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ABSTRACT

VARIATION FOR WHOLE PLANT WATER USE EFFICIENCY AND LEAF-

LEVEL TRAITS AFFECTING DROUGHT TOLERANCE IN SOYBEAN

Mehdi Farid Advisor:
University of Guelph, 2010 Dr. Hugh J. Earl

Genotypic variation for water use efficiency and a correlated leaf-level trait, the
dark-adapted leaf epidermal conductance (gqar«) has been previously identified among
soybean cultivars adapted to Ontario, Canada. In the present work, parents of existing
soybean mapping populations were screened for variation in these two traits to identify
populations that would be suitable for identifying chromosomal regions controlling the
traits. Second, a comparison of greenhouse and field data demonstrated that greenhouse
screening experiments could predict cultivar differences for ggar in the field, but only
when plants in the greenhouse were grown under a cyclic drought treatment. Third,
greenhouse experiments were conducted to examine restrictions to photosynthesis in six
soybean cultivars during recovery from drought stress. No treatment by cultivar
interactions were found. Compared to control plants, drought-stressed plants showed
residual limitations to photosynthesis 24 h after rewatering. The lower photosynthetic

rates were primarily caused by reduced mesophyll conductance.
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CHAPTER 1

General Introduction



1.1 GENERAL INTRODUCTION
Soybean is one of the most important crops for human food, animal feed and
industrial uses because of its high concentration of protein (36%), and oil (18%).

(Boydak et al., 2002; Dogan et al., 2007 cited from Arioglu, 1999).

Global warming is increasing the frequency of extreme weather events (Keeling
et al., 1995) and especially drought stress. Water shortage is the most significant
environmental limitation that reduces crop growth and yield through decreased
photosynthesis. In Ontario, soil water deficits likely reduce soybean yields in most years
(H.J. Earl, unpublished data). Hence, it is important to seek opportunities to improve
water use efficiency (WUE, the amount of crop dry matter produced per unit soil water
transpired) and to develop drought-tolerant varieties (;f soybean. However, a better

understanding of the physiological and genetic bases for variation in WUE is the first

prerequisite to understand how to improve these traits in soybean.

Briggs et al. (1914) and Shantz et al. (1927) first reported inter-specific variability
in WUE of some crops (cited by Zhang et al., 1998). Intra-specific genetic diversity for
WUE in soybean has since been reported by several researchers (e.g. Mian et al., 1996;
Hufstetler et al., 2007; Walden; 2008). It therefore seems that there is potential to
improve WUE in soybean. However, whole-plant WUE is rather difficult to measure in

the field.



Recent greenhouse studies with soybean have revealed a strong negative
correlation between WUE and another trait, the dark-adapted leaf epidermal conductance
(g4ark, the physical conductance to water loss through the leaf epidermis and stomata in
plants adapted to dark conditions) in some soybean genotypes (Hufstetler et al., 2007;
Walden, 2009). Consequently, gq4ax could possibly serve as a surrogate measurement for
WUE, even in field experiments. So far, few researchers have shown genetic diversity for
Zaark » including Hufstetler et al. (2007) and Walden (2008) in soybean, and Fish and Earl

(2009) in cotton.

WUE is a polygenically (quantitatively) controlled trait (Martin et al., 1999; Mian
et al., 1996; Bari et al., 2005). Accordingly, finding any molecular marker(s) concurrently
associated with WUE and g, can give an excellent opportunity to soybean breeders to

improve WUE more quickly than before.

Water shortage limits plant growth and yield mainly because of plant carbon
balance reduction due to reduced photosynthesis (Flexas et al., 2002; Lawlor and Cornic,
2002; Monclus et al., 2006; Galle et al., 2007). To introduce more drought-tolerant
plants, it is very important to understand the main physiological factors limiting
photosynthesis during recovery of plants after drought stress. This will allow targeting of
specific traits that form the actual bottlenecks to carbon assimilation arising from the
stress exposure. Additionally, when variation for traits putatively associated with
drought tolerance is identified in controlled environment experiments, it is critical to

verify that these differences also exist in the field environment.



1.2 RESEARCH OBJECTIVES

1.

To screen parents of existing soybean mapping populations for variation in
gaark and WUE for potential QTL analysis.

To characterize the physiological basis of limitations to photosynthesis in
commercial soybean cultivars during recovery from a transient severe water
stress event. Specifically, to compare the magnitudes of stomatal and
mesophyll resistances to CO, diffusion.

To determine if genotype differences found in greenhouse studies for ggan or
other leaf-level gas exchange parameters potentially related to WUE (stomatal

conductance, leaf internal CO, concentration) are also observed in the field.



CHAPTER 2

Literature Review



2.1 Drought stress as a limitation to crop yield

Macroclimates, the regional climate of a broad area, can change not only
seasonally, but also from moment to moment. Therefore, plants may face great climatic
variation. Mostly, the environment varies daily or seasonally which is “predictable” for
the plant. However, sometimes conditions change in ways to which the plant is not fully
adapted. These conditions are not suitable for the plant, and therefore constitute “stress”
(Gaspar et al. 2002). Generally, biological stress is defined as change in environmental

conditions that might adversely affect a plant’s growth or development (Levitt 1980).

Where plants are often subjected to periods of drought, water shortage is the most
significant environmental limitation factor which reduces crop growth and yield during
the growing season (Begg and Turner, 1976; Evans, 1996; Flexas et al., 2006a; Fuhrer,
2003; Hsiao, 1973; Kramer and Boyer, 1995) includ‘ing soybean (Araus et al., 2002;
Ashley and Ethridge,1978; Batchelor et al., 2002; Cooper et al., 1991; Cox and Jolliff,
1986; De Costa and Shanmugathasan, 2002; Doss et al., 1974; Dogan et al., 2007,
Frederick et al., 2001; Frederick et al., 1991; Karam et al., 2005; Korte et al., 1983;
Meckel et al., 1984; Mederski and Jeffers, 1973; Sinclair et al.,1992; Sionit and

Kramer,1977; Smith and Griffiths, 1993).

2.1.1 Drought stress in Ontario
Global warming is increasing the frequency of extreme weather events (Keeling
et al., 1995) and will probably make water deficit an even greater restriction for plant

productivity in the future (Chaves et al., 2009). According to most climate change



scenarios, the severity of the summer drought may increase as well as the frequency of
severe droughts, as Giorgi and Lionello (2008) anticipated for the globe. It is expected
that either the total amount of available precipitation will decrease or that precipitation
distribution will change because of climate change, often resulting in hot and dry
conditions at crops’ critical growing stages. Over large areas of the earth, water is already
the major factor limiting plant productivity. Even regions that have reasonably wet
climates can experience periodic or seasonal droughts, which reduce productivity from
that achieved under optimal conditions (Jones 1992; Leuschner et al. 2001). Soil water
deficits likely reduce soybean yields in most years in Ontario, at least to some extent;
even in a relatively cool, wet year such as 2009 supplemental irrigation was found to

significantly enhance soybean yield (H.J. Earl, personal communication).

2.2 Effects of drought on photosynthesis

Photosynthesis is sensitive to a number of environmental conditions, including
light, temperature, CO, concentrations, nutrient supply and water supply. It is now well
known that one of the primary physiological targets of water stress is photosynthesis
(Chaves, 1991; Cornic, 1994; Lawlor, 1995). Many studies have shown that drought
stress primarily limits plant productivity through direct effects on photosynthesis (Chaves
1991; Flexas et al., 2002; Flexas and Medrano, 2002; Galle et al., 2009; Galle et al.,
2007; Kramer and Boyer, 1995; Lawlor and Cornic, 2002; Monclus et al., 2006; Ohashi
et al., 2000; Quick et al., 1992; Tang et al., 2002). Hence, physiologists have concerned
themselves with photosynthesis responses to water shortage for decades (Flexas and

Medrano, 2002; Lawlor and Cornic, 2002).



2.2.1 Importance of the chloroplast CO; concentration

The first step in the Calvin cycle involves fixation of CO, by the enzyme
RuBisCo in the stroma of the chloroplast. Atmospheric CO; is therefore one substrate for
photosynthesis, and photosynthesis in C; plants can be limited by any factor that causes
low CO, concentration at the carboxylation site, whether it be reduced atmospheric CO,
concentration outside the leaf, increased resistance to CO; diffusion from the atmosphere
to the leaf interior air spaces, or increased resistance to diffusion in the liquid phase from

the cell walls to the chloroplast stroma.

Flexas et al. (2008) indicated that CO ; concentration in the chloroplast (Cc) is
roughly 20-30% less than that of the ambient CO; concentration (C,). In addition, there
are many studies illustrating that in woody plants, CO; concentration in the chloroplast is
significantly less than that in the substomatal cavities (C,) (Evans et al., 1986; Epron et
al., 1995; Warren et al., 2003). Roupsard et al. (1996) also showed that under well
watered conditions, the concentration of CO; in the chloroplasts was much lower than the
calculated substomatal CO, concentration in oak. Moreover, the works mentioned above
generally found that in the species with the lowest assimilation rates, the lowest values of
chloroplast CO; concentration were recorded. Therefore, Cc is one of the major limiting
factors determining the CO; assimilation rate. The value of C¢ depends on the diffusion
of CO, from the substomatal cavity to the interior of the chloroplasts. In other words, Cc
is a function of two obstacles against CO; diffusion from the atmosphere towards

chloroplast cells, namely stomatal and mesophyll resistances.



2.2.2 Stomatal resistance

Stomatal conductance (g;) (inverse of stomatal resistance) plays a fundamental
role in the plant-atmosphere water relationship (Chen et al., 1999, cited by Zhang, 2007).
CO, diffusion into the leaf mesophyll and water vapour diffusion from the leaf to the
atmosphere are mainly regulated by the stomatal opening, controlied by a complex

system of physiological processes.

There are two historical beliefs about the predominant signals causing stomatal
closure: hydraulic signals (leaf water potential, cell turgor) and chemical signals (abscisic
acid). The early idea regarding stomatal closure in reaction to stresses like soil water
deficit was that, as a result of soil water content reduction, leaf water potential and cell
turgor pressure would decline, and that was the main signal which could induce stomata
to close. In contrast, it has been observed that stomata may actually start to close in
response to low soil water content even when there is no decrease in leaf water potential.
Therefore, it seems stomatal closure is a function of soil water potentiais more than leaf
water potentials. In this regard, Zhang and Davies (1989; 1990) demonstrated that leaf
stomatal closure correlated with concentration of abscisic acid (ABA) in plant leaves, and

also with ABA concentrations in the xylem stream between roots and leaves.

Currently, the majority of physiologists accept that a combination of both kinds of
signalling mentioned above cause stomata to close at different times (Comstock 2002;

Assama et al. 2002).



2.2.3 Mesophyll diffusive resistance

The resistance to CO, influx from the atmosphere to the chloroplast is one of the
important limiting factors for leaf photosynthesis either under optimal conditions or
under stress conditions. While the stomatal component of this resistance has been
broadly appreciated, the diffusion path from the substomatal cavities to the sites of
carboxylation in the chloroplast has been neglected as an important resistance to CO,
flux, especially in the 1970s and early 1980s (Gaastra, 1959; Farquhar and Sharkey,
1982). It was only during the 1990s that diffusion limitations other than stomatal closure
or leaf boundary layer effects were considered as a major subject of research (Parkhurst,

1994).

There is now some agreement that it is the diffusive limitation to CO, influx,
rather than only biochemical factors, that are restricting photosynthesis. These restrictions
include not only stomatal resistance, but also decreased non-stomatal, internal or
mesophyll conductance to CO; (gm)\ (Roupsard et al., 1996; Flexas et al., 2002; Ennahli
& Earl, 2005). Thus, it is now generally accepted that a high conductance to VCOz

diffusion in the mesophyll (gn) is required to support high rates of photosynthesis.

2.2.3.1 Gas phase vs. liquid phase components of g

The physical resistance to diffusion of CO, in the mesophyll includes both gas
phase (diffusion in intercellular air spaces) and liquid phase components. However, most
available evidence suggests that the majority of the leaf internal resistance to CO;

movement is in the liquid phase. The gas phase conductance can be estimated by
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contrasting gas exchange in normal air with air in which the nitrogen has been replaced
by helium (‘helox’) where CO, diffuses 2.3 times more quickly. For instance, the rates of
photosynthesis of six amphistomatous species were, on average, 2% faster in helox than
air; and photosynthesis of five hypostomatous species were 12% faster in helox than air
(Parkhurst and Mott, 1990). What this means is that gas phase resistance to mesophyll

diffusion is likely a negligible limitation in leaves of most plants.

2.2.3.2 Physical vs. biochemical components of gn,

Physiologists used to believe that g, was constant over a short periods of time
(i.e., one day or less) (Evans and von Caemmerer 1996), because they believed that leaf
anatomy and morphology were the two main determinants of gn, (Evans et al., 1994;
Syvertsen et al., 1995). Currently, it is recognized that g, can change much more quickly
than can leaf anatomy and/or morphology, implicating non-structural factors in
determination of g,,. It is now clear that in the liquid phase, resistance to CO, diffusion is
a function of structural features such as cell wall thickness (Miyazawa and Terashima,
2001) and the surface area of mesophyll cells or chloroplasts exposed to the intercellular
air spaces (Evans et al., 1994), but also that it has a biochemical component (Terashima
et al. 2005; Fabre et al., 2007, cited by Warren, 2008). Evidence has suggested two

promising candidates to play this biochemical role: carbonic anhydrase, and aquaporins.

Carbonic anhydrase in plants exists in three different classes including a, b, and c;

and the b class is the most abundant one (Majeau et al., 1994; Price et al., 1994). For the

first time a role for carbonic anhydrase in CO, movement through the mesophyll was
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shown in tobacco using antisense technology to reduce the amounts of b-carbonic
anhydrase to 1-10% of wild-type plants (Majeau et al., 1994; Price et al., 1994), which
caused the concentration of CO, in the chloroplast to decline. In addition, a parallel
reduction in gy, and the carbonic anhydrase amount was reported in leaves of rice

suffering from zinc deficiency (Sasaki et al., 1998).

Aquaporins, which are the most abundant proteins in plant plasma membranes,
have recently been considered with respect to internal leaf CO; flux in a number of
studies (Terashima and Ono, 2002; Uehlein et al., 2003; Hanba et al., 2004; Flexas et al.,
2006b). At least some aquaporins are playing a role in CO; flux in the leaves. For
instance, Terashima and Ono (2002) indirectly showed this role for aquaporins using a
non-specific inhibitor of aquaporins, HgCl;, which reduced gy, in Vicia faba. In addition
Hanba et al. (2004) showed that overexpression of barley aquaporin (HvPip2; 1) in
transgenic rice increased the leaf internal conductance by 40% compared with control
leaves. Recently Flexas et al. (2006¢) also found that changes in aquaporin content were

related to changes in gp.

2.2.3.3 Variation of g, in time

There is a little knowledge about the rate of change in g, over time, in comparison
with the ample evidence about how quickly g; changes (Valladares et al., 1997; Tausz et
al., 2005). Mesophyl conductance (g,) used to be considered constant over the period of
one day (Evans and von Caemmerer, 1996), because it was thought that leaf anatomy and

morphology were the principal determinants of internal conductance (Evans et al., 1994;
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Syvertsen et al., 1995). However, Flexas et al. (2007) reported that in response to water
shortage or limitation in ambient CO; (C,), gm can significantly change within 5 or 10
minutes. This supports the idea of a vital role of g, in the photosynthetic response of
plants to drought stress, since it responds similarly to gs both in the short term (minutes to
hours) and over longer periods (days to weeks) (Centritto et al., 2003; Flexas et al.,
2007). This dynamic nature may make g, an important trait for improving plant

photosynthesis responses to environmental stresses (Flexas et al., 2008; Warren, 2006).

2.2.3.4 Inter- and intra-specific variation for g,

Mesophyl conductance (gn) could potentially be an important trait for improving
plant photosynthesis responses to environmental stresses if it shows high genetic
diversity. Genetic variability in g, has previously been reported in a number of species,
including wheat, where g, varied between 0.20 and 0.43 mol m™ s™' among five cultivars
(Evans &Vellen 1996, cited by Barbour et al., 2010), European chestnut provenances
(Lauteri et al. 1997), among Populus populations from different latitudes
(Soolanayakanahally et al. 2009), and among Phaseolus vulgaris genotypes (Flowers et
al. 2007) after exposure to high ozone concentration. Evans et al. (1994) found that
tobacco transgenic plants with antisense genes to components of the RuBisCo small
subunit, had lower g, than wild-type plants when grown under the same light conditions.
Inter- and intra-specific diversity for g, has been reported by a number of other authors
(e.g., von Caemmerer and Evans, 1991; Harley et al., 1992; Loreto et al., 1992; Epron et

al., 1995; Warren et al., 2003).
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Very recently, Barbour et al. (2010) found significantly lower g, in four
Hordeum vulgare genotypes than in H. bulbosum genotypes. They also showed
significant differences between genotypes within each species, with the tetraploid H.
bulbosum (HB4) having higher g, than the diploid (HB2), and the variety ‘Dash’ having

the highest g, among the H. vulgare genotypes.

2.2.3.5 Relative magnitudes of g; and gp,

There has been a long debate about the relative importance and physiological
nature of two main classes of drought stress-induced limitations, g; and g, the two main
conductances that dominate the diffusive pathway from the atmosphere to the
carboxylation site in the chloroplast. Currently, g; is seen as just the first obstacle in the
CO; diffusion pathway, with internal conductance (gn) being the second quantitatively
important barrier, significantly restricting CO, diffusion from the substomatal cavity

towards site of carboxylation in the chloroplast stroma (Warren, 2008).

It is well established that in all studied species (e.g. by Evans et al., 1986; Lloyd
et al., 1992; Epron et al., 1995; Warren et al., 2003) g, is finite and C¢ is noticeably less
than C,, indicating that g, results in a significant decrease in CO, concentration.
Quantitatively, gn is sometimes found to be larger that g;. In most cases g;and g, caused
similar relative limitations for photosynthesis in well-watered plants (Epron et al., 1995;

Warren et al., 2003; Yamori et al., 2006).
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2.2.3.6 Measuring g,

Estimates of the CO, mole fraction in the chloroplast stroma (C¢), which make it
possible to quantify gy, have not been available until recently. A number of different
methods have been developed to estimate the resistance to CO; diffusion from the
intercellular airspaces within the leaf through the mesophyll to the sites of carboxylation
during photosynthesis. However, two methods are the most popular ones: simultaneous
measurement of gas exchange with instantaneous carbon isotope discrimination (Evans et
al., 1986); and a combination of gas exchange and chlorophyll fluorescence
measurements (Bongi and Loreto, 1989). There are also other methods, including one
based on the difference in the chloroplastic (Cc) and intercellular (C,) photocompensation
points (Caemmerer and Evans, 1981), and another based on the reduction in initial slope

of an An/C, curve from its theoretical maximum (Evans and Terashima, 1988).

2.2.3.6.1 Carbon isotope discrimination method

This method requires carbon isotope fractionation to be measured simultaneously
with gas exchange, and is based on different diffusion and carboxylation rates of *CO;
and ">CO, (reviewed by Pons et al., 2009). *CO, diffuses more slowly through the
boundary layer (2.9%o) and stomata (4.4%o), slower through the liquid phase (1.8%o), and
is carboxylated much more slowly than ?CO; (27-30%o) (Farquhar et al. 1982, 1989;
Evans et al., 1986). Measurements of gy, using >C discrimination were first used by
Evans et al. (1986). Stable isotopic fractionation occurs during photosynthetic CO,
fixation. Specifically, the heavier isotope of carbon, '°C, is discriminated against during

diffusion in the gaseous and the liquid phases and during biochemical carboxylation
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(Farquhar et al., 1982). These effects are mainly due to the lower diffusivity of *CO; in
both the air and liquid phases relative to 2CO,, and to discrimination by carboxylating
enzymes such as RuBisCo, which preferentially bind molecular species containing the
lighter isotopes (**C0,). Hence, the photosynthetic products are generally enriched in the
lighter isotope 2c compared with the substrate atmospheric CO;. In C; species, the
isotopic discrimination is related to the relative contribution of diffusion and
carboxylation, which is reflected in the ratio of CO, concentration at the sites of
carboxylation (C¢) to that in the surrounding atmosphere (C,). Carbon isotope
discrimination is proportional to the concentration of CO, in chloroplasts (Cc¢), while gas-
exchange measurements of transpiration estimate the substomatal concentration of CO,
(C)) and net CO; assimilation (An). Then, the internal conductance or mesophylil
conductance may be calculated as g, = An/(C, — Co). In Cs plants, the average of these
discriminations against ?CO; are between - 20/1000 and - 30/1000, with the
predominant effect of discrimination due to carboxylation, which is why discrimination is

mostly proportional to C¢ (reviewed by Warren, 2006).

2.2.3.6.2 Combined chlorophyll fluorescence / gas exchange method

Kautsky et al. (1960) first found changes in the yield of chlorophyll fluorescence.
They found that after transferring plants from the dark into the light, an increase in the
yield of chlorophyll fluorescence occurred over a time period of around 1 s. This rise has
subsequently been explained as a consequence of reduction of electron acceptors in the
photosynthetic pathway, downstream of photosystem II (PSII). Once PSII absorbs light

and excites an electron, it is not able to accept another photon until it has passed the first
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excited electron onto a subsequent electron carrier. During this period, the reaction centre
is said to be ‘closed’. When the reaction centre is closed, the efficiency of photochemistry
will decrease which causes compensating increases in the fluorescence yield and heat

dissipation.

In the intervening years, fluorescence theory has been further developed. With
the advent of modulated chlorophyll fluorometers, it has become possible to estimate the
quantum efficiency of photosytem II (®@y) in illuminated leaves based only on
fluorescence signals. First, the fluorescence yield of the leaf sample under ambient light
is measured. This measurement is usually called steady state fluorescence yield (Fs).
Second, a fully saturating pulse from the chlorophy!l fluorometer is required, effecting
complete closure of all PSII reaction centers, and the fluorescence yield rises to a
maximum, F’y. At this point, as was demonstrated by Genty et al. (1989, cited by Earl
and Ennahli, 2004), ®;; can be calculated as:

Oy=(FMm—Fs)/F'm (h,
where @y is the fraction of photons absorbed by the light harvesting complex of

photosystem II that is used for photochemistry.

Next, the linear flux of electrons in PSII (J.), or the electron transport rate, is
easily calculated as:
Je=a x fi;x PPFD x @y (),
where a is leaf absorptance of incident PPFD, and f,is the proportion of absorbed

photons absorbed by the light harvesting complex of PSII (Loreto et al., 1994).
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Accepting that four electrons are needed per carboxylation or oxygenation of
RuBP by RuBisCO in Cj plants, and assuming that other sinks for electrons are
negligible, then:
Je=4Vc +4Vo 3),
where V¢ is the rate of carboxylation by RuBisCO, and Vg is the rate of oxygenation by
RuBisCO. For each oxygenation event, 0.5 CO; are expected to be released due to
photorespiration, so gross photosynthesis (Ag) can be calculated as:
Ag=Vc-0.5Vo 4),
Then, it is possible to calculate the V/Vq ratio by combining equations (3) and
(4) as:

Ve/Vo =(e+8Ag) /(2 Je - 8Ag) )

In practice, net leaf exchange of CO; is measured using a non-dispersive infrared
gas analyser, and Ag is estimated as Ag = Ay + Rp, where Ay is the net CO, assimilation
rate measured in the illuminated leaf at the same time that ®;; was measured, and Rp is

the respiratory CO, release measured for the same leaf in the dark.

As Ennahli and Earl (2005) cited from Lal et al. (1996), CO; concentration in the
chloroplast (Cc) may be calculated as follows:
Cc=(Vc/Vo) X (Oc/Ks) (6),
where Oc is the partial pressure of oxygen at the carboxylation site and Ks is the CO,/O,

specificity of RuBisCo at a particular leaf temperature.
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Finally, gn can be estimated as:
gn=An/(C,-Cc) (D),
where C, is internal (substomatal) CO; concentration derived from leaf gas exchange

measurements.

2.2.4 Leaf-level responses of photosynthesis to water stress

Leaf photosynthesis is reduced at mild leaf water deficits or even before any
change in'leaf water status has occurred in response to a decrease in soil water potential
(Gollan et al., 1986, cited by Chaves, 1991) or in air humidity (Lange et al., 1971; Bunce,
1981).

Water deficit is known to alter a variety of biochemical and physiological

processes either at the stomatal level or at the level of the leaf mesophyll.

2.2.4.1 Stomatal vs. non-stomatal limitations to photosynthesis under water stress
Grassi and Magnani (2005) divided photosynthetic limitation processes associated
with water stress into three categories: stomatal diffusive limitations, non—stomatal
diffusive limitations, and biochemical limitations (i.e. carboxylation activity). They
indicated that restrictions to CO, diffusion within the mesophyll caused the highest non-

stomatal limitation under water stress.

However, there is a long controversy over the mechanisms by which water stress

decreases photosynthetic assimilation of CO,. Water deficit-induced reduction of the net

photosynthetic CO, assimilation rate in some cases was attributed primarily to stomatal
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closure (Chaves, 1991; Cornic, 1994; Flexas et al., 2004; Flexas et al., 2006a; Sharkey,
1990). Stomatal closure is often considered to be a short term response of plants to
drought stress, whilst the non-stomatal limitations are usually thought to come into play
only during longer and more severe water stresses. More recently, increased diffusive
resistance of the mesophyll cells has been suggested as one of the main reasons for
photosynthesis suppression induced by water shortage in tobacco (Galle et al., 2009) and

cotton (Enahhli and Earl, 2005).

There are many reports showing that even under mild water shortage,
photosynthesis reduction cannot be attributed entirely to the observed stomatal limitations
(Ni and Pallardy 1992; Ramanujulu et al. 1998; Yordanov et al. 2000). This suggests that
under drought stress, resistance to CO; diffusion from the substomatal cavity to the
chloroplast (gm) may be as important a limiting factor as g;. Indeed, there is now some
agreement that CO; influx limitations on photosynthesis are overriding under the majority
of situations of drought stress, and include not only stomatal closure, but also decreased
internal conductance to CO; (gm) (Roupsard et al., 1996; Flexas et al., 2002; Ennahli &

Earl, 2005).

2.2.4.2 Effects of water stress on g,

To date, it has been shown that g, is sensitive to water shortage and is decreased
under water deficit conditions in several species, including grapevines (Flexas et al.,
2002), oak trees (Grassi and Magnani 2005; Roupsard et al., 1996), soybean and tobacco

(Flexas et al., 2006c), and ten Mediterranean species occurring naturally in the Balearic
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Islands including two evergreen sclerophyll shrubs (Pistacia lentiscus and Hypericum
balearicum), two evergreen sclerophyll semishrubs (Limonium gibertii and Limonium
magallufianum), three summer semideciduous shrubs (Lavatera maritima, Phlomis
italica and Cistus albidus), two perennial herbs (Beta maritima ssp. maritima and B.
maritima ssp. marcosit), and an annual herb (Diplotaxis ibicensis) (Galmes et al. 2007).
Finding any clear effects of drought stress on g, would be interesting because they may,

at least partially, explain non-stomatal limitations of photosynthesis.

2.2.4.3 Recovery of photosynthesis following relief of stress

The extent to which photosynthetic capability has the ability to recover rapidly
following a transient exposure to water stress may play an important role in plant
adaptation to drought environments. Countless researchers have reported effects of
drought stress on plant growth (Delgado et al., 1992), photosynthesis (Boyer, 1970;
Ogren and Oquist, 1985), plant cell metabolism (Bohnert et al., 1995; Nonami et al.,
1997), etc. However, the vast majority of these studies were conducted by exposing the
plants to water shortage stresses, then studying plants’ responses under the stress
conditions. Perhaps more important from an agricultural perspective is not the
photosynthetic activity during the stress (which is usually minimal), but rather the ability

of the crop to recover full photosynthetic competence once the stress is relieved.
Recognizing that the capability for photosynthetic recovery from an extreme

water stress condition determines future growth and survival of plants in their habitat,

some experiments have been conducted on the recovery of the photosynthesis rate from
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drought stress (Boyer,1971; Subramanian and Maheswari, 1990; Djekoun and Planchon,
1991; Heckathorn et al., 1997; Widodo et al., 2003). However, factors affecting the

degree of recovery of photosynthesis after relief of stress have not been fully understood.

Recently this topic has gained greatly attention (Ennahli and Earl, 2005;
Miyashita et al., 2005; Flexas et al., 2006a; Galle et al., 2007; Galmes et al., 2007) and
Galmes et al. (2007) have interestingly shown a residual reduction of g, following re-
watering. Moreover, for the first time Galmes et al. (2007) applied the photosynthesis
limitation analysis proposed by Grassi and Magnani (2005) to survey ten different
Mediterranean species, and showed that on the day after re-watering, limited recovery of
gm Was the main limiting factor for photosynthesis recovery in many of these plants. On
the other hand, in some species including the Vitis hybrid R-110 (Vitis berlandieri x V.
rupestris), gs reduction after re-watering showed a considerable limitation to
photosynthesis recovery, while it increased the intrinsic water-use efficiency (Bogeat-
Triboulot et al., 2007; Galle and Feller, 2007; Pou et al., 2008). More recently, Gomes et
al. (2008) conducted a photosynthesis limitation analysis and indicated that mesophyll
limitations were generally more important than stomatal limitations during recovery, but
in this study, the effects of biochemistry and mesophyll diffusion conductance on

mesophyll limitations were not separated.

When drought stress is relieved, photosynthesis may not immediately return to

pre-drought levels. The recovery period depends on species, and after severe water

shortage can sometimes take from weeks to even months in tree species, while stomata
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are slow in regaining their pre-drought conductance, or damaged photosynthetic
machinery is repaired (Kozlowski and Pallardy, 1997). Conversely, in field-grown maize,
Earl and Davis (2003) found rapid and essentially complete recovery of leaf
photosynthetic activity following rewatering, even under stress conditions that sharply

reduced final crop yields.

2.2.5 Canopy-scale effects of water stress on photosynthesis

Soil water shortage causes reductions in whole canopy photosynthesis through
two main mechanisms: i) decrease in interception of photosynthetically active radiation
(PAR) due to reduced leaf area expansion, wilting, and early senescence of leaves and ii)
decreased radiation use efficiency (RUE). Earl and Davis (2003) reported that reduced
RUE was the dominant effect and that a decrease in PAR absorptance was of negligible
importance except under very severe drought stress in maize. In contrast, Stone et al.
(2001) indicated that sweet corn yield was significantly affected not only by reduced
RUE, but also because of reduced total radiation interception, particularly for water

deficit treatments applied during early growth stages.

2.3 Water use efficiency
2.3.1 Definitions of water use efficiency

From the farmer’s perspective, water use efficiency means getting more crop
yield per drop of irrigation water or rain, but for human society it means getting more
value in terms of economic benefit and human nutrition per unit of water resource used.

From the crop physiologist’s perspective, water use efficiency is the ratio of total dry
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matter production (phytomass) or economic yield to total crop evapo-transpiration. Thus,
it can be expressed in the following equation (Hatfield et al. 2001):

WUE=Y/ET (8)
where WUE is water use efficiency, Y is total harvestable biomass and / or marketed
yield, and ET, evapo-transpiration, is the total water lost via evaporation, both from the
soil surface, and transpiration from plants.

As explained above, evaporation and transpiration are often considered as one
parameter, namely evapo-transpiration, because it is obviously rather difficult to separate
them especially in field measurements. In pots, these two factors can be easily separated
and WUE is precisely determined by the gravimetric method, such as used by Earl

(2003) .

Hatfield et al. (2001) recalled that de Wit (1958) showed a linear relationship
between accumulated dry matter (Y) and cumulative transpiration (T) with high solar
radiation. Subsequently, Hatfield et al. (2001) described this relationship by:

Y /T=m/Tna )
where Y is the total dry matter production, T is the transpiration, m is a coefficient, and

Tmax is the daily free water evaporation.

In addition, Richards et al. in 1991 expressed this term in another way:

TE
WUE (biomass) = ————— (10)
I+Eg/T
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where TE is the transpiration efficiency (above ground dry weight / transpiration), Es is
the water lost by evaporation from the soil surface, and T is water lost through
transpiration by the crop.

As can be seen, there are many ways to define the term water use efficiency.
However, it is generally defined in three different ways (Stanhill, 1986 cited by Guo et al.

2006):

1. Input-based WUE is the ratio of the yield or total biomass produced to total

water inputs, i.e., precipitation plus rainfall.

2. At the whole plant or crop level, WUE may also be defined as the ratio of yield or

total biomass produced to total water actually used (i.e., total evapotranspiration).

3. Instantaneous leaf-level WUE (WUE,) is defined as the ratio of photosynthetic
carbon assimilation rate (Ay), responsible for dry matter production, to the
transpiration rate (T) (Udayakumar et al. 1998). Leaf level water use efficiency is

also called intrinsic water use efficiency (Condon et al. 2002).

2.3.2 Genetic variation for WUE

Briggs (1914) and Shantz and Piemeisel (1927) first reported inter-specific
variability in WUE of some crops including maize, sorghum, millet, wheat, oats, barley,
potato, alfalfa and soybean (cited by Zhang et al. 1989). Since then, intraspecific genetic

diversity for WUE has been reported by numerous researchers (e.g. , Farquhar and
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Richards (1984) in wheat, Mian et al. (1996), Hufstetler et al. (2007), Earl (2002) and
Walden (2008) in soybean, Ehdai and Waines (1993) and Farquhar and Richards (1984)
in bread wheat, Hubick and Farquhar (1989) in barley, Martin et al. (1999) in tomato,

Stiller (2005) and Fish and Earl (2009) in cotton, and Anyia et al. (2007) in barley).

2.3.3 Improvement of water use efficiency
There are many strategies to increase the water use efficiency. It is instructive to

consider these in the context of the three different definitions of WUE discussed above:

1. Farm level improvement: many modern strategies for increasing whole plant
level water use efficiency have been recommended and have already been
incorporated into irrigation practices; for instance water-saving irrigation
techniques and increasing canal network density to reduce runoff, seepage and
unproductive evaporation, and modern agronomic practices such as better
nutrient and weed management (Toung and Bhuiyan, 1999), suitable density for
planting (Payne et al., 2001), and better distribution of planting (stand uniformity)

(Ritchie and Basso, 2008).

Furthermore, breeding for plant characteristics that maximize water extraction
capabilities, such as deep roots, high hydraulic capacities for water transport, and high
stomatal conductance can sometimes increase farm level WUE simply by increasing total
productive water use and consequently by decreasing the evaporation from the surface of

the soil (Shan and Xu, 1991, cited by Guo et al. 2006; Richards et al. 2002; Ritchie and
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Basso, 2008). To achieve further improvement in water use efficiency, researchers should

focus on plant and leaf level factors.

2 and 3. Plant level and intrinsic level improvement: In spite of ongoing attempts
to increase the plant level water use efficiency, progress in this area has

been minor (Udayakumar et al. 1998; Johnson and Yangyang 1999).

Typically, a healthy plant transpires 700-1300 mol H,O for the fixation of 1 mol
CO; (Heldt, 1997). However, plants are different in terms of their capacity to minimize
the amount of water lost per unit carbon fixed. One of the main reasons for these
differences can be differences in intrinsic water use efficiency (WUEL). As mentioned in
equation (11) this parameter is the ratio of the net photosynthetic rate (An) to the
transpiration rate (T). Ay is determined by stomatal conductance to CO; (g¢) and a
concentration gradient of CO, between outside the leaf and inside the leaf ( C,-C,)
(equation 14) ; and T is controlled by stomatal conductance to H;O (gy) and the H,O
concentration gradient between inside and outside the leaf ( W,-W,) (equation 12).

An=2(CC) (1D

T-gw(W:-Wo)  (12)

Because of a similar diffusion pathway for CO; and H,O between the leaf
intercellular air spaces and the atmosphere, and in harmony with equations 11 and 12, the .
intrinsic water use efficiency can be calculated by:

WUEL,=AN/T= e ( Ca'Cx) / gw( Wi'wa) (13)
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Noting that the ratio of the diffusivities of CO; and H,O in air is approximately
0.6, equation (13) can also be written as (e.g. Condon et al. 2002, 2004):

WUEL=0.6(1-C,/Ca)/(We-W,)  (14)

According to equation (14), there are two possible ways to improve the leaf level
water use efficiency. The first one is a decrease in the C,, C, value (or, increasing the
value of [1- (C,,; C,)]. The second is a reduction in the value of (W,-W,). For non-
stressed Cs plants, the C,C, ratio is typically about 0.7( Farquhar et al. 1989, cited by Guo
et al., 2006; Condon et al. 2002), and controlled by the balance between the leaf internal
“demand” for CO; or ‘‘photosynthetic capacity’’ (Condon et al. 2002) and the CO;
diffusive process associated with the stomata, the stomatal conductance (g;)
(Udayakumar et al. 1998 ; Condon et al. 2002), although there is not any explicit mention
of g in equation (14). In other words, the supply of leaf interior CO; is determined by
stomatal conductance (g;), while photosynthetic capacity or intrinsic mesophyll
efficiency determines the demand for CO, WUE,, improvement is possible through a
lower value of C,/ C,, due to lower g, and / or higher mesophyll efficiency (Udayakumar
et al. 1998; Earl 2002). Plants with high WUE have been designated as either
‘“‘conductance types’’ or ‘‘capacity types’’, depending on whether their advantage arises
from differences in stomatal (g;) or non-stomatal (mesophyll) factors, respectively, but

both types of strategies may occur together in the same genotypes (Farquhar et al. 1989).
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The WUE,, can theoretically be greatly improved by a relatively small change in
the C/C,ratio (equation 14). A decrease of 0.1 from 0.7 to 0.6 in the ratio of C/C,

theoretically causes a 33% growth in WUE, which is proportional to (1- C,/C,).

Lower T and hence biomass is often the result of increasing WUE. If C,/C, goes
down as a result of increased photosynthetic capacity then CO, assimilation rate (Ay) per
unit T will climb. In contrast, if C,/C, sinks as a result of lower stomatal conductance (g;)
then there will be a decline in Ax. Udayakumar et al. (1998) believed that this last issue is

the main obstacle against any progress in WUE; improvement.

It is notable that Farquhar et al. (1984) in wheat, Martin and Thorstenton (1993)
in tomato, Acevedo (1993) in barley, Meinzer et al. (1990) in coffee and Lu et al. (1996)
in cotton (all cited by Udayakumar et al. in 1998), and Earl (2002) in soybean showed
that the genetic variability in WUE,, was caused by stomatal factors. Conversely, Condon
et al. in wheat, Hubick et al.(1988) in groundnut, Hall et al. (1993) in cowpea, White
(1993) in beans and Matus et al. (1995) in canola (all cited in Condon et al. 1998)

reported that the variation in C, and hence WUE was dependent on mesophyll factors.

As mentioned above, in ‘‘conductance types’’ lower C,/C,to improve WUE
brings about a reduction in A (and consequently, biomass). There is also probably
another disadvantage associated with a reduction in stomatal conductance (gs). Any
reduction in g will be followed by increased leaf temperature and W, unless the boundary

layer conductance of the leaf is very large. Then, because of this increase in W, the water
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vapour gradient between the air inside and outside the leaf (W;—W,) will increase and
hence, transpiration (T) per unit g will rise (Condon et al. 2002, and 2004). Even so, the
proven existence of differences in WUE among genotypes that differ in WUE because of
differences in g, (i.e. conductance type WUE differences) indicates that this trait may still

be a legitimate target for genetic improvement.

2.3.4 Genetic markers for WUE

Lin et al. (1998, cited by Bari et al., 2005) reported that in tomato 22 genomic
regions distributed on 11 chromosomes were controlling WUE, where each trait had its
own unique set of “Quantitative Trait Loci” (QTLs). These data demonstrated that there
is a number of linked markers for WUE parameters and WUE is a polygenically
(quantitatively) controlled trait in various environments (Martin et al. 1999). Also, in
soybean, Mian et al. (1996) found molecular markers associated with WUE; and Bari et
al. (2005) found significant genotypic heterogeneity in a soybean population of
recombinant inbred lines, with the responsiveness to water abundance being a key

contributor to higher mean yield.

Traits such as yield and WUE are controlled by more than one pair of genes.
These kinds of traits are called quantitative, polygenic, multifactorial or complex (Collard
et al. 2005). “The regions within genomes that contain genes associated with a particular

quantitative trait are known as quantitative trait loci (QTLs)” (Collard et al. 2005).
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Because there is genetic diversity in WUE, using molecular markers linked to
QTL conditioning WUE has been suggested as an indirect criterion to improve water use
efficiency (Mian et al., 1998). There have subsequently been a number of studies the
have mapped QTL for water-use efficiency (WUE) in crops (Xu et al., 2004 cited by Bari

etal., 2005).

2.3.5 Leaf dark conductance as an indicator of WUE
Dark-adapted epidermal conductance (ggark) is water lost through the leaf
epidermis and stomata in plants adapted to dark conditions, when stomatal conductance is

minimal or zero.

2.3.5.1 Measurement of g gari

To estimate gqar, leaf gas exchange can be measured on an attached leaf using an
open flow system or on a freshly detached leaf using a closed re-circulating system.
Walden (2009) using both methods mentioned above examined the correlation between
gdark and WUE (see below), and found the best correlation when gga was measured using

the closed recirculating system and freshly detached leaves.

2.3.5.2 Variation for g jork
So far, a few researchers have reported gqur« variation, such as Fish and Earl
(2009) in cotton and Hufstetler et al. (2007) and Walden (2009) in soybean. For instance,

Walden (2009) showed significant variation for g4« among 12 Ontario-adapted soybean
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varieties. She identified two existing mapping populations whose parents differed for the

Zaark trait: “OAC Salem x Nattosan”, and “AC Colibri x OT91-3”.

2.3.5.3 Correlation between WUE and g 441

In 2007, Hufstetler et al. reported a range of about 20% in dry matter-based WUE
among 23 soybean varieties, breeding lines and plant introductions and demonstrated the
unique finding that another physiological parameter, namely ggar, was strongly
negatively correlated with whole plant WUE (r =-0.74, P <0.0001). A similar
correlation between WUE and g, was subsequently found in cotton (r = - 0.75,
P<0.0001), in a comparison involving 22 commercial cultivars, primitive race stocks and
converted lines (Fish and Earl, 2009). Walden (2009) also found a stronger correlation
between WUE and ga.rx under water replete conditions (r = -0.70, p = 0.01) than across
two different watering treatments (r = -0.64, p = 0.03) in twelve Ontario-adapted soybean

genotypes, including six conventional and six RR (glyphosate-tolerant) varieties.

2.3.5.4 Physiological basis for the correlation between WUE and g jqrx

Earl (2002) confirmed that WUE in soybean may be related to differences in leaf
C,, consistent with established theory (Farquhar et al., 1989) about the physiological basis
of genotypic differences in WUE. However, it is not clear why WUE should be strongly
related (negatively correlated) to ggark. Muchow and Sinclair (1989) found gmn
(minimum epidermal conductance in a wilted leaf) to be strongly positively correlated
with stomatal density (number of stomata per unit leaf area) in sorghum. They reasoned

that since the stomatal complex itself is not as well cuticularized as the rest of the
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epidermis, even when stomata are closed, leaves with high stomatal density would also
have high evaporation through the epidermis. Following from this, one possible
explanation for the correlation between WUE and gy, in soybean is that genotypes with
high stomatal density also tend to have high stomatal conductance, and therefore high C,

and therefore low WUE,, leading ultimately to low whole-plant dry matter-based WUE.

Walden (2009) mentioned that water stress reduced stomatal density significantly
and significant genotype differences in stomatal density were found, but there was no
“genotype x treatment” interaction for stomatal density. Most importantly, stomatal
density was not found to be correlated with either gya or WUE (Walden, 2009). Hence,
Zdark does not seem to be related to stomatal density in soybean. Instead, gq.« (again,
measured on dark-adapted leaves) appears to accurately predict the stomatal conductance
and C, of those same leaves during steady-state photosynthesis (Walden, 2009). She also
reported a strong correlation between gy and either g or C,, which is a very surprising
result, since there are no previous reports of dark-adapted leaf conductance to water
vapour serving as an accurate predictor of leaf gas exchange activity in the light.
Because Walden (2009) illustrated that gq.« Was an accurate predictor of C,, it could be

an accurate predictor of WUE as well.

2.3.6 Effects of water stress on WUE
There are contradictory observations regarding the effect of drought stress on
WUE in the literature. Many researchers have worked to figure out the reaction of dry

matter-based WUE to water shortage to find a way to increase WUE under drought
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stress as a drought tolerance criterion. However, plant reaction to water deficit for WUE
(dry matter-based) did not follow a particular trend. For example, Zhao et al. (2004)
reported that dry matter-based WUE increased with water stress up to tillering, but
decreased with water stress after tillering. Liu et al. (2005) indicated that WUE was
improved at mild soil water deficits. Walden (2009) reported a decrease in WUE in
soybean under cyclic drought conditions compared to a water replete treatment. In
contrast, Earl (2002), also in soybean, found that WUE was higher in a drought treatment,
while Hufstetler et al. (2007) reported no significant difference in WUE of soybean

between a drought treatment and a water replete treatment.

It seems that plant reaction to drought stress in terms of dry matter-based WUE is
a function of plant species, phenological stage, genetic background, the timing of the

water shortage treatment, and its severity.

2.3.6.1 Inverse relationship between WUE and C;

Short-term measurement of CO; and H,O vapour exchange can be used to
instantaneously measure WUE,, (Ehleringer et al., 1986; Garten and Taylor, 1992).
Measurements of gas exchange are then used to estimate substomatal (internal) CO,
concentration (C,) (Farquhar et al., 1982; Ehleringer et al., 1986; Ehleringer et al., 1987).
Earl (2002) confirmed that WUE in soybean may be related to differences in leaf C;;

plants that had lower C, s showed higher WUE, as predicted by equation (14).
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2.3.6.2 Effects of gm on C. and WUE

By the theory presented above, WUE varies inversely with the C, / C, ratio. Since
the plant has essentially no control over C,, in practice this means that plants that
maintain low C, should have high WUE, or at least high WUEL. With this in mind, it is
clear that gy, can directly affect WUE,. At a given stomatal conductance, a high g,
results in a higher C¢, and therefore supports a higher An. A higher Ay at the same
stomatal conductance, by mathematical definition (Eqn. 14) results in a lower C,, and
therefore a higher WUE,, (Warren at al., 2008; Flexas et al., 2008). However, to date
there are no examples in the literature where genotypic differences in either WUE or

WUE could be attributed to differences in gy, per se.
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CHAPTER 3

Screening of Parents of Soybean Mapping populations for Variation in Water Use

Efficiency and Dark-Adapted Leaf Epidermal Conductance

36



3.1 ABSTRACT

To improve crop yields under water stress, increasing crop water use efficiency
(WUE, the amount of crop dry matter produced per unit water transpired) is a major
demand and challenge at present. One problem is that WUE is very difficult to measure
in the field, which makes improvement difficult. However, a recent finding showed that
dark-adapted leaf epidermal conductance (g4ark) is strongly correlated to WUE. This is
potentially important, because of the relative ease of g4« measurement in the field. The
discovery of any shared quantitative trait loci (QTLs) conditioning both WUE and ggark
would further support the use of g4, as a surrogate measurement for WUE in the field,
and could facilitate future breeding activity for WUE improvement. Identifying QTL
controlling both WUE and gqa« first requires the identification of mapping populations
with parents that differ for the traits. A greenhouse study was conducted to compare
parents of three existing mapping populations for both WUE and gg.«. Among three sets
of recombinant inbred line (RIL) population parents, one set was found with significant
(P < 0.01) parental differences for both WUE and ggax. However, the difference in WUE
was only 6% of the biparental mean value, which was not considered sufficient to pursue
phenotyping of the entire RIL population for QTL identification. Consequently, it is
suggested to screen parents of additional RIL populations in the future, to identify

populations with more extreme values for both traits.
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3.2 INTRODUCTION

To meet the world population forecasted food demand (Wallace, 2000), global
food production must be increased. However, with current changes in the global
environment, namely global warming, more frequent severe drought stresses are expected
to be experienced by crops (Keeling et al., 1995). Even under current climatic conditions,
water stress is one of the most important factors restricting soybean yields under dryland
conditions in North America (Specht et al., 1986), including in Ontario (H.J. Earl,
unpublished data). Hence, it is important to seek opportunities to improve soybean
productivity under conditions of limited soil water availability. One approach is to
increase water use efficiency (WUE, amount of crop dry matter produced per unit soil
water transpired) of commercial soybean varieties. Hence, WUE improvement should be

a target of breeders.

Briggs and Shantz (1914) and Shantz and Piemeisel (1927) (both cited by Zhang
et al., 1998) first reported inter-specific variability for WUE in some crops. Since then,
intra-specific genetic diversity for WUE has been reported by numerous researchers. For
instance, Mian et al. (1996), Hufstetler et al. (2007) and Walden (2009) found variation
for WUE in soybean. Thus, it seems that there is potentially good opportunity to improve
WUE. However, the difficulty of measuring WUE in the field is a major obstacle
preventing improvement. On the other hand, Fish and Earl (2009), Hufstetler et al.
(2007), and Walden (2009) reported the surprising finding that a leaf trait, dark- adapted
leaf epidermal conductance (g4ar), Was closely related to whole-plant WUE. This finding

is significant because gqak is much simpler to measure than WUE, so it could possibly
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serve as a surrogate measurement for WUE even in field experiments. Furthermore, the
unexpected strong correlation between WUE and gqa« may provide further insight into

the genetic basis of the naturally-occurring variation for WUE in these species.

Evidence suggests that WUE is a polygenic trait. Brendel et al. (2006) detected
ten quantitative trait loci (QTL) for WUE in Quercus robur based on carbon isotope
discrimination and Julier et al. (2010) found nine markers/alleles with a significant effect
on WUE variation in alfalfa. Based on these and another study done by Mian et al.
(1996) who showed four quantitative trait loci (QTL) conditioning WUE, it can be
concluded that WUE is a quantitatively controlled trait in soybean, and so it is expected
to be conditioned by multiple QTL. Using molecular markers linked to QTL,
conditioning WUE as an indirect criterion to improve water use efficiency has been
suggested by Mian et al. (1996). There have subsequently been a number of studies that

have mapped QTL for WUE in crops (e.g. Bari et al., 2005; Xu et al. 2004).

By contrast, few researchers have investigated the genetic diversity for ggar, (e.g.
Hufstetler et al. (2007) and Walden (2009) in soybean and Fish and Earl (2009) in
cotton). Moreover, no QTL have ever been reported for gqark in any species. Discovery of
common QTL conditioning both WUE and ggar« would further solidify the genotypic

relationship between these two traits. This is important because:

1. If gqark really is highly predictive of WUE, one could measure gqar« instead of

WUE to more efficiently identify genetic diversity for WUE in
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the available soybean germplasm. This diversity could then be introduced

into elite lines to increase WUE.

2. gaark could also be used in lieu of WUE in RIL phenotyping efforts to identify

additional QTL controlling WUE.

3.3 RESEARCH OBJECTIVE

To better understand the genetic relationship between WUE and ggark, this study
was designed to identify parents of existing recombinant inbred line (RIL) populations
that show differences for WUE and ggark , these would allowing for QTL mapping of

these traits.
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3.4 MATERIALS AND METHODS
3.4.1. Plant materials

To find appropriate populations for phenotyping and subsequent mapping of QTL
controlling WUE and ggark, parents of several existing soybean mapping population were
chosen for screening, including “OAC Salem x Nattosan”, “AC Colibri x OT91-3”, and
“AC 756 x RCAT Angora”, which were reported by Walden (2009) to have parents with
extreme value of gqar, and also “Heinong-38 x OAC Millennium”, with different origins
(Figure 3.1). However, one line (OAC Salem) had poor seed viability; in six replications
with 10 seeds planted per pot, no seedling emergence was seen. Hence, the experiment
was only conducted with the remaining three pairs of mapping population parents

mentioned above.

3.4.2 Greenhouse culture

A greenhouse study was conducted at the University of Guelph (Guelph, Ontario)
between December and February 2009. The culture system used in this experiment was
developed over one year of preliminary studies. All parents were grown in 2.5-L white
plastic containers without drainage holes, filled with 2400 g of a 2:1 by volume mixture
of granitic (non-calcareous) sand (B-sand, Hutcheson Sand Mixes, Huntsville ON) and
top soil (a triple mix of one part top soil: one part peat moss: one part composted manure,

Meadowville Gardens, Guelph) with a pH of 7.5 after fertilizing and watering.

For each replication, two additional pots were prepared, with drainage holes.

These were saturated with water, capped with lids with a small hole, and then allowed to
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drain overnight to determine the saturated weight. Next, the soil from those pots was
dried in a forced air oven at 80°C for about 48 h to constant weight to determine the soil

dry weight. These data were used to calculate the water holding capacity of the medium.

A commercial fertilizer (20-20-20 plus micronutrients, Plant Products Co. Inc.,
Brampton ON) was added as a 1% solution (w/v) at the rate of 100 mL per pot before
planting. Additional water was added to bring the soil water content to 75% of pot
capacity and then 10 seeds were planted per pot, each inoculated with 1 mL of
commercial liquid inoculant (Bradyrhizobium japonicum and a patented strain of Bacillus
subtilis, Becker Underwood, Saskatoon, SK, Canada). Approximately one week after
planting, at the VC growth stage, seedlings were thinned to one per pot and an additional
120 mL of fertilizer solution was applied per pot. Then, pots were capped with fitted
white lids, each with two 5-mm diameter holes, one for the seedling to grow through and

another one to water the plants using a funnel (Figure 3.2).

Plants were arranged in a Randomized Complete Block Design (RCBD) with
eight replications, planted sequentially with a 5-d interval between replications.
Greenhouse conditions were day / night temperature settings of 25 / 18°C and a 16-h
photoperiod. Day length was extended with overhead high pressure sodium and metal halide
lamps delivering an additional flux of photosynthetically active radiation (PAR) of

approximately 600 pmol m~ s at the tops of the pots during the experiment.

Plants in the greenhouse were kept well watered at all the times by frequent

watering with a semi-automated computer controlled watering system (Figure 3.3). Each
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pot was placed on an electronic balance, and then identified by scanning a bar code label
on the pot. Its current weight was recorded by the computer software, and then the pot
received water through 3-mm diameter tubing connected to a solenoid valve until it
reached the target weight, after which the final pot weight was also recorded. Pots were
watered frequently enough to maintain the relative soil water content above 50% of pot
capacity; in this culture system this is adequate to avoid even mild water stress (Earl,
2003). The pots were weighed every other day until the V3 stage, and then every day

thereafter.

3.4.3 Measurement of gark

Forty days after planting, when plants were at approximately the R1 growth stage
(first flower), all pots were watered to their target weight at the end of the day (8:00 pm),
then moved to a dark room at 20°C. After 40 h of dark adaptation, gas exchange
measurements were made on two leaf positions per plant: one leaflet from the second
youngest fully expanded leaf, and another from the third youngest fully expanded leaf.
Measurements were made in a custom-made closed (recirculating) gas exchange system,
consisting of a 0.7-L PVC plastic chamber with removable lid, connected to an LI-840
gas analyser (Licor Inc., Lincoln NE) (Figure 3.4). Measurements were made on freshly
detached leaflets. Care was taken not to expose the leaflets to light levels that would
induce stomatal opening; all procedures were carried out in dim light (< 3 pmol m?s™)
from a green light source. Following the gas exchange measurement, the leaflet area was

determined using an LI-3100C leaf area meter (Licor) (Figure 3.5).

43



After putting the leaflet in the chamber and sealing the chamber, data were
recorded for a period of approximately 180 s at 5-s intervals. Water vapour concentration
[H,O] within the sealed chamber gradually increased at a declining rate. during the course
of the measurement (Figure 3.6). In all cases a second order polynomial regression with
an R? higher than 0.98 could be fit to the [H,0] versus time data; the slope of the tangent
to this curve was calculated as the first derivative of the fitted curve at the midpoint of the
measurement. Then, the transpiration rate (E, in mol‘ H,0 m? s") was calculated as:

E=axn/A,
where a is the slope of the [H,0] / time curve at the midpoint time (mol H,O mol™ air
s'l), A is the leaf area (mz), and n is the number of moles of gas within the measurement
system, calculated as:

n=pV/RT,
where p is the absolute pressure (kPa) of air in the chamber, V is the volume of gas in the
chamber (L), T is the Kelvin temperature of the air inside the chamber at the midpoint
time of the measurement, and R is the gas constant (8.3144 kPa L mol”' K™). Then, leaf
dark-adapted epidermal conductance (ggark), in mol m? s'l, was calculated as:

8dark = E / (W~ Wy)

where W, is the water vapour concentration inside the chamber at the midpoint time of
the measurement (mol H,O / mol water), and W, was the leaf internal water vapour
concentration. Presuming leaf internal air was at the saturation vapour pressure (€s)

estimated as:

es=0.61121¢ (17302x07 @097+ (g 1981)
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where t is the leaf temperature (°C), then, W; was calculated as:

Wj=es/p.

3.4.4 WUE measurement

Following gas exchange measurements, shoots were harvested, roots thoroughly
washed and patted dry with paper towel, then root and shoot fresh weights (including the
leaves used for g, measurement) determined. After that, roots and shoots were dried to
constant weight in a forced air oven at 80°C, and the dry weights were measured. Then,

WUE was calculated as:

DW
WUE = x 1000

[Water — (Weinai = Winitia)] + (FW —DW)

where WUE is whole plant water use efficiency, DW is total plant dry weight, FW is the
total plant fresh weight, water is total water added to the pot between the capping and
harvest dates, Wipa is the final pot weight after watering the pot on the harvesting date,

and Wigiat is the initial pot weight (final weight of pot after watering on the first day of

capping). '

3.4.5 Data analysis
The results were analysed using Proc Mixed in SAS (version 9.2 SAS Institute,
Cary, NC, USA, 2007). An analysis of residuals was used to identify observations that

were outliers, and then outliers were removed; to perform this test, the internal
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studentized residual was computed for each observation. Then the observations with
internal studentized residuals having an absolute value higher than the critical value at a
Type I error rate of 0.05 for Lund’s test of studentized residuals were declared outliers
(Bowley, 2008). Next, a Type III error (rate of 0.05) was used for analysis of variance
because of some missing data caused by removing the outliers. The two-sided LSDy ¢s
was calculated for each pair of population parents from the standard error of LSMEANS

to determine any significant difference between two parents in terms of WUE and/or

Ldark-
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3.5 RESULTS

As can be seen in Tables 3.1 and 3.2, there were significant differences between
Heinong-38 and OAC Millennium for g4, and WUE (p = 0.0004 and p = 0.009,
respectively). In contrast, AC756 and RCAT Angora , and AC Colibri and OT91-3

showed significant differences for WUE but no significant difference for gyay.

Comparing Figure 3(A) and Figure 3(B), the parents with higher g4, showed lower
WUE, except for “AC Colibri x OT91-3”, two parents with the lowest no significant

difference for WUE.

3.6 DISCUSSION
No common markers for WUE and ggan have been identified to date. To undertake
a QTL analysis to find common QTL concurrently controlling these two traits, it was

necessary to have at least one pair of parents with extreme values for both traits.

Heinong-38 and OAC Millennium differed significantly for both traits. Although the
difference in gguk Was 42% (Table 3.1), it was only around 6% for WUE (Table 3.2),
which was not considered sufficient to pursue phenotyping of the entire RIL population
for QTL identification. AC Colibri and OT91-3 also differed significantly for both traits,
but the differences were even smaller than for Heinong-38 and OAC Millennium. So,
this study was not successful in identifying an existing RIL population with sufficiently
large differences in both WUE and ggar to justify undertaking the phenotyping effort

required to complete a QTL analysis. Parents of additional soybean RIL populations
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should be screened as they become available. Alternatively, the possibility exists that one
of the populations considered in the present work might still be suitable, if the RILs
showed transgressive segregation, i.e. some RILs with significantly higher or lower
WUE than either parent because of genetic segregation. Potentially, the RIL progeny of

these parents could be suitable for subsequent phenotyping.

In the present work, in both cases where significant differences in both WUE and
g4ark Were found, the parent with higher gyarx had lower WUE. This is in agreement with
the previous findings of Fish and Earl (2009; cotton), Hufstetler et al. (2007; soybean)

and Walden (2009; soybean) who found a negative correlation between WUE and ggark.
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Table 3.1 Comparison of gy, of parents of soybean mapping
populations (LSMEAN+SE).

Genotype N geg (mmol m”s™) p-value
AC Colibri 8 34.14+3.0

OT91-3 8 26.7+3.0 0.06
Heinong-38 8 37.5+3.0

OAC Millennium 7 22.0£3.2 0.0004
AC 756 6 22.4+3.4

RCAT Angora 7 21.2+3.2 0.77
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Table 3.2: Comparison of WUE of parents of soybean
mapping populations(LSMEAN+SE).

Genotype n WUE (gL")  p-value
AC Colibri 8 4.00+0.06

0T91-3 8 4.2040.06 0.03
Heinong-38 8 4.1610.06

OAC Millennium 7 4.41+0.07 0.009
AC 756 7 4.20+0.07

RCAT Angora 7 3.89+0.07 0.002
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Figure 3.1: Mapping population parents.
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Figure. 3.3. Computer-automated weighing and watering
system.
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F 1gre 34: Dkdapted leaf conductance dark) was
measured on freshly detached leaves in a closed, re-

circulating gas exchange system (chamber shown with lid
removed).
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Figure 3.5: LI-3100C leaf area meter (LICO) to measure
leaflet area
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Figure 3.6: Increase in chamber [H,O] over time due to transpiration from a
dark-adapted freshly detached leaf in the chamber of the closed gas exchange
system. The transpiration rate was calculated from the slope of the tangent line
at the mid point of measurement.
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represent the 95% confidence interval of each

LSMEAN.
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CHAPTER 4

Component Limitations to Photosynthesis in Soybean During

Recovery from Drought Stress
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4.1 ABSTRACT

It is generally agreed that water stress reduces photosynthesis in soybean and
other species by inducing stomatal closure and thus reducing leaf internal CO,
concentrations. However, less is known about the magnitude and physiological basis of
residual limitations to photosynthesis that may persist following relief of water stress. A
controlled environment experiment was conducted to compare six Ontario-adapted
commercial soybean cultivars for their ability to recover photosynthetic capacity
following a simulated water stress. Plants were exposed to two cycles of controlled soil
dry down over a period of two weeks in a greenhouse. The water stress treatment
reduced both shoot dry matter and total plant water use by approximately 50%, with no
effect on whole plant water use efficiency. Combined leaf gas exchange and chlorophyll
fluorescence analysis was used to quantify component limitations to leaf photosynthesis
of fully expanded leaves 24 h after re-watering. No treatment x cultivar interactions were
found for leaf-level measurements, so analysis was combined across cultivars. Compared
to control plants, plants that had been exposed to water stress had reduced stomatal
conductance and also lower leaf net CO; assimilation rates. However, gas phase leaf
internal CO, concentrations were only slightly reduced. In contrast, chloroplast CO,
concentrations were strongly reduced, as was mesophyll conductance to CO,. Itis
concluded that increased resistance to CO, diffusion between the substomatal cavity and
chloroplasts constitutes a major component of the persistent limitation to photosynthesis

in soybean following recovery from water stress.
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4.2 INTRODUCTION

A soybean crop requires roughly 450-700 mm of water during its 90- to 120-day
growing season (Doorenbos and Kassam, 1979 cited by Dogan et al. 2007), so soybean
growth and yield can be impacted by water deficit when in-season rainfall and stored soil
moisture are insufficient to meet this demand. In many soybean production regions,
water shortage is the most significant environmental factor limiting growth and yield
(Araus et al., 2002; Ashley and Ethridge, 1978; Batchelor et al., 2002; Chaves et al.,
2003; Cooper et al., 1991; Cox and Jolliff, 1986; De Costa and Shanmugathasan, 2002;
Doss et al., 1974; Dogan et al., 2007; Frederick et al., 2001; Frederick and Hesketh, 1991;
Karam et al., 2005; Korte, 1983; Meckel et al., 1984; Mederski and Jeffers, 1973; Pandey
et al., 1984, Sinclair et al.,1992; Sionit and Kramer, 1977; Smith and Griffiths, 1993)
mainly because of photosynthesis depression (Quick et al., 1992; Flexas et al., 2002;

Lawlor and Cornic, 2002; Monclus et al., 2006; Galle et al., 2007).

Although photosynthesis responses of plants to water deficit have been the subject
of study by plant physiologists for decades, in the majority of such studies the focus has
been on physiological responses during the actual drought stress treatments themselves.
In a crop production context, of equal or perhaps greater importance is the ability of the
crop to regain full photosynthetic capacity once the soil water deficit stress is relieved,
since crops are very often exposed to short term, cyclic drought stress episodes. Only
recently has this aspect of drought stress physiology received appropriate attention (e.g.
Ennahli and Earl, 2005; Miyashita et al., 2005, Flexas et al., 2006a; Galle et al., 2007,

Galmes et al., 2007).
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In the classical view, photosynthetic limitations induced by water stress were
broadly divided into two categories: stomatal vs non-stomatal. Stomatal limitations arise
from stomatal closure during water deficits, leading to an increased resistance to
diffusion of CO, from the atmosphere into the leaf interior, and therefore a reduced leaf
internal CO, concentration (C,). The value of C, is calculated from leaf gas exchange
measurements; C, specifically estimates the CO; concentration in the gas phase in the
sub-stomatal cavity. In some cases it was observed that photosynthetic rates were
suppressed more than could be accounted for by stomatal effects (that is, by the reduction
in C)); such residual effects were considered to be “non-stomatal”, and were generally
assumed to be biochemical in nature (e.g. Ephrath, et al., 1993, cited by Ennahli and Earl,
2005; Faver et al., 1996; Medrano et al., 2002). However, in recent years this view has
changed, since it has become apparent that non-stomatal limitations also have a
significant diffusive component. Specifically, the resistance to CO, diffusion from the
sub-stomatal cavity to the carboxylation site in the interior of the chloroplast is similar in
magnitude to the stomatal resistance (see reviews by Warren, 2008 and Flexas et al.,
2008). That is, in addition to reductions in stomatal conductance (g;), water stress may
also reduce the mesophyll conductance to CO; (gn). This shift in understanding has
important implications for the search for specific traits or even specific genes that could

enhance crop productivity under water stress.

4.3 RESEARCH OBJECTIVES

1. To compare six commercial soybean cultivars for their ability to recover

photosynthetic capacity following relief of a severe, cyclic drought stress treatment.
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2. To determine the relative importance of stomatal vs mesophyll resistance to
CO; diffusion, as component limitations to photosynthesis following recovery from

drought stress in soybean.
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4. 4 MATERIALS AND METHODS
4.4.1 Plant materials

Six Ontario-adapted, commercial soybean varieties, including OAC Bayfield,
OAC Lakeview, RCAT Pinehurst, RCAT Corbett, RCAT Matrix, and 26-02R already
known to differ for dark-adapted leaf epidermal conductance (gga; Walden, 2009) were

grown in a University of Guelph greenhouse from March 24", 2010 to April 30", 2010.

4.4.2 Growth medium

A 2:1 v/v mixture of granitic sand (B-sand, Hutcheson Sand Mixes, Huntsville ON)
and a peat-based potting mix (Premier pro-mix PGX, Premier Horticulture Inc.,
Quakertown, PA) were used as a medium for this experiment. The second fraction of the
medium was different from the previous experiment (Chapter 3) because nutrient
deficiency symptoms were observed with that previous system, perhaps attributable to
inconsistencies in the composition of the commercial topsoil fraction. Then, 2.5-L white

plastic containers without drainage holes were filled with 3400 g of the soil mixture.

For each replication, two additional 2.5-L pots were prepared, with four drainage
holes covered by nylon screen. These were saturated with water, capped with lids with a
small hole, and then allowed to drain overnight to determine the saturated weight. Next,
the soil from those pots was dried in a forced air oven at 80°C to constant weight to
determine the soil dry weight. These data were used to calculate the water holding

capacity of the medium.
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4.4.3 Fertilizing and planting

After adding water to bring the soil water content to 50% of pot capacity, a
commercial fertilizer (20-20-20 plus micronutrients, Plant Products Co. Inc., Brampton
Ontario, Canada) was added as a 1% solution (w/v) at the rate of 100 mL per pot. Ten
seeds were planted per pot in holes 1 cm in depth, in two separate pots for each of the six
varieties in each replication, and inoculated by 1 ml per seed of a commercial liquid
soybean inoculant (Bradyrhizobium japonicum and a patented strain of Bacillus subtilis;
Becker Underwood, Saskatooﬁ, SK). Additional water was added to bring the soil water

content to 75% of pot capacity.

After thinning to one seedling per pot at the V1 growth stage, another 100 ml of
fertilizer solution was added to each pot, and pots were capped with fitted white plastic
lids, each with two holes 1 cm in diameter, one for the seedling to grow through and
another one to water the plants using a funnel. Pots were arranged in a Randomized
Complete Block Design (RCBD) with 6 replications planted sequentially with a 1-d
interval between replications, and grown in a greenhouse with day / night temperature
settings of 25 / 18°C and a 16-h photoperiod. Overhead high pressure sodium and metal
halide lamps delivered an additional flux of photosynthetically active radiation of

approximately 600 pmol m™ s™ at the top of the pots (Figure 4.1).
4.4.4 Treatments

There were two watering treatments: (1) Water replete) plants were kept well-

watered at all times by.daily computer-automated weighing and watering of pots to
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prevent water stress, and pot water content was maintained between 55 and 75% relative
soil water content (RSWC), which is sufficient to prevent water stress in this culture
system (Hufstetler et al., 2007); (2) Cyclic drought stress) beginning at the V2 plant
growth stage the RSWC of every each pot was allowed to decline by 10% per day over
one week (from 75% to 15%) and then maintained at 15% for one more day. Then pots
were watered to 75% of RSWC for one day, and then the 1-week drought cycle was
initiated again. At the end of the second cycle the RSWC was returned to 75%, and the
plants were allowed to recover for 24 h prior to making gas exchange and chlorophyll

fluorescence measurements.

4.4.5 Fluorescence and gas exchange measurement

At 24 h after re-watering, gas exchange and fluorescence measurements were made
using two Portable Photosynthesis Systems ( LI-6400, LI-COR Inc., Lincoln NE) each
equipped with an LED-based fluorescence / light source attachment called the Leaf
Chamber Fluorometer (Model 6400-40) (Figure 4.2) . For each measurement, one
attached leaflet of the second youngest fully expanded leaf was put in the chamber such
that it completely covered the 2-cm? circular chamber area. Leaf temperature was
maintained at 25°C using the chamber’s Peltier coolers, and chamber CO, concentration
was controlled at 360 uL L using the system’s CO; injector (Model 6400-01, LI-COR).
The sample side (chamber) flow rate was 250 umol s™'. Measurements were made at two
PPFD levels - 250 and 1200 pmol m™s™ - provided by a mixture of red (90%) and blue
(10%) LEDs. The leaf was allowed to reach steady state stomatal conductance (g;) and net

CO, assimilation rate (Ay), and then leaf gas exchange data were recorded and the steady
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state chlorophyll fluorescence signal (Fs) and maximum (light saturated) chlorophyil
fluorescence signal (F’y) were determined. The modulation rate of the fluorometer
measuring light was 0.5 kHz for the determination of Fg, and then increased to 20 kHz
during the saturation pulse protocol for determining F’y. The “ramp pulse” protocol of
the LI-6400 was used to estimate the true F’y; at infinite pulse intensity, similar to the

method proposed by Earl and Ennahli (2004).

The quantum efficiency of Photosytem II (®y;) was calculated according to Genty
et al. (1989):
Oy =Fm—Fs)/F'ym,
Then, the Photosytem II linear electron flux (J.) was calculated as:
Je=a x fi;x PPFD x @y,
(Loreto et al., 1994) where a is leaf absorptance of incident PPFD, and f;;is the
proportion of o x PPFD absorbed by the light harvesting complex of PSII, assumed to

be 0.5 for C; plants (Earl and Tollenaar, 1998).

The CO; concentration at the carboxylation site in the chloroplast (C¢) was
calculated according to Lal et al. (1996) as:
Cc=(Vc/Vo) x (Oc/Ks),
where V¢ /Vj is the ratio of carboxylation rate to oxygenation rate, which was calculated
as:
Ve/Vo =(Je+8Ag)/ (2] —8Ag),  (Ennahli and Earl, 2005)
where Ag is the gross CO, assimilation rate, estimated as:

Ag = An TRy,
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where Ay and Ry were net CO, assimilation rate and dark respiration rate, respectively.
Oc is the partial pressure of oxygen at the carboxylation site of chloroplast, assuming that
the atmospheric to chloroplastic O, concentration gradient is negligible (Gerbaud and
André, 1987). Ks is the temperature-adjusted CO, / O, specificity of RuBisCO
calculated as:

Ks =Oc /(2T™*)
where I'* is the CO, compensation point in the absence of dark respiration, calculated as
per Bernacchi et al. (2001):

[*=¢ (19.02-37.83/1‘/0.0083144)/1000000

where T is leaf temperature (K).

Finally, the mesophyll conductance (gn,) was calculated according to Epron et al.
(1995) as:
gm=An/(Ci - Co),
where C; is the substomatal CO, concentration determined from gas exchange

measurements.

4.4.6 Leaf absorptance of actinic light (a)

Leaf absorptance of photosynthetically active radiation (&) within the LI-6400
chamber was estimated for another leaflet of the same leaf used for the gas exchange /
fluorescence measurements using an LI-1800-12B external integrating sphere (LI-COR,
Figure 4.3), in combination with a diode array reflectance spectrometer (Unispec DC, PP
Systems, Harverhill, MA, Figure 4.4). Only one channel of the spectrometer was used for

these measurements, and the fibre optic of this channel was fitted to the appropriate port
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of the integrating sphere using a custom made adapter. Each data scan consisted 0f 256
readings at 3.2-nm intervals between 300 and 1100 nm. The leaf sample was installed in
the sample port of the sphere, adaxial surface facing inward, and a reference scan was
made with the columnated halogen light source aimed at the internal reflective (barium
sulphate) standard. Then, a reflectance scan was made with the light source aimed at the
leaf sample inside the sphere, and finally the leaf was turned adaxial side outward and a
transmittance scan was made with the light source aimed at the leaf surface from the
outside of the sphere. For each leaf, fractional absorptance at the centre of each 3.2-nm
waveband (A;) was calculated as:

A, = 1 —reflectance, /reference, — transmittance,, / reference;

Finally, the total absorptance of photosynthetically active radiation (PAR) in the
chamber (a) was calculated by multiplying A, in each 3.2-nm waveband by the fraction

of total PAR from the light source in that waveband, and then summing the products.

4.4.7 Leaf water status

After taking three 2-cm diameter leaf disk samples from the same leaflet used for the
gas exchange measurements, their fresh weight was recorded and then they were submersed
in distilled water for 24 h at room temperature (25°C) to determine the leaf disk turgid
weight. Next, the disks were dried in a forced air oven at 80°C for about 24 h to determine

their dry weight. The leaf relative water content (LRWC) was calculated as:

LRWC = (fresh weight — dry weight) / (turgid weight — dry weight)
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4.4.8 Dark-adapted epidermal conductance and dark respiration

After doing all measurements mentioned above, plants were moved to a dark
room at 20°C at the end of the day. After 36 h of dark adaptation, leaf water vapouf and
CO, exchange measurements were made on the third leaflet of the same leaf used for
previous measurements, the second youngest fully expanded leaf, using the closed gas
exchange system described in Section 3.4.2.1. All measurements were carried out in dim
light (<3 pmol m™ s™) from a green light source. Dark-adapted leaf conductance to
water vapour (g4ark) Was calculated as described previously, and measured dark
respiration was adjusted to a temperature of 25°C, assuming a Qo of 2.0. Following the
gas exchange measurement, the leaflet area (LA) was determined using an LI-3100C leaf

area meter (Licor Inc., Lincoln NE).

4.4.9 Relative mesophyll diffusive resistance
To calculate the relative mesophyll resistance (/,), first stomatal resistance (r)
and mesophyll resistance (ry,) were calculated as follows:
rs=1/gs  tm=1/gm
Then, I, according to Jones (1985) was calculated as:

In=1n/ (ts+ 1)

4.4.10 Data analysis
An analysis of residuals was used to identify observations that were outliers; the

internal studentized residuals were computed for each observation. Then the observations
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with internal studentized residuals having an absolute value higher than the critical value
at a Type I error rate of 0.05 for Lund’s test of studentized residuals were declared as
outliers and removed (Bowley, 2008). Next, the results were analysed using PROC GLM
in SAS in order to determine whether there was significant variation between the two
treatments for any measured parameters, and if there were any interactions between

cultivar and treatment using a Type III error rate of 0.05.
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4.5 RESULTS
4.5.1 Effects of water stress on plant growth and leaf water status

As can be seen in Table 4.1, there was a significant genotype main effect for ggak
(p<0.0001), leaf area (LA) (p = 0.0004), and Rq4 (p = 0.02). Furthermore, gs and Cc
showed a significant difference among cultivars at the light level‘ of 250 pmol m? s (p =
0.02 ; p = 0.004, respectively). In addition to g; and Cc, gn, at the light level of 1200 pmol
m s showed significant differences among cultivars (p = 0.02; p = 0.0002; p = 0.03,

respectively) (Table 4.1).

Treatment x cultivar interactions were found for none of the traits measured in the
experiment, so subsequent analyses concentrated on treatment main effects. Compared to
control plants, plants exposed to water stress showed significant decreases of around 50%
for total plant dry weight (TDW), shoot dry weight (SDW), and root dry weight (RDW),

while the root : shoot ratio (R/S) did not show significant change (Table 4.2).

Table 4.2 also shows that drought stress caused a dramatic drop in the leaf area
(LA) of the second fully expanded leaf (30%), as well as the specific leaf dry weight

(SLW) (6.5%), and the dark-adapted leaf epidermal conductance (g4ark) (32%).
In contrast, leaf relative water content (LRWC) was significantly higher in the

plants that had been exposed to cyclic drought stress (3.4%), as was the rehydrated leaf

water content/leaf fresh weight ratio (RLWC/LFW) (4.5%).
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4.5.2 Effects of water stress on WUE and its components

There were no significant treatment, cultivar, or treatment x cultivar interaction
effects on water use efficiency (WUE), though both of its components, namely TDW and
plant water use (WU), were reduced by approximately the same amount (50%) when the
plants were exposed to cyclic water deficit in comparison to the well watered condition

(Table 4.2).

4.5.3 Recovery of An following drought stress

As can be seen in Table 4.3, 24 hours after re-watering, the net CO; assimilation
rate (An) of second fully expanded leaf was significantly reduced, about 21% and 25% at
light levels of 250 and 1200 umol m™s™!, respectively, in comparison to the control. This
reduction in Ax was paralleled by changes in several parameters underlying An. At 250
pmol m™ s PPFD, there were significant reductions in both gs (36%) and gy, (33%). The
reduction in C¢ (26%) led to a large reduction in V/V, (26%), while the reduction in C,
was relatively minor (7%). In contrast, ®;; and J. did not show any difference in

comparison with the control.

At 1200 pmol m™ 5™ PPFD, there were similar trends for Ay and its component
limitations as seen at the lower PPFD level, with a 25% decrease in Ay accompanied by
considergble reductions in gs(31%), gm (21%), C. (20%), and the V./ V, ratio (19%),
while there was a slight drop in ®y;(9%). In addition, across the light levels there was a
significant decrease in Rq (37%) while a slight increase in a (2%) was observed with

exposure to water stress.
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4.5.4 The relationship between Ay and potential limitation factors

Pooling all data together showed good correspondence between Ay and the other
components including C., g, and g at both light levels of 250 pmol m? s (Figures 4.5;
4.6;4.7) and 1200 pmol m™ s (Figures 4.8; 4.9; 4.10). In contrast to the strong
relationship between Ay and Cc, no relationship was found between Ay and C, (Figures
4.11 and 4.12). This was because leaves with very low g values generally had relatively

high apparent C, values (Figures 4.13 and 4.14).

4.5.5 Magnitude of gas phase diffusive resistance components

To compare the relative importance of the two main gas phase diffusive resistance
components, stomatal and mesophyll resistances, the relative mesophyll diffusive
limitation (/,) was calculated as mentioned previously. Its relationship with Ay under two
different treatments, drought and water replete, are shown in Figures 4.15 and 4.16.
These figures show that at both light levels the relative magnitude of the mesophyll
resistance, as a fraction of the whole diffusive resistance from stomata to carboxylation
sites in chloroplast stroma, was as high as 80% in some leaves, 24-h after relieving the

drought stress.
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4.6 DISCUSSION

In the present study, to compare the ability of six Ontario-adapted commercial
soybean cultivars to recover their photosynthetic capacities following a simulated severe
water stress, two cycles of controlled soil dry down were applied over a period of two
weeks in a greenhouse. The water stress treatment reduced plant growth, with significant
reductions in both shoot and root dry matter. On the other hand, there was no significant
effect of water shortage on whole plant WUE because both WUE components, TDW and
WU, were reduced by the same amount (about 50%). This is in contrast to Walden’s
finding (2009) of a decrease in WUE under drought conditions in comparison with water
replete conditions. The culture system used for the current experiment was different from
soil medium used by Walden (2009), so different water holding capacity and / or fertility
of these two media could affect the severity of drought stress and its effect on WUE.
Similarly, because SDW and RDW both declined by the same amount, R/S was
unaffected by the water deficit treatment (Table 4.1). However, the water stress treatment
caused a steep decline in gga (p< 0.0001) (Table 4.1), which confirmed previous
findings by Walden (2009). With respect to Walden’s finding (2009) that gqar is a
predictor of gs, so when the plant is adapting to water shortage conditions through

stomatal closure which causes a decrease in gs, 8q4ark Was also reduced.

Interestingly, the LRWC in the leaves exposed to water stress showed a
significant increase in comparison to the control. Moreover, the same substantial change
was found in the LWC/LFW and the RLWC/LFW ratios, while SLW significantly

dropped (Table 4.1). It can be concluded that the leaves that experienced the two week
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cyclic drought stress had significantly less DW per unit area and per unit fresh weight

than the control.

The rate of leaf photosynthesis was significantly lower in plants recovering from
water stress than in control plants. Despite these large differences, @y (Table 4.2) only
showed a negligible decrease (9%), and only at the higher light level. This result showed
that the severe water stress treatment did not significantly impact the capacity of the
photosynthetic light reactions, as also reported by Reddy et al. (2004), Gale et al. (2009),

Galle et al. (2007), and Galmes et al. (2007a).

In terms of components limiting photosynthetic recovery, compared to control
plants, plants exposed to water stress had a significant residual reduction in gs (Table 4.2)
as has been shown before (e.g. by Cornic, 1994; Flexas et al., 2004; and Flexas et al.,
2006a). It generally means that photosynthesis could be limited via water deficit-induced
stomatal closure. In the same way, water stressed plants showed large decreases in gp,.
These results are in line with previous studies, where a decrease of g, has been observed
during water stress (confirming findings by Ennahli and Earl, 2005; Gale et al., 2009;
Grassi and Magnani, 2005; Monti et al., 2006; Galmes et al., 2007b). In addition,
chloroplast CO; concentrations were strongly reduced (Table 4.2). However, gas phase
leaf internal CO; concentrations (C,) were only slightly reduced (Table 4.2). This implies
that it was the decrease in gp, not g, that was the most important effect reducing
photosynthesis during recovery from water stress in this experiment. Furthermore, g,

gm, and C. all showed strong correlation with Ax, while C, did not show any meaningful
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correspondence with Ay at either PPFD level (Figures 4.11 and 4.12). As shown in
Figures 14.13 and 14.14, when C; was plotted versus gs the same pattern emerged at both
PPFD levels; under the water shortage, as Ennahli and Earl (2005) reported, the An/C;
relationship tended to be erratic; in other words there was high calculated C; at the low
level of g, induced by water deficit. In fact, the ’high C; at low g, implies that g; was not
limiting to CO, assimilation in those leaves with low g; values. Another possibility is
that there were greater biochemical limitations at the level of the chloroplast, but if that
were the case a change in the An/Cc relationship would also be expected, and that was

not apparent (refer to Figures 4.5 and 4.8).

Moreover, regarding the relationships shown in Figures 4.15 and Figure 4.16, the
relationship between An and /,, showed that g, is the major persistent photosynthetic
limitation following recovery from drought stress in soybean, as was reported before by a
few researchers (e.g. Ennahli and Earl, 2005) although some researchers identified
reduction in leaf internal CO; concentration (C;) following the stomatal closure as the
major reason for leaf photosynthetic rates suppression under mild or moderate water
stress (reviewed by Chaves, 1991; Cornic, 2000; Flexas et al., 2004). These present data
support the idea that g, can respond to drought stress in much the same way as g, as

suggested by Flexas et al. (2007).
On the other hand, regarding the lack of correlation between Ay and C; at low g,

it should be considered that C; estimates tend to be unreliable at very low g, which might

exaggerate the apparent magnitude of nonstomatal limitations to photosynthesis. This
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overestimation could be because of two reasons. First, the estimation of C, from gas
exchange measurements relies on the assumption that there is the same gas phase
diffusive pathway for CO; and water vapour. When the plant is exposed to severe water
shortage and stomatal conductance is very low, this assumption leads systematically to
overestimation of C,, because the non-stomatal (cuticular) water vapour exchange
becomes a non-negligible fraction of the total (Boyer, et al., 1997). Second, non-uniform
stomatal closure sometimes occurs during water stress, and this too leads to
overestimation of C, from gas exchange measurements (Downton et al., 1988; Meyer and

Genty, 1998).

In conclusion, these results indicate that increased resistance to CO, diffusion
between the substomatal cavity and chloroplasts, that is, reduced g, constitutes a major
component of the persistent limitation to photosynthesis in soybean following recovery
from water stress. Also, because significant genetic diversity was found for gy, in this
experiment (Table 4.1), g must be considered as a potentially important determinant of

variation for leaf photosynthesis and possibly crop productivity in soybean.
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Table 4.1. The genotype effect and genotype LSMEANS for second fully expanded leaf leaflet area (LA), dark-adapted
leaf conductance (g4qrx), dark respiration (Ry), stomatal conductance (gs) and CO, concentration in the chloroplast

(Cc) at 250 pmol m™ s PPFD and g,, Cc and mesophyll conductance (gz) at 1200 pmol m™ s™ PPFD of six Ontario-
adapted soybean cultivars. Values are means across the two watering treatments.

PPFD 250 PPFD 1200

LA Sdark Ry o Ce o Cc m
Cultivar (cm?)  (mmol m?%™") (umol m?s™) (mmol ms")  (ppm) (mmol m?s™)  (ppm) (mmol m?s™)
26-02R 70 224 0.85 103 150 187 136 260
RCAT Corbett 68 20.8 091 81 125 118 101 163
RCAT Matrix 56 19.5 0.83 112 158 156 132 270
OAC Bayfield 55 14.8 0.98 116 159 137 115 200
OAC Lakeview 71 18.7 0.71 88 127 128 105 180
RCAT Pinehurst 59 22.4 0.91 115 149 112 97 130
P-value 0.0004 <0.0001 0.02 0.02 0.004 0.02 0.0002 0.03
LSD g5 9 2.23 0.15 25 21 45 193 75
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Table 4.2: The treatment effect and I.SMeans for TDW, SDW, RDW, R/S, WU, WUE,
LA, LRWC, SLW, LWC/LFW, RLWC/LFW, and g4.r in a water replete treatment
(control) and in a cyclic drought treatment (drought) for six Ontario-adapted soybean
cultivars. The P-value given is for the treatment main effect.

Treatment LSMean SE P value
control 19.32 0.62

Total dry weight (TDW) (g) <0.0001
drought 9.62 0.68
control 13.11 0.32

Shoot dry weight (SDW) (g) <0.0001
drought 6.68 0.32
control 6.21 0.32

Root dry weight (RDW) (g) <0.0001
drought 2.94 0.32
control 2.36 0.05

Root : shoot dry weight ratio (R/S) 0.98
drought 2.36 0.05
control 4.54 0.13

Plant water use (WU) (L) <0.0001
drought 2.23 0.13
control 4.28 0.11

Water use efficiency (WUE) (gL™) 0.37
drought 4.27 0.11
control 72.85 1.90

Leaf area (LA) (cm?) <0.0001
drought 53.49 1.98
control 0.87 0.01

Leafrelative water content (LRWC) 0.0066
drought 0.90 0.01
control 49.73 1.67

Specific leaf weight (SLW) (g cm™) 0.007
drought 43.12 1.67
control 0.77 0.005

Leaf water content : leaf fresh weight (LWC/LFW) : <0.0001
drought 0.82 0.005
control 0.88 0.006

Rehydrated leaf water content/leaf fresh weight

(RLWC/LFW) (g™ <0.0001
drought 0.92 0.006
control 23.1 1.1

Dark adapted epidermal conductance (gg) (mmolm?s™) <0.0001
drought 15.7 2.0
control 0.88 0.003

PAR leaf absorptance (o) 0.0081
drought 0.89 0.003
control 1.06 0.031

Dark respiration (Rg) (umol m~? s-") <0.0001
drought 0.67 0.029
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Table 4.3: The treatment effect and LSMeans for leaf-level measurements made at two PPFD levels, for a
water replete treatment (control) and during recovery from a cyclic drought treatment (drought) for six

Ontario-adapted soybean cultivars. The P-value given is for the treatment main effect.

PPFD 250 pmol m? 5™ PPFD 1200 pmol m”s™
Treatment LSmean SE P value L.Smean SE P value

contro] 7.9 0.3 16.2 0.8

Net CO, assimilation rate (Ax) (umol m?s™) <0.0001 0.0009
drought 6.2 0.3 12.2 0.8
control 9.0 0.3 17.3 0.8

Gross CO, assimilation rate (A,) (pmol m?s™) <0.0001 0.0003
drought 6.9 0.3 12.9 0.8
control 125 5 165 9

Stomatal conductance (g,) (mmol m? s™) <0.0001 0.0003
drought 80 4 114 9
control 260 4 205 5

Internal CO, concentration (C,) (ppm) 0.0011 0.10
drought 242 4 193 5
control 0.67 0.006 0.33 0.009

Quantum efficiency of photosytem H (®y) 0.22 0.025
drought 0.66 0.005 0.30 0.009
control 74 1 177 5

Linear electron flux (J,) (pmol m? s™) 0.69 0.071
drought 73 1 164 5
control 1.95 0.05 1.49 0.04

Carboxylation rate : oxygenation rate ratio (Vc/Vo) <0.0001 <0.0001
drought 1.45 0.05 1.20 0.05
control 166 4 127 4

Chloroplast CO; concentration (C.) (ppm) <0.0001 <0.0001
drought 123 4 102 4
control 95 10 225 15

Mesophyll conductance (g;;,) (mmol m?Zsh 0.0060 0.030
drought 64 10 177 15
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Figure 4.1: Plants growing in the greenhouse in pots without
drainage holes, with caps to prevent evaporation from the soil;
medium was 2/3 sand 1/3 peat-based potting mix. Yellow traps
were used to protect plants against greenhouse pests.
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Figure 4.2: The LI-6400 XT portable photosynthesis system equipped
with LED-based fluorescence / light source attachment (Model 6400-40).
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ot

Figure 4.3: LI-1800-12B external integrating sphere (LI-COR)
to measure reflectance and transmittance of leaves between
400 and 700 nm. '
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Figure 4.4: The reflectance spectrometer (Unispec DC, PP
Systems, Harverhill, MA) used in combination with the
LI-1800-12B integrating sphere.

84



12

B control
L |
10 4 O drought .'D
. Ull.
D o
- ]
£ [ |
0 6 ﬁﬂfm
£ g
2
4 |
4 o”
od
2 |
g o
O I T T T T
0 50 100 150 200 250 300

Ce(ppm)

Figure 4.5: The relationship between net CO; assimilation rate (Ay) and chloroplast CO;
concentration (C.) under a PPFD level of 250 pmol m™ s across the six Ontario-adapted
soybean varieties grown under control treatment (®) and cyclic drought stress treatment
(0). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.6: The relationship between net CO, assimilation rate (Ax) and mesophyli
conductance (gy,) under a PPFD level of 250 pmol m s across the six Ontario-adapted
soybean varieties grown under control treatment (B) and cyclic drought stress treatment
(0). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.7: The relationship between net CO, assimilation rate (Ay) and stomatal
conductance (gs) under a PPFD level of 250 pmol m™ s across the six Ontario-adapted
soybean varieties grown under control treatment (W) and cyclic drought stress treatment
(0). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.8: The relationship between net CO; assimilation rate (Ax) and chloroplast CO,
concentration (C.) under a PPFD level of 1200 pmol m™ s across the six Ontario-
adapted soybean varieties grown under control treatment (W) and cyclic drought stress
treatment([J). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.9: The relationship between net CO, assimilation rate (An) and mesophyil
conductance (gn) under a PPFD level of 1200 pmol m s™" across the six Ontario-adapted

soybean varieties grown under control treatment (M) and cyclic drought stress treatment
(00). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.10: The relationship between net CO, assimilation rate (Ay) and stomatal
conductance (g;) under a PPFD level of 1200 pmol m? s across the six Ontario-adapted
soybean varieties grown under control treatment (W) and cyclic drought stress treatment
(0). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.11: The relationship between net CO, assimilation rate (An) and sub-stomatal
(internal) CO; concentration (C,) under a PPFD level of 250 pmol m? s across the six
Ontario-adapted soybean varieties grown under control treatment (W) and cyclic drought
stress treatment ([1). Data were recorded 24 h after relieving the drought stress by re-
watering.
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Figure 4.12: The relationship between net CO, assimilation rate (An) and sub-stomatal
(internal) CO; concentration (C,) under a PPFD level of 1200 pmol m™ s across the six
Ontario-adapted soybean varieties grown under control treatment (W) and cyclic drought

stress treatment (). Data were recorded 24 h after relieving the drought stress by re-
watering.
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Figure 4.13: The relationship between internal CO, concentration (C,) and stomatal
conductance (g;) under a PPFD level of 250 pmol m™ s across the six Ontario-adapted
soybean varieties grown under control treatment (M) and cyclic drought stress treatment
(0O). Data were recorded 24 h after relieving the drought stress by re-watering.
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Figure 4.14: The relationship between internal CO, concentratlon (C ) and
stomatal conductance (g;) under a PPFD level of 1200 pmol m™? s across

the six Ontario-adapted soybean varieties grown under control treatment (M) and
cyclic drought stress treatment (). Data were recorded 24 h after relieving the
drought stress by re-watering.
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Figure 4.15: The relationship between carbon assimilation rate (An) and relative
mesophyll resistance (/m) under a PPFD level of 250 umol m™ 5! across the six
Ontario-adapted soybean varieties grown under control treatment (M) and cyclic
drought stress treatment (). Data were recorded 24 h after relieving the drought
stress by re-watering.
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Figure 4.16: The relationship between carbon assimilation rate (Ax) and relative
mesophyll resistance (/m) under a PPFD level of 1200 pmol m™ s across the six
Ontario-adapted soybean varieties grown under control treatment (M) and cyclic
drought stress treatment (). Data were recorded 24 h after relieving the drought
stress by re-watering.
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CHAPTER 5

Traits Related to Water Use Efficiency in Soybean (Glycine max L. Merr.) — Do

Greenhouse Screens Predict Field Results?
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5.1 ABSTRACT

Dark-adapted leaf conductance (gqark) is a trait shown to be negatively correlated
with water use efficiency (WUE, amount of crop dry matter produced per unit soil water
transpired) in soybean. Six soybean cultivars were grown under natural, rain-fed
conditions in the field. In the greenhouse, the same six cultivars were grown under both
continuously water-replete and cyclic drought stress conditions, to see which of these
would best correlate with field results. In addition to gg.«, WUE was measured
(greenhouse only), as well as leaf-level gas exchange traits associated with WUE (net
CO; assimilation rate (Ay), stomatal conductance (g;), leaf internal CO, concentration
(Ci), chloroplast CO; concentration (Cc), and mesophyll conductance (gn)). In the field,
stomatal length (Ls) and stomatal density (Ds) were also measured. Although there was
significant genetic variation for both gy, and Ds in the field (p <0.0001), these
parameters were not correlated. 'WUE and gga were significantly negatively correlated
to each other (r = - 0.85, p = 0.03) in the well watered condition in the greenhouse. Field
Z4ark Was significantly correlated with greenhouse ggq (r = 0.87, p = 0.03) in the drought
condition, greenhouse g, in the drought condition (r = 0.89, p = 0.02), and also with
greenhouse C; (r = 0.86, p = 0.03) across the treatments. In addition, greenhouse gqark in
the drought condition was correlated with ﬁéld gs (r=0.84, p=0.03). Greenhouse Ay in
the water replete condition and field Ay were significantly correlated (r = 0.81, p = 0.05).
Field C; was correlated with greenhouse C; in the drought condition (r = 0.83, p = 0.03)
and across the treatments (r = 0.93, p=0.01). In general it was concluded that
greenhouse measurements made under the drought treatment were most predictive of

genotypic variation for these traits in the field.
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5.2 INTRODUCTION

Water use efficiency (WUE), the amount crop dry matter produced per unit of
water vapour transpired, constitutes one of the most important traits controlling plant
productivit‘y under water-limited conditions. A better understanding of the physiological
bases of water use efficiency and its genetic diversity is the first prerequisite to
understand how to improve it, through biotechnology or traditional breeding methods.
However, WUE measurement is rather difficult to carry out in the field, which limits its

application as a selection criterion in plant breeding.

Recently, an easily-measured leaf trait, gqar, has been shown to be predictive of
WUE in greenhouse experiments. For instance, in greenhouse studies Fish and Earl
(2009; cotton), Hufsteletler et al. (2007; soybean) and Walden (2009; soybean) found a
strong negative correlation between WUE and dark-adapted leaf epidermal conductance
(gdark)- Also in greenhouse screens, significant variation for gqgar has been found among
the commercial soybean germplasm adapted to Ontario (Walden, 2009). However, to
date there is no information on whether greenhouse screens for guak accurately predict

how soybean genotypes differ for this trait under field conditions.

The physiological basis of the correlation between gqark and WUE is only partially
understood. It appears that high gqark correlates with high stomatal conductance (gs) and
leaf internal CO, (C)) of leaves during the day (e.g. Walden, 2009). This is consistent
with the negative correlation between gy, and WUE since well-established theory

indicates that leaf-level WUE — the ratio of net CO, assimilation (An) to transpiration — is
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negatively correlated with C;). However, it is still unclear why gg. would predict either
gs or C;. Some studies which have shown that water deficit leads to a change in stomatal
density (Ds) (McCrea and Davis, 1974; Cutler et al., 1977) and stomatal length (L)
(Cutler et al., 1977; Quarries and Jones, 1977; Spence et al., 1986), indicating this may
enhance the adaptation of plants to drought (Cutler et al., 1977; Spence et al., 1986). Such
leaf morphological traits may affect leaf gas exchange quite markedly (Woodward, 1987;
Nilsson and Ashman, 2007). Therefore, one possibility is that leaves with high stomatal
density or large stomata are “leakier” at night (due to the fact that stomata are poorly
cuticularized), thus increasing gqar, and that these high stomatal densities or larger
stomatal sizes are also associated with higher g; and C; (D;: e.g. Zhenzhu and
Guangsheng, 2008; Gizt III et al., 2005; Muchow and Sinclair,1989; L;: e.g. Paje et al.,
1988; Walden, 2009). Indeed, there are examples in other species of stomatal density
being correlated with minimum leaf epidermal conductance (Muchow and Sinclair,
1989), although, it should be noted that g¢a, measured on dark-adapted but freshly
detached leaves, is already known to be a different trait from minimum epidermal
conductance which is measured on leaves that have started to wilt (Walden, 2008; Fish

and Earl, 2009).

5.3 RESEARCH OBJECTIVES
1. To determine if genotype differences in gg,r identified in greenhouse
experiments predict genotype differences for this trait in the field.
2. To determine if stomatal density or stomatal size explain genotype differences

in gyark Under field conditions.
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5.4 MATERIALS AND METHODS
5.4.1 Greenhouse study

Data from the same greenhouse study described in Section 4.4 of the previous
chapter were compared to the field data. Six commercial soybean cultivars adapted to
Ontario (26-02R; OAC Bayfield; RCAT Corbett; OAC Lakeview; RCAT Matrix; RCAT
Pinehurst) were grown under both water-replete (control) and cyclic water stress
treatments, and then combined leaf gas exchange / chlorophyll fluorescence
measurements were made on second youngest fully-expanded leaves. Destructive
harvests were conducted to determine whole-plant dry matter-based WUE. For further

details on culture conditions, treatments, and measurements, refer to Section 4.4.

5.4.2 Field study
5.4.2.1 First year (2008)

The same six Ontario-adapted soybean varieties listed above were planted by a
corn planter at the Elora Research Farm (43°38’ 27.76” N, - 80° 24’ 20.43” W) in plots 5
m long, each consisting of seven 18-cm rows, with four complete replications in a RCB
design on June, 6 2008. Seeding rate was 50 m™. Weed control was via glyphosate
(Roundup) applied preplantat 2 L ha! and Basagran Forte at the V2 stage, also at

2 Lha',

On three different dates (49, 70 and 95 days after planting) two plants from each

plot were cut off at ground level (Figure 5.1). Stems were immediately re-cut under water
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to prevent Xxylem embolisms, and the cut ends were kept under water while the plants

were transported to a dark room kept at 20°C.

After approximately 40 h of dark adaptation, H>O vapour exchange measurements
for the calculation of gq4,« Were made on two freshly detached leaves per plant (the
second and the third youngest fully expanded leaves) using a closed gas exchange

system, as described in Section 3.4.2.1.

5.4.2.2 Second year (2009)

The same field experiment was established again at the Elora Research Farm on
May 22, 2009 using the same methods as in 2008, except that no herbicide applications
were made and weeds were controlled via hand weeding as required (Figure 5.2). Leaf
gas exchange measurements were made in situ (54, 78 and 116 days after planting, before
senescence) on the second youngest fully expanded leaf of one plant per plot (Figure
5.3). Measurements were made between 10 am and 5 pm with an LI-6400XT portable
photosynthesis system, fitted with a 6400-01, red/blue LED light source (Figure 5.4).
Leaf temperature was controlled at 25°C using the system’s Peltier coolers. The
reference side CO, concentration was set to 380 pL L™, and the sample side flow rate was

250 pmol s™. The PPFD level was set to 1200 umol m?s™.

At the end of the day, plants used for gas exchange measurements were cut off at

ground level and transported to the dark room for g4,k measurements, exactly as was
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done in 2008. The leaflet used for g4 measurements was a different leaflet from the

same leaf used for leaf gas exchange measurements in the field.

After ggqaric measurement on the dark-adapted leaflet, two impressions of
the leaflet, one impression per each leaf surface, were taken using Extrude Medium
impression material (Kerr Dental, Orange CA) which formed a mold. One peel was taken
from each mold using clear nail polish. Next, each peel was examined under a
magnification of 200x (Axiophot, Zeiss, Germany) so that stomata were visible among
the epidermal cells, and a digital photograph was taken of a 0.02 mm? area. Then using
Image J imaging software (U.S. National Institutes of Health) the number of stomata in
this area was used to calculate the stomatal density (Ds) (mm™). Then, the lengths of ten
stomata randomly selected from the same digital photograph were measured and the
results were combined to give an estimated mean length of stomatal opening (Ls) for that

leaflet.

5.4.3 Data Analysis

An analysis of residuals was used to identify observations that were outliers for
the field data; the internal studentized residuals were computed for each observation.
Then the observations with internal studentized residuals having an absolute value higher
than the critical value at a Type I error rate of 0.05 for Lund’s test of studentized
residuals were declared outliers and removed (Bowley, 2008). The data were analyzed
using PROC GLM in SAS (Version 9.2, SAS Institute, Cary, NC, USA). Analysis of

variance to detect genotype and treatment main effects was conducted as described in
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Section 4.3. As discussed in Chapter 4, there were no significant treatment x genotype
interactions for any of the measured parameters. To investigate the hypothesis that
greenhouse measurements could predict field results, a correlation analysis using PROC
CORR in SAS was performed amongst all parameters measured in greenhouse and field.
In 2008, genotype LSMEANS for gq.« measured in the field consisted of the average of
two leaves per plant, two plants per plot, four plots per genotype and three measuring
days, for a total of 48 estimates per genotype. In 2009, all field gas exchange data
including g4ax Were collected for one leaf per plant, one plant per plot, four replications

and three measuring days, for a total of 12 estimates per genotype.
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5.5 RESULTS
5.5.1 Variation for traits measured

Across the two watering treatments in the greenhouse, there was significant
genotypic variation for gga (p < 0.0001), Cc (p = 0.0002), g (p = 0.003), and g; (p =
0.02) (Table 5.1). In the control treatment, significant variation was found only for ggak
and g (Table 5.2) and in the drought treatment only for gy« (Table 5.3). In addition,
WUE was not significantly different amongst cultivars across two treatments, but it

showed significant variation within individual treatments (Table 5.4).

In the field, diversity among cultivars for gq,« Was substantial in each year (data
not shown) and the average of two years for this trait also showed large genotype
differences ( p <0.0001) (Table 5.5). As can be seen in Table 5.5, substantial genotypic

variation in the field was also recorded for C, (p = 0.004) and Ds (p <0.0001).

5.5.2 Correlation among traits in the greenhouse

Table 5.6 provides an overview of correlation coefficients among different
parameters measured in the greenhouse. As can be seen in this table for the genotype
means across the treatments (Table 5.6 A), Ay was correlated with g, and Cc (r=0.98, p
= (.005, Figure Al; r=0.96, p = 0.003, Figure 6.3, respectively) and C¢ and g, were
strongly related to each other (r = 0.98, p = 0.0005, Figure A4); there was also significant

correlation between C, and g, (p = 0.83, p = 0.04, Figure A2).
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Since most of the measured parameters were strongly affected by treatments
(refer to previous chapter), the correlation analyses amongst all parameters were also
conducted separately by treatment. Although under water replete conditions WUE was
correlated with ggar (r = - 0.85, p = 0.03, Figure A9) and g; was correlated with g, (r =
0.87, p = 0.02, Figure A8), under drought conditions these two correlations were not
found (r = 0.23, p = 0.65, Figure A33; r=0.74, p = 0.09). On the other hand, some
correlations between traits were found under both treatments (Tables 5.6B and 5.6C);
i.e., Ay was correlated to gs, Cc and g, in control conditions (r = 0.94, p = 0.01, Figure
AS;r=0.86, p=0.03, Figure A6; r=0.97, p = 0.002, Figure A10, respectively) and in
drought conditions (r = 0.92, p = 0.01, Figure A12; r=0.99, p = 0.0001, Figure A13;r=
0.94, p=0.01, Figure A16, respectively) though Ay just under the drought treatment was
significantly correlated to ggar (r = 0.83, p = 0.04, Figure A14). There was significant
correlation between gn, and Cc in both water replete and drought experiments (r = 0.80, p
=0.05, Figure A11; r=10.93, p=0.01, Figure A17, respectively) as was also the case for
gsand C¢ (r=10.98, p=10.008, Figure A7;r=0.93, p=0.01, Figure A15, respectively).
However, only under water deficit condition gg.r and An were correlated (r = 0.83, p =
0.04, Figure A14); conversely gs was significantly correlated to gm only under well

watered conditions (r = 0.87, p = 0.002, Figure A8).

5.5.3 Correlation amongst traits in the field
The overview of correlation coefficients amongst different parameters measured
in the field is shown in Table 5.7. In the field, there was the strongest correlation

between ggark and gs (r = 0.95, p = 0.003, Figure A19) followed by the correlation
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between ggo and C, (r=0.82,p= Q.04, Figure A20). Moreover, g; and C, were correlated
(r=0.80, p = 0.05, Figure A18). Although there was significant variation for stomatal
density amongst genotypes (p < 0.0001) no significant genotype effect was observed for
stomatal length (p = 0.37) and neither of these two traits showed correlation with other

traits or between themselves (Table 5.7).

5.5.4 Correlations between the field and the greenhouse

Turning to relationships between field parameters and the greenhouse parameters
calculated from the analysis of the cultivar means across the two treatments in the
greenhouse (Table 5.7A), greenhouse C, and g were significantly correlated to C,
measured in the field (r =0.93 p =0.01, Figure A24;r=0.94, p=0.01, Figure A21,
respectively). In addition, there was strong correlation between greenhouse C, and field g,
and ggark (r = 0.94, p = 0.01, Figure A22; r = 0.86, p = 0.03, Figure A25, respectively)

and between greenhouse WUE and field Ay (r = 0.81, p = 0.05, Figure A23).

Analysing greenhouse parameters by treatment showed that in the greenhouse
water-replete treatment, Ay and gy, were substantially correlated with Ay in the field (r =
0.82, p = 0.05, Figure A26; r = 0.88, p = 0.02, Figure A27). However, g4ark measured
under drought conditions in the greenhouse was correlated to both gs and ggar in the field
(r=10.84, p = 0.03, Figure A31; r=0.87, p = 0.03, Figure A32, respectively) (Table 5.7B
and C). As can be seen in Table 5.7C, g in the greenhouse under drought conditions was

correlated to gs and gyark in the field (r = 0.82, p = 0.05, Figure A28; r = 0.89, p = 0.02,
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Figure A29, respectively). Furthermore, greenhouse C, and field C, showed considerable

correlation (r = 0.86, p = 0.03, Figure A30).
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5.6 DISCUSSION
5.6.1 Greenhouse

The strong correlation found between WUE and g4, under control conditions (r =
- 0.85, p = 0.03, Table 5.6B) confirmed previous findings by Hufstetler et al. (2007), Fish
and Earl (2009) and Walden (2009). However, there was no significant correlation
between these two parameters under cyclic water shortage, which is similar to Walden’s
finding (2009) with 12 Ontario adapted soybeans and a slightly different culture system.
Overall, these results confirm that gg.« can predict WUE in the greenhouse, but only

under well-watered conditions.

In addition, the gdark value was the most environmentally sensitive trait
(significant genotype by treatment interaction) among all of the different parameters
measured in the greenhouse (Table 5.2 and Table 5.3). It was decreased overall by water
shortage, and by comparing these two tables it can be seen that different cultivars showed
different responses of ggark to drought conditions. This again is the same as first reported

by Walden (2009) in soybean.

Turning to WUE, there was significant genotype effect for WUE in this

experiment. Consistent with the findings of Walden (2009), since the cultivars were

specifically chosen based on previously measured differences in WUE by Walden (2009).

However, there was no significant cultivar x treatment effect for WUE, which is

the same result found by Hufstetler et al. (2007), but different from the findings of
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Walden (2009). It the present study, the two components of WUE (plant dry weight and

plant water use) were affected similarly by the cyclic water shortage treatment.

Interestingly, gs was strongly correlated with Cc in both control conditions and
the drought treatment, and with g, under the control condition (Table 5.6B and C). On
the other hand g; did not show significant correlation with C,. This can be explained by
technical challenges associated with C, measurement (see Earl and Ennahli, 2005). The
strong correlation between gsand g, under control conditions suggests that g, was
changing in harmony with stomatal closure, as has been reported by others (e.g. Epron et
al., 1995; Warren et al., 2003; Yamori et al., 2006). This results in increased resistance
against CO, diffusion from the intercellular air spaces towards the chloroplast, and

thereby increases the C, when stomata are relatively closed.

An was correlated to gsand Cc in the control treatment (r = 0.94, p = 0.01; r=
0.86, p = 0.03 respectively) and drought treatment (r = 0.92, p=0.01; r=0.99, p
<0.0001, respectively). Comparing these correlation values indicates that Ay was related
to C¢ much more strongly in the drought condition than in the well watered condition,
which could show the relative importance of C¢ and gy, in drought condition (confirming
findings by Ennahli and Earl, 2005; Gale et al., 2009; Grassi and Magnani, 2005;
Galmes et al., 2007b). It should be noted that correlations of g, with C¢c and Ay can arise
because of autocorrelation (because they are calculated from one another). By contrast,
Ay and C, are negatively autocorrelated, so positive relationships between them may in

reality be stronger than they appear.
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5.6.2 Field

According to the strong correlation of gy to gs and C; (r = 0.95, p=0.003;r =
0.83, p = 0.04) recorded in the field, gqa appears to be a reliable predictor of g; and C; in
the field. This is consistent with Walden (2009) who showed that gy, Was an accurate
predictor of g; and C; of the same leaves under steady-state photosynthesis in the
greenhouse. In addition, gs and C; were somewhat correlated (r = 0.80, p = 0.05), but
again it should be noted that these two parameters are mathematically autocorrelated.
There is no autocorrelation between gy, and other leaf-level traits, since ggark is

measured independently.

Consistent with the findings of Paje et al. (1988) and Walden (2009) the present
study did not show significant relationships between Dg and any leaf gas exchange
parameters, including ggark, g5, ana Ci. This contrasts the results of Zhenzhu and
Guangsheng (2008) who found that in Leymus chinensis (Trin.) Tzvel. Dg was positively
correlated with both gs, and An. Lg was also not correlated with any of these traits in the

“present study, although Walden (2009) reported that Ls was weakly related to gs and Ci.
It is notable that all results mentioned above were from greenhouse studies, while the
present experiment was done in the field. Overall, it can be concluded that morphological
traits (specifically, stomatal density and size) did not have any statistically significant
effects on water vapour exchange. This further strengthens the idea that gga is a

predictor of stomatal opening per se and, consequently, WUE in the field.
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5.6.3 Do greenhouse experiments predict results under field conditions?

The relationships between observations in the field and in the greenhouse are
presented in Tables 5.8A, B and C. Surprisingly, gq4arx in the greenhouse drought
condition was correlated with gy, and g in the field (r = 0.87, p=10.03;r=0.84,p =
0.03). Although ggar across the treatments did not show a significant relationship with
Zdark in the field, C; showed itself as a potential predictor of C; in the field . It was also
interesting that Ay and gr,, showed significant relationships to field Ay only under water
replete conditions in the greenhouse. Moreover, across the treatments, cultivars showed

the same order of C, values in the field and in the greenhouse.

In summary, we found that g¢.« of plants that had been exposed to cyclic drought
stress in the greenhouse accurately predicted cultivar rankings for this trait in the field.
The cyclic drought stress treatment was also suitable for predicting genotype differences
in gs and C, in the field. In contrast, cultivar differences in field Ax were best predicted

by An (and/or gn,,) measured under water replete conditions in the greenhouse.
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Table 5.1: The genotype effect and genotype LSMEANS for net carbon assimilation rate (Ay), stomatal conductance
(gs), substomatal CO, concentration (C,), dark-adapted leaf conductance (gq4ark), CO, concentration in the chloroplast

(C¢) and mesophyll conductance (gg) of six Ontario-adapted soybean varieties in the greenhouse. Values are means
across the two watering treatments.

Ax gs G Sdark Cc Zm

Cultivar umol m? s mmol m” 5™ ppm mmol m” 5™ ppm mmol m* s
26-02R 17.5 187 211 224 136 262
OAC Bayfield 14.4 118 191 20.8 115 200
RCAT Corbett 124 156 202 14.8 101 157
OAC Lakeview 13.3 137 196 18.7 105 184
RCAT Matrix 15.9 128 194 22.4 132 269
RCAT Pinehurst 11.8 112 200 19.5 97 135
P-value 0.06 0.02 0.67 <0.0001 0.0002 0.003
LSD 0.05 NS 25 NS 2.2 21 37
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Table 5.2: The genotype effect and genotype LSMEANS for net carbon assimilation rate (Ay), stomatal conductance
(gs), substomatal CO; concentration (C,), dark-adapted leaf conductance (ggark), CO2 concentration in the chloroplast
(Cc) and mesophyll conductance (gy,) across the six Ontario-adapted soybean varieties in the control (water replete)
environment in the greenhouse.

An g G, Bdark Cc Zm
Cultivar umol m? s mmol m~ s™! ppm mmol m” s™! ppm mmol m” s
26-02R . 18.9 196 196 22.2 143 287
OAC Bayfield 16.7 176 176 26.0 133 224
RCAT Corbett 14.3 138 138 234 113 181
OAC Lakeview 16.8 160 160 19.8 120 260
RCAT Matrix 16.6 180 180 26.5 140 242
RCAT Pinehurst 14.0 138 138 224 110 158
P-value 0.80 0.02 0.86 0.0003 0.83 0.19
LSD 0.05 NS 25 NS 3.0 NS NS
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Table 5.3: The genotype effect and genotype LSMEANS for net carbon assimilation rate (Ay), stomatal conductance
(gs), substomatal CO; concentration (C,), dark-adapted leaf conductance (gqarx), CO; concentration in chloroplast (C¢)
and mesophyll conductance (gn,) for six Ontario-adapted soybean varieties in the cyclic drought treatment in the
greenhouse.

AN gs C, Bdark CC Em
Cultivar pmol m?2 5™ mmol m~ 5™ ppm mmol m? s ppm mmol m” 5™
26-02R 16.1 177 212 22.6 129 237
OAC Bayfield 12.0 98 172 15.6 96 177
RCAT Corbett 104 97 206 14.0 88 134
OAC Lakeview 9.8 96 200 9.8 89 109
RCAT Matrix 15.1 131 175 18.2 124 296
Pinehurst 9.7 85 195 16.5 84 112
P-value 0.80 0.86 0.16 0.0003 0.83 0.19
LSD 0.05 NS NS NS 3.3 NS NS
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Table 5.4: The genotype effect and genotype LSMEANS
for water use efficiency (WUE) across the treatments, in
the water replete treatment (WUE() and drought
treatment (WUEp) in the greenhouse.

WUE WUEC WUEp

Cultivar gL’ gL’ gL’
26-02R 43 43 43
OAC Bayfield 4.4 4.1 4.6
RCAT Corbett 43 44 42
OAC Lakeview 4.2 4.4 4.1
RCAT Matrix 4.2 4.1 4.2
RCAT Pinehurst 4.3 4.4 4.2
P-value 0.34 0.004 0.004
LSD 0.05 NS 0.2 0.2
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Table 5.5: The genotype effect and genotype LSMEANS for net carbon
assimilation rate (Ay), stomatal conductance (gs), substomatal CO, concentration
(C), stomatal density (Ds) and dark-adapted leaf conductance (ggark ) of six
Ontario-adapted soybean varieties in the field.

Ay* g* Cx* Dg gdark+
Cultivar pmol m? 5™ mmol m s’ ppm mm™ mmol m s’
26-02R 16.4 422 280 201 29.3
OAC Bayfield 14.8 363 266 185 16
RCAT Corbett 144 377 276 192 20.8
OAC Lakeview 16.0 362 271 169 15.3
RCAT Pinehurst 16.0 377 270 198 21.7
RCAT Matrix 14.8 385 270 205 19.1
P-value 0.2 0.11 0.004  <0.0001 <0.0001
LSD 0.05 1.7 NS 14 13 5.6

*Average of four replications in 2009, each replication included three recording

dates.
+Average of two years (2008 and 2009), each year included three recording dates.
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Table 5.6: Correlations between gas exchange measurements: stomatal
conductance (gs), net carbon assimilation rate (Ay), substomatal CO,
concentration (C;), dark-adapted leaf conductance (g¢rc) and water use
efficiency (WUE) for six Ontario-adapted soybean varieties (A) across

two treatments, (B) for the water replete treatment and (C) for the

drought treatment in the greenhouse . The significant correlation
coefficients are shown in bold.

(A): Across two treatments

AN &s CI CC Em WUE Zdark
An 1.00 0.57 0.34 0.98 0.96 0.66 0.77
0.24 0.50 0.0005 0.003 0.16 0.07
2 1.00 0.83 0.48 0.43 0.17 0.00
0.04 0.34 0.39 0.74 1.00
C, 1.00 0.27 0.16 -0.21 0.02
0.60 0.77 0.69 0.97
Ce 1.00 0.98 0.66 0.79
0.0005 0.16 0.06
Emn 1.00 0.78 0.76
0.07 0.08
WUE 1.00 0.55
0.25
Edark 1.00
(B): Water replete treatment
AN £ Ci CC Em WUE gdark
Ay 100 0.94 0.28 0.86 0.97 -0.38 -0.05
0.01 0.59 0.03 0.002 0.46 0.93
2 1.00 0.58 0.98 0.87 -0.60 0.75
0.23 0.0008 0.02 0.21 0.08
G 1.00 0.68 0.12 -0.60 0.75
0.14 0.82 0.21 0.08
Ce 1.00 0.80 071 0.44
0.05 0.12 0.39
Em 1.00 033 -0.14
0.52 0.79
WUE 1.00 -0.85
0.03
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Table 5.6 continued ...
(C): Drought treatment

An

s

Ce

Em

WUE

Ay gs G Cc Em WUE Ldark
1.00 0.92 -0.09 0.99 0.94 0.29 0.83
0.01 0.87 0.0001 0.01 0.58 0.04

1.00 0.30 0.93 0.74 0.12 0.80

0.57 0.01 0.09 0.83 0.05

1.00 -0.03 -0.35 -0.46 0.07

0.95 0.50 0.36 0.90

1.00 0.93 0.17 0.79

0.01 0.75 0.06

1.00 0.25 0.71

0.64 0.11

1.00 0.23

0.65
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Table 5.7: Correlations between gas exchange
measurements: stomatal conductance (g;),

substomatal CO; concentration (C,) and dark-

adapted leaf conductance (gqarx) for six Ontario-
adapted soybean varieties in the field. The
significant correlation coefficients are shown in

bold.

Lg Dg Ax gs G dark

Ls 1.00 0.04 -025 028 0.64 0.41
0.93 0.64 059 0.17 0.43

Dg 1.00 -0.08 0.66 0.30 0.66
0.88 0.15 0.56 0.16

Ax 1.00 045 037 0.48
037 048 0.34

2s 1.00  0.80 0.95
0.05 0.003

C, 1.00 0.82
0.04
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Table 5.8: Correlations between gas exchange measurements: stomatal conductance ( gs), net carbon
assimilation rate (Ay), substomatal CO, concentration (C,) and dark-adapted leaf conductance (gqar) for
six Ontario-adapted soybean varieties (A) across two treatments (greenhouse average), (B) under water
replete conditions and (C) cyclic drought in the greenhouse, versus the field. The significant correlation
coefficients are shown in bold.

Field Field Field Field Field Field Field Field Field Field Field Field

A) An 8 Ci  Zaax | (B) An g G 8 | (O An g, G Baak
Ay 077 059 037 068 Ay 082 043 031 0.46 Ay 066 063 038 0.76
0.07 022 046 0.13 005 039 0.55 0.36 0.16 0.18 046 0.08

g 048 073 094 0.79 g, 074 043 0.18 0.50 g 075 082 066 089
034 0.10 o0.01 0.06 009 0.39 0.73 0.31 008 005 0.15 0.02

C, 033 092 093 0.86 C; 016 041 -0.10 0.48 C;, 020 058 0386 0.49
0.53 0.01 0.01 0.03 0.76 042 0.85 0.34 0.71 022 0.03 0.32

Ce 0.73 0.54 030 0.67 Cc 068 040 0.14 0.52 Cc 074 063 0.41 0.76
0.10 026 056 0.14 0.13 043 0.79 0.29 0.09 0.18 042 0.08

g 077 0.41 0.24 0.57 gn 0388 0.33 0.32 0.39 g, 055 0.39 0.14 0.58
0.07 0.41 0.64 0.24 0.02 0.52 053 0.45 026 045 0.79 0.23

WUE 081 -0.07 -0.04 006 | WUE -0.09 020 033 -0.02]WUE -024 -0.09 -027 -0.05
0.0 0.890 094 0.91 086 0.70 0.53 0.97 0.64 086 060 093

fone 067 037 002 036 | gen -026 -016 -041 002 | gae 035 084 045 087
0.15 0.47 0.81 0.48 062 0.76 042 0.96 050 0.03 0.38 0.03
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Figure 5.1: Cutting the main stem of plants transported to the lab for gq.x measurements

122



T

i TR

=,

Figure 5.2: Plants growing in field plots at the Elora Research Station, Ponsonby
Ontario.
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Figure 5.3: Marking the leaf position used to make gas exchange measurements before
cutting the main stem to transport it to the dark room.
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Figure 5.4: Measuring leaf gas exchange with the LI-6400 XT in the field (2009).

125



CHAPTER 6

Conclusion
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6.1 Conclusion

To compare parents of three existing mapping populations for both WUE and
Zdark, @ greenhouse study was conducted. Among three sets of recombinant inbred line
(RIL) population parents, one set was found with significant parental differences for both
WUE and ggarc (P < 0.01); however, the difference in WUE was not considered sufficient

to consider phenotyping of the entire RIL population for QTL identification.

A controlled environment experiment was conducted to compare six Ontario-
adapted commercial soybean cultivars for their ability to recover photosynthetic capacity
following a simulated water stress. Plants were exposed to two cycles of controlled soil
dry down over a period of two weeks in a greenhouse. Both shoot dry matter and total
plant water use were reduced by the water stress treatment by approximately 50%, with
no effect on whole plant water use efficiency. Combined leaf gas exchange and
chlorophyll fluorescence analysis was used to quantify component limitations to leaf
photosynthesis of second fully expanded leaves 24 h after re-watering. No treatment x
cultivar interactions were found for leaf-level measurements, so analysis was combined
across cultivars. Compared to control plants, plants that had been exposed to water
shortage had reduced stomatal conductance and also lower leaf net CO, assimilation
rates. However, gas phase leaf internal CO; concentrations were only slightly reduced.
In contrast, chloroplast CO, concentrations were strongly reduced, as was mesophyll
conductance to CO,. It is concluded that increased resistance to CO, diffusion between
the substomatal cavity and chloroplasts constitutes a major component of the persistent

limitation to photosynthesis in soybean following recovery from water stress.
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To figure out which of the parameters measured in the greenhouse would best
correlate with field results, the same six cultivars were grown in a field experiment, so
that genotype means for the three environments (field, greenhouse control, greenhouse
cyclic drought) could be compared. In addition to gqar«, leaf-level gas exchange traits
associated with WUE (Ay, gs, C,, Cc, gm) were measured in the field. WUE was
measured in the greenhouse only. WUE and gga« Were significantly correlated to each
other (r = - 0.85, p = 0.03) in the well water condition in the greenhouse. Field gy, was
significantly correlated with greenhouse gy (r = 0.87, p = 0.03) only when greenhouse
plants were grown under the cyclic drought treatment. Field gy« was also correlated
with greenhouse C; (r = 0.86, p = 0.03) across the treatments. In addition, greenhouse ggark
in the drought condition was correlated with field g; (r = 0.84, p = 0.03), and greenhouse
An in the water replete condition was correlated with field Ay (r =0.81, p =0.05). It can
be concluded that greenhouse measurements of gqar in drought conditions can predict

genotypic variation for this trait, and for g in the field.

The field experiments also verified that gyax, measured on leaves dark-adapted for
36 h, is a good predictor of both g and C; of those same leaves when they are illuminated

and undergoing photosynthesis.

Future research should continue to examine any correlation between g,y in the

field and greenhouse and also determine the relationship of both greenhouse and field

Zdark With field WUE.
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