 1933; Terrell, 1966). In addition, 

successful hybrids between Lolium species and members of the Ovinae section of 

the tribe Festuceae (i.e. F. rubra, red fescue) have been produced artificially  

(Jenkin, 1933; Terrell, 1966).  

2.1.2.2 Modes of reproduction  

The main mode of propagation in PRG is by seeds, while clonal ramets can also be 

used as the planting material (Thorogood, 2003).  
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2013). However, evidence confirming drought tolerance benefits of PRG endophyte 

has been elusive (He et al., 2017).  

For research purposes, one of the major problems associated with the presence of 

known or unknown endophyte strains in test pasture cultivars is possible 

confounding effects of pasture-endophyte interactions on the cultivar performance 

(Kerr, 1987). Moreover, Casler (1995) stated that the genetic diversity of endophytes 

in foreign breeding materials (i.e. Spanish and North African germplasm), that have 

been introduced to the local PRG germplasm over the years (Stewart, 2006), may 

affect yield rankings of advanced breeding lines or newly introduced cultivars 

Easton et al. (2001). Hence, it is clear that research work on PRG performance 

should consider the endophyte strain status of the lines or varieties included in the 

experiment. In that case, there are two commonly used methods to check the 

endophyte status in grass tillers before setting a yield trial or a drought experiment: 

(1) microscopy examination (Clark et al., 1983; Latch & Christensen, 1982; 

Simpson et al., 2012) and (2) immuno-detection (Clark et al., 1983; Edwards et al., 

2007; Groppe & Boller, 1997; Latch & Christensen, 1982). For experimental 

purposes, endophytes in growing PRG grass tillers and seeds can also be eliminated 

by treating them with fungicides (i.e. benomyl, dichlorobutrazol, triadimefon, 

etaconazole, propiconazole, prochloraz) (Latch & Christensen, 1982; Siegel et al., 

1985) or by storing seeds at high temperatures and high humidity levels (Siegel et 

al., 1985). 

2.2 Drought 

2.2.1 Drought-related terminologies 

Drought is one of the most damaging environmental stresses for plant growth and 

development (Abid et al., 2018; Attia et al., 2015; Chaves, 2002; de Almeida Silva 

et al., 2012; Jaleel et al., 2009) and the damage is aggravated by increase in 

magnitude and frequency of drought occurrences (Abid et al., 2018; Ludlow & 

Muchow, 1990; Wilhite & Glantz, 1985). 

Drought impacts on plants may depend on a number of factors such as soil 

properties, plant characteristics, and environmental factors including temperature 

and humidity (Kramer, 1988; Kramer & Boyer, 1995; Ludlow & Muchow, 1990). 
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Plant WP represents all the water pressure components acting on the cells of a given 

leaf, that it is the sum of leaf water potential (LWP), OP, and hydrostatic pressure 

exerted from cell walls or the turgor potential (TP) (Chavarria & dos Santos, 2012; 

Kirkham, 2005; Kramer & Boyer, 1995; Lambers & Oliveira, 2019). The main 

component of soil WP is the matric potential which is a component of WP due to the 

adhesion of water molecules to non-dissolved structures of soil particles (Klute, 

1986). A smaller component is the gravitational potential (i.e. the component of the 

WP determined by downward pull of water by gravity; this component is usually 

ignored in plant research, except in tall trees). A third factor to be considered is soil 

salinity, and in saline soils OP of the soil solution also becomes an important 

component (Kirkham, 2005; Passioura, 1982).  

In most plants, OP is the major component which can actively be adjusted with a 

passive balance between OP and TP to modify WP of plant cells (Korolev et al., 

2000; Lambers & Oliveira, 2019). As the soil dries, causing soil WP to decline, 

plant WP is adjusted through the accumulation of osmotically active compounds or 

the reduction of OP (i.e. more negative OP) (Blum, 2017; Lambers & Oliveira, 

2019). In particular, drought tolerant plant genotypes are capable of maintaining 

turgor through increased solute accumulation under severe drought conditions 

(Blum, 2017). Therefore, OA at low leaf WP, that avoids cell damage under 

imposed drought, is recognised as a beneficial drought adaption strategy of drought-

tolerant plants (Abid et al., 2018; Babu et al., 1999; Begg, 1980; Blum, 2017; Cyriac 

et al., 2018; Munns, 1988).  

Under optimum growing conditions, TP in living cells is always positive as 

physiologically active cells maintain a positive hydrostatic pressure (i.e. high 

turgidity) (Korolev et al., 2000; Lambers & Oliveira, 2019). Plant TP is generally 

reduced as drought stress develops. The magnitude of TP reduction depends on the 

degree of accumulation of osmotic solutes in cell vacuoles and also, the properties of 

cell wall elasticity (Kramer & Boyer, 1995; Lambers & Oliveira, 2019). However, 

osmotic and elastic adjustments are two independent drought responses that 

contribute to the dehydration tolerance of plants in response to water deficit 

(Lambers & Oliveira, 2019).  
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under drought. Also, a recent study found that increase in RSR in response to 

drought stress is a result of the accumulation of high levels of soluble sugars in roots 

from the increase in leaf sucrose-phosphate synthase and root invertase enzyme 

activities in leaves that enable the transport of sugars from leaves to roots (Xu et al., 

2015). In sunflower plants, abscisic acid has also been identified as a multi-

functional plant growth regulator, the levels of which are elevated under drought 

stress, assisting translocation of assimilates to the roots (Rauf & Sadaqat, 2007). 

Consistent with this fact, one possible reason found for deep rootedness is the 

differential sensitivity of leaves and roots to endogenous ABA (abscisic acid) 

production in addition to different levels of OA or turgor maintenance found in 

shoot and root cells of studied plant species (Sharp & Davies, 1989).  

Mwenye et al. (2018) found that drought tolerance properties of soybean cultivars 

were associated with increased RSR. However, most literature placed less 

importance on RSR for drought tolerance of temperate grasses (Bonos et al., 2004; 

Chaves & Oliveira, 2004; White & Snow, 2012). One reason for this difference in 

opinion was that the deep rootedness was seen as more important than RSR to 

pasture plant drought tolerance (White & Snow, 2012). It was stated that in a 

drought, a very low proportion of functional roots could be seen in the uppermost 

part of the grass root system, and that the upper part of the root system contributed 

the highest weight to RSR under conditions tested, compared to that of the deeper 

root fraction (White & Snow, 2012).  

Deep root production for increased water uptake during drought has been discussed 

as a beneficial drought response in many crops (Abid et al., 2018; Blum, 2005; 

Chaves, 2002; Condon, 2020; Ekanayake et al., 1985; Hund et al., 2009; Lopes & 

Reynolds, 2010; Manavalan et al., 2009; Matsui & Singh, 2003; Passioura, 1983; 

Vadez, 2014) including PRG (Bonos et al., 2004; Bothe et al., 2018; Crush et al., 

2002; Johnson & Asay, 1993; Volaire et al., 1998). Osmotic potential and deep 

rootedness were found to be correlated in drought tolerant crops (Abid et al., 2018; 

Blum, 1996; Blum, 2005; Chaves, 2002; Manavalan et al., 2009).  

Deep root development is a complex trait as various root morphological characters 

contribute to it (Kato et al., 2006), including vertical or lateral root distribution 

(Cooper & Ferguson, 1964; Grieder et al., 2014; Hund et al., 2009), root angle (Kato 
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et al., 2006; Mambani & Lal, 1983), root thickness (Tsuji et al., 2005; Yambao et 

al., 1992), number of root hairs (Huang & Fry, 1998; Jupp & Newman, 1987), root 

viability (Bonos et al., 2004; Chaves & Oliveira, 2004; Wedderburn et al., 2010) 

(Huang et al., 1997), root surface (Comas et al., 2013), and root length or root length 

density (Asch et al., 2005; Henry et al., 2011; Hund et al., 2009). Root biomass, as a 

representative of most root characteristics, is often considered to be a feasible way to 

envisage the root growth at different soil depths under drought (Huang et al., 1997; 

Lopes & Reynolds, 2010; Wedderburn et al., 2010). Knowledge of the role of each 

root characteristic in the function of the root system under drought may facilitate 

breeding of grass species for drought tolerance (Huang et al., 1997). For example, it 

was found that thinner and lighter roots generally facilitate plant water uptake but, 

thicker and heavier roots resist water uptake under moisture limiting conditions 

(Carvalho & Foulkes, 2018).  

Within-population variation for deep rootedness in drought tolerance has been 

extensively discussed in several crops (Bolaños et al., 1993; Dalal et al., 2017; 

Gowda et al., 2011; Nguyen et al., 1997; Ribaut et al., 2009) including PRG  (Cui et 

al., 2015) under imposed drought. Genotypic diversity that exists in PRG 

populations for deep rooting behaviour may be a great resource for improving PRG 

germplasm lines for drought tolerance (Sokolovic et al., 2013; Turner et al., 2010). 

However, the questions remain: to what extent is such a root feature involved in 

beneficial drought-response patterns that aid either or both plant production and 

survival, and what is its contribution to EUW or WUE (Blum, 2005; Chaves, 2002; 

Dalal et al., 2017).  

2.2.4.4 Stomatal adaptations 

Abscisic acid generated in the roots is one of the primary signals observed in plants 

that are exposed to drought stress (Fan et al., 2008; Schroeder et al., 2001). The 

ABA signal is transferred from roots to the stomatal guard cells of leaves via the 

xylem and there triggers ion fluxes between guard cells and the adjacent cells 

causing guard cell shrinkage and stomatal closure in response to drought (Schroeder 

et al., 2001). Under unfavourable conditions, including drought, stomatal closure 

restricts water loss at the expense of CO2 intake (Cornic, 2000), This strategy has 

associated secondary effects such as increased canopy temperature or canopy 
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greater than that of shallow-rooting PRG under well-watered conditions, while it 

was 25% lower than that of deep-rooting PRG under moisture stress) (Thomas, 

1986). Similarly, tall fescue genotypes showed higher SC and evapotranspiration 

rates than PRG genotypes in both well-watered and drought conditions and that was 

linked to a differential rooting properties. Tall fescue had inherently deep and dense 

rooting traits that led to water uptake from deeper soil layers to keep assimilation 

undisturbed (Jiang & Huang, 2001b). Hence SC, OP, RWC, LWP, and deep 

rootedness were found to be highly interrelated in previous research (Abid et al., 

2018; Blum, 2005; Chaves, 2002; Cyriac et al., 2018; Pimentel et al., 1999; 

Richards, 1996; Thomas, 1990; Thomas & Evans, 1989; Thomas & Evans, 1991; 

Thomas & James, 1999). Moreover, OP (with RWC and LWP traits) has been 

considered to be a proxy measure for SC in some crop selection programs (Ashraf & 

O'Leary, 1996; Ober et al., 2005). In addition, the sensitivity of stomatal movements 

to drought was found to be influenced by plant growth stage. For example, Thomas 

& Evans (1989) found that the rate of stomatal closure was slower during the 

flowering stage than during vegetative growth of PRG under imposed drought. 

Besides plant physiological and phenological aspects, stomatal movements are 

regulated by a range of environmental factors such as light intensity, air humidity, 

atmospheric CO2 concentration, and temperature (Araújo et al., 2011).  

In early research, the benefit of plant water retention due to stomatal closure was 

speculated to outweigh the negative effects of stomatal restrictions on net 

assimilation under moisture stress (McCree & Richardson, 1987). It was later found 

that the initial gains through a decline in transpiration (or water vapour deficit 

change) from stomatal closure under drought is most likely to be outweighed by its 

side effects (e.g. increased canopy temperature) in addition to the main adverse 

effect (i.e. reduced CO2 intake or net assimilation) (Condon, 2020; Medina & 

Gilbert, 2015). For plant breeding purposes, recent research focused more on the 

rate of CO2 diffusion from sub-stomatal cavities to the sites of carboxylation in the 

chloroplast (i.e. mesophyll conductance, MC) than that of SC (Condon, 2020; Flexas 

et al., 2016). It has been found that an enhanced rate of MC can result in increased 

photosynthesis and WUEi despite the adverse consequences of stomatal closure on 

the net assimilation under stress conditions (Flexas et al., 2016; Ouyang et al., 2017; 

Tomeo & Rosenthal, 2017; Zait & Schwartz, 2018; Zhou et al., 2019). However, the 



 

36 
 

inconsistent relationship found between MC and SC in previous research slowed 

down the straight forward decision making on which trait to be more focused on for 

plant breeding purposes (Condon, 2020; Tomeo & Rosenthal, 2017). Ouyang et al. 

(2017) suggested that modification of stomatal traits may be better than focusing on 

leaf conductance (both SC and MC) for breeding rice plants for drought tolerance 

(Ouyang et al., 2017). Apparently, conflicting evidence and opinion about 

physiological trade-offs with respect to stomatal closure has restricted confidence 

that incorporating stomatal characteristics into cool-season grass cultivar breeding 

for drought tolerance could provide gains. Also, the difficulty in obtaining consistent 

stomatal conductance measurements in the field in early research has aggravated this 

concern further (Johnson & Asay, 1993; Jones, 1979; Jones et al., 1980a, 1980b; 

Ludlow & Muchow, 1990). However, Condon (2020) suggested that selecting crops 

for a combination of traits may resolve such issues in crop improvement programs. 

2.2.4.5 Drought effects on photosynthetic gas exchange  

2.2.4.5.1 Stomatal & non-stomatal limitations to photosynthesis 

Photosynthesis, together with cell growth, is among the primary physiological 

processes that are adversely affected by water stress (Flexas et al., 2002; Pinheiro & 

Chaves, 2011; Zlatev & Yordanov, 2004). The drought-induced changes in the 

mechanisms of photosynthesis or gas exchange characteristics are complex and 

species or genotype dependant (Chaves, 2002; Chaves et al., 2009; Lauteri et al., 

1997). The complex structure of the photosynthesis mechanism involves 

photosynthetic pigments, photosystems (PS) I and II, the electron transport system, 

and CO2 reduction pathways other than the gas exchange through the leaf 

conductance. A drought effect on one single component may reduce the overall 

photosynthetic capacity of a plant (Ashraf & Harris, 2013; Chaves, 2002). Hence, 

effects of drought in restricting photosynthesis can be both direct and indirect (Berry 

& Downton, 1982; Chaves, 1991; Flexas et al., 2004; Flexas et al., 2002; Pinheiro & 

Chaves, 2011).  

Decreased CO2 intake caused by reversible diffusion limitations arising from 

stomatal closure (Berry & Downton, 1982; Cornic & Massacci, 1996; Flexas et al., 

2004; Flexas et al., 2007) (as described in the section 2.5.4 above) and alterations in 
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heritability estimates (i.e. averaging from 69% to 94%) for WUE in both drought 

and well-watered conditions and suggested that the WUE trait is a potential selection 

criterion for drought tolerance in forage species (Barker et al., 1989). However, a 

complete picture of the quantitative genetic information of WUE was lacking for 

studied species (de Almeida Silva et al., 2012; Easlon et al., 2014; Feldman et al., 

2018; Lopez et al., 2017) and also, such information has seldom been documented in 

conjunction with water relations trait response patterns of PRG.  

Incomplete quantitative genetic information on the WUE trait may be partly due to 

the fact that the importance of WUE has always been overlooked as a selection 

criterion for plant drought tolerance (Section 2.2.4.1) (Blum, 2005; Blum, 2009). 

Actual WUE has long been considered to be a labour intensive trait measurement 

due to its low throughput nature in both controlled glasshouse (Feldman et al., 2018) 

and field environments (Moghaddam et al., 2013). Nevertheless, results of a series 

of glasshouse studies conducted by a former Massey PhD student suggested that one 

prospect for future PRG research may be the selection of elite genotypes displaying 

high WUE within New Zealand PRG germplasm (Figure 7.2 in (Hussain, 2013). 

Also, recent experiments suggested the importance of WUE as a drought tolerance 

trait in different species (Section 2.2.4.1). However, most such suggestions have 

been based on phenotypic observations of WUE trait behaviour. Therefore, it is 

worth estimating quantitative genetic information of WUE in a controlled 

environment to realize the relative degree of genetic control over the phenotypic 

performance of this trait. Such information may convince breeders to consider this 

trait for pasture breeding purposes in future. 

As described in Section 2.2.4.1 above, WUE can be quantified in two different 

ways: (i) the whole plant-level WUE or agronomic WUE (i.e. plant water 

consumption per unit of plant dry matter production; g WU/g DM or yield; WUE) 

(Blum, 2009; de Almeida Silva et al., 2012; Ullaha et al., 2019) (ii) intrinsic or 

instantaneous water-use efficiency at the individual leaf level (i.e. the ratio between 

photosynthesis and transpiration; WUEi or WUEAE) (Condon et al., 2002; Rebetzke 

et al., 2002; Richards et al., 2002) or more descriptively as daily integrals of leaf 

transpiration efficiency . Due to the fact that conventional (Medrano et al., 2015)

glasshouse experiments performed by pot-weighing studies to estimate WUE were 
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Chapter 3  

Preliminary screening and divergent selection of a range of New 

Zealand PRG germplasm for WUE  

3.1 Abstract 

This chapter describes the first experiment of a series of four glasshouse 

experiments which screened elite PRG germplasm possessing high WUE and 

favourable water relations traits from populations of three commercially available 

PRG cultivars representing a time series of release dates (220 genotypes: Grasslands 

Nui, Nui, 50 genotypes; Grasslands Samson, Samson, 80 genotypes; Trojan, 90 

genotypes; 2 replicate clones of each genotype) under imposed drought. At three 

months of age and after root system development with pot water status near field 

capacity (FC), plants were grown on for a month under strong drought (at 60% FC) 

and then morphological characters, plant water relations traits and gas exchange 

measurements were performed to evaluate key drought-response patterns. The 

comparison of the 220 individual PRG genotypes confirmed large within-population 

variation for WUE (ranging from <100 to >1000 g WU/g DM) and most measured 

traits together with significant cultivar effects (p < 0.05) and a good agreement 

between clonal replicates for the key traits. Based on results of principal component 

(PC) analysis, a group of PRG genotypes was identified with a key drought-response 

trait association (i.e. PC3 from the PCA, explaining 13% of the total population 

variation) characterised by high SDW, improved WUE, more negative osmotic 

potential (OP), higher root dry weight at depth (RDWD), high post-cutting regrowth, 

and slower soil moisture (SMC) drawdown. Accordingly, two contrasting groups of 

PRG genotypes were selected from the three cultivars (twenty and fifteen low- 

(HWUE) and high-WU (LWUE) genotypes, respectively). In this divergent 

selection, the HWUE selection displayed approximately a two-fold improvement in 

WUE together with improved SDW, RDWD, and tissue hydration compared to those 

of the LWUE selection. Notably, the cultivar differences observed for the key traits 

were more pronounced in Trojan than in the other cultivars, suggesting that 

commercial PRG breeding has indirectly resulted in high WUE and drought 

tolerance in modern cultivars.  
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strategies for responding to moisture deficit, specifically (i) faster growth rate with 

strong soil moisture depletion but an associated high WUE (low g WU/g DW), (ii) 

small genotypes with low WU (consistent with the profile of a high-WUE plant 

predicted by (Blum, 2009)), (iii) hydrated genotypes with low WU that was 

apparently linked to stomatal adjustment, and (iv) hydrated large genotypes with 

high WUE, slower soil moisture depletion during drought, and more negative leaf 

OP at low LWP indicative of OA (see 1A.1). Water-use efficiency trait responses 

(iii) and (iv) above seemed to be beneficial for pasture drought tolerance as noted in 

Section 2.2.4. These findings also suggested that the selection of PRG for WUE may 

improve drought tolerance of New Zealand PRG cultivars, if it could be achieved in 

large populations in a commercial context.  

Given the limited plant numbers of the pilot study, it was decided as a first step, with 

a larger but a practically feasible number of plants, to test the repeatability of the 

pilot study results, and to obtain a larger selection of elite plants for potential use in 

a prospective plant breeding project. Thus, the main objective of Experiment 1 was 

to identify key water relations traits that can be employed to screen a given PRG 

population for elite genotypes exhibiting improved WUE and improved summer 

performance. It was hypothesised that PRG, as a population of related but 

genetically different individuals (Thorogood, 2003), may possess adequate 

variability for within- and among- population selection (Cui et al., 2015) (3
rd

 

hypothesis).  

This chapter provides details including methodology, results and discussion and, 

conclusions of Experiment 1 that was designed based on 1
st
, 2

nd
, and 3

rd
 hypotheses 

above and conducted from November 2017 to February 2018. Accordingly, the 

results and discussion section comprises 3 subsections; Section 1 describes the 

population diversity of PRG for WUE and associated traits, Section 2 explores 

drought-response patterns and trait associations of the tested PRG germplasm, and 

Section 3 examines differences in the trait behaviour of divergently selected elite 

PRG genotypes and their cultivar effects for the key traits. 
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Figure 3.3 Means for (A) shoot dry matter (SDW) and (B) water use per gram of 

shoot dry matter (g WU/g DM) for divergently selected groups of genotypes within 

the cultivars. Error bars are LSDs for cultivar trait means of HWUE and LWUE 

selections; Bars with letters in common do not differ statistically (p = 0.05) and vice 

versa in the ANOVA. (Abbreviations: LWUE, Low water-use efficiency; HWUE, 

High water-use efficiency). 
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led to only a partial contribution of OA to WUE or moisture deficit tolerance in 

smooth cordgrass genotypes. One study found that genotypic differences exhibited 

for intrinsic WUE in alfalfa at 50% FC was closely associated with those observed 

for antioxidant properties of OA under imposed drought (He et al., 2012). However, 

it is possible that the instantaneous proxy measures of WUE would not fully reflect 

actual WUE integrated over a period of time. Even so, a comparison between 

intrinsic or instantaneous WUE and actual WUE was not made in the current 

experiment. Nevertheless, soil water balance and biophysical models recommended 

for estimating pasture irrigation budgets are based on the actual crop water usage 

and they also focus on the associated properties such as shoot regrowth, plant water 

status, root depth and distribution, and soil moisture characteristics (Johnson et al., 

2008; Truter et al., 2016). Therefore, the trait behaviour of the potential subset of 

genotypes (as represented by PC1 of PCA3.1; Table 3.3) in this experiment merits 

further study in order to establish the consistency of the response in different 

moisture deficit challenge events at different times.  

Another reassuring feature of the results of the current experiment was that data 

checks of the key traits indicated a good agreement between the two replicates of 

each genotype. For example, the correlation estimates between replicates for SDW, 

WUE, and OP traits among the 220 genotypes tested were, respectively, 0.943, 

0.861, and 0.805 (p < 0.001). This engenders confidence that the test methodology 

can provide results that are sufficiently consistent for plant breeding purposes, if 

WUE and the key traits measured are heritable, and if the moisture deficit challenge 

is sufficiently representative of field conditions faced by plants in summer. 

3.5.2 The cultivar Trojan had the strongest WUE-OP trait association of the 

tested PRG cultivars 

3.5.2.1 Cultivar ranking for WUE 

The three PRG cultivars representing a time series of release dates; Nui = 1970s, 

Samson = 1990s and, Trojan = 2000s showed a significant cultivar-wise difference 

for most traits, with the cultivar Trojan separating from the other two cultivars 

(Table 3.1 and 3.2). In particular, for divergently selected groups, the cultivar 

ranking Trojan > Samson > Nui was more pronounced for SDW and WUE in the 

HWUE group and with parallel movement in associated traits including OP and 
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et al., 2018; Chaves, 2002; Lopes & Reynolds, 2010). It was found that there is a 

very low proportion of functional roots in the topmost proportion of the root system 

(that largely determines the magnitude of RDWTot and RSR) compared to that in the 

deeper root fraction of grass species under imposed drought (Bonos et al., 2004; 

Chaves & Oliveira, 2004; White & Snow, 2012). Therefore, deep rootedness has 

long been considered a useful selection trait for pasture including PRG drought 

tolerance (Crush et al., 2002). 

3.5.3 Yield advantage of elite genotypes due to OP-WUE interplay showed little 

dependence on gas exchange adaptations: suggestions for further research 

3.5.3.1 Leaf gas exchange-OP 

It has been reported that OP and turgor driven processes (i.e. SC) are interrelated in 

stressed plants (Flexas et al., 2006; Ritchie et al., 1990; Turner, 2018). As noted in 

Section 3.5.2 above, the key role of OA is related to shoot and root hydration as 

LWP keeps declining in a drought. A slower rate of decline in RWC or leaf 

hydration enables plants to maintain the integrity of plant physiological processes 

during drought (Blum, 2005; Blum, 2017; Chaves, 2002; Chimenti et al., 2006) 

including leaf conductance and Pn (Turner, 2018). Also, more negative OP may 

allow further reduction in LWP without a complete turgor loss (Blum, 2017). This 

may induce partial stomatal closure and so reduces evaporation of water off surfaces 

inside the leaf for maintaining efficient leaf WU under drought (Section 2.2.4.4).  

Theoretically, partial stomatal closure, which is the first plant response to occur in a 

drought, prevents excessive evapotranspiration but at the cost of CO2 intake and 

with a negative side effect; increased TL or VPDL (Section 2.2.4.4). Conversely, 

transpiration efficiency, which is directly proportional to intrinsic WUE, is found to 

be increased with the partial stomatal closure (Ludlow & Muchow, 1990). With a 

progressively increasing drought, the potential role of OA comes in to play and has 

been found to be independent from gas exchange of drought-exposed plants (Blum, 

2017; Blum & Tuberosa, 2018; Sinclair & Ludlow, 1986). In this context, it was 

salient to note that HWUE genotypes of the cultivar Trojan, that exhibited the lowest 

OP and the highest WUE and SDW, had average Pn rates (Section 3.5.2) despite 

their comparatively lower SC and ET rates (Figure 3.5). Possible explanations for 

this observation, as suggested by two authors, are: (1) Flexas et al. (2016) found that 
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rooting behaviour of a subset of HWUE genotypes in the current experiment, where 

RDWT showed a simultaneous decrease with increase in RDWD while RSR and 

LMR were unchanged (Figure 3.4). This trait behaviour may also explain how the 

HWUE genotypes maintained high SDW irrespective of a lesser involvement of gas 

exchange under imposed drought. The literature also suggests that the maintenance 

of an optimum RSR is one of the key roles of OA in drought-tolerant plants (Turner, 

2018). Moreover, previous research has demonstrated the importance of sugar 

accumulation in leaf tissues for the maintenance of fundamental plant metabolic 

processes (Abid et al., 2018; Borrajo et al., 2018; Sallam et al., 2019; Sánchez et al., 

1998; Turner et al., 2008) including protein and cell wall synthesis rather than 

contributing to guard cell expansion for SC under drought stress (Munns, 1988). 

However, the current results did not support any of these hypotheses. Therefore, a 

second experiment is needed to explore research questions unaddressed in the 

current experiment (see Chapter 4 below).  

3.6 Conclusions 

This experiment tested a methodology for applying a moisture deficit challenge to 

single potted PRG genotypes, and measuring water relations traits, including WUE. 

The comparison of two clonal replicates of 220 individual genotypes confirmed a 

large genotypic variation in WUE and associated traits within PRG cultivars 

evaluated under imposed drought that may underlie population improvements in 

modern cultivars for summer yield. A PCA (PCA3.1) established two distinctive 

drought-response trait associations that were indicative of high WUE in elite PRG 

genotypes: (1) more negative OP and increased root growth (i.e. high RDWD and 

RDWT) that promoted greater extraction of soil moisture to maintain assimilation 

and enhance DM production per gram of WU and (2) strongly negative OP and 

increased deep root growth (i.e. high RDWD and low RDWT) that led to SMC 

conservation and conferred true WUE with high SDW, apparently without the 

involvement of high Pn under the conditions tested. The latter response pattern is 

clearly of interest in breeding PRG for drought tolerance and that was the basis for 

performing the divergent selection (i.e. HWUE and LWUE) of the source population 

for WUE in this experiment. HWUE genotypes of Nui, Samson, and Trojan 

cultivars showed increments of 46%, 48%, and 60%, respectively, in SDW, with a 

significant improvement in the key traits (i.e. 1.8-fold increment in WUE) compared 

to those of low WUE genotypes of the three cultivars. Thus, the cultivar differences 

observed within the elite PRG group for WUE indicated that commercial plant 
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breeding has indirectly resulted in higher DM produced per gram of WU in modern 

cultivars (i.e. Trojan) than older cultivars (i.e. Nui) without a specific focus on the 

WUE trait. Therefore, current results suggest that the identified traits may 

effectively be used in selecting PRG for drought tolerance, if the consistency of this 

conceptually ideal pattern of trait associations involving true WUE is established.  
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WSC). PC2 was also independent from gas exchange and CF parameters (Table 

4.1). PC3, that explained 10.4% of the total variation, described variation between 

genotypes indicating a similar drought-response pattern to that elucidated by PC1 of 

PCA 4.1, but with more positive coefficients for TAR, LER, and HMWWSC and 

negative or variable coefficients for proline and LMWWSC, and negative 

coefficients for most gas exchange and CF parameters. PC4 and PC5 were expressed 

as the variation among genotypes for plant hydration (i.e. hydrated and dehydrated 

plants, exhibiting high RWC with low proline and low RWC with high proline, 

respectively) and low LMW WSC in both cases (Table 4.1). The modified PC 

structures and trait associations arising with the introduction of 14 additional traits 

were statistically explored by analyzing cross-correlations of PC scores of the first 

five PCs between PCA 4.1 and PCA 4.2 (Table 4.2). This analysis showed that PC1 

of PCA4.1 was most highly correlated with PC3 of PCA4.2 (r
 
= 0.973, p < 0.0001), 

while PC3 of PCA 4.1 was most highly correlated with PC1 of PCA 4.2 (r = 0.702, 

p < 0.0001). However, some information migrated between PCs with the 

introduction of the additional 14 traits. For example, PC1 of PCA 4.2 contained 

information from PC1 of PCA 4.1 (r = 0.505, p = 0.017) in addition to the 

information from PCA 4.1 PC3, and both PC2 and PC4 of PCA 4.2 gained some 

information from PC3 of PCA 4.1 (r = 0.273 and 0.256, respectively, at p < 0.05). 

PC3, PC4 and PC5 of PCA 4.1 were not significantly correlated with the 

corresponding PCs of PCA 4.2 (p > 0.05; Table 4.2). 
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HWUE plants, and not for plants with the SMCD-depleting trait association that 

accounted for the major proportion of data variation in Experiment 1 (as indicated 

by PCA eigenvalues), such an effect was seen, where OP is progressively more 

negative both across the cultivar time series, and across measurements M1 to M3 

in the present experiment (Figure 4.8). Linked with this, drought impact on LER 

from M0 to M3 was seen with a progression across the cultivar time series, being 

most pronounced in the oldest cultivar, Nui, and least pronounced in the most 

recently released cultivar, Trojan. Interestingly though, Nui maintained better TAR 

than Trojan across the water deficit intensification from M0 to M3 (Figure 4.5). 

Physiologically, increase in proline concentration with time as water deficit 

progressed was more pronounced in Nui than in Trojan and intermediate in 

Samson (Figure 4.9), indicating that more negative OP acts to alleviate 

physiological drought stress in these populations. 

It seems that all mentioned drought-response patterns on exposure to increasing 

moisture deficit demonstrated by the SMCD-conserving plant genotypes would 

also be shared by SMCD-depleting plant genotypes. This may be due to the fact 

that both plant types share a similar pattern of coefficients for the SDW-WUE-OP-

RDWD component of the trait response, indicating a greater access to soil water in 

deeper soil layers through more negative OP and increased RDW below 20 cm soil 

depth, with some degree of resulting drought escape. It is helpful to understand 

that this is the drought response pattern operative in current New Zealand PRG 

cultivars with the ranking for expression of these traits Trojan > Samson > Nui 

suggesting an apparent breeding progression over the cultivar time series.  

4.5.3 The role of gas exchange and CF in the SDW-WUE-OP trait association 

The literature suggests that increase in stomatal resistance may account for more 

than 90% of the decrease in Pn in drought-exposed plants (Basu et al., 2016; Flexas 

et al., 2004; Tezara et al., 1999; Yan et al., 2017; Zait & Schwartz, 2018) as it is the 

earliest plant response to occur under drought (Faralli et al., 2019; Flexas et al., 

2002; Quarrie & Jones, 1979). Similarly, the gradual soil moisture deficit imposed 

from M1 to M3 in the current experiment caused an overall decline in SC and Pn of 

both HWUE and LWUE genotypes of three cultivars (approximately 90%) (Figure 
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 Chapter 5  

Investigation of drought response patterns in two PRG commercial 

breeding lines of contrasting origin and comparison with the 

HWUE selection from Experiments 1 and 2 

5.1 Abstract 

This experiment (Experiment 3) investigated WUE trait associations in an advanced 

commercial breeding line (CBL, 38 genotypes) and a seed line derived from 

crossing Mediterranean and Middle Eastern seed accessions (MMEL, 14 genotypes). 

As before, two clonal ramets of CBL and MMEL genotypes were grown in 55 cm 

tall pots in a glasshouse environment and pots of Experiment 3 were inter-

randomised with those of HWUE genotypes in Experiment 2. After three months of 

root development near field capacity (FC), test genotypes were exposed to a four-

week period of progressively increasing moisture deficit and at 60% FC, SDW, 

RDWT, RDWD, RGS, WUE, LWP, OP, RWC, SMCT, SMCD, Pn, and SC trait 

measurements were performed for analysis. Pot WU of individual genotypes ranged 

from 160 to 990 g WU per g DM across CBL and MMEL lines, demonstrating a 

range that would support selecting each germplasm for WUE. To explore key 

drought response patterns associated with WUE, PCA 5.1 and PCA 5.2, 

respectively, were prepared for the averaged trait data of the CBL and MMEL. PC1 

of PCAs 5.1 and 5.2 explained 52.6% and 61.6% of data variation, respectively, 

with generally similar trait associations in the two populations but also with some 

key differences. Common features included a trait association between increased 

WUE, SDW, RDWD, RWC, and more negative OP. CBL genotypes with this trait 

association had low RDWT, high RGS, and conserved SMCD similar to the key trait 

association demonstrated by the HWUE selection made from the Nui-Samson-

Trojan population in previous experiments. In contrast, MMEL genotypes had high 

RDWT, low RGS and depleted SMCD. When a PCA was performed on stacked data 

considering the three populations as a single population (PCA5.3), the trait 

association represented by PC1 largely followed that of the CBL in PCA5.1 and 

ANOVA of PC scores showed that PC1 scores did not differ significantly between 

CBL, HWUE, and MMEL germplasm lines, whereas scores for PC2 and PC3 
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(CBL), PC1 indicated a very similar pattern of trait associations to that in PC1 of 

PCA3.3 and PCA4.1 (also PC3 of PCAs 3.1 and 4.2; Chapter 3 and 4, respectively) 

with substantive positive coefficients for SDW, RDWD, SMCD, RWC, and to a 

lesser extent RGS, and substantive negative coefficients for WUE (i.e. high WUE), 

RDWT and OP. Notably, there was also a positive PC1 coefficient for SMCD in both 

PCAs. Trait associations in PC1 of PCA5.2 (MMEL) differed from PC1 of PCA5.1 

(CBL), only in having a negative coefficient for RGS. PC2 of both PCAs had large 

coefficients (>0.600) for RGS and substantive positive coefficients for SDW but 

contrasting coefficients for RDWT (positive in MMEL and negative in CBL). PC3 of 

both PCAs featured coefficients near +0.800 for LWP, positively associated with 

RWC and RDWT (Table 5.1).  
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increased plant hydration) and also lower RDWT (i.e. lower RSR as a sign of 

balanced DM partitioning) (PC2 in PCA 5.4, Table 5.3). These alignments in the 

data are intuitively logical, and considering the massive difference in growing 

environments, this level of consonance between field and glasshouse scores could be 

considered encouraging rather than discouraging (Limpens et al., 2012). There are 

many cases in the literature where consistency of agronomic data between 

experiments or between environments is similar to that seen here or even weaker 

(Forero et al., 2019; Khaembah et al., 2013; Limpens et al., 2012). Also, the field 

evaluation system is basically designed to capture traits such as yield potential, 

insect pest and disease resistance, and the presence of a strong root system to 

support PRG persistence in multi-year field trials. In addition, endophyte infection, 

absence of awns, and uniformity of heading date are also considered in the field 

scoring system. By contrast, the current experiment focused on beneficial morpho-

physiological traits that may promote efficient WU and PRG drought tolerance. 

The practical question that follows from consideration of the consonance between 

glasshouse and field scores above is that of selection from among the 38 CBL plants 

of those plants to be used as the foundation for a new cultivar. From this 

perspective, the field evaluation system did not capture information on PRG WU 

well. A plot of MPS against WUE made to explore this point showed no correlation 

(r = 0.16; P > 0.05; Figure 5.2). Specifically, the top-performing four genotypes in 

the Manawatu field trial, genotypes with MPNS > 6.0 (P17, P19, P21 and P37) had a 

wide range of WUE values. However, the rejection of P21 and P37 and selection 

instead of P9 and P32 would greatly improve the average trait performance of WUE 

and associated traits of the selection with little reduction in mean field performance 

score (Figure 5.3, below). 
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5.5 Conclusions 

This experiment reports data from two clonal replicates of 38 and 14 PRG genotypes 

of an advanced commercial breeding line (that was improved with the introgression 

of a North African germplasm in the local germplasm for persistence; CBL) and a 

crossbred Mediterranean and Middle Eastern germplasm (that was selected from 

different Mediterranean ecotypes grown in naturally dry regions; MMEL), 

respectively, that were inter-randomised with the HWUE genotypes when retesting 

for consistency of trait expression across years, in Experiment 2. As analysed by 

PCA, the major trait associations (i.e. WUE-OP-RDWD-RDWT-SMCD-RGS) among 

the yield and water relations data collected in this experiment were very similar 

across the three germplasm lines compared, namely the HWUE selection comprising 

elite plants of Nui, Samson and Trojan cultivars, and the CBL and MMEL elite 

plants from a commercial PRG breeding programme. The writer ascribes the 

similarity of drought response between CBL and MMEL lines to common  

germplasm introgressed with the founding germplasm in the breeding process. 

However, it is interesting to note that the CBL has SMCD-conserving properties, in 

contrast to the majority of plants tested from the cultivar time series in Experiment 

1. Despite showing the drought-tolerance trait association of HWUE and CBL lines,  

MMEL exhibited typical summer dormancy characteristics where average SDW of 

the MMEL was 40% of lower than that of the CBL. Also, RSR was higher in the 

MMEL than in the CBL, and RGS was poor under the conditions tested. These two 

results may reflect a residual influence of the Mediterranean germplasm component 

of the parentage. 

Scores from field testing by the company were uncorrelated with glasshouse WUE 

data but did show a modest agreement with SDW and plant hydration trait data. It is 

suggested that summer performance of the cultivar eventually released might be 

improved if selection from the pool of elite PRG genotypes for cultivar development 

included glasshouse-measured WUE as a second selection criterion (or OP as a 

proxy), in addition to the field score result, assuming that WUE and associated traits 

are heritable. 
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HS family selection method (AWFS) may be conducted for a single key trait (e.g. 

WUE) or two different traits simultaneously; the primary trait (e.g. WUE or yield) 

and a secondary trait (e.g. deep rooting behaviour or osmotic adjustment) (Acquaah, 

2012). Thus, AFWS is generally better than AFS or WFS methods, as AFWS 

represents the total additive genetic variation (Acquaah, 2012; Casler & Brummer, 

2008). Such information can successfully be utilized in developing pasture species 

for increased vegetative persistence and dry matter production under stress 

conditions, which may also improve the efficiency of pasture breeding programs. As 

an obligate allogamous species with genetic gametophytic self-incompatibility 

(Cornish et al., 1980), PRG populations may also exhibit greater within- and 

between-family genetic variation for most traits (Fè et al., 2015; Thorogood, 2003). 

Drought tolerance of plants is associated with a combination of morphological, 

physiological and anatomical traits, which is often reflected by yield compensations 

under moisture stress (Blum, 2005; Blum, 2009; Ludlow & Muchow, 1990; Lynch, 

2011). Thus, yield has long been the most common trait investigated for drought 

tolerance or persistence together with easily-measurable morphological traits in crop 

(de Almeida Silva et al., 2012; Fè et al., 2015) and pasture (Easton et al., 2001; 

Stewart, 2006) breeding programs. Less attention has been paid to genetic variation 

for physiological traits that basically determine the yield of studied species under 

stress conditions (Arab et al., 2019; Des Marais et al., 2013; Kang et al., 2004). 

Moreover, such information is sparse in selection experiments conducted for 

temperate forage species including PRG (Cui et al., 2015). In particular, the 

quantitative genetic information useful for pasture breeding purposes such as 

additive genetic variation for traits that are directly associated with both pasture 

production and survival under drought (i.e. WUE) is almost absent from such studies 

(Attia et al., 2015; Blum, 2005; Blum, 2009; de Almeida Silva et al., 2012; Gresset 

et al., 2014; Tuberosa, 2012; Ullaha et al., 2019). Nevertheless, genetic variation for 

WUE at the whole-plant level was inferred through its leaf-level proxy measures 

such as carbon isotope discrimination or intrinsic WUE under imposed drought in 

several crop selection experiments (Chen et al., 2011; Ehdaie et al., 1991; Farquhar 

& Richards, 1984; Gresset et al., 2014; Moghaddam et al., 2013; Rebetzke et al., 

2002; Werner & Schnyder, 2012). Thus, there is a need for research that quantifies 

the significance and magnitude of quantitative genetic parameters including additive 
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sized genotypes (Table 6.2). It was salient to note that PC1 and PC2 of PCA6.1 were 

highly comparable to that of PCA6.2 (i.e. correlation coefficients between PC scores 

of the first five PCs from PCA6.1 and 6.2 are presented in Table 6.A1). In particular, 

PC2 of both PCAs explicated variation based on individual genotypes for the key 

drought-response trait association that contributed more to high WUE in Experiment 

1, 2, and 3 above (Tables 3.1, 4.1, and 5.1, respectively). 
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Current results also suggest that future work is needed for a detailed investigation on 

gas exchange measures to determine the potential of using SC as a criterion in the 

selection of PRG for drought tolerance before drought stress occurs. 
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trait response that confers true WUE with which SMCD is conserved but SDW is 

still high with or without the involvement of Pn. From a PRG breeding perspective, 

the latter trait association is imperative (Figure 7.1) and that was the reason why this 

trait response was the basis for the HWUE selection using PC3 scores of PCA 3.1 in 

Experiment 1 in the current research. For this second trait response scenario, 

mesophyll conductance may be a contributing factor to maintained or increased Pn 

at low SC.  
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drought tolerance, or at least is necessary to distinguish plants using drought-

response patterns (1) and (2) above to achieve WUE. 

7.2.1.2 Biochemical responses 

When osmotic compounds measured in the current research are considered, proline 

accumulation seemed less important to OP, which was assumed to be correlated to 

OA of elite genotypes under conditions tested (Figure 4.7). However, (Blum, 2011) 

asserted that there is no known successful use of proline accumulation in breeding 

plants for drought resistance apart from some evidence documented for the over-

expression of proline in studied drought-resistant plants in the literature. Therefore, 

LMW and HMW water soluble carbohydrate fractions were given more weight than 

proline in the discussion section of Chapter 4. In the current results, it was found 

that HMWWSC accumulation contributes to root and shoot growth dynamics in 

the absence of net assimilation under imposed drought, which is in turn an integral 

component in the OP-WUE trait response. In particular, elite genotypes exhibited 

high levels of HMW sugars and low levels of LMW sugars in growing leaves under 

test conditions (Figure 4.7). Previous research reported that preferential assimilate 

partitioning was encouraged by a signaling mechanism of different WSCs that 

were accumulated in studied crops under drought (Koch, 1996; Smeekens, 1998). 

For instance, (Blum, 2017) noted that photosynthetic products, mainly LMW sugars, 

are briefly accumulated in leaf cells first and then, transferred to root cells to induce 

OA in below-ground plant parts (Chimenti et al., 2006; Morgan, 1984). This may 

lead to a reduction in leaf LMW sugar levels in shoots or above ground plant parts 

while Pn is not affected as much under water deficit. Alternatively, (Sandrin et al., 

2006) found that the metabolism of elongating leaf blades was primarily associated 

with the rate of accumulation of  HMW sugars (mostly fructans) and that such 

accumulation led to high LER in two tested cool-season grass species. Accordingly, 

it can be suggested that PRG shoots and roots respond differently to sugar 

accumulation and remobilization, particularly for adjusting OP in a mutually-

supportive manner under imposed drought. Similarly, several authors found that 

sugar concentration in plant tissues has an important physiological role under 

drought where sugar responsive genes have control over resource distribution among 

tissues and organs (Koch, 1996; Smeekens, 1998). It has also been found that sugar 

depletion in shoots, due to assimilate transportation to extending roots, upregulates 
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genes for photosynthesis and/ or remobilization or export of assimilates to growing 

tissues (Koch, 1996; Smeekens, 1998). This drought response may well have 

contributed to high LER, TAR, and regrowth rate observed in elite genotypes, which 

exhibited more negative leaf OP together with low LMW and high HMW sugar 

accumulation in the current research.  

7.2.1.3 Gas exchange physiology: stomatal and non-stomatal limitations 

As the soil moisture dropped from FC to 60%FC or 45%FC, SC and Pn of both low 

and high WU PRG genotypes showed a drastic decline in all experiments. 

Apparently, turgor maintenance by OA was unable to support net assimilation of 

elite genotypes under tested conditions as suggested elsewhere. Serraj & Sinclair 

(2002) asserted that the potential role of OP in drought tolerance is well-identified in 

plants grown under severe drought stress conditions at which gas exchange is 

already restricted by non-hydraulic signals (i.e. ABA hormonal signals generated at 

the initial stages of drought as noted in Chapter 2). Hence, several authors asserted 

that SC can be a sensible selection criterion for drought tolerance, if plants are 

selected under irrigated conditions (Faralli et al.). However, the current research did 

not corroborate this speculation. Possible reasons behind this contradiction were 

explained in Section 6.5.3.2 where unavoidable inaccuracies in measurements and 

unexplained variations in the micro environment that the test plants were grown. It 

may also be that there are multiple mechanisms for reduced SC, and it is logical to 

think that more negative OP might reduce evaporation of water from cell surfaces 

into intercellular spaces and in this way reduce leaf water loss at the same stomatal 

aperture (Blum, 2017).  

Stomatal conductance has long been debated with respect to its potential as a 

selection trait for plant stress tolerance (Chapter 2). In particular, early research 

asserted that there has been a limited success achieved in incorporating desirable 

stomatal characteristics into improved cool-season grass cultivars due to the 

(Johnson & Asay, 1993)inconsistent behavior of stomata under field conditions . 

Nevertheless, recent research suggested that selecting crops for stomatal 

conductance may provide the plant breeder with potential benefits in terms of its 

ability to regulate water loss and net assimilation, that may result in improved WUE 

under drought (Condon, 2020; Flexas et al., 2016). However, this theoretical 
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illustrates the effect that Blum (2009) was concerned about when selecting plants 

for high WUE as discussed elsewhere in previous chapters. This explains the fact 

that plants rather maintain small size with less WU than increasing DM production 

with efficient WU, as a water conservation strategy to defend against drought. 

However, as noted above, another independent trait association that was clearly seen 

in this study and was not recognized by Blum (2009) was first explained in PC3 of 

PCA3.1 and then, PC1 of PCAs 3.3 (Chapter 3), 4.1 (Chapter 4), 5.1 (Chapter 5), 

and 6.1 (Chapter 6). This particular trait association (as explained elsewhere) was 

consistent with data for Samson cultivar by Hussain (2013) where there was 

genuinely a physiological mechanism allowing water saving concurrently with 

continued growth (i.e. true WUE). As noted above, the current work indicates that 

more negative OP can be expressed either by enhanced water capture and depletion 

of SMCD for more effective use of water as advocated by Blum (2009), or by 

enhanced leaf DM production per unit of WU, and conservation of SMCD. 

Furthermore, Experiment 4 of the present study provides quantitative genetic data 

indicating to breeders that the target traits are likely to be passed to succeeding 

generations with high genetic gains under the conditions tested.  

Chapman & Edmeades (1999) and (Acquaah, 2012) described the importance of 

using populations which have a high population mean and sufficient genetic 

variability for the primary trait (i.e. yield) and as well as for the secondary traits 

(i.e. selected drought-tolerant traits including WUE) that are relevant to the 

expected plant ideotype in the target environment. In the current research, 

population mean for SDW or herbage yield was generally high because the test 

PRG germplasm lines used in all four experiments were deliberately chosen from 

commercial cultivars and advanced breeding lines. Also, results from the series of 

experiments in this research showed within-population variation for WUE and 

different morpho-physiological traits measured in different PRG populations. 

Moreover, phenotypic variation observed for the WUE trait and associated traits in 

HWUE genotypes in Experiment 1 were consistent across two growing seasons, 

indicating that those traits may be reliable selection criteria for PRG drought 

tolerance. Hence, the current results did not support claims in the literature that it 

would be inadvisable to use WUE or indicators of dehydration avoidance such as 

OP, as selection traits for plant drought tolerance (Blum, 2005; Blum, 2009). Thus, 
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for 36 HS families from a single population. For practical implications and wider 

applications, there are two limitations in the current results as highlighted in the 

literature: (1) newly identified traits should not be adopted as selection criteria based 

on genotype performance in just one environment because of possible G×E 

interactions (Blum, 2011) and (2) quantitative genetic analyses that are performed 

on only a few genotypes or on genotypes derived from a limited number of parents 

may result in low estimation accuracy (Fè et al., 2015). As noted in Chapter 2, 

drought is a complex environmental stress. Apart from soil moisture deficit, drought 

impacts on plants may also depend on a number of factors such as soil properties, 

plant characteristics, and microenvironmental factors including temperature and 

humidity or water vapour deficit that were not completely emulated in the current 

research. Thus, considerable G×E effects might be displayed by selected genotypes 

in field settings where these environmental variations are unavoidable. Furthermore, 

drought damage can be aggravated by the magnitude and frequency of drought 

occurrences. Considering these facts, it is clear that there is a need for future 

research that evaluates similar information in a wider application (i.e. AWFS in a 

larger breeding population/s under multiple soil moisture challenge events) across 

multiple field environments prior to recommending heritable selection criteria 

introduced in this research for forage plant breeding purposes. Further research is 

also needed to establish realized genetic gain in the case of a multi-trait selection 

such as the trait association identified as the key drought-response pattern of PRG 

elite plants comprised multiple trait associations that synergistically govern PRG 

WUE (i.e. concurrent selection for WUE, OP, RDWD, SMCD, and RGS traits). 

7.4 Conclusions 

The current research identified a novel trait association in PRG plants conferring 

high WUE and drought tolerance. Under the conditions tested, more negative leaf 

OP associated with increased HMWWSC accumulation is linked to efficient soil 

moisture uptake and leaf WU, and that improved summer WUE may underlie yield 

improvements in modern cultivars. Further experiments confirmed that the trait 

association identified was consistently expressed in clones of selected elite plants 

on retesting in the following growing season. A further experiment to obtain 

quantitative genetic information, indicated that the traits of interest, considered 

singly, are highly heritable and therefore relevant for consideration as selection 
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criteria in PRG improvement programs. However, all glasshouse pot experiments 

conducted in the current research consisted of manageable numbers of PRG plants 

(<450) in order to keep the experimental error to a minimum and testing and 

validation of results was for one simulated summer drought cycle for practical 

feasibility. Thus, it is suggested that expanding the current research to retest the 

genetic background of the key traits including WUE in a much larger PRG 

population, in multiple drought cycles in the field, would be advisable before 

making recommendations to PRG breeders based on the current results. Convincing 

results from such field trials would largely benefit the dairy industry in New 

Zealand. New Zealand dairy farmers are the main users of new cultivars and 

regularly resow their pastures on a cycle of about every ten years in many cases. 

The milk production curve is similar across years, irrespective of summer rainfall, 

indicating that supplementary feeds are purchased when grass does not grow 

because of water deficit. This means any gain in WUE will reduce farmer feed 

costs in dry summers in proportion to the herbage yield gain, under any given level 

of water deficit, of PRG cultivars with enhanced WUE. Therefore, this pre-

breeding work lays a strong foundation to establish a selection approach in 

commercial PRG breeding programs that will help to mitigate the adverse 

consequences for pasture productivity of projected future climate scenarios where 

summers are on average warmer and drier than at present. 
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Table 6.A2 Cross-correlations between the PC scores for the first five PCs of PCA6.1 and PCA6.2 

performed for the fifteen and nine water relations traits, respectively, of the HS family population 

measured at M2 (Note: 180 genotype traits means of two clonal replicates of 360 test plants excluding 

check plants were compiled in both PCAs). 

 

PCA6.1 

 

PC1 PC2 PC3 PC4 PC5 

PCA6.2 

      

PC1 -0.983
R
 -0.052 -0.091 0.078 -0.064 

 

0.000
p
 0.497 0.231 0.306 0.403 

PC2 -0.056 0.888 0.086 0.053 0.148 

 

0.463 0.000 0.258 0.081 0.100 

PC3 0.057 0.053 -0.606 -0.331 0.381 

 

0.455 0.487 0.051 0.002 0.001 

PC4 -0.129 0.202 0.217 -0.787 0.065 

 

0.089 0.008 0.004 0.045 0.395 

PC5 0.019 0.046 -0.099 0.126 -0.210 

 

0.800 0.545 0.194 0.098 0.005 

      

(Note: 
R 

= Pearson correlation coefficient; 
P 

= p-value)  
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