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ABSTRACT

Yin, Jie. Ph.D., Purdue University, August 2016. Physiological Bases and a Novel Genetic
Determinant of Water-Use Efficiency (WUE). Major Professor: Michael V. Mickelbart
Water-use efficiency (WUE), the ratio of biomass to water loss, is a heritable but
complex trait, the genetic basis of which is largely unknown. We utilized diverse
accessions of the halophyte Eutrema salsugineum to ultimately identify a novel genetic
determinant of WUE. E. salsugineum accessions from locations with low water
availability, temperature, and radiation have lower transpirational water loss and
greater biomass, resulting in higher WUE. High-WUE accessions also have lower
stomatal density and index and larger thinner leaves than low-WUE accessions. We
identified 14,808 single nucleotide polymorphisms (SNPs) between two accessions of E.
salsugineum, Shandong (SH) and Yukon (YK), with low and high WUE, respectively. YK
accumulates as much as 2-times biomass while losing only 1.5-times water as SH,
resulting in greater WUE. The higher WUE in YK is partially attributable to more efficient
carbon assimilation into biomass, and reduced carbon anabolism. YK accumulates higher
concentrations of free fatty acids and long-chain fatty acid derivatives than SH; whereas
starch and sugars are more abundant in SH. The new and previously published SNPs
were used to identify quantitative trait loci (QTL) correlated with WUE and/or biomass
using a YK x SH F2 bulked segregant analysis. Candidate genes were screened in A.
thaliana mutants. TAF10 encodes one of the thirteen TATA-box binding protein
associated factor (TAF) constituents of the TFIID complex and a loss-of-function mutant
(taf10) has a 16% increase in WUE without a decrease in biomass production, relative to
wild type (WT) plants. The improved WUE is due to a decrease in transpirational water
loss that is correlated with smaller stomata. Transcriptome profiling between taf10 and

xii
WT plants suggests that mis-regulated auxin-responsive genes in taf10 may be
correlated with small epidermal cell size phenotype. In this set of experiments, we used
natural genetic variation of a complex trait to identify a general transcription factor that
may play a role in plant adaptation to low-water-availability environments via
modulation of WUE.

1

CHAPTER 1.

1.1

LITERATURE REVIEW

Abstract

The majority of the freshwater consumed by society is used in irrigated agricultural crop
production. The increasing shortage of fresh water is the result of rapid growth of the
population which relies on agriculture to produce adequate food resources, as well as
urbanization and climate change. Hence, it is urgent to reduce agricultural water
consumption while maintaining crop production via improvement of water-use
efficiency (WUE), the ratio of crop yield over the water required to produce that yield.
WUE is regulated by a variety of factors that affect plant transpiration, and recent work
suggests that stomatal pore area is largely responsible for transpiration rate. In
Arabidopsis thaliana, genetic variation has been quantified among natural accessions,
recombinant inbred lines (RILs), and near-isogenic lines (NILs). Genetic determinants
controlling WUE, including many that regulate stomatal density (SD; stomatal number
per leaf area), have been identified. To date, most studies on WUE have focused on a
reduction in transpirational water loss without a cost in carbon gain to improve WUE.
The identification of a QTL for both biomass and WUE in our experiment as well as
evidence for the improvement of WUE via increased biomass synthesis in transgenic
plants, indicate that it is possible to improve WUE and biomass at the same time.
Transgenic plants that exhibit water stress tolerance sometimes have higher WUE as
well. Therefore, it is likely that a halophyte such as Eutrema salsugineum that is highly
tolerant to a variety of stresses, may contain novel loci or allelic variation associated
with WUE. Increasing accessibility to resources such as a reference genome and genetic
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markers provide useful tools for identifying the genetic determinants for WUE in E.
salsugineum. This review covers interspecies variation in WUE, genetic correlation of
WUE with other traits, and a new model plant of E. salsugineum for identifying genetic
determinants of WUE.
1.2

Introduction

Rapid growth of the human population, urbanization, and climate change are all
resulting in a shortage of fresh water supplies (McDonald et al., 2011; Parish et al., 2012;
Padowski et al., 2015). The human population is growing exponentially and is predicted
to reach 9 billion by 2050 (http://www.prb.org/Publications/LessonPlans/HumanPopulation/PopulationGrowth.aspx). This rapid population growth exerts
great pressure on the global water supply. Climate change has introduced uncertainty in
water availability, and may increase regional vulnerability to water shortages
(Vörösmarty et al., 2000; Parish et al., 2012). In addition, the distribution of freshwater
is uneven, hence is causing more severe water shortage in certain areas (Oki and Kanae,
2006; Venteris et al., 2013). Coupled with global population growth is increasing
urbanization, which has created water scarcity threats in major cities in developing
countries (McDonald et al., 2011; Padowski et al., 2015).
Agricultural production is highly dependent on freshwater supply, and accounts for 70%
of human water consumption (http://www.unwater.org/water-cooperation2013/water-cooperation/facts-and-figures/en/). Irrigated (as opposed to rainfed)
cropland is providing more than 80% of the total crop production in the U.S. (Gollehon,
2014). In order to provide adequate agricultural production to feed a rapidly increasing
population, more efficient use of water in agricultural systems is needed. Limited
freshwater availability to irrigated regions will cause a substantial loss of crop
production (Elliott et al., 2014) and the shortage of irrigation water supply will result in
inadequate food production and thus, insufficient nutrition (Motoshita et al., 2014).
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The majority (90%) of water consumed in crop production is via plant transpiration
during the gas-exchange process, H2O escapes from the leaf to the atmosphere
(transpiration) and CO2 enters leaf primarily through stomata (Vatén and Bergmann,
2013). Transpiration facilitates plant cooling, long distance nutrient transport from root
to shoot, and nutrient uptake from the rhizosphere via mass flow (Matimati et al., 2014;
Mitra, 2015).
1.3

Water-use efficiency

In order to reduce the amount of water consumed by agriculture without jeopardizing
crop yield, it is necessary to improve water-use efficiency (WUE), which can be
quantified as instantaneous WUE (WUEi), whole-plant or integrated WUE (WUEB), and
yield WUE (WUEY) (Anyia and Herzog, 2004; Yoo et al., 2009; Medrano et al., 2015).
WUEi is the ratio of net carbon assimilation over transpiration at the leaf level, whereas
WUEB and WUEY are the ratio of biomass or yield (e.g., seed, fruits, etc.) produced over
whole-plant water loss, respectively. At the leaf level, since transpiration increases
linearly with stomatal conductance while net carbon assimilation saturates at a certain
stomatal conductance, it is feasible to optimize WUEi via a reduction in transpiration
with no substantial decrease in carbon assimilation (Yoo et al., 2009). At the whole plant
level, in addition to the rate of carbon assimilation, whole plant metabolism (e.g., starch
accumulation and degradation) can impact WUEB via effects on biomass accumulation
(Sulpice et al., 2009). There are even more factors affecting WUEY, as depending on
different crops, yield is determined differently (French and Schultz, 1984; Richards et al.,
2002; Abou Kheira and Atta, 2009; Chen et al., 2011). This review will be primarily
focused on WUEi and WUEB.
Improvement of WUE will benefit agriculture by potentially lowering demand on
freshwater resources. However, this requires a thorough understanding of the
mechanisms controlling WUE at the physiological, genetic, and molecular level.
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Compelling evidence has demonstrated that it is feasible to increase WUE by reducing
transpiration without a significant cost of reduced carbon assimilation. The reduction in
transpiration can be accomplished by the reduction of SD (Yoo et al., 2010; Franks et al.,
2015), and stomatal size and aperture (Des Marais et al., 2014; Wang et al., 2014). In
addition, genetic determinants that affect WUE by regulating transpirational water loss,
plant development, and carbon fixation have also been identified (Masle et al., 2005;
Boccalandro et al., 2009; Xing et al., 2011).
1.3.1 Reduced transpirational water loss through stomatal number and aperture to
improve WUE
Transpirational water loss through stomata is the primary contributor of total plant
water loss (Yoo et al., 2009). Compared to water loss through stomata, cuticular water
loss is minimal and often neglected (Galmés et al., 2011; Manzoni et al., 2011;
Fanourakis et al., 2013). Therefore, the focus of this review is transpirational water loss
via stomata.
Stomata are pores on the epidermis of plant leaves where gas-exchange between the
plant and the atmosphere occurs. A stoma consists of two guard cells that open and
close to control the area of the stomatal pore (Serna and Fenoll, 2000). In some species,
subsidiary cells also facilitate the control of guard cells (Inamdar and Chohan, 1969;
Franich et al., 1977). The pore areas between each of the two guard cells are the main
sites where H2O molecules exit (transpiration) and CO2 molecules enter (photosynthesis).
Hence, it is critical for the plants to have close control over stomatal development and
movement to control water loss and carbon gain, as gas-exchange process directly
affects WUE (Hu et al., 2010; Edwards et al., 2012; Assouline and Or, 2013; Jackson et al.,
2015; Simmons and Bergmann, 2015). The whole-plant and per leaf area transpiration
changes with SD, stomatal aperture, and stomatal size.
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1.3.1.1 Stomatal density and WUE
During stomatal development, a mother meristemoid cell (MMC) with stem cell-like
properties undergoes an asymmetric cell division to generate a meristemoid (M) and a
stomatal lineage ground cell (SLGC). The meristemoid may develop into a guard mother
cell (GMC) and become guard cells (GC) via a symmetric division, or it may undergo
another asymmetric division to amplify the number of cells in the stomatal lineage,
before the transition into a GMC (Dong and Bergmann, 2010; Pillitteri and Torii, 2012;
Dow et al., 2014; Simmons and Bergmann, 2015). In Arabidopsis and most plants, there
is a one-cell-spacing rule during stomatal development (Hara et al., 2007), which allows
for suitable spacing to efficiently control stomatal closing and opening. In the basal
stomatal development pathway, several key switches are the basic helix-loop-helix
(bHLH) transcription factors (TFs): SPEECHLESS (SPCH), MUTE, and FAMA (Pillitteri and
Torii, 2012). These control the key transitioning steps in stomatal development.
Stomatal development is regulated by multiple genetic controls upstream of the basal
stomatal development pathway. TOO MANY MOUTHS (TMM) receptor-like protein
and/or members of the ERECTA receptor-like kinase family are positive or negative
regulators in different steps (Dong and Bergmann, 2010). Several different regulatory
pathways modulate steps in the basal development pathway (Pillitteri and Torii, 2012).
At the entry division from MMC to M, the regulatory pathway starts with the cysteinerich-secreted peptides, including the positive signal EPIDERMAL PATTERNING FACTOR 2
(EPF2), that interacts with ERECTA, ERECTA LIKE1 (ERL1), and ERL2, and the negative
signal of EPF-LIKE9 (EPL9)/STOMAGEN that is received by TMM. This signal received by
the receptors then activates a downstream mitogen-activated protein kinase (MAPK)
cascade involving YODA, MKK4/5, and MPK3/6 to inhibit SPCH. This MAPK cascade is
shared by regulatory pathways modulating M to GMC transition and GMC
differentiation. At the M to GMC transition, the upstream extracellular positive signal is
EPF1 that is then passed to TMM, ERL1/2, and ERECTA, while at the GMC differentiation

6
the upper stream regulator is unknown. In addition, GT-2 LIKE 1 (GTL1) is a repressor of
STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) (Yoo et al., 2010), which is
independent of other signaling components described above and its downstream
substrate(s) is/are still unknown (Pillitteri and Torii, 2012). At the same time, new
upstream regulators are still being discovered. Recent studies indicate that auxin is also
playing a critical role in the regulation of stomatal development through auxin signaling
but not via biosynthesis (Balcerowicz and Hoecker, 2014; Le et al., 2014; Li and Sack,
2014; Zhang et al., 2014).
In Arabidopsis, stomata occur on both the adaxial and abaxial sides of leaves. In most
Arabidopsis accessions, the abaxial side of the leaf has a higher SD than the adaxial
surface (Mickelbart et al. unpublished data). This same trend was also noted in several
other species such as poplar (Reich, 1984), maize (Driscoll et al., 2006), and C4 grass and
C3 forb (Knapp et al., 1994). Genetic controls may be shared by the two sides and
signals are exchanged (Berger and Altmann, 2000; Driscoll et al., 2006), while at the
same time, independent controls may also be present (Muir et al., 2015). This is
supported by the different responses to lower or higher CO2 concentration between the
two epidermal sides (Teng et al., 2006).
Higher SD often leads to higher transpiration and carbon assimilation rates (Cowan and
Troughton, 1971). However, due to the limitation of photosynthesis by Ribulose-1,5bisphosphate (RuBP) utilization and regeneration (Easlon et al., 2014), the reduction in
SD at high stomatal conductance rates may result in lowered transpiration without a
necessarily reduction in carbon assimilation (Yoo et al., 2010). As a result, higher WUEi
can be achieved via the reduction of stomatal number per unit leaf area.
It seems plausible to engineer stomatal development to improve WUE, based on a
limited number of studies that report increased WUE as a consequence of reduced SD
via genetic manipulation (see Genetic determinants for WUE below). For example, a
decrease in SD in several A. thaliana mutants exhibit lower transpiration but not carbon
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assimilation (and hence improved WUE) than WT plants (Nilson and Assmann, 2010; Yoo
et al., 2010; Doheny-Adams et al., 2012; Franks et al., 2015) . The opposite case also
exists that a higher SD leads to higher transpirational water loss and thus lower WUE
(Masle et al., 2005). One concern of lowering transpiration rates is that nutrient uptake
may be affected, but this does not appear to be an issue in Arabidopsis (Hepworth et al.,
2015) or Eutrema (Mickelbart lab, unpublished data).
Although there are many studies of stomatal development and a large number of
mutants identified with moderate to severe deviation in SD compared to WT plants, few
of these studies report WUE. Mutants that display severe phenotypes of dramatically
altered SD, such as scrm-D (Kanaoka et al., 2008) and yda (Bergmann et al., 2004), often
display a defect in plant development, thus leading to dwarfism. In these cases, it is
invalid to evaluate WUE change in these mutants, and these genetic determinants are
not targets for improvement of WUE.
1.3.1.2 Stomatal aperture and WUE
Stomatal opening and closing is accomplished by the increase of guard cell volume due
to the influx or efflux of water, in response to accumulation of solutes such as K+
(Lemtiri-Chlieh and MacRobbie, 1994; MacRobbie, 1998). When guard cell volume
increases, radially distributed cellulose microfibrils allow for imbalanced expansion
between the inner (wall in the stomatal pore side) and outer cell wall, thus leading to
stomatal opening (Assmann and Baskin, 1998). Besides the primary signal ABA
(Munemasa et al., 2015), stomatal closure is induced by biotic and abiotic stresses via
other plant hormones and metabolites (Murata et al., 2015). These hormone or
metabolite signals are then passed into cells and cause reactive oxygen species (ROS)
elevation and/or Ca2+ oscillation (Murata et al., 2015) to induce stomatal movement.
Stomata close to reduce water loss under water deficit conditions (Medrano et al., 2002;
Munemasa et al., 2015), or to block the entry of pathogens (Melotto et al., 2006;
Hettenhausen et al., 2012).
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ABA is the primary and critical regulator controlling stomatal movement (Osakabe et al.,
2014). ABA can be synthesized in roots and induce stomatal closure via long distance
signal transduction (Sauter et al., 2001; Davies et al., 2002; Jiang and Hartung, 2008),
but it is also synthesized in a guard cell-autonomous manner in response to low
humidity (Fletcher et al., 2013). Recent discoveries of PYRABACTIN RESISTANCE/PYR1LIKE/REGULATORY COMPONENT OF ABA RECEPTOR (PYR/PYL/RCAR) (Ma et al., 2009;
Park et al., 2009; Nishimura et al., 2010; Soon et al., 2012) indicate that these ABA
receptors are the core mechanism that triggers K+ efflux through plasma membrane
anion channels (Kim et al., 2010; Hedrich, 2012; Roelfsema et al., 2012; Munemasa et al.,
2015). The outward flow of K+ results in a decrease in guard cell turgor pressure, closed
stomata, and a lower transpirational water loss under abiotic and biotic stresses.
Compared to stomatal development that directly affects stomatal number, stomatal
movement is an instant response to internal signals such as CO2, ABA, and external
signals such as humidity, osmotic stress, light, pathogens, and ozone (Vavasseur and
Raghavendra, 2005; Kim et al., 2010). A higher sensitivity response to ABA may enable
plants to close their stomata more rapidly under drought conditions to conserve water,
avoid desiccation and maintain high WUE (Thompson et al., 2007; Zhang et al., 2008;
Easlon et al., 2014). However, a lower gas-exchange rate due to closed stomata can
negatively impact carbon assimilation. Hence, it is critical to have a fine-tuned
regulation of stomatal aperture so that stomatal closure may not necessarily impair
carbon assimilation. Stomatal conductance is controlled by the inter-cellular CO2
concentration (Ci) (Mott, 1988). When Ci is higher than the ambient CO2 concentration,
stomata close, and vice versa (Assmann, 1999). Due to the increases of atmospheric CO2,
an increase in forest WUE was observed (Keenan et al., 2013), suggesting partial
stomatal closure to maintain Ci despite the increase in atmospheric CO2 concentration.
Hence, it may be possible to improve WUE via stomatal closure under high CO2
environment.
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Adaxial and abaxial stomata have different responses to stresses and sensitivities in
stomatal closure. As water stress increases, the adaxial surface tends to close earlier and
at a lower moisture stress than the abaxial stomata (Sharpe, 1973). A higher sensitivity
to Ca2+ and ABA in stomatal closing and opening was observed in the abaxial side than
the adaxial side (Wang et al., 1998). Adaxial stomata also display a higher sensitivity in
closure under exposure of UV-B than abaxial stomata (Nogués et al., 1999). These
results suggest that independent pathways exist for regulation of stomatal movement
on the two sides of the leaf, so it may be possible to modify adaxial or abaxial stomatal
movement independently to control WUE.
1.3.2 Carbon gain and WUE
Despite the fact that there is extensive research on plant photosynthesis and carbon
gain, very few studies have investigated the effect and regulation of carbon assimilation
on WUE in C3 plants. At the leaf level, carbon assimilation rate is affected by
photosynthetically active radiation (PAR), water availability, CO2 concentration, and
temperature. The demand for CO2 from mesophyll cells has to be synchronized with the
influx of CO2 controlled by stomatal movement to facilitate maximum carbon
assimilation (Lawson and Blatt, 2014). It is also possible to maintain high Ci with a lower
stomatal conductance (thus, reducing transpiration) via an increase in carbonic
anhydrase to achieve a higher WUEi (Hu et al., 2010). Maximum rate of carboxylation
(Vcmax) and maximum electron transport rate (Jmax) are limiting factors of photosynthetic
actions (Wullschleger, 1993; Wang et al., 2014). When electron transport is limiting
carbon assimilation, the elevated stomatal conductance does not guarantee accelerated
carbon assimilation rates (Wang et al., 2014). At the whole-plant level, plant metabolism
affects the deposit of structural biomass, thus affecting plant size (Biemelt et al., 2004;
Sticklen, 2006; Poolman et al., 2009). In this case, lower transpiration rate will not
inevitably affect WUEB, as long as the carbon fixation is not largely impaired.
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Higher carbon assimilation rate often results in higher biomass production (Resco de
Dios et al., 2015), however, higher carbon assimilation rate does not necessarily
translate into more biomass (Kramer, 1981; Yin, et al, manuscript in preparation).
Biomass production is also dependent on starch metabolism (Sulpice et al., 2009; Li et
al., 2010). The altered starch structure and morphology, due to the substitution of
endogenous isoforms of starch branching enzyme, increases biomass and seed
production in Arabidopsis (Liu et al., 2015). It may be possible to engineer starch
metabolism or structure to improve biomass production and thus WUE.
Plant growth is responsive to multiple environmental stimuli. Environmental signals
regulating plant development and growth pattern cross-talk with plant stress response
pathways, often sharing plant hormones as key regulators (Rymen and Sugimoto, 2012).
Hence, it is possible to manipulate plant water loss and plant growth at the same time
by the modulation of key regulators. Improved WUEB with more biomass production has
been noted in genetically modified plants, such as wheat under a moderate water
deficit condition (Sivamani et al., 2000), rice (Karaba et al., 2007), and Arabidopsis under
water scarcity (Han et al., 2013). There are several examples of positive phenotypic
correlation between biomass production and whole-plant WUE or long-term WUE, such
as maize (Ge et al., 2011), apple (Liu et al., 2011), sorghum (Xin et al., 2009), and
cowpea (Anyia and Herzog, 2004). This correlation implies that there is a genetic
correlation between biomass production and WUE and that biomass and WUE are coselected traits. Hence, it is possible that genetic determinants controlling WUE and
biomass production are co-localized and co-segregated, or a single determinant has dual
roles in regulating both traits.
1.3.3 Intraspecies genetic variation for WUE in Arabidopsis
In order to engineer plants to have higher WUE without compromising biomass
production, the first step is to identify genetic determinants regulating WUE. Genetic
variation for WUE among Arabidopsis accessions provides a valuable resource, thanks to
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the features of short life cycle and small genome in Arabidopsis (Meinke et al., 1998). In
addition, mapping populations such as recombinant inbred lines (RILs) are available and
are of great value in advancing WUE studies (Figure 1).
1.3.3.1 Genetic variation for WUE among Arabidopsis accessions
Phenotypic variation in WUE among A. thaliana accessions have been noted in several
studies. A WUEB range of 1.86 to 2.40 mg DW g-1 H2O among 31 Arabidopsis accessions
was reported by Nienhuis et al., (Nienhuis et al., 1994). Using isotope discrimination
(δ13C) as a surrogate method, a range of 2.8‰ in δ13C among 39 Arabidopsis accessions
was reported, in which, flowering time was also measured and positively correlated with
δ13C (McKay et al., 2003). In another study, WUE assessed by δ13C in 234 spring
flowering Arabidopsis accessions, there was a range of 3.97‰ and 5.16‰ under wellwatered and water-deficit conditions, respectively (Kenney et al., 2014). In most
accessions, WUE was higher under drought conditions; however, this increase was at
the cost of lower biomass and fitness (Kenney et al., 2014). In this study, a positive
correlation between flowering time and WUE was observed, consistent with previous
studies. Among 96 Arabidopsis natural accessions, there was a range of 3.33 g kg-1 in
WUEB and 5.12‰ in δ13C (Easlon et al., 2014). However, the heritability for WUEB was
significant, but low (H2=0.09; P-value=0.031), and the correlation between genetic
variation (estimated by best linear unbiased predictors; BLUPs) of WUEB and δ13C was
only significant among spring accessions (r2=0.265) (Easlon et al., 2014).
1.3.3.2 Genetic variation for WUE among mapping populations of Arabidopsis
Apart from genetic variation among accessions, mapping populations derived from
crosses of accessions with contrasting WUE are also available. In some cases,
quantitative trait loci (QTL) were identified as well (Chen et al., 2011). Among 80 RILs
derived from a cross of two accessions with high (Lip-0) and low (Edi-0) WUEB, a range of
1.05 to 2.42 mg DW g-1 H2O in WUEB was measured (Nienhuis et al., 1994). The study of
an Arabidopsis RIL population from a cross of Cvi x Ler grown under different
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combinations of temperature and soil water contents indicates that WUEi is plant size
dependent, and is optimized when plant size is intermediate (Vasseur et al., 2014). This
dependency is attributive to two QTL that have opposite and additive genetic ×
environmental effects, consistent with the negative correlation between plant size and
transpiration rate (Vasseur et al., 2014).
346 RILs were derived from reciprocal crosses of two Arabidopsis accessions, Kas-1 and
Tsu-1, with δ13C of -28.2‰ and -30.2‰, respectively (McKay et al., 2008). These two
accessions are the two extremes from a previous WUE query of 39 natural accessions
(McKay et al., 2003). QTL correlated with δ13C were identified and determined to have
cytoplasmic inheritance. However, the range/variation in δ13C was not reported among
the RILs. In another study, 96 and 162 RILs from the cross of Ler x Col and Cvi x Ler,
respectively, were investigated for multiple traits including δ13C, the number of fruits
and branches, flowering time, shoot and root biomass under water-watered and waterlimited conditions (Hausmann et al., 2005). Approximately a 5‰ increase in δ13C was
observed from well-watered to water-limited condition for the two RIL populations
(Hausmann et al., 2005). Co-localized QTL for multiple traits including WUE affirm the
genetic correlation among phenotypic traits such as flowering time and root:shoot ratio
with WUE.
A negative regulator of WUE was identified using a RIL derived from cross of Arabidopsis
Col-4 and Ler accessions (Masle et al., 2005). Another RIL population consisting of 162
individuals with a phenotypic variation of 4.65‰ in δ13C and 25 d in flowering time
(Juenger et al., 2005) was used in the identification of one WUEB QTL, which was further
characterized and led to the discovery of MPK12 gene (Des Marais et al., 2014). (See
Genetic determinants for WUE).
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1.3.4 Genetic determinants of WUE
Given that alterations in stomatal pore area and/or aperture control directly impact
transpiration and carbon assimilation, most genetic determinants of WUE identified to
date play some role in stomatal development and/or metabolism (Table 1). Stomatal
regulatory and basal development pathways have received much attention and multiple
genes have been identified (Dow and Bergmann, 2014; Simmons and Bergmann, 2015),
and a few genes affecting SD have been reported affecting WUE (Table 1). In addition,
stomatal size and movement that result in a change in the overall stomatal aperture
also have a direct impact on WUE (Wang et al., 2014). As a drought-related trait, in
some cases, germplasms with a higher drought tolerance often have a higher WUE due
to the capability of reserve water content via reducing water loss (McKay et al., 2003)
1.3.4.1 Genes regulating stomatal density to modulate WUE
Arabidopsis GTL1 encodes a transcription factor that represses expression of SDD1 (Yoo
et al., 2010). This repression causes a decrease in transpiration rate (~20%) but no
reduction in carbon assimilation, hence an improvement in WUEi and WUEB (Yoo et al.,
2010). SDD1 is a negative regulator of stomatal development, and sdd1 loss-of-function
mutants have twice of the stomatal number as WT plants (Berger and Altmann, 2000)
and a higher transpiration rate (Schlüter et al., 2003) but no difference in plant
morphology, suggesting a lower WUE (Berger and Altmann, 2000). A recent study
indicates that wheat trihelix DNA-binding factor (GT factor), TaGT2L1D is an ortholog of
Arabidopsis GTL1, a suppressor of SDD1 and negatively regulates drought tolerance
(Zheng et al., 2016). Expression of TaGT2L1D in GTL1 loss-of-function mutant gtl1-3
results in an increase in stomatal density and decreased drought tolerance (Zheng et al.,
2016).Overexpression of TaGT2L1D in Arabidopsis WT plants also results in decreased
plant growth and development (Zheng et al., 2016).
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EPF1 and EPF2 are expressed in guard cells at different developmental stages (Hara et
al., 2007; Hara et al., 2009). EPF1 and EPF2 are two members of the EPF/EPFL-family
that encode cysteine-rich peptides, which regulate a variety of developmental and
defense responses (Marshall et al., 2011). Reduced stomatal number was observed in
EPF1 and EPF2 overexpression lines, due to guard cell differentiation suppression in
EPF1 overexpressing lines (Hara et al., 2007), or the lack of stomatal lineage division in
EPF2 overexpressing lines (Shpak et al., 2005; Hara et al., 2007). Lower SD in EPF2
overexpression lines is coupled with an increase in stomatal size, a lower transpiration
and carbon assimilation rate, but higher WUEi, while the loss-of-function double mutant
epf1/epf2 showed the opposite phenotype (Franks et al., 2015).
Phytochrome B directly regulates WUE via SD (Boccalandro et al., 2009). Mutants with
the active form of phytochrome B (phyB), induced by a high red to far-red ratio, had
decreased SD, transpiration, and net carbon assimilation but an increase in WUE
measured by δ13C, relative to WT plants. However, the phyB mutants had a larger leaf
area than the WT plants, suggesting that the decrease in carbon assimilation may not
necessarily lead to a decrease in biomass accumulation (Boccalandro et al., 2009).
Arabidopsis loss-of-function mutant of GPA1 that encodes the a-subunit of the
heterotrimeric G protein has a higher WUE than WT due to approximately 50%
reduction in SD that leads to reduced stomatal conductance without a significant
reduction in carbon assimilation (Nilson and Assmann, 2010). MAPKK kinase gene YODA
negatively regulates stomatal development (Bergmann et al., 2004). ANGUSTIFOLIA3
(AN3) encodes a transcription co-activator trans-represses expression of YODA, an3 lossof-function mutants displayed low SD and improved WUE without a decrease in biomass
accumulation (Meng and Yao, 2015). Overexpression of SlERF36, encoding a tomato EAR
motif-containing TF in Arabidopsis plants caused a reduction in SD (25-35%),
transpiration (33-49%), and CO2 assimilation (43-63%), therefore a 11-31% reduction in
WUE (Upadhyay et al., 2013). Overexpression of poplar bHLH35 in Arabidopsis resulted
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in a decreased SD and transpiration, but higher chlorophyll content and photosynthetic
rate, hence higher WUE (Dong et al., 2014).
1.3.4.2 Genes regulating stomatal aperture or size to modulate WUE
Stomatal pore size is proportional to stomatal conductance (Kaiser, 2009). Control of
aperture can be achieved by altering guard cell size or ABA signal transduction. An
increase in ABA biosynthesis or response could result in reduced stomatal closure and a
lower transpiration rate, but not always a reduction in carbon assimilation, and thus
higher WUE. Overexpression of the NCED1 gene, which encodes a 9-cis-epoxycarotenoid
deoxygenase, the rate limiting step in ABA biosynthesis, resulted in higher ABA
concentration in leaves and lower transpiration, but had no effect on carbon
assimilation or biomass accumulation, therefore the transgenic plants displayed a higher
WUE than WT plants (Thompson et al., 2007). Constitutive expression of ABP9, a bZIP TF
gene in Arabidopsis, leads to lower transpiration, carbon assimilation, but an overall
higher WUEi under water sufficiency and water deficit conditions, which is likely due to
higher ABA content and ABA-induced stomatal closure (Zhang et al., 2008). Under water
deficit conditions, loss-of-function A. thaliana mutants of the RD20 gene that encodes a
stress-inducible caleosin have decreased WUEi, because rd20 mutants have lower
sensitivity to ABA-mediated inhibition of stomatal opening (Aubert et al., 2010).
Besides ABA regulation, several other factors also play important roles in controlling
stomatal opening and closing, and therefore impact WUE. Expression of the tobacco
gene Aquaporin 1 (NtAQP1) that encodes a protein, with a dual function as a water and
CO2 channel in tomato, increases transpiration and carbon assimilation rate in tomato
transgenic plants, and improves tomato WUEi (Sade et al., 2010). This increase in
stomatal conductance is from a wider stomatal aperture than WT plants (Sade et al.,
2010). CO2-inducible stomatal closure is impaired when both CA1 and CA4, which
encode two carbonic anhydrases, are knocked out (Hu et al., 2010). Overexpression of
either gene results in an improved WUEi, decreased stomatal conductance due to CO2-
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induced stomatal closure, but no reduction in carbon assimilation rate due to improved
internal CO2 concentration (Hu et al., 2010). In another study, a depression in stomatal
aperture in Solanum tuberosum plants expressing an antisense targeting sucrose
synthase 3 (SuSy3) also leads to a decrease in stomatal conductance with a small cost in
CO2 assimilation rate, but an increase in WUEi (Antunes et al., 2012). On the other hand,
when stomatal aperture increases, such as in calcium-sensing receptor (CAS) antisense
line of Arabidopsis, there is a decrease in drought tolerance and WUEi, due to improper
regulation in stomatal aperture and a lower photosynthetic electron transport rate
(Wang et al., 2014).
Smaller stomatal aperture can also be the result of smaller guard cells. Arabidopsis
thaliana plants that bear a missense mutation in a cellulose synthase gene, CesA7,
displayed the phenotype of smaller guard cells, lower transpiration, and higher WUE
estimated by carbon isotope discrimination (Liang et al., 2010). However, the mutants
also showed a dwarfed phenotype (Liang et al., 2010). Arabidopsis NILs harboring Ler
MPK12 allele have smaller stomata, higher WUEB, and lower transpiration than NILs
with a CVI allele but no change in carbon assimilation or biomass production (Des
Marais et al., 2014). Exogenous application of ABA has an extended inhibition effect in
preventing stomatal reopening in plants with the Ler allele as well (Des Marais et al.,
2014).
1.3.4.3 Genes involved in drought tolerance regulate WUE
Plants that are drought tolerant often have a high WUE due to their capability of
conserving more water under water limited condition by reducing transpiration water
loss. This observation is consistent with the fact that under water-deficit condition,
plants have higher WUE than under water sufficient condition (Hausmann et al., 2005;
Bhatnagar-Mathur et al., 2007; Zhang et al., 2008).
Transgenic plants with higher drought tolerance due to lower transpiration may not
have lower carbon assimilation than the WT plants; hence have higher WUE than the
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WT plants. For example, loss-of-function mutant of the Arabidopsis AtMRP5 (mrp5-1)
encoding MRP-type ABC-transporter has higher WUEi, lower transpiration rate under
light due to impaired signalling pathways controlling stomatal movements (Klein et al.,
2003). Stress inducible expression of AtDREB1A in peanut transgenic plants results in
higher WUEi due to lower stomatal conductance but no change in carbon assimilation
(Bhatnagar-Mathur et al., 2007). Increased WUE with no change in carbon assimilation
was also noted in loss-of-function Arabidopsis mutants of CER9 with thicker cuticle
membrane (Lü et al., 2012).
In some cases, improvement in WUE and carbon assimilation can be accomplished
simultaneously. Same results were observed for overexpression of Arabidopsis HARD
gene (Karaba et al., 2007) or HDG11 (Yu et al., 2008), with improved drought tolerance
and WUEB, which is due to enhanced photosynthetic assimilation and reduced
transpiration. Similarly, overexpression of a gene encoding osmotic stress inducible
popular TF NUCLEAR FACTOR Y subunit B 7 (PdNF-YB7) in Arabidopsis results in
improved WUEB and WUEi, with reduced transpirational water loss, increased
photosynthesis rate and total biomass accumulation, as well as drought tolerance (Han
et al., 2013). It is quite counterintuitive that the reduction in transpiration does not cost
photosynthesis or carbon fixation. In fact, the enhancement in carbon assimilation and
biomass production is likely a result of thicker leaves with more mesophyll cells (Karaba
et al., 2007), or increased photosynthetic efficiency (Yu et al., 2008), or increased
photosynthetic leaf area (Han et al., 2013).
Tomato plants overexpressing Arabidopsis GMT1 encoding a gibberellin (GA)
methyltransferase displayed a higher drought tolerance due to smaller stomata and high
WUEi (Nir et al., 2014). However, transgenic tomato plants have low transpiration but
high carbon assimilation rates, they also have lower leaf area and fruit weight (Nir et al.,
2014), hence, the value of GMT1 as a target for plant breeding or engineering is minimal.
Arabidopsis enhanced suberin1 (esb1) mutant has a reduction in transpiration but no
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difference in carbon assimilation from WT plants, and higher WUE (Baxter et al., 2009).
In a more recent study, Arabidopsis null mutant of gene Lesion Simulating Disease 1
(LSD1) involved in acclimatory and defense responses showed lower WUEB only when
grown in the field, however no information of transpiration or carbon assimilation was
provided (Wituszynska et al., 2013), hence the mechanism how this gene regulates WUE
and its interaction with growth environment still requires more investigation.
1.4

Eutrema salsugineum

Eutrema salsugineum (formerly Thellungiella halophila and T. salsuginea, referred to in
this thesis as Eutrema) is a relative of A. thaliana within the Brassicaceae family (Alshehbaz et al., 1999). As a halophyte, E. salsugineum was first used to discover
determinants of and pathways in salt stress tolerance (Zhu, 2001). Eutrema salsugineum
has become an important model extremophile species (Bressan et al., 2001; Inan et al.,
2004; Amtmann, 2009; Orsini et al., 2010), given its importance in facilitating the
identification of novel genes and alleles regulating stress tolerance that can be
transferred to crops to improve crop stress tolerance in harsh environments (Taji et al.,
2004; Wong et al., 2006; Griffith et al., 2007; Oh et al., 2009; Himabindu et al., 2016).
Accessions of E. salsugineum native to Russia, China, and North America are available
(Lee et al., 2012). QTL and genetic determinants related to WUE have been identified in
Arabidopsis, but there are likely many mechanisms that are still unknown. In addition,
due to being a glycophyte, Arabidopsis is not an idea model for discovering genetic
determinants of stress related traits. WUE can be considered a water stress related trait,
so Eutrema provides a better model in the identification of physiological, metabolic, and
genetic mechanisms modulating WUE.
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1.4.1 Comparison between Eutrema salsugineum and Arabidopsis thaliana in stress
tolerance
Eutrema has similar features to Arabidopsis that make it an ideal model plant species,
such as small plant size, high seed production capacity, self-pollination, and a rapid life
cycle (Al-shehbaz et al., 1999; Bressan et al., 2001). However, to finish its life history,
Eutrema requires vernalization for 3 to 6 weeks to transition from vegetative to
reproductive growth (Fang et al., 2006; Fang et al., 2008). This results in an extended
lifespan compared to Arabidopsis.
Eutrema is highly tolerant to high salt concentrations (Inan et al., 2004; Taji et al., 2004;
Gong et al., 2005). Besides its salinity tolerance as a halophyte, Eutrema is tolerant to
drought (Gong et al., 2005; Wong et al., 2005), and cold (Griffith et al., 2007; Lee et al.,
2012). It also grows better under nitrogen limited conditions compared to Arabidopsis
(Kant et al., 2008). This high tolerance in E. salsugineum to a variety of abiotic stresses is
likely due to a better regulation of common pathways coping with multiple stresses and
stress-specific regulatory pathways. Plants adopt common strategies/pathways to cope
with abiotic stress (Nakashima et al., 2014), such as accumulating higher concentrations
of metabolites in response to ion and osmotic stress (Ghars et al., 2012), and activation
of mitogen-activated protein (MAP) kinase cascades in response to hyperosmolality,
salicylic acid, and wounding. (Zhu, 2002). Under different stresses, specific
responsiveness and crosstalk between different pathways exist (Chinnusamy et al.,
2004; Peleg and Blumwald, 2011) . Some genes are upregulated in response to a wide
variety of stresses, whereas some are stress-specific. For example, in one microarray
study, six of more than 3000 genes queried were responsive to cold, salt, and drought
stresses while 41 genes were only cold responsive (Wong et al., 2006). Genes or
hormones at the crosstalk between different stress response regulatory pathways are
potential regulators of WUE such as ABA (Thompson et al. 2007; Zhang et al. 2008),
HDG11 (Yu et al. 2008) and LSD1 (Wituszynska et al. 2013)
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1.4.1.1 Differences between E. salsugineum and A. thaliana in salt tolerance
Use of halophytes such as Eutrema facilitates the discovery of novel genetic loci or
alleles, that contribute to halophytism, such as High-affinity K+ Transporter 1;2 (HKT1;2),
(Dassanayake et al., 2011a; Ali et al., 2012), and Salt-Overly-Sensitive 1 (SOS1) (Oh et al.,
2009). Therefore, it is possible that Eutrema has a neofunctionalized A. thaliana
ortholog that contributes to its higher WUE than Arabidopsis as well, or has allelic or
expression variation for a single gene among accessions that are responsible for the
WUE variation.
Salinity stress imposes two threats to plant growth and development: hyperosmolality
(water deficit) and cytotoxicity (Hasegawa, 2013). Water stress will cause turgor
reduction in cells leading to a decrease in cell expansion or even cell death (Matthews et
al., 1984; Munns et al., 1995; Munns and Tester, 2008; Hasegawa, 2013). At the same
time, water stress also induces activation of ABA-dependent and -independent signalling
pathways resulting in stomatal closure and transpiration reduction (Schroeder et al.,
2001; Yoo et al., 2009; Kim et al., 2010; Hasegawa, 2013; Yoshida et al., 2014).
Glycophytes and halophytes share common mechanisms in adjusting osmotic potential
and ion compartmentalization when exposed to salt. However, higher basal expression
of certain genes and copy number variation coupled with neofunctionalization are
critical for halophyte lifestyle. One important gene in salt stress tolerance is SOS1, of
which basal expression and induced expression is higher in Eutrema than Arabidopsis
(Oh et al., 2009). Expression of SOS1 is related to the number of nucleotide CT repeats in
the 5’ untranslated region (5’ UTR) (Oh et al., 2010). The importance of (CT)n and (CTT)n
has been demonstrated in other halophytes (Dassanayake et al., 2011b). Another
important gene, HKT1;2 encoding a high-affinity K+ transporter identified in E.
salsugineum has distinct function from its ortholog in Arabidopsis with high K+ selectivity
(Møller et al., 2009; Ali et al., 2012; Ali et al., 2013). HKT1;2 increases the K+ influx and
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maintain inter-cellular ion homeostasis (Na+/K+) which is critical for salt tolerance in E.
salsugineum (Ali et al., 2012).
An early study of E. salsugineum expressed sequence tags (EST) indicated that 1) more
than 94% of genes are similar between E. salsugineum and A. thaliana; 2) gene coding
regions are highly conserved between the two species and that sequence differences
are primarily located in untranslated regions (UTR) (Wong et al., 2005). Genes with less
sequence similarity are potential responsible loci for the halophyte lifestyle, and its high
tolerance to, cold- and drought-stress. Relative to Arabidopsis, there are more genes
carrying long terminal repeats (LTRs), and more duplicated genes in Eutrema (Wu et al.,
2012). Retrotransposons contributes to the emergence of new genes and gene
regulation modification, which are critical in plant stress response activation
(Grandbastien 1998; Bennetzen and Wang 2014). Gene duplication could result in
higher gene dosage, further gene sub- and neo-functionalization (Conant et al. 2014).
Genes with diversified functions are critical in facilitating plants to adapt to stressful or
novel environmental conditions (Kondrashov 2012).
The ability to compartmentalize toxic ions such as Na+ plays a large role in plant salt
tolerance. The Eutrema gene TsVP that encodes an H+-pyrophosphatase suppresses salt
hypersensitivity in yeast ena1 mutants without plasma membrane Na+-ATPase for Na+
extrusion (Gao et al., 2006). Overexpression of TsVP in tobacco (Gao et al., 2006) and
cotton (Lv et al., 2008) showed improved tolerance, which is possibly due to
compartmentalization of Na+ in vacuoles instead of cytoplasm. Under salt stress, plants
often produce excessive amount of ROS (Zhu, 2001), hence the capacity to scavenge
ROS produced under stress is also critical to tolerance. Transcription of Thellungiella
salsuginea Ascorbate Peroxidase 6 (TsApx6) that encodes an ascorbate peroxidase
responsible for reducing H2O2 into water in E. salsugineum is induced by salt treatment
when expressed in A. thaliana ( (Li et al., 2016). Transgenic A. thaliana plants displayed a
reduced amount of H2O2, proline, and malondialdehyde compared to WT when grown
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under salt stress, and improved germination and growth when grown under salt and
drought stresses (Li et al., 2016). Eutrema salsugineum Related to ABI3/VP1 (RAV) TFs
contain two DNA-binding domains: a Basic 3 (B3) domain and an Apetala2 (AP2) domain,
both of which are important to salt and drought stress tolerance (Yang et al., 2016).
Overexpression of E. salsugineum A class RAV (a subclass of RAV) in A. thaliana showed
reduced germination under salt treatment, and faster transpirational water loss under
limited water availability than WT (Yang et al., 2016).
1.4.1.2 Differences between E. salsugineum and A. thaliana in drought tolerance
Water deficit has an adverse effect on plant development via reduced stomatal
conductance and carbon assimilation, leading to biomass reduction, and if severe
enough will cause plant death (Farquhar and Sharkey, 1982). Gene networks controlling
drought stress response have been extensively studied. The signalling pathways induced
by osmotic stress can be categorized into ABA-dependent and -independent pathways
(Nakashima et al., 2014; Yoshida et al., 2014). In ABA-dependent pathways, the major
players are ABA-responsive element (ABRE) and ABRE-binding protein/ABRE-binding
factors (AREB/AEFs) (Uno et al., 2000; Kang et al., 2002; Kim et al., 2004; Fujita et al.,
2005), which are target genes of the SNF1-related kinase 2 family (SnRK2) (Fujii et al.,
2007; Sirichandra et al., 2009; Fujita et al., 2011). In ABA-independent pathways,
dehydration-responsive element/C-repeat (DRE/CRT) and DRE-/CRT-binding proteins
(DREB2) (Shinwari et al., 1998; Nakashima et al., 2000) are the major regulators.
Crosstalk between ABA-dependent and -independent pathways has been noted. For
example, SnRK2s are involved in the regulation of genes in both pathways (Nakashima
et al., 2014; Yoshida et al., 2014). Downstream genes in ABA-dependent signalling
pathways induce stomatal closure or inhibition of stomatal opening that limits leaf gas
exchange, thus reducing transpirational water loss, with or without a concomitant
reduction in CO2 assimilation (Yoshida et al. 2014).
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Eutrema tolerates water-deficit longer than A. thaliana, and recovers from severe water
deficit after rehydration (Mickelbart lab, unpublished data). This is because E.
salsugineum protects the shoot meristem from desiccation under water deficit
conditions via maintaining constant water content (Amtmann, 2009).
Tandem duplicates could lead to the differences in gene dosage, as well as support
divergent functions for tandem genes that facilitate adaptation to abiotic stresses (Wu
et al., 2012). Genes involved in abiotic stresses response, such as ABA responsive genes
and heat shock genes, are more abundant in the E. salsugineum genome (Wu et al.,
2012). Moreover, genes in pathways supporting drought tolerance such as wax
production have duplicate copies in E. salsugineum (Wu et al., 2012). The higher
drought tolerance and adaptation to water-deficit condition is also likely to provide
better WUE through reducing transpirational water loss, maintaining water status,
increasing photosynthetic capacity and optimizing trade-off between transpiration and
CO2 uptake (McKay et al., 2008).
1.4.1.3 Differences between E. salsugineum and A. thaliana in cold and heat tolerance
Eutrema is also cold-tolerant. Lethal 50% temperature (LT50), an indicator of cold
tolerance at which 50% of plants die because of freezing damage (Skinner and GarlandCampbell, 2008) is -13 and -19°C for non-acclimated and acclimated Eutrema plants
(Griffith et al., 2007), which is much lower than that of Arabidopsis (-8 and -10°C,
respectively) (Gilmour et al., 1988). Photoinhibition was reduced by cold to a lesser
extent in Eutrema than Arabidopsis under cold (4 °C) after (10 versus 19% in Eutrema
and Arabidopsis, respectively) and before acclimation (54 versus 89% in Eutrema and
Arabidopsis, respectively) (Gray et al., 2003; Wong et al., 2005). The ability to tolerate
lower temperature may be due to gene expression control instead of sequence
difference in genes encoding cold shock domains (Taranov et al., 2010; Taranov et al.,
2013). This is consistent with the sequence conservation of cold-responsive genes
between E. salsugineum and A. thaliana (Wong et al., 2005). Higher tolerance to cold
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and freezing stress in Eutrema is attributable to the maintenance of membrane integrity
and stability, as indicated by lipid profiling (Zhang et al., 2012). Another study indicates
that increased membrane stability in response to low-temperature stress in Eutrema
may be due to two dehydrins, TsDHN-1 and TsDHN-2, which interact with membrane
lipids (Rahman et al., 2011; Rahman et al., 2013). In addition, a greater abundance of
heat shock proteins (HSPs) in Eutrema also contribute to low temperature tolerance
(Gamburg et al., 2014)
Besides their role in freezing tolerance, HSPs are also the primary players in plant
thermotolerance (Fragkostefanakis et al., 2015), and Eutrema is also more heat tolerant
than Arabidopsis (Higashi et al., 2013). Overexpression of the Eutrema gene Thhsc70
encoding heat shock protein 70 under unstressed conditions in Arabidopsis confers
higher heat tolerance (Zhang et al., 2004). Similar results were also documented for
Eutrema TsHsfA1d that encodes a heat-shock TFs (Hsfs) (Higashi et al., 2013). Heat
response regulated by Hsfs is achieved by their interaction with HSP90 (Higashi et al.,
2013). Overexpression of the Eutrema CSP41b gene that encodes a chloroplast stemloop-binding protein and is required in chloroplast function (Beligni and Mayfield, 2008)
in Arabidopsis increases heat and salt tolerance by reducing photoinhibition under
stress conditions (Ariga et al., 2015).
The cold-inducible gene TsFtsH8 is critical in cold and high-intensity light stress in
Eutrema, and there are no Arabidopsis orthologs for this gene. RNAi lines of TsFtsH8
displayed reduced growth after cold acclimation and vernalization with a decrease in
the maximum photochemical efficiency of PS II (Fv/Fm) and the proportion of open PS II
reaction centers (qP) under light or cold condition (Liu et al., 2016). Another study
suggests that in Eutrema, ureide accumulation confers tolerance to photoinhibition due
to either light or cold stress; however no comparison between Eutrema and Arabidopsis
was conducted (Malik et al., 2015).
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1.4.2 Variation among E. salsugineum accessions in stress tolerance
Currently, 17 Eutrema natural accessions are available that were collected from a wide
range of geographic locations with various adaptive environments in the northern
hemisphere (Lee et al., 2012; Wang et al., 2015). A range of 7 °C in LT50 after acclimation
exists among Eutrema accession and this range is comparable with that in Arabidopsis
(Lee et al., 2012). After long-term (3 weeks) cold acclimation, Eutrema accessions
outperform Arabidopsis under low temperature stress (Khanal et al., 2015). The
capability of tolerating freezing stress is positively correlated with the minimum habitat
temperature and sucrose level in leaves (Lee et al., 2012), suggesting that freezing
tolerance is an adaptive trait. Due to the diverse environments to which the accessions
are adapted to, it is highly likely that these accessions differ vastly in other biotic and
abiotic stress responses and tolerances. However, very few studies have been
conducted to evaluate genetic variation among Eutrema accessions.
A study of the two most commonly studied accessions, Shandong (SH) collected from
the Yellow River, Shandong Province, China, and Yukon (YK) collected from the Yukon
territory, Canada vary for a number of traits, including drought tolerance and
transpiration (MacLeod et al., 2014a). YK and SH adopt different strategies to cope with
drought. After acclimation to low water availability, YK maintains higher leaf water
content during a subsequent water deficit after rehydration, which leads to a more
delayed wilting than SH (MacLeod et al., 2014). The lower transpiration in YK is possibly
due to its wax composition (Lü et al., 2012; Xu et al., 2014). YK is also more cold tolerant
than SH (Lee et al., 2012; Khanal et al., 2015).
1.4.3 Resources and tools in Eutrema salsugineum study
In order to identify genetic determinants of the adaptive traits in Eutrema including its
high tolerance to biotic and abiotic stresses, greater efforts have been put in providing
resources and tools to facilitate QTL and gene identification recently. Genetic markers
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such as expressed sequence tags (ESTs) and single nucleotide polymorphisms (SNPs) are
now available to aid marker-assisted mapping projects. More importantly, the draft
reference genomes for SH accession are now available (Wu et al. 2012; Yang et al. 2013),
which provide privileges in comparative genomics, gene expression profiling and new
gene isoforms identification.
1.4.3.1 Transcriptome and reference genome of Eutrema salsugineum
A total of 6578 ESTs that cover 3628 unique genes were identified from YK plants
exposed to cold-, drought-, and salinity-stresses (Wong et al., 2005). These ESTs provide
a useful tool for understanding Eutrema response to environmental changes, and have
revealed specific gene up- and/or down-regulation in response to different stresses
(Wong et al., 2006; Guevara et al., 2012). A larger cDNA library was constructed with
9569 non-redundant cDNA fragments that represent 8289 genes (Taji et al., 2008). The
increased number of genes represented by this cDNA library further expanded Eutrema
resource.
Two more recent studies used high-throughput sequencing to identify whole
transcriptomes of E. salsugineum (Champigny et al., 2013; Lee et al., 2013). Lee et al.
published the first E. salsugineum transcriptome which used 1 million sequence reads to
assemble into 42,810 unigenes (Lee et al., 2013). Champigny et al. compared the
transcriptome of YK and SH and identified differentially expressed genes that could
contribute to their adaptation to their local environments (Champigny et al., 2013).
Additionally, useful SNP markers were also identified in this study.
Before the reference genome of E. salsugineum was available, one binary bacterial
artificial chromosome (BIBAC) library was constructed with a 4X genome coverage. This
BIBAC library contains 23,040 clones with an average insert size of 75 kb, and these
clones are readily transformed into Arabidopsis plants (Wang et al., 2010). Another
study determined 83 kb sequences from the salt cress BAC clone, compared with
Arabidopsis and identified microcolinearity between the two species (Deng et al., 2009).
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Currently, two SH draft reference genomes are published by Wu et al. (Wu et al., 2012)
and Yang et al. (Yang et al., 2013). The first draft genome was sequenced on the Illumina
Genome Analyzer II platform (Kircher, Stenzel, & Kelso, 2009; Minoche et al., 2011). A
total of 233.7 Mb sequences that account for about 90% of the genome were assembled
into 2,682 scaffolds. 515 scaffolds were further assigned and anchored to seven
chromosomes according to ancestral karyotype in Brassicaceae and cover 80% of the
Eutrema genome (Wu et al., 2012). Differences in sequences among E. salsugineum, A.
thaliana, and Schrenkiella parvula (synonym, Thellungiella parvula) are also reported,
including orthologous genes among all three species, tandem duplication, segmental
duplication, and retrotransposition between E. salsugineum and A. thaliana. Despite the
similarity in duplicated genes and segmentally duplicated genes, genes with LTR
transposon and retrogenes are more abundant in E. salsugineum (Wu et al., 2012).
Genes with gene ontology (GO) assigned to response to stresses such as salt, osmotic
stress, water deprivation, ABA stimulus, and hypoxia are more expanded in E.
salsugineum than in A. thaliana (Wu et al., 2012). An earlier study that assembled the S.
parvula genome using Roche 454 sequencing and compared with A. thaliana and
bacterial artificial chromosome sequences from E. salsugineum affirms sequence
similarity between two halophytic species (Oh et al., 2010). SOS1 gene that is required in
salt tolerance in E. salsugineum and S. parvula showed conserved sequences in coding
regions among all three species (Oh et al., 2010). (CT)n in 5’ untranslated region regions
(UTR) of SOS1 are shared between the two halophytic species but not A. thaliana and
may have caused the higher basal and inducible expression of SOS1 in Eutrema plants
(Oh et al., 2010).
A second SH draft genome was published using traditional Sanger sequencing (Sanger et
al., 1977). In this study, 245.8 Mb sequences was first assembled into 1,107 scaffolds,
among these scaffolds, under the guidance of A. thaliana synteny, a draft genome that
covers 97.4% of the E. salsugineum genome was assembled from top 25 (by size)
scaffolds (Yang et al., 2013). Compared to the first draft genome, a much lower
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coverage of 8X compared to 134X was obtained (Wu et al., 2012; Yang et al., 2013).
However, fewer scaffolds and larger size of scaffolds were presented in the second draft
genome which could largely reduce misplaced scaffolds. Also, the second draft genome
provides better coverage of the E. salsugineum genome: 97.4 vs 80% in the previous
study (Wu et al., 2012; Yang et al., 2013). In the second study, they also found that
compared to A. thaliana, gene family of ubiquitin-dependent protein modification is
enriched in E. salsugineum and that several highly conserved micro RNA (miRNA)
families between E. salsugineum and A. thaliana have more copies in E. salsugineum
(Yang et al., 2013). Conserved and divergent miRNA families exist between A. thaliana
and E. salsugineum (Rathore et al., 2016). microRNAs are likely playing a role in salt
stress response in E. salsugineum by regulating target genes such as signaling factor
encoding genes, defense-related genes, and transporter encoding genes (Zhang et al.,
2013).
Besides reference genome, E. salsugineum chloroplast genome is also available now
with a length of 153,407 bp and 135 known genes (Guo et al., 2015). This provides
additional useful resources in evolution studies of Brassicaceae family, and maternal
effects in hybrids within E. salsugineum species (Birky, 1995).
1.4.3.2 Metabolome and proteome in Eutrema salsugineum
Several studies have been conducted to compare metabolite profiling between A.
thaliana and E. salsugineum under control and stressed conditions (Arbona et al., 2010;
Lugan et al., 2010; Benina et al., 2013). The high osmo-compatibility of the Eutrema
metabolome allows it to tolerate water stress by producing ROS scavengers, dehydrins,
and late embryogenesis abundant proteins, but not for osmotic adjustment (Lugan et al.,
2010). This high osmo-compatibility of the Eutrema metabolome is associated with
higher levels of organic solutes under control conditions, and greater accumulation of
non-structural carbohydrates and solutes with high polarity under water stress
condition compared to Arabidopsis (Lugan et al., 2010). Similar results were also shown
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in another study that metabolome configuration in Eutrema is more adaptive to tolerate
stress conditions (Arbona et al., 2010). Proline accumulation and fine regulation may
also play an important role in stress tolerance in Eutrema (Ghars et al., 2008; Arbona et
al., 2010). Under cold stress, both Arabidopsis and Eutrema accumulate sucrose,
however, when returning to optimal temperature, sucrose levels in Arabidopsis
decrease to untreated condition but are sustained in Eutrema (Benina et al., 2013).
Higher concentrations of sucrose and proline in Eutrema are correlated with its higher
cold tolerance (Lee et al., 2012).
The proteome of Arabidopsis and Eutrema was compared under salinity conditions to
identify protein level changes that are responsive to salt stress. Two-dimensional gel
electrophoresis was used to determine that upon exposure to salt, there are more
proteins changes in Arabidopsis than Eutrema (88 vs 37) (Pang et al., 2010). Functional
classification of proteins that changed under salt stress in both species indicates
different salt response patterns. For example, in Eutrema, 22% of proteins with protein
synthesis function were changed under salt stress whereas only 5% changed in
Arabidopsis (Pang et al., 2010). Another study of comparative proteomics identified 209
salt-responsive proteins in Eutrema leaves, the majority of which are involved in
carbohydrate metabolism, energy production and conversion, and transport of
inorganic ions (Wang et al., 2013). This study also revealed that proteins involved in
starch and sucrose metabolism are highly affected by salt stress; hence the increase in
the abundance of starch and sucrose might contribute to salt tolerance in Eutrema
(Wang et al., 2013). Among 38 proteins with different abundance in Arabidopsis and
Eutrema non-stressed plants, 22 were more abundant in Eutrema and enriched in the
function of transport (31%) and carbohydrate metabolism (17%) (Vera-Estrella et al.,
2014). Proteins that are involved in carbohydrate metabolism that are constitutively
more abundant in Eutrema or display responsiveness to salt stress require further
investigation for their contribution to salt stress adaptation.
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1.4.3.3 Genetic markers and mapping population
To date, most studies on Eutrema have focused on its comparison with Arabidopsis
under normal and/or stressed conditions. However, there is evidence that great
interspecies variation exists among Eutrema accessions that are adaptive to their vastly
different habitats. In order to identify useful alleles that are responsible for the
tolerance to harsh environments and various stresses, it is critical to construct mapping
populations and identify molecular markers. Thanks to next-generation sequencing, SNP
markers are now easily obtained in a fast and cost-effective manner, and SNPs are
available between SH and YK accessions (Champigny et al., 2013; Yin et al, manuscript in
preparation). Also, markers that are identified using other technologies such as
microsatellite DNA loci are available (Gao et al., 2007).
Due to the limited number of available Eutrema accessions (Lee et al., 2012; Wang et al.,
2015), at this point in time it is not practical to conduct genome wide association studies
(GWAS), which require a survey of a large number of natural population/accessions
(Huang and Han, 2014). Hence, a much larger survey and collection of currently
available Eutrema accessions is needed. Alternatively, RIL and NIL populations can be
constructed using known accessions that display genetic variation in important traits
such as freezing, drought tolerance, and WUE.
1.5

Conclusions

Water-use efficiency is a complex trait that is under genetic control, but affected by
multiple environmental factors. Transpiration and carbon assimilation are regulated at
multiple levels, and therefore, WUE is subject to physiological, anatomical, and genetic
regulation. Water-use efficiency studies have been focused on reducing the
transpiration rate without or with a small cost on carbon fixation or biomass production,
as a reduction in transpiration does not necessarily lead to a decrease in carbon fixation
or biomass production. As an adaptive trait, WUE is often co-segregating with other
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traits such as biomass production and drought tolerance. Hence, it is possible to identify
single locus or co-segregating loci that are responsible for WUE and biomass production,
and improve these two traits simultaneously. Without the cost of biomass production,
agriculture will largely benefit from the increase of WUE that could lead to the reduction
of freshwater consumption.
High WUE plants are often drought tolerant because of reduced transpiration and
maintained plant water content. Eutrema salsugineum is a halophyte and tolerate a
variety of abiotic stresses including salinity, drought, freezing, and nutrient deficiency.
Compared to Arabidopsis, it is a better model plant for stress tolerance studies. The
limited number of accessions that were originally collected from largely diverse habitats
vary anatomically, physiologically and genetically. More and more resources are
available for E. salsugineum studies. It is promising to use this halophyte to explore and
identify genetic determinants and useful alleles in controlling valuable agricultural traits.
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1.6

Tables and Figures

Figure 1.1 Genetic variation ranges among natural accessions and recombinant inbred
lines (RILs).
Natural accessions are indicated by the number of accessions and RILs are indicated by
two parent lines and number lines in parentheses. Variation is evaluated by direct
measurement of integrated WUE (mg g-1) or carbon isotope discrimination δ13C (‰).
Data are collected from Nienhuis et al. 1994, Easlon et al. 2014 J. K. McKay, Richards,
and Mitchell-Olds 2003, Kenney et al. 2014, Juenger et al. 2005. For 96 accessions in
Easlon et al. 2014, both WUE and δ13C were recorded.

Table 1.1 Genes known affecting WUE.
Gene

Protein

Modification

WUE

E

A

Phenotype

Ref

Loss-of-function
Loss-of-function
Loss-of-function
Loss-of-function

↓
↑
↑
↑

↑
↓↓
↓
↓

↓
↓
-

SD ↑
SD ↓
SD ↓
SD ↓

Overexpression
Loss-of-function
Overexpression
Overexpression
Loss-of-function
double mutant
Overexpression

↓↓
↑
↑
↑
↓

↓
↓
↓
↓↓
↑

↓↓
↑
↓
-

SD ↓
SD ↓
SD ↓ DT ↑
SD ↓ SS ↑
SD ↑ SS ↓

Masle et al., 2005
Boccalandro et al., 2009
Yoo et al., 2010
Nilson and Assmann
2010
Upadhyay et al 2013
Meng and Yao 2014
Dong et al 2014
Franks et al., 2015
Franks et al., 2015

↓

↑

↓

SD ↑ DT↓

Zheng et al., 2016

Overexpression

↑

↓↓

-

ABA ↑

Thompson et al., 2007

Constitutive
expression
Missense
mutation
Loss-of-function

↑

↓↓

↓

ABA ↑

Zhang et al., 2008

↑

↓↓

↓

SS ↓ SD ↑

Liang et al., 2010

↓

-

-

ABA ↓

Stomatal density
ERECTA
PHYB
GTL1
GPA1
SlERF36
AN3
bHLH35
EPF1/2

LRR-like kinase
Phytochrome B
Trihelix TF
α-subunit of the
heterotrimeric G protein
EAR motif-containing TF
transcription co-activator
helix-loop-helix TF
Small secreted peptides

TaGT2L1D

Trihelix DNA-binding factor

Stomatal aperture/size
NCED1
ABP9

9-cis-epoxycarotenoid
deoxygenase
bZIP TF

CesA7

Cellulose synthase

RD20

Caleosin family

Aubert et al., 2010
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Table 1.1 Continued.
Gene

Protein

Modification

AQP1

Aquaporin

CA1/4
SuSy3

Carbonic anhydrase
Sucrose synthase

MPK12

Mitogen-activated protein
kinases
Calcium sensing receptor

CAS

WUE

E

A

Phenotype

Ref

Constitutive
expression
Overexpression
Antisense

↑

↑

SA ↑

Sade et al., 2010

↑
↑

↓
↓↓

↑
↑
↑
↓

SA ↓
SA ↓

Hu et al., 2010
Antunes et al 2012

Allelic variation

↑

↓

-

SS↓ ABA ↑

Antisense

↓

↑

↓

SA ↑

embryogenic abundant (LEA)
protein
ABC transporter
AP2/EREB TF

Constitutive
expression
Loss-of-function
Inducible

↑

↓

↑

DT

Sivamani et al., 2000

↑
↑

↓
↓

-

DT
DT

AP2/ERF-like TF
Homeodomain-ZIP
Unknown
Putative E3 ubiquitin ligase
Zinc-finger motifs; defense
Poplar NUCLEAR FACTOR Y
subunit B 7

Overexpression
Overexpression
Loss-of-function
Loss-of-function
Loss-of-function
Overexpression

↑
↑
↑
↑
↓
↑

↓
↓↓
↓↓
↓
N/A
↓

↑
↑
↓
N/A
↑

DT
DT SD ↓
DT
DT Cuticle
DT
DT

Klein et al., 2003
Bhatnagar-Mathur et al.,
2007
Karaba et al., 2007
Yu et al., 2008
Baxter et al., 2009
Lü et al., 2012
Wituszynska et al., 2013
Han et al. 2013

Des Marais et al., 2014
Wang et al. 2014

Drought tolerance
HVA1
MRP5
DERB1A
HARDY
HDG11
ESB1
CER9
LSD1
PdNF-YB7
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Table 1.1 Continued.
Gene

Protein

Modification

GMT1

GA methyltransferase

Overexpression

WUE

E

A

Phenotype

Ref

↑

↓

-

DT SA ↓

Nir et al., 2014

Abbreviation: SD, stomatal density; ABA, abscisic acid response/sensitivity; SS, stomatal size; SA, stomatal aperture; DT, drought
tolerance; Cuticle, cuticle thickness. “↑” and “↓” indicate increase or decrease compared to wild type. “-” indicates no change. N/A
indicates not available or not indicated in the study.
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CHAPTER 2.

NATURAL VARIATION OF WATER-USE EFFICIENCY AND DIURNAL

TRANSPIRATION IN EUTREMA SALSUGINEUM ACCESSIONS.

2.1

Abstract

Water-use efficiency (WUE), the ratio of biomass to water loss, is a heritable but
complex trait, the genetic basis of which is largely unknown. The goals of this study were
to 1) assess genetic variation for WUE among E. salsugineum accessions from a range of
environments, and 2) identify possible anatomical, morphological, and physiological
determinants that contribute to high WUE. WUE was assessed from the measurement
of biomass and water loss in nine E. salsugineum accessions and carbon isotope
discrimination (δ13C) was measured in two high- and two low-WUE accessions. Diurnal
transpiration rates were determined by gravimetric water loss. Epidermal cell traits and
plant morphology were also assessed. E. salsugineum accessions from habitats with low
water availability, temperature, and radiation had lower transpirational water loss and
higher rosette biomass, resulting in higher WUE. There was a 2.2 to 3.1 mg g-1 range in
WUE, which was correlated with δ13C. Accessions with low WUE had high diurnal
transpiration under both high and low vapor pressure deficit (VPD). All accessions
displayed an increase in transpiration rate during the predawn period that was more
pronounced in low-WUE accessions. Overall, the high-WUE accessions had lower
stomatal density and index and larger thinner leaves than low-WUE accessions. Broad
sense heritability for many physiological and morphological traits was over 0.5,
suggesting the potential for identification of genetic determinants of WUE in this species.
Genetic correlations between WUE and predawn stomatal opening and other
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physiological and morphological traits suggest that these traits provide benefit(s) for
plant growth and fitness in the environments to which the accessions are adapted
2.2

Introduction

Water-use efficiency is under selection pressure (Donovan and Ehleringer, 1994; Shane
Heschel et al., 2002; Geber and Griffen, 2003; Caruso et al., 2005) and plants growing in
environments with limited water often have higher WUE than those growing in
environments with sufficient water available (McKay et al., 2003). Quantitative trait loci
correlated with WUE have been identified in Arabidopsis thaliana (Hausmann et al.,
2005; McKay et al., 2008; Lovell et al., 2015). Although, a limited number of genetic
determinants or cases of allelic variation responsible for WUE variation have been
identified, the genetic and physiological bases of WUE are still largely unknown, and
there are likely more determinants and/or superior alleles.
Water-use efficiency is defined as biomass accumulation over the water used to
produce that biomass on a per plant basis (integrated WUE; WUEB) or CO2 assimilation
rate over transpiration rate on a leaf area basis (instantaneous WUE; WUEi). Hence,
morphological, anatomical, and physiological factors that impact carbon assimilation or
biomass production and/or transpiration or water loss can affect WUE. Plants that have
a higher drought tolerance often have higher WUE than more drought susceptible
genotypes (Sivamani et al., 2000; Klein et al., 2003; Bhatnagar-Mathur et al., 2007;
Karaba et al., 2007; Yu et al., 2008; Baxter et al., 2009; Lü et al., 2012; Han et al., 2013;
Nir et al., 2014). The reduction in water loss is often associated with reduced stomatal
pore area due to either a reduced number of stomata (stomatal density) or stomatal
aperture or size (Masle et al., 2005; Thompson et al., 2007; Zhang et al., 2008;
Boccalandro et al., 2009; Aubert et al., 2010; Hu et al., 2010; Liang et al., 2010; Sade et
al., 2010; Yoo et al., 2010; Antunes et al., 2012; Des Marais et al., 2014; Wang et al.,
2014b; Franks et al., 2015). However, apart from the correlation between stomatal pore
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area and transpirational water loss with WUE, the genetic and physiological bases of
how plants optimize the tradeoff between biomass production and water loss are still
largely unknown. This is partially due to the limitation of using Arabidopsis thaliana as a
genetic model. Arabidopsis is a glycophyte, which is not generally tolerant of abiotic
stresses. Using a halophyte that is drought stress tolerant may facilitate the discovery of
novel alleles or genes regulating drought-related traits such as transpiration and WUE.
Eutrema salsugineum, previously known as Thellungiella halophila and T. salsuginea, is
more cold- (Griffith et al., 2007), drought- (Wang et al., 2014a), salt- (Gong et al., 2005),
and nutrient-deficient-tolerant (Kant et al., 2008) than Arabidopsis. Hence, it has been
used as a model species for studies of abiotic stress tolerance (Inan et al., 2004;
Amtmann, 2009). As a glycophyte, the ability to utilize Arabidopsis as a model plant to
identify genetic determinants of stress-related (especially drought and osmotic stress)
traits is limited (Bressan et al., 2001). Compared with Arabidopsis, Eutrema adopts
different strategies in coping with osmotic stress, such as upregulating genes in protein
folding, post-translational modification, and protein distribution (Gong et al., 2005),
increasing metabolite concentrations (Lugan et al., 2010), and neofunctionalization of
homologous genes with specialized and/or enhanced function (Ali et al., 2012). Under
drought stress conditions, Eutrema can maintain plant water content to protect the
shoot meristem from desiccation (Amtmann, 2009). Increasing WUE is one of the
strategies for drought stress adaptation which is known as dehydration avoidance
(McKay et al., 2008). Hence, E. salsugineum is a species in which superior alleles for
WUE may be identified.
Among E. salsugineum accessions, genetic variation for freezing (Lee et al., 2012),
drought (MacLeod et al., 2014; Xu et al., 2014), salt (Lee et al., 2016), and disease (Yeo
et al., 2014) tolerance have been reported. For abiotic stresses, the adaptive traits
displayed by different accessions appear to reflect the environment of local habitats,
presumably increasing fitness in those environments (Lee et al., 2012; MacLeod et al.,
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2014; Xu et al., 2014; Yeo et al., 2014). The two most studied Eutrema accessions,
Shandong and Yukon, employ distinct strategies in coping with drought stress (MacLeod
et al., 2014). There is no report on genetic variation for WUE in E. salsugineum to date,
and we speculated that genetic variation for WUE also exists among E. salsugineum
accessions.
In this study, we utilized accessions collected from habitats with different growth
conditions such as water availability, temperature, and light intensity. The hypothesis is
that the genetic variation among these accessions is responsible for traits under
selection in the local habitats such as WUE, transpiration, and other physiological,
morphological, and anatomical traits. The primary goals were to determine 1) genetic
variation for WUE among Eutrema accessions, 2) the relationship between WUE and
environment, and 3) correlation between WUE and other physiological and anatomical
traits in Eutrema accessions collected from North America and China.
2.3

Materials and Methods

2.3.1 Plant materials and growth conditions
For all described experiments, up to nine Eutrema salsugineum accessions were used:
Colorado (CO), Cracker Creek (CC), Dillibrough (DB), Hebei (HB), Henan (HN), Jiangsu (JS),
Shandong (SH), Xinjiang (XJ), and Yukon (YK) (Figure 2.1). Seeds were stratified for 7 to
10 d in water at 4 °C prior to planting. All plants were grown in the Purdue University
Horticulture Plant Growth Facility
(https://ag.purdue.edu/hla/hort/greenhouse/Pages/Default.aspx). For all experiments
other than epidermal trait analyses, stratified seeds were planted in modified 50 ml
polypropylene amber conical tubes (Figure 2.2; Grenier Bio-One, Monroe, NC, USA)
filled with Pro Mix PGX soilless media (Premier Horticulture Inc., Quakertown, PA, USA).
A 5 mm hole was drilled in the tip of each tube to create a hole for planting. To close the
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tubes and support the media for sub-irrigation, 20 mm diameter holes were drilled in
tube caps, and 1 mm wire mesh screens were inserted into the caps. Seeds were
germinated and seedlings were grown under mist to the four-leaf stage (2 to 3 weeks)
and thinned to one plant per tube. Plants were then transferred to a greenhouse with
day and night mean temperatures of 21.5 and 18 °C, respectively. Metal halide and
sodium vapor lights were used as a complementary light source to extend the
photoperiod to 13 h. Plants were sub-irrigated with alternating clear and fertilizer water
approximately every 3 to 4 d to maintain adequate soil water content. Plants were
fertilized with (mg L-1) 200 N, 29 P, 167 K, 67 Ca, 30 Mg, and micronutrients. Nutrients
were supplied from 1000 mg L-1 15-5-15 commercial fertilizer formulation (Miracle Gro
Excel Cal-Mag, The Scotts Co., Marysville, OH, USA). Adjustment of pH to 5.7 - 6.0 was
achieved by adding 93% sulfuric acid (Ulrich Chemical, Indianapolis, IN, USA) at 0.08 ml
L-1. The modified tube system did not have any negative effects on media properties pH,
EC, and bulk density (Figure 2.3.) or on plant growth and development (Figure 2.4).
Plants for isotope discrimination were grown in a 4:1 mixture of Fafard 2X Mix soilless
media (Conrad Fafard, Inc., Agawam, MA, USA) and Turface calcined clay (PROFILE
Products LLC., Buffalo Grove, IL, USA) in SC7 Ray Leach “Cone-tainer” tubes (115 mL;
Stuewe & Sons, Inc., Tangent, OR, USA). Plants were grown for six weeks in a Conviron
E15 plant growth chamber with a 10 h photoperiod, with light- and dark-period
temperatures of 22 and 18 °C, respectively, and average light intensity of 208 µmol m-2
s-1.
Plants for epidermal trait analyses were grown in the same soilless media and tubes as
plants for isotope discrimination. Plants were grown under the same greenhouse
conditions with a 14 h photoperiod.
For transpiration measurements, plants were transferred from the greenhouse to a
Conviron E15 plant growth chamber with a 10 h photoperiod for 4 d before each
measurement, with light- and dark-period temperatures of 22 and 18 °C, respectively,
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and average light intensity of 132 µmol m-2 s-1. Temperature and relative humidity were
monitored using three HOBO data loggers (Onset Computer Corporation, Bourne, MA,
USA). The vapor pressure deficit (VPD) was calculated from the recorded temperature
and relative humidity data.
2.3.2 Data analysis and experimental design
All statistical analyses were conducted using SAS analytical software version 9.2 (SAS
Institute Inc., Cary, NC, USA); individual experimental designs are noted under each
heading. Least square means adjusted by Tukey-Kramer’s tests were used for WUE and
transpiration experiments. Mean separation tests were conducted using Tukey’s
studentized range tests for isotope discrimination and epidermal traits.
Broad sense heritability (H2) was calculated from analysis of variance (ANOVA) for all
measured traits (Table 2.1). Variance for block (σ2B), accession (σ2G), accession x block
(σ2GxB; when interaction factor was included), and error (σ2e) were estimated. Total
phenotypic variance (σ2P) is the sum and H2 was calculated as by

.

2.3.3 Water-use efficiency
To quantify water-use efficiency, tubes were weighed to 0.01 g before and after each
irrigation to quantify water loss and uptake between irrigations. Tubes with no plants
were watered and weighed along with experimental plants to estimate the loss of water
from soil evaporation. Water loss was adjusted for media water loss by subtracting the
mean weight difference of control tubes at each irrigation. Above-ground biomass (total
dry weight of excised leaves and petioles of the rosette) was weighed after 6 weeks.
Water-use efficiency was calculated as biomass accumulated (mg) divided by total water
loss (g) over the course of the experiment. A randomized complete block design with
eight blocks and two to five replicates of each accession per block was used. Two main
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factors: accession and block, and their interaction (accession x block) were included and
treated as fixed effects in the ANOVA analysis.
2.3.4 Isotope discrimination
All isotope analysis was carried out at the Purdue Stable Isotope facility
(eas.purdue.edu/psi/). Leaf tissue was first oven dried, then ground with a ball mill to
homogenize the material. About 1.0 to 1.6 mg of ground tissue was weighed into 5 x 9
mm tin capsules (Costech Analytical Technologies, Inc. Valencia, CA, USA). Samples were
combusted by a PDZ/Europa Element Analyzer (Sercon, Ltd, Cheshire, UK) interface with
an open carousel autosampler. Carbon isotope content was measured by a Sercon 20
isotope ratio mass spectrometer (IRMS) (Sercon, Ltd, Cheshire, UK). A randomized
complete block design (RCBD) was used with 7 blocks and one replicate per block. Two
main factors: accession and block were included and treated as fixed effects in the
ANOVA analysis.
2.3.5 Diurnal water loss, transpiration, growth, and morphology
Water loss was measured gravimetrically in a Conviron E15 growth chamber. Six to
twenty-seven individuals of each accession were grown in each of five blocks. Growth
conditions in the growth chamber were as previously described. During measurements,
the growth chamber was set to 60% relative humidity (RH) for all experiments, under
two different temperatures: 27.2 °C and 22.6 °C in two different light-period VPD levels
during the experiments. The relative humidity for both high and low light VPDs are
similar: 37.0 and 40.7%, respectively. Blocks 1-2 and 3-5 were measured when the light
period VPD was 1.77 ± 0.01 and 2.50 ± 0.01 kPa, respectively. Dark-period VPD was 0.97
± 0.01 kPa during the measurement of all blocks. Because plants are highly responsive to
changes in VPD (Figure 2.5), experiments were analyzed separately. Within each block,
twenty A&D EK-410i analytical balances (A&D Engineering, Inc., San Jose, CA, USA),
arrayed with a serial USB adaptor were used to quantify weight changes. Balances were
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calibrated prior to every experiment. Mesh caps were changed to solid caps before
tubes were placed onto the balances to minimize soilless media water evaporation.
Weight loss data from the balance array system were logged to a laptop computer using
WinWedge Pro software version 3.1.41 (TAL Technologies, Inc., Philadelphia, PA).
Weight on each balance was downloaded every five minutes during a 36-h period (10-h
photoperiod, two dark and one light period(s)) into a Microsoft Excel spreadsheet.
Digital images of excised leaves were taken and leaf area (LA) was calculated using open
source, public domain ImageJ software (http://rsbweb.nih.gov/ij/index.html). Rosettes
were weighed after drying to a constant weight at 80 °C. Specific leaf weight (SLW) was
calculated by dividing leaf dry weight by leaf area of all leaves. Leaf area ratio (LAR) and
leaf mass ratio (LMR) were calculated as the ratio of leaf area or dry weight over total
rosette dry weight, respectively.
Water loss (WL) over diurnal (DiWL; the sum of one light and one dark period), light
(LWL), and dark periods (DWL) was quantified as the weight difference over that period
divided by LA. Water loss in g was then converted to mmol H2O to calculate
transpiration. Cubic or quadratic equations were fit to the weight loss data for light and
dark periods, separately, and transpiration rate at each time point was calculated as the
derivative of the fitted water loss curves (Figure 2.6). The maximum (Emax), minimum
(Emin), and predawn (average transpiration of the last 15 min of dark period; EPD)
transpiration rates were calculated from the fitted curves (Figure 2.7). The extent of
predawn stomatal opening (PDOE) was calculated as: PDOE = EPD− Emin.
Transpiration was quantified in eight E. salsugineum accessions (CC, CO, DB, HB, HN, SH.
XJ, and YK). Morphological data were combined for data analyses as plants were grown
under the same conditions and VPD only varied during weight loss quantification. An
incomplete randomized block design (IRBD) was used for the two water loss
experiments under two light VPDs with 2 or 3 blocks per experiment. Weight loss was
quantified in 2 to 9 and 3 to 6 replicates per accession under 1.77 and 2.50 kPa VPD,
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respectively. Three plants (subsamples) of each replicate were placed on an individual
balance.
Data from the two VPD environments were analyzed separately and two main factors,
accession and block, and their interaction (accession x block) were included and treated
as fixed effects in the ANOVA analysis. Least square means adjusted by Tukey-Kramer
tests are reported in Table 2.2. In order to combine data under two light period VPDs for
the correlation between WUE and transpiration traits, for diurnal DiWL, LWL water loss,
and Emax, data collected from both experiments were analyzed using a nested block
design, in which VPD is the main factor with two levels, and block is a nested random
factor nested under each VPD with 2 to 3 blocks per VPD. Since there was no difference
in dark period VPD, water loss traits during dark period were analyzed together using an
IRBD with five blocks and 9 accessions. Two main factors: accession and block, and their
interaction (accession x block) were included (all as fixed effects) in the model.
2.3.6 Epidermal cell traits
Epidermal cell traits were quantified in eight accessions. Abaxial and adaxial epidermises
of one fully expanded leaf from each plant were applied with gentle pressure onto ca. 5
μl of cyanoacrylate glue (Duro, Avon, OH, USA) on a microscope slide. Photos of
epidermal imprints were taken using a Nikon Optiphot2 compound microscope (Nikon
Instruments, Inc., Melville, NY, USA) with a photo multiplier light measuring system
equipped for bright field. A camera (Konus U.S.A Corporation, Miami, FL, USA) and
software support system (ScopeTek, Hangzhou ScopeTek Opto-Electric Co., Ltd.,
Hangzhou, China) were used for high-resolution still image capture. For each biological
replicate, the four images each from abaxial and adaxial epidermises were taken and
used for calculations. Stomata, pavement, meristemoid, and guard mother cells were
counted using ImageJ software. Stomatal (SD), pavement (PD), and total (TD; includes
meristemoid and guard mother cells) cell densities were calculated as the number of a
given cell type per unit area. Stomatal index was calculated as SD/TD. Plants were grown
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in a randomized complete block design with four blocks and one replicate of each
accession per block. Two main factors, accession and block, were included as fixed
effects in the ANOVA analysis.
2.4

Results

2.4.1 Variation in water-use efficiency (WUE) among Eutrema salsugineum accessions
To assess genetic variability in Eutrema for WUE and related traits, we characterized
plant growth, water use, shoot morphology, and epidermal cell traits in nine accessions
(Figure 2.1) from diverse environments (Table 2.3). Values of WUE ranged from 2.2 to
3.1 mg g-1 (Figure 2.8) with H2 of 0.30 (Table 2.1).
Based on statistical differences, the nine accessions were categorized into two groups:
low- and high-WUE. The low group includes four of the five Chinese accessions and one
North American accession: HB, HN, JS, SH, and CO (Figure 2.8). The high-WUE group
contains the remainder of the North American accessions and one Chinese accession: CC,
DB, YK, and XJ (Figure 2.8).
Values of H2 for biomass accumulation and water loss were 0.22 and 0.18, respectively
(Table 2.1). Biomass accumulation varied among accessions by 0.8-fold from 86 to 158
mg, and overall, high-WUE accessions accumulated more dry matter than the low-WUE
accessions (Figure 2.9A). A positive correlation was observed between WUE and rosette
biomass among accessions (Figure 2.9C) and within each accession (Figure 2.10), except
for SH (P-value = 0.1184). Compared to biomass accumulation, there was less variation
in water loss values between high- and low-WUE groups (Figure 2.9B). The accession XJ
was the exception, losing 56 g over the 6-week period, compared to the 35 to 45 g
water lost by all other accessions. This is likely due to the larger leaf area of XJ compared
to other accessions (Table 2.4). In the two most commonly studied accessions, YK and
SH, YK had higher WUE and more biomass than SH (Figure 2.8; Figure 2.9A).
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Stable carbon isotope discrimination (δ13C) is a surrogate method for assessing
genotypic differences in WUE (Ismail and Hall, 1992). The range in average δ13C among
the four accessions characterized was ca. 2‰ (Figure 2.11A), but values varied by up to
1‰ within accessions as well (Figure 2.11A). Variation in WUE among accessions was
strongly and positively correlated with δ13C (Figure 2.11B; R2=0.79). Mean WUE values
of plants grown for δ13C analysis were slightly lower than the first screen, possibly
because plants were smaller when they were harvested (Figure 2.9A and 2.12A). Similar
to the screen of all accessions, JS and SH, which had lower WUE than DB and YK,
accumulated less biomass (Figure 2.12).
WUE H2 was higher in this experiment (0.90; Table 2.1) than the screen of all accessions,
likely due to the fact that the selected accessions represents the extreme ends of
genotypic variation (Figure 2.8). The high correlation between WUE and δ13C (R2=0.79;
Figure 2.11), and the high H2 (0.84; Table 2.1) in δ13C confirms this trait as a reliable
surrogate measurement for WUE in this species. Nitrogen and carbon content, and δ 15N
had small variation among accessions (Figure 2.13) with moderate to high H2 (Table 2.1).
Carbon to nitrogen ratio (C: N) had low H2 (Table 2.1). No statistical separation between
high- and low-WUE accessions was observed for any of these traits (Figure 2.13).
2.4.2 Water loss characteristics among Eutrema salsugineum accessions
To determine if water loss per unit leaf area is associated with whole-plant WUE in
Eutrema, transpiration was measured gravimetrically over a 36-h period in eight of the
nine accessions. Two experiments were conducted under two different average lightperiod VPDs: 1.77 and 2.50 kPa, but the same dark period VPD (0.97 kPa). Light period
transpiration rates followed typical diurnal patterns, with the highest transpiration rates
occurring at midday in all accessions (Figure 2.14). Changing light levels from light to
dark and vice versa in the chamber were not ramped, resulting in rapid changes in
transpiration from light to dark, and vice versa (Figure 2.14). Maximum light period
transpiration rates (Emax) varied from 1.4 to 2.3, and 2.0 to 3.8 mmol H2O m-2 s-1among
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accessions under 1.77 and 2.50 kPa VPD, respectively (Figure 2.14 and Table 2.2). Lightperiod water loss was greater at higher VPD in all accessions (Figure 2.14, Table 2.2).
Under both light-period VPDs, VPD was constant within each experiment throughout
the light period (Figure 2.15), so changes in water loss are not due to fluctuations in VPD.
Some accessions of Eutrema exhibit a distinct increase in water loss at the end of the
dark period, the degree to which varies among accessions (Figure 2.14). Most
polynomial functions predict a minimum transpiration rate within a 30-minute window
(CC and YK are exceptions) (Table 2.2), and predicted minimums (D1Emin) derived from
cubic or quartic (rather than quadratic) curves agree with visual observation of the
plotted transpiration rate (Figure 2.6). However, the transpiration rate at the beginning
of the dark period (data not shown) and the predawn transpiration rate (D1EPD, Figure
2.7 and Table 2.2) can be over- or underestimated by certain functions. For example,
fitting a cubic function to water loss data for the dark period of YK results in an underand overestimation of the transpiration rate at the beginning and predawn portions of
the curve, respectively (Figure 2.7D). However, the cubic function more accurately
predicts predawn transpiration rates in accessions such as SH (Figure 2.7G).
Diurnal water loss patterns were correlated with WUE: the accessions with high (CO, HB,
HN, and SH) and low transpiration rates (CC, DB, XJ, and YK) (Figure 2.14 and Table 2.2)
had low and high WUE, respectively (Figure 2.8). Overall, low-WUE accessions had
higher transpiration rates during both light and dark periods under both VPD levels
(Figure 2.14; Table 2.2). From the beginning until the middle of the light period when
Emax occurred, low-WUE accession transpiration increased by 0.3 and 0.7 mmol H2O m-2
s-1, under 1.77 and 2.50 kPa VPD, respectively (Figure 2.14A-D), whereas high-WUE
accession transpiration increased by 0.2 and 0.4 mmol H2O m-2 s-1 under the two light
period VPDs (Figure 2.14E-H). Under both VPDs, the high-WUE group increase in
transpiration was smaller than the low-WUE group (P-value < 0.05). In addition, Emax of
the low-WUE group was 2.2 and 3.7 mmol H2O m-2 s-1 under the low and high VPD,
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respectively, while the high-WUE accessions had Emax values of 1.5 and 2.4 mmol H2O m2 -1

s , respectively (Figure 2.14; Table 2.2). Values of Emax were correlated with WUE

(Table 2.5).
The minimum dark period transpiration rate (Emin) occurred approximately three hours
(20% of dark period) after the beginning of the dark period (Figure 2.14). Similar
variation with a 0.65-fold change was noted for Emin among Eutrema accessions (Figure
2.14; Table 2.5), but Emin was not correlated with WUE (Table 2.5). Despite this, the
amount of water lost during the dark period was greater in low-WUE accessions due to a
more pronounced increase in transpiration rates during the predawn period (Figure 2.14
and Table 2.5). This increase in transpiration during the predawn period was quantified
as predawn stomatal opening (PDOE; see materials and methods) and is not associated
with a change in VPD (Figure 2.15). The PDOE mean values for high- and low-WUE
groups differed at both 1.77 (0.3 vs 0.6 mmol H2O m-2 s-1 at P-value ≤ 0.01) and 2.50 kPa
VPD (0.4 vs 0.8 mmol H2O m-2 s-1 at P-value≤ 0.001).
Water loss and transpiration rates during dark and light periods had low H2 (0.21 to
0.26) (Table 2.1). However, predawn water loss, quantified as EPD and PDOE, had H2
values of 0.55 and 0.59, respectively (Table 2.1). Tissue concentrations of N were not
correlated with any measure of transpiration rate or WUE (Figure 2.8, 2.13, and 2.14).
2.4.3 Genetic variation for epidermal traits
There were more epidermal cells on the abaxial than the adaxial side of Eutrema leaves,
similar to Arabidopsis (Mickelbart et al. unpublished data). Overall, the high-WUE (low
transpiration) accessions had lower abaxial (AbSD) but not adaxial (AdSD) stomatal
densities than low-WUE accessions (Table 2.6). AdSD, pavement (AdPD), and total cell
densities (AdTD) were 50 to 70% of abaxial side (Table 2.6). AbSD or AdSD was not
correlated with WUE or transpiration rates (Table 2.5). A range of 98.1 and 38.1 mm-2
was observed among accessions for AbSD and AdSD, respectively (Table 2.6). AbSD and
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AdSD in SH was 1.8- and 1.7-times that of YK (Table 2.6). The variation in AbSD, AdSD, or
TSD (AbSD+AdSD) is not completely consistent with WUE, e.g. DB had a WUE 0.55 mg g -1
higher than CO, but had the same AbSD, AdSD, and TSD as CO; SH had a similar Emax to
HB but had a higher AbSD than HB (Table 2.6). All of these suggest that stomatal density
alone could not have accounted for the differences in WUE or transpiration observed in
these natural accessions.
Abaxial stomatal index (AbSI) was lower in the high-WUE accessions (Table 2.6), and was
correlated with higher WUE among accessions (Table 2.5). There were also positive
correlations between AbSI and water loss during both light and dark periods (Table 2.5).
Abaxial pavement cell and total cell densities were not different among accessions
except that CO had lower values than JS and SH (Table 2.6). AdSD also had less variation
among accessions compared to AbSD (Table 2.6). Stomatal index was lower on the
adaxial side and consistently lower in the higher WUE accessions (Table 2.6). Accessions
did not differ for abaxial:adaxial ratios for any cell type. The total stomatal density was
consistent with AbSD, while little difference was observed for PD and TD (Table 2.8). H 2
for most of epidermal traits is moderate to high with the highest in AbSI (Table 2.1). The
ratio abaxial:adaxial of stomatal, pavement cell, and total cell density all have low H2
(Table 2.1).
2.4.4 Correlation between WUE and other traits
To determine the physiological and anatomical traits that may underlie differences in
WUE in Eutrema, a stepwise model selection was conducted to select predictors of WUE
from water loss characteristics (Table 2.2), plant morphology (Table 2.4), and epidermal
traits (Table 2.6). Transpirational water loss traits collected under 1.77 and 2.50 kPa VPD
were combined. Predawn stomatal opening (PDOE) was included as a single negative
predictor with determination coefficient (R2) equal to 0.81 (Figure 2.16A) from a
stepwise predictor selection. Based on positive collinearity of PDOE with DiWL, LWL,
Emax, and EPD, and negative correlation with LA and LAR (Table 2.4), LWL, DWL, Emax and
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EPD all negatively affect WUE. In addition, the higher LA and LAR are positively correlated
with higher WUE. This suggests that accessions with higher investment of carbon
resources into leaves tend to have higher WUE. The high-WUE accessions have more
serrated leaves as well, but whether there is an effect of leaf shape on WUE and its
related traits is unknown.
A positive correlation between the latitudes of the Eutrema accessions’ habitats and
WUE, but not rosette biomass or total water loss was found (Figure 2.16B). For all the
North American accessions and one Chinese accession (XJ), latitudes range from 33 to
44 (°N), while CC, DB, and YK are located within 1 degree of each other around 60 (°N)
(Lee et al., 2012) (Table 2.3).
2.5

Discussion

Water-use efficiency is an adaptive and complex trait that is genetically regulated (Yoo
et al., 2009), but varies with environment (Lawson and Blatt, 2014). In this study, we
used accessions of the extremophile E. salsugineum from diverse environments. Natural
variation in abiotic and biotic stress tolerances within this species has been reported
(Lee et al., 2012; MacLeod et al., 2014; Xu et al., 2014; Yeo et al., 2014). Our objectives
were to identify variation in WUE among accessions, to determine how WUE is related
to local habitats where these accessions grow, and to identify important physiological
and/or anatomical determinants of WUE.
2.5.1 WUE is an adaptive trait in E. salsugineum
We observed a 2.2 to 3.1 mg DW g-1 H2O difference between the extremes in WUE
among Eutrema accessions. Values of WUE are higher in Eutrema than in Arabidopsis,
while the range in WUE among Eutrema accessions is comparable to that of A. thaliana
natural accessions (Nienhuis et al., 1994).
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Carbon isotope discrimination (δ13C) has been used as a surrogate method to quantify
plant WUE (Farquhar et al., 1989), and a strong correlation exists between WUE and
δ13C in diverse species such as tomato (Martin and Thorstenson, 1988), Malus spp. (Ma
et al., 2010), and Arabidopsi (Juenger et al., 2005). Hence, carbon isotope discrimination
has been used to identify QTL associated with WUE and related traits such as flowering
time and drought-response (Hausmann et al., 2005; Juenger et al., 2005). Eutrema δ13C
was correlated with WUE in the subset of accessions that we examined (Figure 2.11) and
the range was similar to that of Arabidopsis accessions (Ealson et al 2014; McKay et al.,
2008; Malse et al., 1993). Our result indicates that stable isotope discrimination could
be used as an alternative method for screening for WUE in Eutrema.
Water loss and biomass accumulation are the two components of WUE, and
improvements in either (lower water loss and/or higher biomass accumulation) could
result in improvements in WUE. In many cases, improvements in WUE are due to a
reduction in transpiration, but with a concurrent decrease in net CO2 assimilation
and/or biomass accumulation (Masle et al., 2005; Zhang et al., 2008; Liang et al., 2010).
However, there is also mounting evidence that small reductions in transpiration may not
necessarily result in a yield penalty (Klein et al., 2003; Bhatnagar-Mathur et al., 2007;
Thompson et al., 2007; Yoo et al., 2010). In Eutrema, high WUE is correlated with lower
transpiration rate (Table 2.5), and this lower transpiration rate does not have a cost in
biomass accumulation (Table 2.4). On the contrary, high-WUE accessions often
accumulate more biomass than the low-WUE accessions. This highlights the possibility
of improving WUE and biomass simultaneously.
The correlation between WUE and biomass accumulation differs among studies and
plant species. For example, in peanut (Sheshshayee et al., 2006; Songsri et al., 2009) and
sorghum (Xin et al., 2009) a positive correlation was reported between the two traits,
but there was no correlation in poplar (Monclus et al., 2006) or cowpea (Anyia and
Herzog, 2004), and WUE was negatively correlated with biomass in tomato (Martin and
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Thorstenson, 1988). In this study we showed that high-WUE co-occurred with biomass
accumulation but not total water loss on a per plant basis (Figure 2.8, 2.9, 2.10 and
Table 2.4), suggesting that under optimal water availability conditions, high-WUE
accessions optimize WUE and biomass accumulation at the same time, and it is possible
to identify the superior allele for the genetic determinants that are responsible for WUE
and biomass accumulation utilizing Eutrema natural accessions.
In addition to higher total biomass, high-WUE accessions also have a higher LAR (an
exception is XJ) (Table 2.4). In this study, LAR is a measure of biomass allocation to
lamina versus petiole within the rosette. Our data suggest that high-WUE accessions
invest more biomass into photosynthetic leaf area, which is correlated with higher
relative growth rates in a number of species (Poorter and Remkes, 1990). The lower LAR
in XJ is probably due to the fact that the XJ habitat is similar to the habitats where low
WUE were collected with high solar radiation (Table 2.3). The larger total leaf area of
high-WUE accessions (Table 2.4) and no differences in the shoot:root ratio among
accessions (data not shown), also suggest a difference in resource partitioning among
accessions. The high WUE group may allocate more biomass to leaf area to improve
WUE to compensate for lower stomatal conductance, reflected by lower transpiration
(Masle et al., 2005; Xu and Zhou, 2008; Yoo et al., 2010).
Thicker leaves (low SLA) is often an indicator of higher chlorophyll per unit leaf area,
thus a greater photosynthetic capacity, also correlates with higher WUE (Sheshshayee et
al., 2006; Songsri et al., 2009).. However, in E. salsugineum, high WUE accessions all had
a lower SLW (higher SLA; thinner leaves) than low WUE accessions (Table 2.4), which is
consistent with our hypothesis that high-WUE accessions have thinner but larger leaves
which in return capture more light for carbon fixation to adapt to lower solar radiation.
In this study, we recorded a relationship between local habitats and WUE; similar
relationships have been recorded in Eutrema accessions for freezing tolerance (Lee et al.,
2012). The environments where E. salsugineum accessions were collected from varied
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dramatically in water availability, temperature, and light resource. Using accessions
adapted to different environments provides ground for the identification of genetic
variations resulting traits under selection in these environments. Habitats with lower
latitudes often have higher solar radiation, precipitation and temperature (Lee et al.,
2012) (Table 2.3). Water availability is a direct driver in transpirational water loss
(Bhatnagar-Mathur et al., 2007) while light intensity (solar radiation) and temperature
will affect carbon fixation (Brown & Morgan, 1980), altogether driving the variation in
WUE among Eutrema natural accessions. The growing season (March to October) and
annual precipitation has a 6-fold and 5-fold differences between the highest and the
lowest, respectively (Table 2.3). As for the average temperature, it varies from 5 to 19 °C,
and -1 to 13 °C within the whole year and during growing season (Table 2.3). Solar
radiation has a smaller range from 351 to 478 mj m-2, and 248 to 396 mj m-2 from March
to October and annually. In addition, environments often have high water availability,
temperature, and solar radiation at the same time (Tables 2.3 and 2.7). The fact that
high-WUE accessions are from habitats with lower water, light, and heat resources
suggests that under limited condition, these accessions evolve to have better fitness
which requires plants to maximize carbon fixation under lower light (e.g. increasing leaf
area) budget for the limited amount of water by reducing transpiration, thus optimizing
WUE.
There are no trichomes on Eutrema leaves compared to Arabidopsis (Figure 2.1). Overall,
accessions with higher WUE are larger than those having lower WUE, reflected by more
rosette biomass (Figure 2.9; Table 2.4). High-WUE accessions with low transpiration rate
have more total leaf area but thinner leaves than those with low WUE (Table 2.4). Leaf
area ratio is also higher in the high-WUE group than the low group. In addition, less
serrated leaves were also observed in high-WUE accessions (Figure 2.1). These
morphological differences among these accessions may directly or indirectly affect WUE.
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2.5.2 High-WUE accessions have lower transpiration under high and low VPD
On the other hand, environmental conditions play a significant role in transpiration
response shown by sensitivity to factors like VPD (Figure 2.5) (Bunce, 1996). While other
studies have demonstrated variation among species for response to VPD in the same
environmental conditions (Daley and Phillips, 2006) , our results showed that there was
within-species variation in E. salsugineum for transpiration in response to changes in
light-period VPD. VPD is dependent on both temperature and relative humidity (Prince
et al., 1998). There is a 0.6 fold change among accessions under 1.77 kPa VPD, which is
slightly wider than the difference between wild type Ler Arabidopsis plants and NIL
containing Cvi allele inferred by stomatal conductance in plants measured under similar
VPD (Hausmann et al., 2005).
The increment of transpiration in response to the increase in VPD in the low-WUE
accessions was 1.5 mmol H2O m-2 s-1 which was greater than that (0.8 mmol H2O m-2 s-1)
of the high-WUE group (Figure 2.14; Table 2.2). The larger transpiration elevation from
the beginning to the middle of light period and in response to VPD increment in the lowWUE group suggest that these accessions have a more dynamic stomatal control, i.e.
stomatal are more opened during the middle than the beginning of the light period in
the high transpiration group while relatively the same in the low-transpiration group.
This change in transpiration is not due to a change in VPD (Figure 2.15).
Nighttime water loss has been quantified in numerous species (Musselman and Minnick,
2000; Tolk et al., 2006; Caird et al., 2007a; Caird et al., 2007b; Christman et al., 2008;
Christman et al., 2009) and it is primarily due to incomplete stomatal closure (Caird et
al., 2007a). The differences in total nighttime water loss are primarily due to differences
in predawn transpiration (Figure 2.14 and Table 2.2). Currently, nighttime transpiration
and the resulting nighttime water loss is thought to negatively impact WUE because
carbon is not actively being fixed during the dark hours (Tolk et al., 2006); any potential
benefit(s) of nighttime conductance have yet to be documented (Oren et al., 2001;
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Daley and Phillips, 2006; Ludwig et al., 2006; Dawson et al., 2007; Howard and Donovan,
2007). Our results did not indicate an advantage of predawn opening of stomata with
respect to biomass accumulation as shown by lower rosette dry weight in CO, HB, HN, JS
and SH (Figure 2.9A and 2.12A; and Table 2.4). However, the mechanism behind
predawn opening of stomata remains as yet unidentified.
Contradictory results of the correlation between nitrogen (N) uptake and transpiration
have been reported in different plant species (Gastal and Saugier, 1989; Cramer et al.,
2008; Matsunami et al., 2010). Positive correlation between N uptake and transpiration
was found in rice (Matsunami et al., 2010). However, N uptake does not correlate with
transpiration in tall fescue (Gastal and Saugier, 1989), radish, or tomato (Schulze and
Bloom, 1984). In this study, no correlation between N content and transpiration was
found (Figure 2.13A and 2.14; Table 2.5). On the other hand, transpiration may be
regulated by N availability; plants increase transpiration to improve mass-flow when N is
less available (Cramer et al., 2008; Matimati et al., 2014). Inconsistent results were also
reported about the effect of dark period transpiration on nitrogen uptake (Caird et al.,
2007a). Yet, in this study, no treatment on N availability was implemented, thus how
nitrogen affects dark and light period transpiration will need a more thorough
investigation.
δ15N positively or negatively correlates with transpiration efficiency of nitrogen
acquisition in different plant species (Cernusak et al., 2009). There was also a weak yet
positive correlation (R2= 0.22; P-value=0.0127) between δ15N and WUE (Figure 2.13E).
δ15N is also found to be strongly negatively correlated with biomass production in
grapevines (Stamatiadis et al., 2007). A strong and positive correlation between δ15N
and biomass production in grapevines was reported before (Stamatiadis et al., 2007).
However, with very small variation in δ15N and limited number of Eutrema accessions
measured, the correlation between δ15N and rosette biomass accumulation was not
significant (data not shown). The weak but significant correlation between δ15N and
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WUE suggests that a variation in nitrogen acquisition may exist among Eutrema
accessions (Cernusak et al., 2009).
2.5.3 High WUE is correlated with lower predawn transpiration
Even though, environmental conditions play a significant role in transpiration response
(Fletcher et al., 2007) (Figure 2.14), the inherent variation in WUE demonstrates genetic
regulation (Figure 2.8) (Juenger et al., 2005; Yoo et al., 2009; Lawson and Blatt, 2014).
The improvement of WUE relies on the understanding of physiological traits correlated
with WUE. Manipulation of related traits in order to increase WUE requires the
combination of both physiological and molecular methods (Lawson and Blatt, 2014).
In this study using a stepwise model selection, we found out that predawn stomatal
opening (PDOE) is predictive of WUE (Figure 2.16A), and this trait seemed to be linked
to stomatal behavior during light period, as all the accessions have high PDOE and also
have high light period transpiration (Figure 2.14; Table 2.5). Other studies also
suggested that a slight decrease in light-period transpiration (via a partial reduction in
stomatal aperture) can improve WUE (Chaerle et al., 2005; Yoo et al., 2010). This is
consistent with our data that those accessions (CC, DB, XJ, and YK) with lower lightperiod water loss per leaf area (Figure 2.14 and Table 2.2) had increased WUE (Figure
2.8). Lower light-period water loss due to lower light period transpiration did not
interfere with carbon uptake and fixation in the high-WUE accessions, as those
accessions all had significantly higher total rosette biomass (Figure 2.9A and 2.12A;
Table 2.4).
Different from what was indicated before that dark period transpiration is because
stomata are not fully closed (Caird et al., 2007a), in this study, transpiration increase
during predawn period seems to be due to a stomatal opening. All the accessions with
high light period transpiration all had high EPD and PDOE (Figure 2.14 and Table 2.2),
which suggests that these traits are sharing common regulatory mechanism(s). However,

79
why the low-WUE accessions have this prominent EPD and PDOE, whether it benefits
plants in their local environments, how there are affected by environmental cues and
their link to light period transpirational water loss need more thorough investigation.
Our stomatal density and index results from SH accession (Table 2.6) are comparable
with two previous studies (Inan et al., 2004; Orsini et al., 2010). Even though, the
accessions with high light transpiration do have higher AbSD and AdSD (Table 2.6), this
higher transpiration is not solely due to higher stomatal density, but also due to more
dynamic stomatal movement, a more pronounced increase in predawn period and from
the beginning towards the middle of light period. Genetic control and physiological
responses to environmental changes of stomata have been studied extensively
(Assmann, 1999; Talbott et al., 2003; Knight et al., 2006; Xie et al., 2006; Sekiya and
Yano, 2008; Xu and Zhou, 2008). , stomatal aperture and dynamics were not directly
analyzed in E. salsugineum accessions. As the primary point of gas exchange (Nilson and
Assmann, 2007)—changes in stomatal response contribute directly to changes in water
loss and WUE (Kaiser et al., 1997; Condon et al., 2004; Chaerle et al., 2005; Yu et al.,
2008). Since WUE can be significantly impacted via the regulation of transpiration, a
thorough understanding of genes that affect stomatal lineage development and
differentiation, opening/closing dynamics, and the overall regulation of these processes
should serve as the basis for developing breeding programs that effectively control
transpiration and ultimately, improve WUE.
2.6

Conclusions

The driving force of natural variation in WUE among E. salsugineum accessions is the
adaptation to their local environments where accessions were collected. The lower
water availability (lower precipitation) in the habitats where the high-WUE accessions
were collected limits transpiration resulting in fewer stomatal pores and less dynamic
stomatal movement during light and predawn period. However, the fact that the
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reduction in transpiration due to lower stomatal conductance did not reduce biomass
accumulation indicates that in order to compensate for this reduction in stomatal
conductance and lower light resource (solar radiation), high-WUE accessions developed
a strategy of increasing photosynthetic biomass (leaf area) to increase light interception.
Conditions in the habitats shaped the plant physiological and molecular control leading
to this variation in WUE in a common garden experiment. Low predawn stomatal
opening is predictive of high WUE, this trait reflects the transpirational water loss during
both light and dark periods. However, how this trait is responsive to environmental cues
is still unknown. Our study proposed the importance of predawn stomatal opening in
affecting WUE and concluded that the adaption to local environments drives the WUE
variation in E. salsugineum.

2.7

Tables and Figures

Figure 2.1 Plant morphology of E. salsugineum accessions.
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Low water-use efficiency (WUE) accessions (upper panel): Colorado (CO), Hebei (HB), Henan (HN), Jiangsu (JS) and Shandong (SH);
and high WUE accessions (lower panel): Cracker Creek (CC), Dillibrough (DB), Xinjiang (XJ), and Yukon (YK). Plants were 4-week old
grown under 14 h photoperiod.
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Figure 2.2 Conical tubes used in gravimetric measurements of transpiration.
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Figure 2.3 Media properties in the modified tube system.
Media properties pH (A), electric conductivity (EC; B), and bulk density (C) in the
modified tube system with open or closed cap. Media: soilless media only,
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Media+Turfcase: mixture of soilless and turface (4:1). (A-C) Different letters on top of
each bar indicates significant difference at P-value at P-value ≤ 0.05 based on a TukeyKramer adjusted test. Data are least square means (n=9) and bars indicate S.E. (D)
Different letters on top of each bar indicates significant difference at P-value ≤ 0.05
based on a Tukey’s studentized test. Data are means (n=6-9) and bars indicate S.E.
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Figure 2.4 Plant phenotypic traits in the modified tube system with open or closed cap.
Plant rosette biomass (A), leaf area (B), specific leaf weight (C), and greenness (D) in the
modified tube system with open or closed cap. Media: soilless media only,
Media+Turfcase: mixture of soilless and turface (4:1). Different letters on top of each
bar indicates significant difference at P-value ≤ 0.05 based on a Tukey’s studentized test.
Data are means (n=9) and bars indicate S.E.
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Figure 2.5 Responsiveness of balances to changes in vapor pressure deficit (VPD).
Calculated transpiration rate of 6-week-old Eutrema salsugineum Colorado plants during
naturally-occurring changes in VPD. Transpiration data represents the average of 10
balances with three plants per balance. VPD data represents the average of data
collected from six HOBO U-10 temperature and RH data loggers.
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Figure 2.6 Cumulative water loss and transpiration rate from derived fitted curves.
Water loss and Cumulative water loss (A) is used to derive fitted curves for groups of
plants on a single balance; then points of minimum and maximum transpiration rates (B)
are determined from each function as shown for 63-day-old Eutrema salsugineum
Shandong. Plants were grown under a 12-hour photoperiod with three plants per
balance.
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Figure 2.7 Fitted curves and calculated points of minimum dark period transpiration.
Fitted curves and calculated points of minimum dark period transpiration for E.
salsugineum accessions with different patterns. (A) Colorado, (B) Cracker Creek, (C)
Dillibrough, (D) Yukon, (E) Hebei, (F) Henan, (G) Shandong, and (H) Xinjiang.
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Figure 2.8 Water-use efficiency (WUE) of E. salsugineum WUE accessions.
Water-use efficiency (WUE) of 6-week-old E. salsugineum low WUE accessions Colorado
(CO), Hebei (HB), Henan (HN), Jiangsu (JS), and Shandong (SH), and high WUE accessions
Cracker Creek (CC), Dillibrough (DB), Xinjiang (XJ), and Yukon (YK) in plants grown under
a 13 h photoperiod. Columns are least-square means (n=22 to 38) and bars represent
S.E. Different letters on top of each column represent significant differences between
accessions at P-value ≤ 0.05 based on a Tukey-Kramer adjusted test.
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Figure 2.9 Plant rosette biomass, water loss, and their correlation with water-use
efficiency (WUE).
(A) Rosette biomass, (B) water loss, and the regression of water-use efficiency (WUE)
against (C) rosette biomass or (D) water loss of E. salsugineum low WUE accessions:
Colorado (CO; open circle), Hebei (HB; open triangle), Henan (HN; open square), Jiangsu
(JS; open hexagon) and Shandong (SH; open diamond), and high WUE accessions:
Cracker Creek (CC; filled circle), Dillibrough (DB; filled triangle), Xinjiang (XJ; filled
square), and Yukon (YK; filled diamond) in 6-week-old plants grown under a 13 h
photoperiod and greenhouse conditions. Columns and sample points are least square
means (n=22 to 38) and bars represent S.E. Different letters on top of each column
represent significant differences between accessions at P-value ≤ 0.05 based on a
Tukey-Kramer adjusted test.

92

93
Figure 2.10 Correlation between rosette biomass and water-use efficiency (WUE) within
each of E. salsugineum accessions
Low WUE accessions: (A) Colorado (CO),(B) Hebei (HB), (C) Henan (HN), (D) Jiangsu (JS),
and (D) Shandong (SH), and high WUE accessions: (E) Cracker Creek (CC), (F) Dillibrough
(DB), (G) Xinjiang (XJ), and (H) Yukon (YK) in 6-week-old plants under 13 h photoperiod.
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Figure 2.11 Carbon isotope discrimination (δ13C) of E. salsugineum accessions.
Carbon isotope discrimination (δ13C) of leaf tissue (A) and the correlation between
Water-use efficiency (WUE) and δ13C of E. salsugineum low WUE accessions: Jiangsu (JS;
open circle) and Shandong (SH; open triangle), and high WUE accessions: Dillibrough
(DB; filled circle) and Yukon (YK; filled triangle) in 6-week old plants grown under a 10 h
photoperiod and greenhouse conditions. Data are means (n=7) and bars represent S.E.
WUE= 0.60 δ13C + 21.10, P-value < 0.0001, R2=0.79.
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Figure 2.12 Plant rosette biomass, water loss and water-use efficiency (WUE) in E.
salsugineum accessions used in isotope discrimination experiment.
(A) Rosette biomass, (B) water loss, and (C) water-use efficiency (WUE) in E.
salsugineum low WUE accessions: Jiangsu (JS) and Shandong (SH), and high WUE
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accessions: Dillibrough (DB) and Yukon (YK), in 6-week-old plants grown under a 13 h
photoperiod and greenhouse conditions. Columns are means (n=7) and bars represent
S.E. Different letters on top of each column represent significant differences between
accessions at P-value ≤ 0.05 based on a Tukey’s studentized test.
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Figure 2.13 Plant δ15N and water-use efficiency (WUE) in isotope discrimination
experiment.
Plant nitrogen and carbon content, carbon to nitrogen ratio, δ15N, and correlation
between δ15N and water loss and water-use efficiency (WUE) in E. salsugineum
accessions used in isotope discrimination experiment. Nitrogen content (A), carbon
content (B), carbon to nitrogen ration (C:N; C), and stable nitrogen isotope
discrimination (δ15N) (D), and the correlation between δ15N and water-use efficiency
(WUE) (E) in 6-week-old plants of E. salsugineum low WUE accessions: Jiangsu (JS) and
Shandong (SH), and high WUE accessions: Dillibrough (DB) and Yukon (YK) in plants
grown under a 13 h photoperiod and greenhouse conditions. Columns are means (n=7)
and bars represent S.E. Different letters on top of each column represent significant
differences between accessions at P-value ≤ 0.05 based on a Tukey’s studentized test.
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Figure 2.14 Diurnal transpiration rate of E. salsugineum accession.
Diurnal transpiration rate of E. salsugineum low WUE accessions: (A) Colorado (CO),(B)
Hebei (HB), (C) Henan (HN), and (D) Shandong (SH), and high WUE accessions: (E)
Cracker Creek (CC), (F) Dillibrough (DB), (G) Xinjiang (XJ), and (H) Yukon (YK) in 6-week-
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old plants under 10 h photoperiod at average light-period vapor pressure deficits (VPDs)
of 2.50 (filled circles) and 1.77 kPa (n=3-6; open circles). Data are least-square means
(n=2-9, VPD=2.50; 3-6; VPD=1.77) and bars represent S.E. Black and white bars on the
top of the figure denote dark and light periods, respectively.
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Figure 2.15 Vapor pressure deficit (VPD).
Vapor pressure deficit (VPD) measured when diurnal transpiration rates (Figure 2.3) of E.
salsugineum accessions were measured. Light period VPD =1.77 kPa (A), and 2.55 kPa
(B).
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Figure 2.16 Correlation between water-use efficiency (WUE) and other traits.
Correlation between water-use efficiency (WUE), and (A) predawn stomatal opening
(PDOE) or (B) latitudes of habitats where E. salsugineum accessions were collected. Low
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WUE accessions: Colorado (CO; open circle), Hebei (HB; open triangle), Henan (HN; open
square), Jiangsu (JS; hexagon not shown in (A)), and Shandong (SH; open diamond), and
high WUE accessions: Cracker Creek (CC; filled circle), Dillibrough (DB; filled triangle),
Xinjiang (XJ; filled square; not shown in (A)), and Yukon (YK; filled diamond). Plants were
grown in greenhouse condition under a 13 h photoperiod. (A) A stepwise model
selection was conducted to select predictors of WUE from Table S2, S3 and S4). Predawn
stomatal opening (PDOE) was selected as a single predictor with R2=0.81. WUE = -1.16
PDOE + 3.33, P-value = 0.0058, R2 = 0.81. Data are least-square means (n=22 to 38,
WUE; n=3-11, DiWL, LWL, DWL, Emin, EPD, and PDOE, LA, SLW, and LAR; n=4, AbSD, AbPD,
AbSI, AdSD, AdPD, and AdSI). Bars represent S.E. (B) The same model selection was
conducted from climate and geographic data shown in Table S1. Latitude (Lat) was
selected with R2=0.82, while growth period day length (GDL) and annual high
temperature (AHT) also contributes to partial R2: 0.09 and 0.05, respectively. Yet due to
collinearity of GDL and AHT with Lat (Table S7), only the correlation between WUE and
Lat was shown. WUE = 0.022Lat + 1.67, P-value = 0.0006, R2 = 0.80.
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Table 2.1 Broad sense heritability of traits investigated.
Experiment

Trait

H2

Water-use efficiency

WUE
Biomass
WL

0.30
0.22
0.18

Isotope discrimination

WUE
Biomass
WL
Nitrogen content
Carbon content
C:N
δ15N
δ13C

0.90
0.61
0.26
0.30
0.57
0.18
0.52
0.84

Diurnal water loss,
transpiration, growth, and
fitness

DiWL
LWL
DWL

0.26
0.23
0.43

Emax
Emin
Epd
PDOE

0.24
0.21
0.55
0.59

Biomass
LA
SLW
LAR
LMR

0.30
0.67
0.18
0.15
0.05

Epidermal traits

Abaxial

SD
PD
TD
SI

0.66
0.28
0.41
0.84

Adaxial

SD
PD
TD
SI

0.34
0.46
0.37
0.60

Ratio of Abaxial over Adaxial

SD
PD
TD

0.23
0.13
0.21

Abaxial+Adaxial

SD
PD
TD

0.60
0.40
0.41

Abbreviation: water-use efficiency (WUE), rosette biomass (biomass), water loss (WL);
diurnal (DiWL), dark period (DWL), and light period (LWL) water loss, minimum dark
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period (Emin), maximum light period (Emax), pre-dawn period (EPD) transpiration, and
increase in transpiration from Emin to the end of dark period (EPD-Emin; PDOE); plant
rosette biomass (DW), leaf area (LA), specific leaf weight (SLW), leaf area ratio (LAR),
and leaf mass ratio (LMR); abaxial and adaxial stomatal (SD), pavement cell (PD), and
total cell (TD) density, and stomatal index (SI); the ratio of stomatal density (SD),
pavement cell density (PD), total cell density (TD) and stomatal index (SI) between
abaxial and adaxial (Ratio of Abaxial over Adaxial); the sum of abaxial and adaxial
(Abaxial + Adaxial) SD, PD, and TD.

Table 2.2 Water loss during different periods of E. salsugineum accessions.
Diurnal (DiWL), dark period (DWL), and light period (LWL) water loss, and minimum dark period (Emin), maximum light period (Emax),
pre-dawn period (EPD) transpiration, and increase in transpiration from Emin to the end of dark period (EPD-Emin; PDOE) in 6-week old
plants of E. salsugineum low WUE accessions: Colorado (CO), Hebei (HB), Henan (HN), and Shandong (SH), and high WUE accessions:
Cracker Creek (CC), Dillibrough (DB), Xinjiang (XJ), and Yukon (YK)at two daytime VPDs under a 10 h photoperiod.
Accession

DiWL
-2
(mg cm )

DWL
-2
(mg cm )

LWL
-2
(mg cm )

Emin
-2 -1
(mmol H2O m s )

Emax
-2 -1
(mmol H2O m s )

EPD
-2 -1
(mmol H2O m s )

PDOE
-2 -1
(mmol H2O m s )

VPD = 1.77 kPa
CO
HB
HN
SH

175 a
168 a
184 a
168 a

43 a
40 ab
46 a
37 b

131 a
127 a
138 a
131 a

0.26 bc
0.26 bc
0.26 ab
0.22 bc

2.18 a
2.11 a
2.26 a
2.16 a

0.92 a
0.83 a
0.90 a
0.85 a

0.66 a
0.58 a
0.63 a
0.63 a

CC
DB
XJ
YK

120 c
144 b
118 c
124 bc

31 c
39 ab
27 c
30 c

89 b
105 b
91 b
95 b

0.20 c
0.33 a
0.20 c
0.23 bc

1.44 c
1.73 bc
1.48 bc
1.53 bc

0.52 c
0.68 b
0.52 c
0.52 c

0.32 b
0.34 b
0.32 b
0.29 b

VPD = 2.50 kPa
CO
HB
HN
SH

262 a
267 a
283 a
264 a

43 ab
49 a
52 a
46 a

218 a
218 a
232 a
218 a

0.22 b
0.28 ab
0.30 ab
0.24 ab

3.64 a
3.61 a
3.80 a
3.61 a

0.98 a
1.10 a
1.09 a
1.03 a

0.76 a
0.81 a
0.80 a
0.79 a

CC
DB
XJ
YK

180 b
190 b
167 b
174 b

36 bc
37 bc
31 c
31 c

145 b
153 b
136 b
143 b

0.27 ab
0.30 a
0.24 ab
0.23 ab

2.33 b
2.52 b
2.23 b
2.33 b

0.59 b
0.62 b
0.57 b
0.57 b

0.32 b
0.32 b
0.33 b
0.33 b
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Under each VPD, data are least-square means (n=2-9 and 3-6 for VPD=1.77 and 2.50, respectively) with each replicate that
constitutes of 3 plants. VPD values for each experiment were recorded during data collected in FIGURE 2.2. Different letters within
the same column represent significant differences between accessions at P-value ≤ 0.05 based on a Tukey-Kramer adjusted test. Logtransformed data of DWL (VPD=1.77) were used.

Table 2.3 Environment conditions of E. salsugineum accessions habitats.
Solar radiation, high, low and average temperature, precipitation, and day length collected during growing season (G) from March to
October or annually (A), and latitude, longitude, and altitude of the origins where E. salsugineum accessions Colorado (CO), Cracker
Hebei (HB), Henan (HN), Jiangsu (JS), Shandong (SH), Creek (CC), Dillibrough (DB), Yukon (YK), and Xinjiang (XJ) were collected.

Accession

Solar
Radiation
-2
(mj m )
G
A

High
Temperature
(°C)
G
A

Low
Temperature
(°C)
G
A

Temperature
(°C)
G

A

Precipitation
(mm)
G

A

Day Length
(h)

Location
a

G

A

Latitude

Longitude

Altitude
(m)
2097

CO

478

396

21

16

2

-1

11

7

44

411

13.8

12.7

39°7'12"N

105°42'36"W

HB

449

384

23

16

15

7

18

11

70

610

13.8

12.7

39°20'24"N

118°3'36"E

28

HN

407

358

26

20

15

9

19

13

73

638

13.6

12.6

35°10'48"N

113°31'12"E

111

JS

430

373

23

18

15

9

18

13

113

1023

13.5

12.6

33°34'48"N

120°33'E

7

SH

432

373

25

18

14

6

18

12

63

500

13.7

12.7

37°16'12"N

118°18'E

15

CC

351

248

11

3

-3

-9

5

-3

27

353

16.1

13.4

60°47'N

136°47'W

599

DB

352

249

13

6

0

-5

7

0

26

282

16.0

13.4

60°51'29"N

135°43'4"W

701

XJ

441

353

21

12

8

1

17

6

20

206

14.1

12.8

44°10'48"N

86°18'36"E

445

YK

352

249

12

5

-2

-8

5

-1

22

228

16.2

13.5

60°51'17"N

135°43'2"W

671

a

Latitudes and longitudes of the collection site were extracted from (Lee, Babakov, de Boer, Zuther, & Hincha, 2012), except for CC
and DB. Latitude and longitude for CC are 60° 47’ N and 136°47’ W which are slightly different from what were reported in (Lee et al.
2012) which was from Dr. Ray A Bressan.
b
Altitude, annual average solar radiation, precipitation, and temperature recorded at the recording station nearest to the collection
site (http://www.weatherbase.com and http://weather.za.msn.com). Precipitation of XJ is from http://en.wikipedia.org/wiki/Shihezi.
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Table 2.4 Plant growth traits E. salsugineum accessions.
Rosette biomass (Biomass), leaf area (LA), specific leaf weight (SLW), leaf area ratio (LAR), and leaf mass ratio (LMR) in 6-week old
plants of E. salsugineum low WUE accessions: Colorado (CO), Hebei (HB), Henan (HN), and Shandong (SH), and high WUE accessions:
Cracker Creek (CC), Dillibrough (DB), Xinjiang (XJ), and Yukon (YK)at two daytime VPDs under a 10 h photoperiod.
Accession
CO
HB
HN
SH
CC
DB
XJ
YK

Biomass
(mg)

LA
(cm2)

SLW
(mg cm-2)

LAR
(cm2 g-1)

LMR
(g g-1)

54 c
54 c
57 c
67 bc

14.1 b
13.9 b
13.6 b
15.7 b

2.8 a
3.0 a
3.0 a
3.1 ab

264.3 bc
259.8 cd
245.8 cd
235.4 d

0.709 abc
0.739 ab
0.704 bc
0.714 abc

27.8 a
24.7 a
30.9 a
24.5 a

2.3 b
2.3 b
2.6 ab
2.4 b

329.5 a
302.3 ab
261.6 bcd
318.9 a

0.742 a
0.704 bc
0.683 c
0.732 abc

84 b
82 b
119 a
77 b

Under each VPD, data are least-square means (n=3-12) with each replicate that constitutes of 3 plants. Different letters within the
same column represent significant differences between accessions at P-value ≤ 0.05 based on a Tukey-Kramer adjusted test. Logtransformed data of Biomass, LA and LAR were used.
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Table 2.5 Pearson correlation coefficients between all the traits investigated.

WUE
DiWL
DWL
LWL
Emin
Emax
EPD
PDOE
LA
LAR
SLW
LMR
AbSD
AdSD
AbPD
AbTD
AbSI
AdPD
AdTD

Di
WL

DWL

LWL

Emin

Emax

EPD

-0.83

-0.79

-0.83

0.27

-0.81

0.97

1.00

0.22

0.96

PDO
E

LA

LAR

SLW

-0.86

-0.90

0.84

0.82

-0.85

1.00

0.99

0.95

-0.96

-0.95

0.35

0.96

0.94

0.89

-0.90

0.19

1.00

0.99

0.96

-0.96

0.19

0.08

-0.07

0.99

LMR

Ab
SD

Ad
SD

0.27

-0.57

-0.28

0.90

-0.52

0.56

-0.87

0.82

-0.49

-0.96

0.92

-0.52

-0.04

-0.07

-0.04

0.96

-0.96

-0.96

0.99

-0.98

-0.95

-0.97

Ab
PD

Ab
TD

Ab
SI

Ad
PD

Ad
TD

Ad
SI

0.28

-0.16

-0.86

0.57

0.38

-0.75

0.29

-0.18

0.21

0.81

-0.64

-0.43

0.82

0.44

0.22

-0.26

0.10

0.71

-0.62

-0.44

0.75

0.59

0.31

-0.16

0.23

0.83

-0.64

-0.43

0.83

-0.45

-0.14

-0.02

0.05

-0.05

-0.17

0.00

0.00

0.03

0.91

-0.53

0.58

0.29

-0.17

0.22

0.81

-0.65

-0.44

0.81

0.93

-0.40

0.57

0.29

-0.20

0.20

0.83

-0.67

-0.46

0.83

-0.94

0.94

-0.33

0.59

0.29

-0.21

0.21

0.85

-0.67

-0.46

0.82

0.93

-0.93

0.37

-0.52

-0.22

0.27

-0.13

-0.80

0.76

0.55

-0.82

-0.97

0.49

-0.76

-0.49

-0.04

-0.44

-0.93

0.51

0.26

-0.92

-0.28

0.78

0.55

0.05

0.45

0.94

-0.49

-0.23

0.97

-0.25

0.01

0.06

-0.10

-0.34

0.31

0.26

-0.23

0.90

0.61

0.89

0.89

0.12

0.38

0.86

0.82

0.96

0.67

0.46

0.69

0.72

0.90

0.19

0.78

0.90

0.26

0.60

0.51

0.71

0.62

-0.30

-0.04

0.94

0.96

-0.28
0.00

Data are least square means for Water-use efficiency (WUE) (n=22-38), water loss during diural (DiWL), dark (DWL), and light (LWL)
period, minimum (Emin), maximum (Emax), and predawn (EPD) transpiration, predawn stomatal opening (PDOE), leaf area (LA), specific
leaf weight (SLW), leaf area ratio (LAR), leaf mass ratio (LMR) (n=3-12). Data are means for stomatal density in abaxial (AbSD),
adaxial (AdSD) leaf, pavement cell density in abaxial (AbPD), adaxial (AdPD) leaf, stomatal index in abaxial (AbSI), adaxial (AdSI), and
total cell density on abaxial (AbTD) and adaxial (AdTD) (n=4) for 7 E. salsugineum accessions: CC, CO, DB, HB, HN, SH, and YK.
Coefficients in bold are significantly correlated based on two-tailed t-tests at P-value ≤ 0.05 or less.
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Table 2.6 Epidermal traits of E. salsugineum accessions.
Abaxial and adaxial stomatal (SD), pavement cell (PD), and total cell (TD) density and stomatal index (SI) of a fully expanded leaf in 6week-old plants of E. salsugineum low WUE accessions: Colorado (CO), Hebei (HB), Henan (HN), Jiangsu (JS), and Shandong (SH), and
high WUE accessions: Cracker Creek (CC), Dillabough (DB), and Yukon (YK) grown under a 14 h photoperiod.
Abaxial

Adaxial

Accession

SD
(mm-2)

PD
(mm-2)

TD
(mm-2)

SI

CO
HB
HN
JS
SH

117.2 c
146.3 bc
162.2 abc
201.2 ab
214.8 a

317.5 b
373.8 ab
354.3 ab
451.5 a
437.0 ab

434.7 b
520.1 ab
516.4 ab
652.7 a
651.8 a

27.0 cd
28.0 bc
31.2 ab
30.9 ab
32.9 a

CC
DB
YK

119.5 d
123.1 c
116.7 d

377.9 ab
401.1 ab
376.1 ab

497.4 ab
524.2 ab
492.8 ab

23.9 d
23.2 d
23.7 d

SD
(mm-2)

PD
(mm-2)

TD
(mm-2)

SI

45.9 b
74.5 ab
72.2 ab
72.7 ab
96.3 a

175.8 c
220.3 abc
210.8 bc
258.0 ab
268.0 ab

221.7 b
294.8 ab
283.0 ab
330.7 ab
364.3 a

20.5 bc
24.9 ab
25.3 ab
21.8 abc
26.3 a

66.3 ab
65.4 ab
58.1 b

291.2 a
274.3 ab
244.4 abc

357.5 a
339.8 a
302.5 ab

18.4 c
19.2 c
19.0 c

Data are means (n=4). Different letters indicate accessions are significantly different at P-value ≤ 0.05 based on Tukey’s studentized
range test.
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Table 2.7 Pearson correlation coefficients.
Pearson correlation coefficients between WUE and geographical characteristics of habitats where E. salsugineum accessions were
collected
WUE
Biomass
WL
GR
AR
GHT
AHT
GLT
ALT
GP
AP
GAT
AAT
GDL
ADL
Lat
Long

Biomass

WL

GR

AR

GHT

AHT

GLT

ALT

GP

AP

GAT

AAT

GDL

ADL

Lat

Long

Alt

0.76

0.37

-0.65

-0.79

-0.81

-0.86

-0.74

-0.82

-0.87

-0.85

-0.77

-0.85

0.86

0.87

0.90

-0.70

0.22

0.88

-0.34

-0.49

-0.48

-0.60

-0.50

-0.55

-0.80

-0.79

-0.40

-0.59

0.52

0.52

0.59

-0.36

0.15

0.00

-0.11

-0.08

-0.20

-0.16

-0.17

-0.52

-0.53

-0.01

-0.21

0.10

0.10

0.17

-0.01

0.09

0.96

0.79

0.79

0.60

0.66

0.44

0.37

0.71

0.74

-0.89

-0.88

-0.85

0.59

0.16

0.92

0.92

0.78

0.83

0.63

0.55

0.85

0.89

-0.97

-0.97

-0.96

0.75

-0.04

0.98

0.92

0.95

0.69

0.59

0.97

0.97

-0.97

-0.97

-0.97

0.90

-0.33

0.89

0.94

0.76

0.68

0.92

0.98

-0.97

-0.97

-0.98

0.82

-0.23

0.98

0.79

0.71

0.97

0.96

-0.87

-0.86

-0.88

0.97

-0.63

0.84

0.77

0.97

0.99

-0.92

-0.92

-0.93

0.93

-0.51

0.99

0.71

0.82

-0.71

-0.72

-0.78

0.70

-0.45

0.63

0.74

-0.63

-0.65

-0.70

0.62

-0.43

0.96

-0.93

-0.93

-0.93

0.97

-0.51

-0.95

-0.95

-0.97

0.90

-0.39

1.00

0.99

-0.84

0.19

0.99

-0.84

0.19

-0.84

0.22
-0.68
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Data are least square means for water-use efficiency (WUE), rosette biomass (biomass), water loss (WL) (n=22-38). Growth period (March to October) and
annual radiation (GR and AR), high temperature (GHT and AHT), low temperature (GLT and ALT), precipitation (GP and AP), average temperature (GAT and
AAT), day length (GDL and ADL), latitude (Lat), longitude (Long), and altitude (Alt) for all nine E. salsugineum accessions: CC, CO, DB, HB, HN, JS, SH, XJ, and YK.
Coefficients in bold are significantly correlated based on t-tests at P-value ≤ 0.05, or less.
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Table 2.8 Epidermal traits of E. salsugineum accessions.
The ratio of stomatal density (SD), pavement cell density (PD), total cell density (TD) and
stomatal index (SI) between abaxial and adaxial (Ratio of Abaxial over Adaxial), and the
sum of abaxial and adaxial (Abaxial + Adaxial) SD, PD, and TD in 6-week old plants of E.
salsugineum low WUE accessions: Colorado (CO), Hebei (HB), Henan (HN), Jiangsu (JS),
and Shandong (SH), and high WUE accessions: Cracker Creek (CC), Dillibrough (DB), and
Yukon (YK)grown under a 14 h photoperiod.
Ratio of Abaxial over Adaxial
SD

PD

TD

Accession

Abaxial + Adaxial
SD
(mm-2)

PD
(mm-2)

TD
(mm-2)

CO
HB
HN
JS
SH

2.6
2.0
2.3
2.8
2.3

1.8
1.7
1.7
1.7
1.6

2.0
1.8
1.8
2.0
1.8

163.1 c
220.7 abc
234.4 abc
273.9 ab
311.1 a

493.3 b
594.1 ab
565.0 ab
709.5 a
704.9 a

656.3 b
814.9 ab
799.4 ab
983.4 a
1016.1 a

CC
DB
YK

1.9
1.9
2.1

1.3
1.5
1.6

1.4
1.5
1.7

185.8 bc
188.5 bc
174.9 c

669.1 ab
675.4 a
620.5 ab

854.8 ab
863.9 ab
795.3 ab

Data are means (n=4). Different letters indicate accessions are significantly different at
P-value ≤ 0.05 based on Tukey’s studentized range test.
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CHAPTER 3.

TRANSCRIPTOMIC AND METABOLIC PROFILING OF TWO EUTREMA
SALSUGINEUM ACCESSIONS

3.1

Abstract

Eutrema salsugineum is a model species for the study of plant adaptation to abiotic
stresses. Two accessions of E. salsugineum, Shandong (SH) and Yukon (YK), exhibit
contrasting morphology, abiotic stress tolerance, diurnal transpiration patterns, and
whole-plant water-use efficiency (WUE). Transcriptome and metabolic profiling were
used to investigate the molecular and metabolic bases of these accessions. Tissue
samples were harvested in the middle of the dark period when SH exhibits nighttime
stomatal opening. RNA sequencing identified 17,888 expressed genes, of which 157
were not in the published reference genome and 65 were detected for the first time.
Differential expression was detected for only 31 genes during the dark period. The RNA
sequencing data contained 14,808 single nucleotide polymorphisms (SNPs) in transcripts,
3,925 of which are newly identified in this study. Metabolic profiling indicated that YK
accumulates higher concentrations of free fatty acids and long-chain fatty acid
derivatives than SH; whereas sugar compounds, including the products of starch
degradation, are more abundant in SH. About 56% of all identified metabolites were
lower in F1 hybrids than the mid-parent average concentration and the accumulation of
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17% of the metabolites in F1 plants transgressed the level in both parents. SH appears to
have greater starch degradation and more active carbohydrate and respiratory
metabolism during the first half of the dark period than YK. These metabolic differences
may explain the greater biomass accumulation in YK over SH. Concentrations of several
metabolites in F1 hybrids agree with previous studies and suggest a role for primary
metabolism in heterosis. There were no obvious gene candidates that would account for
physiological or morphological differences between SH and YK. The improved
annotation of the E. salsugineum genome and newly-identified high-quality SNPs permit
acceleration of studies using the variation in this species to elucidate the mechanisms of
adaptations to the environment.
3.2

Background

Eutrema salsugineum (formerly Thellungiella halophila) has become a model species for
the study of plant stress tolerance (Bressan et al., 2001; Volkov et al., 2003; Taji et al.,
2004; Wong et al., 2005; Griffith et al., 2007; Amtmann, 2009; Oh et al., 2010; Orsini et
al., 2010). The two most commonly studied accessions, Shandong (SH) and Yukon (YK),
are native to the Yellow River region of China (Bressan et al., 2001; Inan et al., 2004) and
the Yukon territories of Canada (Wong et al., 2005), respectively. These accessions
contrast in cold tolerance (Lee et al., 2012), water stress tolerance (MacLeod et al.,
2014; Xu et al., 2014), and disease resistance (Yeo et al., 2014). Some differences in
acclimation between these accessions have been associated with polymorphism in
metabolism. For example, YK showed a more pronounced increase in fructose and
proline content after cold acclimation than SH (Lee et al., 2012). Total cuticular wax is
also higher in YK, which was correlated with lower water loss rates than SH (Xu et al.,
2014).
Plant water-use efficiency (WUE) is the ratio of biomass accumulation over water loss.
Genotypic variation for WUE is often associated with differences in water loss (Yoo et al.,
2009). Although the majority of plant water loss occurs through stomata during the day,
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nighttime water loss can constitute up to 30% of total water loss (Snyder et al., 2003;
Caird et al., 2007; Howard and Donovan, 2007). We have observed that YK has a higher
WUE than SH and that SH exhibits an increase in nighttime transpiration beginning in
the middle of the dark period. However, the genetic and physiological bases for the
observed differences in nighttime water loss are not known.
RNA-seq is an effective method to determine the expression level of all genes in a
genome. This can be used to identify genes that are differentially expressed between
contrasting genotypes and contribute to variation in responses to physiological
conditions (Wang et al., 2009; Bazakos et al., 2012; Huang et al., 2012a; Huber-Keener
et al., 2012; Stein and Waters, 2012; Niederhuth et al., 2013). When comparing
expression between polymorphic accessions of a species, RNA-seq results in the
sequencing of cDNA from two genotypes, and thus allows for the simultaneous
identification and quantification of single nucleotide polymorphisms (SNPs) (Wang et al.,
2009; Nielsen et al., 2011). These data can later be utilized as genetic markers for
linkage mapping (Lisec et al., 2008; Hyten et al., 2009; Chen et al., 2011; Hancock et al.,
2011; Trick et al., 2012) and for allele-specific expression (Oshlack et al., 2010; Pickrell et
al., 2010).
Plant metabolic profiling permits the simultaneous measurement of multiple
biochemical intermediates and end products. Similar to RNA-seq, metabolic profiling
can be used to investigate the metabolic and physiological status of biological systems
(Fiehn et al., 2000) and may provide biochemical bases for differences in growth and
physiology (Meyer et al., 2007). For example, carbon metabolism at night is correlated
with growth and biomass accumulation (Graf et al., 2010). If changes in the expression
of genes involved in metabolism are responsible for changes in growth, we should also
observe changes in metabolite pools. Thus far, metabolite profiling has identified
metabolites that are correlated with growth in Arabidopsis (Wang et al., 2009), but it is
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not clear if these metabolites are generally responsible for heterosis in plants, or even
within the Brassicaceae.
Together, transcriptome and metabolite profiling provide complementary data that
provide experimental evidence to guide the construction of rational hypotheses for the
biochemical basis of variation in growth. We utilized contrasting genotypes to identify
genetic differences, expression divergence, and metabolic compounds associated with
the observed phenotypic variation in nighttime water loss and biomass accumulation.
We obtained gene expression and metabolite data from SH and YK accessions during the
dark period by RNA-seq and gas chromatography mass spectrometry (GC/MS),
respectively. We identified differentially expressed genes (DEGs) between the
accessions and by mining the RNA-seq experiment, validated previously identified SNPs
and generated additional SNPs that enable quantitative trait loci (QTL) mapping in E.
salsugineum. We also provide details on how differences in metabolites could
contribute to differences in biomass.
3.3

Materials and Methods

3.3.1 Plant materials and growth conditions
Seeds of E. salsugineum SH and YK accessions were obtained from individual selfed
plants. To generate SH x YK F1 seed, closed flower buds of YK plants were manually
opened, anthers removed, and pollen from SH plants was applied to the stigma.
Multiple crosses (ca. 20) were made on a single plant, which was kept in isolation until
seed set. Seeds from this plant were used for F1 experiments.
Seeds were stratified in the dark for 10 days at 4°C then sown in a 4:1 mix of Fafard 52
Mix (transcriptome and first metabolome experiments) or Fafard 2 Mix (second
metabolome experiment) soilless media (Conrad Fafard, Inc., Agawam, MA, USA) and
Turface calcined clay (Profile Products LLC., Buffalo Grove, IL, USA). Plants were grown
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in 50 mL conical tubes (USA Scientific, Inc., Ocala, FL, USA). A 0.5 cm hole was drilled at
the bottom of each tube where seeds were sown. Tubes were then closed with a mesh
cap and placed cap-side-down to allow for sub-irrigation. Tubes were placed in a mist
room for 12 days, at which point seedlings had reached the 4-leaf stage. Plants were
then grown in a growth chamber (E15; Conviron, Pembina, ND, USA) set at 60% relative
humidity under a 12 h photoperiod (approximately 230 μmol quantum/m 2/s. provided
by both fluorescent and incandescent bulbs) with light and dark temperatures of 22 and
20°C, respectively. Irrigation water was a 3:1 mix of two water-soluble fertilizers (15N–
2.2P–12.5K and 21N–2.2P–16.6K, respectively; The Scotts Co., Marysville, OH, USA) to
supply (in mg/L): 200 N, 26 P, 163 K, 50 Ca, 20 Mg, 1.0 Fe, 0.5 Mn and Zn, 0.24 Cu and B,
and 0.1 Mo. 76% of the nitrogen was provided as nitrate. 93% sulfuric acid (Brenntag
North America, Inc., Reading, PA, USA) at 0.08 mg/L was mixed in irrigation water to
maintain pH between 5.8 and 6.2. All plants were grown in the Purdue University
Horticulture Plant Growth Facility
(https://ag.purdue.edu/hla/Hort/Greenhouse/Pages/Default.aspx).
3.3.2 Transcriptome sequencing and analysis
For RNA extraction, tissue was collected in the middle of the dark period (1:00 am). Four
biological replicates consisting of five plants each were collected. Whole rosettes of 4week-old plants were frozen in liquid nitrogen and stored at −80°C. Tissue was finely
ground in liquid nitrogen using a mortar and pestle. Approximately 800 mg ground
tissue was combined with 1 ml of TRIzol reagent (Gibco/BRL Life Technologies,
Invitrogen, Carlsbad, CA, USA) and RNA was extracted according to the manufacturer’s
instructions. Quality of RNA was estimated by the ratio of absorbance at 260 to 280 nm
and 260 to 230 nm by spectrophotometer (DU 730; Beckman Coulter, Inc., Indianapolis,
IN, USA) with both ratios between 1.8 and 2.2. RNA was reverse-transcribed into cDNA
using the Poly (A) Purist protocol (Ambion, Austin, TX, USA).
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The cDNA samples were fragmented into 300–500 bp molecules and sequencing
libraries were constructed for the 454 GS-FLX instrument (454 Life Sciences, Roche
Company, Branford, CT, USA) at the Purdue University Genomics Facility. Two samples
were sequenced on one lane . Raw sequences were trimmed to remove adaptor
sequences, and an initial quality trimming was performed using GS De Novo Newbler
(v2.5.3; default parameters). Trimmed reads were further trimmed using the FASTXToolkit (Gordon and Hannon, 2010), with a minimum quality value of 12 and minimum
read length of 50 bp. Trimmed reads were aligned to the Joint Genome Institute (JGI) E.
salsugineum genome (Yang et al., 2013; http://www.phytozome.net/thellungiella.php)
using the splice-aware aligner GMAP v2012-11-27 with default parameters (Wu and
Watanabe, 2005). Only uniquely mapped reads were used for transcript abundance
estimates and SNP calling.
SNPs were detected using mpileup from SAMtools v0.1.18 with mapping quality ≥ 15,
and depth ≥ 3 (Li et al., 2009). 454 sequencing has a high error rate for detecting indels
(Margulies et al., 2005), so only SNPs resulting from substitutions were retained. The
two accessions are substantially inbred lines and should be homozygous at each base
position. Hence, only monomorphic base positions within each accession were
considered for detection of differences between the two accessions. Custom Perl scripts
were used to remove SNPs 1) that were heterozygous within either accession, 2) that
were not biallelic between accessions, 3) that were supported by fewer than 3 sequence
reads, 4) for which the alternative allele accounts for fewer than 10% of aligned reads,
and 5) that were heterozygous between the SH accession and the JGI SH reference. If
more than 4 SNPs were detected within a 100 bp region using the VariantFiltration
module from GATK v2.4.9 (McKenna et al., 2010), they were not included in the final
SNP dataset. SNPs that had an mpileup quality score of 999 based on SAMtools were
deemed “high quality” SNPs. One Sanger sequencing data of the YK accession available
from the National Center for Biotechnology Information (NCBI) (Wong et al., 2005) was
also aligned to the reference genome using SSAHA2 (Ning et al., 2001). SNPs were called
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using SAMtools and filtered for clustered SNPs (4 SNPs within 100bp region) using GATK
as indicated. SNPs that were not biallelic or were heterozygous within YK were removed.
Genes were identified via a reference annotation-based transcript assembly method
using the Cufflinks package (Trapnell et al., 2010; Roberts et al., 2011). Reads from SH
and YK were assembled separately and then merged using the cuffmerge command
(Trapnell et al., 2010; Roberts et al., 2011). The intersect function within BEDTools
v2.17.0 was used to identify genes not annotated in the JGI E. salsugineum genome
(newly annotated genes). Same-strandedness was not enforced when identifying newly
annotated genes because of the non-strand-specific protocol for 454 library preparation.
Newly annotated genes that are unique from or overlap genes annotated by Champigny
et al. (Champigny et al., 2013) but are present in the JGI reference genome were also
identified using the same method (Supporting data).
The number of reads uniquely aligned to each gene was determined with htseq-count
within HTSeq v0.5.4p5 (http://wwwhuber.embl.de/users/anders/HTSeq/doc/count.html) using union mode. The
bioconductor package “DESeq” v.1.14.0 was used to identify genes likely to be
differentially expressed between SH and YK without biological replicates. Gene
expression was normalized, and the significance threshold for differential expression
was based on a 0.2 false discovery rate (FDR) (Benjamini and Hochberg, 1995).
Genes were annotated by the best BLAST (Altschul et al., 1990) hit of A. thaliana. For E.
salsugineum genes predicted by the JGI genome, annotation was taken from Phytozome
v9.1 (Yang et al., 2013; http://www.phytozome.net/thellungiella.php). For newly
identified genes, nucleotide databases of A. thaliana version TAIR 10
(ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR10_blastsets/), A.
lyrata (Hu et al., 2011; http://www.phytozome.net/alyrata.php), and S. parvula
(Dassanayake et al., 2011; http://www.thellungiella.org/data) were built and used for
similarity searching by BLASTN v2.2.28+ (Altschul et al., 1990). Genes were annotated by
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the best BLAST hit with the following threshold parameters: E ≤ 1-30; sequence identity ≥
30%; sequence aligned ≥ 30% of query sequence.
3.3.3 Quantitative real-time PCR
For quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR),
tissue was collected as described for 454 sequencing, RNA was extracted using the
RNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA), and genomic DNA was removed
using the TURBO DNA-free™ Kit (Ambion, Grand Island, NY, USA). The quality and
quantity of mRNA was assessed using a NanoDrop 2000 (Thermo Fisher Scientific Inc.,
Wilmington, DE, USA). All samples were diluted to 200 ng/μl, and 260/280 and 260/230
ratios were between 1.8 and 2.2. cDNA was synthesized using a High-Capacity cDNA
Reverse Transcription Kit (Invitrogen, Grand Island, NY, USA). Primers were designed
using Primer Express Software (v3.0.1). Primer specificity was then estimated by BLASTN
using the E. salsugineum genome with all primer pairs. Primer efficiency was tested for
all pairs of primers. cDNA was diluted 5 times by a 5-fold gradient, and then used as
template for qRT-PCR. The threshold cycles (CT) were regressed against cDNA
concentration (log). Slope of the regression line was estimated and the efficiency was
calculated as 10- (1/slope) - 1. For genes expressed in both accessions, primer efficiency
was between 80 and 110% in both accessions. For genes that were only expressed in
one accession based on RNA-seq data, primer efficiency was tested on both accessions,
but only the accession with detected expression exhibited efficiency between 80 and
110%. All primer sequences except gene XLOC_004723, for which acceptable qRT-PCR
primers could not be designed are in the supporting data
All qRT-PCR reactions were conducted in StepOnePlus™ Real-Time PCR Systems (Applied
Biosystems, Invitrogen, Grand Island, NY, USA). Relative gene expression of target genes
was quantified by the ΔCT method (Livak and Schmittgen, 2001). Relative gene
expression was calculated as:
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Relative expression

where E is the primer efficiency for each pair of qRT-PCR primers. CT,X and CT,R is the
threshold cycle of target gene and reference gene Actin2 (Thhalv10020906m.g),
respectively
3.3.4 Metabolite profiling and data analysis
Two metabolite profiling experiments were conducted. One experiment was performed
using the same rosette tissue used for RNA-seq analysis. A second metabolite profiling
experiment was performed using tissue from SH, YK, and YK x SH F1 plants with 3
replicates of 5 pooled plants per replicate. In both cases, identical extraction,
derivatization, and analysis methods were used. Approximately 800 mg of frozen ground
tissue was incubated in methanol at 65°C in 1.75 ml tubes and centrifuged at 13,300
r/min. The supernatant, containing polar molecules, was decanted into a new tube.
Chloroform was added to the pellet and incubated at 37°C for 15 min to solubilize
nonpolar metabolites. Samples were then dried at room temperature for about 6 h
(polar) and 2 h (nonpolar) in a centrifuge at 1725 r/min and 30 μM Hg vacuum. Samples
were stored at -80°C until being sent to the Metabolomics Center at the University of
Illinois (www.biotech.uiuc.edu/metabolomics/). Samples were measured by gas
chromatography/mass spectrometry (GC/MS; Agilent 6890 N/5973 MSD, Palo Alto, CA,
USA) after purification and trimethylsilylation with MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) (Gullberg et al., 2004; Singh et al., 2011). Data was analyzed by peak
identification via comparison with spectra from standards and relative concentrations of
metabolites were obtained by comparison with internal standard peak area (Singh et al.,
2011).
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Pair-wise comparisons within each experiment were performed by two-tailed t-tests
between SH and YK (experiments 1 and 2), and SH or YK and YK x SH F 1 (experiment 2).
In the second experiment, multiple comparisons among all three genotypes were
conducted by Tukey’s studentized range test (Tukey, 1949). A t-test of F1 against the
mid-parental average of SH and YK was done using the variance estimated from F 1
hybrids. Within each experiment, genotype was treated as the only main factor. A
nested analysis of variance (ANOVA) was also conducted combining the two
experiments. In the nested analysis, experiment and genotype were the two main
factors. The experiment by genotype interaction was not included in the model. All the
measurements of metabolites are in the supporting data.
3.3.5 Availability of supporting data
All the raw data supporting the results of this article have been deposited at (Edgar et al.,
2002) http://www.ncbi.nlm.nih.gov/geo/info/submission.html and Purdue Research
Repository (https://purr.purdue.edu/projects/intro).
3.4

Results

3.4.1 Novel genes and SNPs were identified by transcriptome sequencing
More than 1 million reads from pyrosequencing, 95% of which aligned to the reference
genome, were used for a reference-directed assembly of the transcriptome (Table 3.1),
identifying 17,888 expressed genes (Table 3.2 Supporting data)). Of these, 65 genes
were novel and not predicted in the reference genome (Yang et al., 2013) nor detected
in a previous transcriptome analysis conducted by Champigny et al. (Champigny et al.,
2013). Only 20 of these 65 genes have annotated orthologs in the related species A.
thaliana, A. lyrata, and/or Schrenkiella parvula (Supporting data). Presence-absence
variation (PAV), defined as zero reads aligned to one of the two parents, was observed
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for 18.5% of the detected expressed genes with roughly equal numbers of genes
detected only in SH or YK (Table 3.2).
The transcript assemblies were processed to detect SNPs between SH and YK. 42% of
shared genes contained a total of 14,808 SNPs, of which 4,873 were deemed “high
quality” (Table 3.3; Supporting data). We compared our results with the SNP detection
results of Champigny et al. 2013. Of the SNPs detected in our experiment, 73% (10,883
positions) and 79% (3861 positions) of the low and high stringency SNPs, respectively,
were also identified by Champigny et al. (Champigny et al., 2013). We also compared
our SNPs to available Sanger sequencing data of the YK accession (Wong et al., 2005).
We observed 468 putative SNPs in Sanger data from YK as compared to the SH
reference genome. Of these, 441 have corresponding sequence data in the YK
transcriptome we assembled and 88% (388 SNPs) had the same sequence variation as
the Sanger data (Supporting data).
3.4.2 Transcriptome profiling identifies differentially expressed genes (DEGs) between
SH and YK
To assess gene expression differences between SH and YK, we determined the number
of reads aligned to each gene. Less than 0.2% of the expressed genes were differentially
expressed between SH and YK (Table 3.4). Sixteen of these thirty-one DEGs do not have
homologous genes in A. thaliana, A. lyrata, or S. parvula (Table 3.4). Of those DEGs with
homologs in one of these species, none have been associated with transpiration, WUE,
growth, or related traits.
To confirm DEGs based on RNA-seq, we designed quantitative real-time reverse
transcription polymerase chain reaction (qRT-PCR) primers that matched unique
positions in the reference genome based on BLAST (Altschul et al., 1990) analyses.
Unique primers could not be designed for five genes (Thhalv10022994m.g,
Thhalv10022932m.g, Thhalv10014933m.g, Thhalv10019398m.g, and
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Thhalv10029246m.g) due to paralogs with high sequence similarity and no acceptable
primer pair was identified for XLOC_004723. In total, qRT-PCR data confirmed our RNAseq results for 23 of 25 differentially expressed genes. For the five DEGs that had no
close paralogs and at least 4 reads in both SH and YK, expression differences based on
transcriptome analysis were confirmed by qRT-PCR analysis in four of five genes (Figure
3.1; Table 3.4). For nineteen of the twenty genes that had fewer than four reads in
either SH or YK, expression differences by qRT-PCR were consistent with RNA-seq data
(Figure 3.2). In addition, when the low accession had fewer than four reads there was no
amplification in sixteen of twenty cases (Figure 3.2; Table 3.4).
3.4.3 Metabolite profiling reveals higher accumulation of fatty acids and amino acids
in YK and enhanced soluble carbohydrate accumulation in SH
To identify potential metabolites and metabolic pathways that contribute to phenotypic
and physiological differences between SH and YK, metabolite profiling was conducted in
two independent experiments. Metabolites in SH and YK were screened in both
experiments, and in F1 plants of a YK x SH cross in the second experiment.
Concentrations of free fatty acids and long chain fatty acid derivatives were higher in YK
than SH (Table 3.5;Supporting data). The concentrations of ferulic acid were also greater
in YK than SH, indicating a potential for greater suberin and/or cutin accumulation in the
YK accession.
The products of starch degradation were more abundant in SH than YK in both profiling
experiments (Table 3.5). Maltose and glucose, primary products of starch degradation,
were elevated in SH along with fructose, glycerol-3-phosphate, raffinose, and an
unresolved disaccharide. This suggested more active 6C catabolism via glycolysis in SH
compared to YK during the night (Table 3.5; Supporting data)). SH accumulated higher
concentrations of the disaccharides isomaltose and gentiobiose while YK accumulated a
very small amount of melibiose in one of the two screens. Tricarboxylic acid (TCA) cycle
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intermediates, on the other hand, were not consistently higher in either accession. Citric
acid and fumaric acid were accumulated at higher levels in YK while alpha-ketoglutaric
acid was greater in SH (Table 3.5; Supporting data). Ascorbic acid was higher in SH but
the ascorbic acid degradation product tartaric acid (2, 3 dihydroxybutanedioc acid, Table
3.5; Supporting data) was higher in YK.
All amino acids that differed between SH and YK were higher in YK (Table 3.5;
Supporting data). These included alanine, glycine, serine, threonine, and valine. Of these
only threonine was differentially accumulated in both profiling experiments. The amino
acids alanine, glycine, and serine were only detected in one of the two experiments.
Valine was detected in both experiments, but the difference between SH and YK was
only statistically significant in the first experiment. The other detected amino acids
(isoleucine, leucine, and proline) were not different in the two accessions.
3.4.4 Metabolomic phenotypes in the F1 hybrid exhibit transgressive heterosis
To better understand the genetic basis for observed differences in metabolite
concentrations between SH and YK, we measured metabolites in F1 hybrids.
Concentrations of all measured metabolites in both experiments are also available
(Supporting data). Of the 144 metabolites measured in the experiment comparing the
two parents and hybrids, 56% of all metabolites were lower in hybrids than the
predicted mid-parent value. This included 65% of the fatty acids and 49% of
carbohydrates detected (Supporting data). We performed a two-way contingency test
to determine if an observed difference in the accumulation of a metabolite was
predictive of heterosis for that metabolite (Supporting data). We found that metabolites
with accumulation differences between the parents were neither more nor less likely to
exhibit accumulation differences between the F1 and the mid-parental values
(Supporting data).
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Hybridization can result in transgressive heterosis in which phenotypic values for the
hybrids fall outside of the range of parental values. Of the 144 metabolites measured,
transgressive heterosis was observed for 28. Of these, 4 metabolites were not observed
in one of the two parents and 24 were detected in both parents and the hybrids (Figure
3.3). Of the 24 detected in all three genotypes, the transgressive heterosis was more
likely to be negative (Figure 3.3; P-value ≤ 0.0001 based on Binomial exact test) and
more frequently affected metabolites that did not differ in concentration between the
parents (Supporting data ; P-value ≤ 0.05 based on χ2 test). Thus, heterosis for the
metabolome was manifested by a decrease in metabolite pool sizes and was not
associated with metabolites that contributed to the variation between the two parents.
This is consistent with our observation of decreased availability of primary metabolites
in the faster growing of the two parents (Table 3.5; Supporting data). We propose that a
metabolic consequence of enhanced growth is a reduction in pool sizes of primary
metabolites and greater resource utilization for anabolic metabolism.
3.5

Discussion

In this study, we used both transcriptome and metabolome analyses to identify genetic
and biochemical variation during the dark period in two E. salsugineum accessions: SH
and YK. We annotated novel genes present in the reference genome and identified
DEGs between SH and YK in the middle of the dark period. We found that YK
accumulates more fatty acids than SH, while SH accumulates sugars at higher
concentrations. Although the transcriptomic and metabolic profiling results do not offer
links to each other, they do offer insight into genetic and physiological differences
between these accessions. Furthermore, we provide annotations of additional SNPs
varying between these accessions that can be utilized by the plant biology community.
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3.5.1 Validity of identified SNPs
Based on the predicted transcriptome size (Yang et al., 2013), the SNP density from our
analysis is 1 SNP per 10 kb of transcribed sequence. 14,887 SNPs identified from our
transcriptome sequencing data were also present in Champigny et al. (Champigny et al.,
2013). However, our SNP cluster filter, which removes neighboring SNPs to account for
misaligned reads at insertion-deletion polymorphisms, removed 3,604 overlapping SNPs.
The removal of this set of SNPs, likely enriched for false positives, contributed to the
lower SNP number detected in our study. We also know that this increased our false
positive rate. Of the 388 SNPs that matched between the transcriptomic data we
generated and the Sanger data, 99 were filtered by our procedure. We provide a
compact file containing the subset of “high-quality” (based on SAMtools; see Materials
and Methods) SNPs deposited in Purdue Research Repository
(https://purr.purdue.edu/legal/termsofdeposit) . These have a SNP density of 1 SNP per
25 kb of transcript (Supporting data). This SNP set can be used for QTL mapping and
fine-mapping studies (Trick et al., 2012).
3.5.2 Identification of genes expressed in the dark period in E. salsugineum
We provided expression data supporting 63% and 67% of the predicted genes in the two
published reference genomes (Wu et al., 2012; Yang et al., 2013). This is likely an
underestimate of the expressed genes in this species because we sampled only leaf
tissue and only at night (Birnbaum et al., 2003; Czechowski et al., 2004; Doherty and Kay,
2010; Huang et al., 2012b), as 6 to 11% of genes in Arabidopsis have a circadian
regulatory pattern (Schaffer et al., 2001; Doherty and Kay, 2010) and 40% of genes are
root-specific (Czechowski et al., 2004). We identified 66% of the genes identified in
another transcriptome analysis of E. salsugineum (Champigny et al., 2013). Despite our
study relying on lower coverage (4X vs. 8X), and quantifying expression of genes only
expressed in leaves at night, we annotated 65 genes not predicted in the reference
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genome or identified in the previous transcriptome experiment (Table 3.2; Supporting
data). Novel genes identified in this transcriptome study but not that of Champigny et al.
(Champigny et al., 2013) are likely either only expressed at night or not expressed under
the conditions of the previous study (21 hr day, low dark period temperatures).
More than 97% of the genes identified in our study are homologous to genes in A.
thaliana (Supporting data), consistent with previous reports that the two species are
closely related (Al-shehbaz et al., 1999). Of the 65 newly-annotated genes in this study,
47 of them do not have homologs in A. thaliana. One of these novel genes has been
annotated in A. lyrata and two have been annotated in S. parvula (Supporting data).
Therefore, we may have identified genes that are unique to this extremophile species
(Wu et al., 2012).
More than 80% of the expressed genes identified in this study were detected in both SH
and YK (Table 3.2). This indicates a conserved transcriptome between these two
accessions and is consistent with previous E. salsugineum transcriptome comparisons
(Champigny et al., 2013; Lee et al., 2013). Although PAVs, as scored by read count in the
transcript profiling experiment, accounted for 19% and 12% of all genes in this
experiment and Champigny et al. (Champigny et al., 2013), respectively, only 13% of
these were consistently present only in one genotype over the two datasets. These
genes are likely “true” PAV genes (Supporting data). Some undetected genes and those
detected in only one of the replicates were likely due to low mRNA abundance. PAV
structural variation has been observed in A. thaliana (Bush et al., 2014), maize (Springer
et al., 2009; Swanson-Wagner et al., 2010), and soybean (Haun et al., 2011). PAV genes
are typically involved in less-essential functions (Bush et al., 2014) and have minor
effects on plant fitness (Swanson-Wagner et al., 2010). However, genes present in only
one accession could contribute to the adaptation to specific selective constraints (Bush
et al., 2014) and variation in quantitative traits (Swanson-Wagner et al., 2010). The
observed phenotypic variation in growth rate and metabolism could be due to PAV,
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although no PAVs were demonstrated nor has variation in genotype been associated
with these traits in Eutrema. Further study utilizing molecular genetics to address the
causes and consequences of natural variation in this species is needed to link these data
types.
3.5.3 DEGs and constitutive response to abiotic and biotic stresses
None of the annotated DEGs were obvious candidates for the observed phenotypic
differences between SH and YK. Thus, although we conducted this experiment to gain
insight into nighttime water loss, the identified gene expression differences do not
clearly suggest a molecular basis for the observed differences. The low number of DEGs
between the two accessions of E. salsugineum used in this study was similar to
Champigny et al. (2013). 55% of our DEGs had no reads in one of the two accessions,
which could be due to a lack of sufficient depth to detect very low expression.
Champigny et al. (Champigny et al., 2013) identified 381 DEGs that were not DEGs in our
data. Of these, 58% have low expression (<4 reads) (Supporting data), making
differential expression difficult to determine. In addition, 41% of the DEGs from
Champigny et al. exhibit lower expression during the dark period in A. thaliana (Mockler
et al., 2007), which may explain some of the lack of overlap in DEGs between our two
studies. We identified 17 DEGs that were not identified by Champigny et al. (Champigny
et al., 2013), possibly because they are only differentially expressed during the dark
period or due to differences in conditions between the two studies.
Despite the differences in identified DEGs between our experiment and that of
Champigny et al., both studies demonstrate that most genes are not differentially
expressed between SH and YK, since only 0.2 and 1.9% of all genes were DEGs in our
study and Champigny et al. (Champigny et al., 2013), respectively. The percentage of
DEGs is lower than the percentage reported in Arabidopsis (6.2 to 14.6%) (Kliebenstein
et al. 2006). Fourteen of the 31 DEGs identified in our study were also identified by
Champigny et al. (Champigny et al., 2013) and the expression patterns were the same in
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both studies. This suggests that differential expression for these genes between SH and
YK is consistent over light and dark periods and the two growth conditions.
Despite the lack of exposure to abiotic or biotic stresses, YK expressed several stressresponsive genes (Figure 3.1; Table 3.4; Figure 3.2), which was also noted by Champigny
et al. (Champigny et al., 2013). Two plant defensin genes within the same family were
highly expressed in YK (Table 3.4). In A. thaliana, the plant defensin type 1 family (PDF1)
is comprised of seven genes (Shahzad et al., 2013) with highly conserved sequences and
identical mature peptides (Thomma et al., 2002). AtPDF1 genes are induced by
pathogens, non-host pathogens, methyl jasmonate (MeJA), and ethylene (ET)
(Penninckx et al., 1996; Manners et al., 1998; Zimmerli et al., 2004; De Coninck et al.,
2010). Also, expression of AtPDF1s in yeast results in zinc tolerance (Shahzad et al.,
2013). Eight gene models in E. salsugineum are homologous to the A. thaliana plant
defensin family. Of these, one gene is annotated as the likely ortholog of AtPDF1.4,
whereas five are annotated as most closely related to AtPDF1.2A, and two are
annotated as AtPDF1.2C. High expression of PDF1.2 and PDF1.4 in the YK accession may
contribute to pathogen defense or zinc tolerance, however, paralogous PDF1 genes are
expressed in SH (Supporting data). To date, no differences between these accessions for
zinc or pathogen response have been observed.
The transcript abundance of a gene encoding E. salsugineum peptide methionine
sulfoxide reductase 3 (PMSR3), was accumulated at a higher level in YK than SH (Table
3.4). There are five orthologous PMSR genes in A. thaliana: PMSR1 to 5 (Rouhier et al.,
2006). The expression of PMSR3 is induced by insect herbivory [57] and arsenate
(Paulose et al., 2010), demonstrating response to plant biotic and abiotic stresses. No
function in tolerance or resistance has been established for this paralog in A. thaliana.
However, knock-out of either PMSR2 (Bechtold et al., 2004) or PMSR4 (Romero et al.,
2004) results in decreased oxidative stress tolerance and overexpression of either gene
increases stress tolerance in A. thaliana. Therefore, it is plausible that the
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overexpression of PMSR3 by YK could provide greater oxidative stress tolerance in this
accession.
3.5.4 Eutrema salsugineum accessions SH and YK differ in carbon metabolism
In two metabolic profiling experiments, 125 and 144 metabolites were detected.
Qualitative and quantitative differences were identified between SH and YK for 85
metabolites detected in both experiments (Table 3.5; Supporting data). The
derivatization method we utilized has been widely used to detect sugars (Gullberg et al.,
2004), but is less accurate for identifying and quantifying amino acids (Kaspar et al.,
2009). As a result, many amino acids were not detected in our analyses.
Higher concentrations of fatty acids and fatty acid derivatives were measured in YK,
including several previously identified as structural components of membrane lipids,
cuticle components, and wall-resident suberin (Table 3.5; Supporting data). In addition,
fatty acids contain more energy than carbohydrates as storage compounds and can act
as an efficient storage form of reduced carbon (Taiz and Zeiger, 2010). The highest
production of fatty acids is in the most rapidly growing tissues (Ohlrogge and Jaworski,
1997; Qin et al., 2007). Very-long-chain fatty acids (VLCFAs; C20:0 to C30:0) play an
important role in cell elongation and expansion (Qin et al., 2007). Several VLCFAs,
including docosanoic, hexacosanoic, pentacosanoic, tetracosanoic, and tricosanoic acids,
were more abundant in YK than SH (Table 3.5), consistent with the higher growth rates
of YK. The VLCFA tetracosanoic acid, which plays an important role in root cell growth
and expansion (Qin et al., 2007), was accumulated at a higher concentration in YK (Table
3.5; Supporting data). In addition to carbon storage, lipids are important components of
membranes and the leaf cuticle (Lynch and Dunn, 2004; Zäuner et al., 2010; Tresch et al.,
2012). Our results are in agreement with Xu et al. (2014), who measured a greater
accumulation of C22 and C24 fatty acids in the epicuticular wax of YK over SH.
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Overall, SH tissues had higher concentrations of sugars than YK, similar to results
obtained for fructose, glucose, and raffinose in leaves of E. salsugineum harvested
during the day (Lee et al., 2012). The products of starch breakdown, including maltose
and glucose, were more abundant in SH (Table 3.5; Supporting data), suggesting a
higher rate of starch metabolism in the lower-biomass accession SH, and consistent with
the strong negative correlation between starch content and biomass in A. thaliana
accessions (Sulpice et al., 2009).
A study of the correlation between specific metabolites and biomass accumulation in A.
thaliana revealed twenty-three metabolites that were correlated with biomass (Meyer
et al., 2007). We detected fourteen of these twenty-three metabolites (Table 3.5;
Supporting data). Of these, five differed between SH and YK. The concentrations of
ascorbic acid, glycerol-3-phosphate, and raffinose were negatively correlated and
putrescine was positively correlated with biomass in Arabidopsis (Meyer et al., 2007).
The levels of these metabolites also corresponded to the differences in biomass
between SH and YK, indicating that the relationships between metabolites and biomass
found in A. thaliana was consistent in E. salsugineum (Table 3.5;Supporting data). This
suggests that, although stress tolerance is different between these two species (Volkov
et al., 2003; Griffith et al., 2007; Amtmann, 2009; Lee et al., 2012), the metabolic basis
for biomass accumulation may be similar.
3.5.5 Increased utilization rate as a hypothesis for metabolome heterosis
More than 58% of the metabolites in F1 plants were different from the predicted midparent concentration (Supporting data), indicating a non-additive effect on the majority
of the metabolome. The lower concentration of fructose and glucose in F 1 hybrids
suggests high rates of starch and sugar depletion to support rapid growth (Lisec et al.,
2011). Transgressive heterosis was more commonly observed for metabolites that were
not different between the two parents (Supporting data). This suggests that allelic
variation affecting metabolite accumulation in the parents is not responsible for the
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observed heterosis in the F1 metabolome. Although it is surprising that differences
between the parents were not predictive of a metabolite association with heterosis, it
may be that the metabolomic consequences of heterosis derived from secondary effects
of an increased growth rate in F1 hybrids, rather than a causative relationship between
growth rate and specific metabolites or metabolite diversity. Differences in biomass
polymers and metabolites involved in anabolic growth exhibited reduced pool sizes in
YK as compared to SH (Table 3.5; Supporting data), as well as in the more rapidly
growing F1 plants as compared to the parents (Figure 3.3; Supporting data). Consistent
with this hypothesis for heterotic consequences on metabolic pool size, the
transgressive effect overwhelmingly resulted in lower concentrations of metabolites in
the hybrids (Figure 3.2; Supporting data). This hypothesis regarding the cause of
metabolic heterosis may be a general phenomenon in plants. Indeed, the same
associations have been previously observed in maize, in which largely negative
overdominance for metabolites was found in the heterotic B73 x Mo17 hybrids (Lisec et
al., 2011).
3.6

Conclusions

Our study contributes to the annotation of the E. salsugineum genome and provides
evidence of transcriptional and metabolic differences between the SH and YK accessions.
Very few differences in gene expression were detected in the middle of the dark period
between these two accessions, but YK has constitutively higher expression of several
plant systematic defense genes. The high-quality SNPs identified in this study can be
used with previously-identified SNPs to map traits that differ in these accessions, such
as tolerance to various stresses. There is evidence for contrasting carbon metabolism in
these two accessions, which correlates with observed growth differences. Furthermore,
metabolite profiling of the accessions and F1 hybrids supports the notion that the
concentrations of key metabolites are correlated with growth and heterosis.
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Tables and Figures

Figure 3.1 Differentially expressed genes (DEGs).
Relative gene expression (control gene Actin2) of differentially expressed genes (DEGs)
with at least 4 reads based on transcriptome profiling (RNA-seq) between E.
salsugineum Shandong (SH) and Yukon (YK) accessions. Gene expression is different
between SH (open) and YK (grey) at P-value ≤ 0.1 (*), 0.01 (**), or 0.001 (***) or not
significant (n.s.), based on two-tailed t-test. Data are means (n=3SE).

Figure 3.2 Relative gene expression of differentially expressed genes (DEGs).
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Relative gene expression (control gene Actin2) of differentially expressed genes (DEGs) between E. salsugineum Shandong (SH) and
Yukon (YK) accessions. Gene expression is different between SH (open) and YK (grey) at P-value ≤ 0.1 (*), 0.01 (**), and 0.001 (***)
or not significant (n.s.) based on two-tailed t-test. Data are means (n=3 SE). Expression was not detected in genes with missing
columns.
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Figure 3.3 Heterosis for metabolite concentrations in F1 hybrids.
Metabolites in F1 hybrids that were higher than the high parent or lower than the low
parent at P-value ≤ 0.05 based on two-tailed t-test are shown. The ratio is calculated as
F1/high parent when F1 had a higher concentration than the high parent and low
parent/F1 when F1 had a lower concentration than the low parent.
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Table 3.1 RNA-seq summary for E. salsugineum accessions.
Number of reads, percentage of reads uniquely aligned to reference genome (%), mean
read length (bp) of E. salsugineum Shandong (SH) and Yukon (YK) accessions
Total reads

Uniquely aligned
(%)

Mean read length
(bp)

541,494
491,926
1,033,420

95.6
94.4
95.0

365.8
361.8
363.8

Accession
SH
YK
Total

146
Table 3.2 Summary of transcriptome assembly.
Summary of transcriptome assembly of E. salsugineum Shandong (SH) and Yukon (YK)
accessions
Number of assembled genes
Shared
SH only
YK only
Newly annotated genes
Shared
SH only
YK only
Annotated by best blast hit from A. thaliana, A. lyrata and/or E.
parvulum
Newly annotated genes unique from genes annotated by
Champigny et al., 2013
Newly annotated genes present in genes annotated by Champigny
et al., 2013

17,888
14,577
1,643
1,668
157
122
26
9
54
65
92
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Table 3.3 Summary of single nucleotide polymorphisms (SNPs).
Summary of single nucleotide polymorphisms (SNPs) that differentiate E. salsugineum
Shandong and Yukon accessions.
Number of genes with SNPs
Number of SNPs in genes
Number of high quality SNPs a
Number of SNPs identified by Champigny et al., 2013
Number of SNPs present in Champigny et al., 2013
Number of SNPs unique from Champigny et al., 2013
a

6,182
14,808
4,873
47,317
10,883
3,925

Quality SNP satisfies technical and biologically relevant filtering criteria as discussed in
the materials and methods.

Table 3.4 Differentially expressed genes (DEGs).
Differentially expressed genes (DEGs) of E. salsugineum Shandong (SH) and Yukon (YK) accessions
Eutrema gene locus

SH

YK

Fold
difference

A. thaliana
best blast hit

Gene description

Thhalv10021382m.g

4

87

21.8

AT1G76810

Thhalv10000662m.g
Thhalv10015083m.g
Thhalv10011087m.g
XLOC_024729

46
34265
1445
237

429
2494
327
25

9.3
-13.7
-4.4
-9.5

AT5G44420

Eukaryotic translation initiation factor 2 (eif-2)
family protein
Plant defensin 1.2A

ATCG00480

ATP synthase subunit beta

48
83
244
86
0
0
0
0
0
0
1
99

Absent in SH
Absent in SH
244.0
86.0
Absent in YK
Absent in YK
Absent in YK
Absent in YK
Absent in YK
Absent in YK
-70.0
Absent in SH

AT5G56920
AT4G11000
AT3G16660
AT5G07470
AT3G62210

Cystatin/monellin superfamily protein
Ankyrin repeat family protein
Pollen Ole e 1 allergen and extensin family protein
Peptide methionine sulfoxide reductase 3
Putative endonuclease or glycosyl hydrolase

AT4G01560
AT4G20095

Ribosomal RNA processing Brix domain protein
Protein of unknown function (DUF626)

AT3G61100
AT1G70160

Putative endonuclease or glycosyl hydrolase
Unknown protein

Genes shown in Figure 3.1

Genes shown in Figure 3.2
Thhalv10015718m.g
Thhalv10029390m.g
Thhalv10021522m.g
Thhalv10014718m.g
Thhalv10002969m.g
Thhalv10009345m.g
Thhalv10014264m.g
Thhalv10000285m.g
Thhalv10022943m.g
Thhalv10023491m.g
Thhalv10018393m.g
XLOC_005768

0
0
1
1
61
58
53
179
148
47
70
0
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Table 3.4 Continued
Eutrema gene locus
XLOC_017575
XLOC_003055
XLOC_024727
XLOC_003052
XLOC_008740
XLOC_020731
XLOC_017573
XLOC_015175

SH

YK

Fold
difference

50
55
53
318
135
76
246
75

0
0
0
1
3
0
0
0

Absent in YK
Absent in YK
Absent in YK
-318.0
-45.0
Absent in YK
Absent in YK
Absent in YK

A. thaliana
best blast hit

Gene description

Genes with no specific primers available
Thhalv10022994m.g
Thhalv10022932m.g
Thhalv10014933m.g
Thhalv10019398m.g
Thhalv10029246m.g
XLOC_004723

0
74
295
6
0
187

46
1
32
217
47
16

Absent in SH
-74.0
-9.2
36.2
Absent in SH
-11.7

AT2G15220

Plant basic secretory protein (BSP) family protein

AT5G59870
AT5G44430
AT4G11000
ATCG01020

Histone H2A 6
Plant defensin 1.2C
Ankyrin repeat family protein
Ribosomal protein L32
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Table 3.5 Metabolite profiling differences between E. salsugineum Shandong (SH) and Yukon (YK) accessions.
Metabolites for which tissue concentrations were different between E. salsugineum Shandong (SH) and Yukon (YK) accessions in
one or two experiments and/or different based on a nested analysis of the two experiments
Experiment 1
Metabolite

SH

YK

Experiment 2
SH

YK

352.9

470.8

66.5
12.9
25.0
14347.0
344.5
10713.7
22.1
976.8
14987.4
111.5
3.4
32.0
27.3
16.1
16547.4
674.0

61.2
19.5
10.4
30526.0
82.9
3862.7
34.3
591.3
1284.4
263.1
8.5
88.7
20.4
10.4
6251.4
362.7

1081.4

846.2

P-value
E1

E2

N

*

n.s.

n.s.
*
**
**
***
***
*
*
***
***
*
***
*
*
***
***

*
n.s.
**
**
n.s.
**
*

Carbohydrates
2-keto-gluconic acid
2PGA
α-ketoglutaric acid
Arabitol
Ascorbic acid
Citric acid
Digalactosylglycerol
Disaccharide
Erythritol
Erythrose
Fructose
Fumaric acid
Galactaric acid
Galactose
Gentiobiose
Glucaric acid
Glucose
Glycerol-3-p
Isomaltose
Itaconic acid
Maltose

1012.0
2.1
83.2
45.4
19.6
6722.6
2007.8
9941.3
27.6

526.4
0.0
41.3
60.9
11.8
17762.7
618.8
8651.1
39.1

65604.0
232.3

9500.3
429.0

7730.3

4432.0

3.7
41843.5
82.4
75.1
142.0
1119.8

3.0
28552.0
30.8
0.0
32.2
678.6

n.s.
**
*
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
***
n.s.
*
n.s.
*
*
**
*
*

*

***
**
**
n.s.
***
***

***
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Table 3.5 Continued
Experiment 1
Melibiose
Methylmaleic acid
Pyruvic acid
Raffinose
Sedoheptulose
Sorbitol
Turanose
Xylitol
Xylose

0.0

Experiment 2

5.4

42.4
477.5
853.9
17.0

38.6
322.5
782.4
39.5

18.6
165.8

11.5
81.1

P-value
***

16.7
59.8
218.9
452.2

7.1
44.0
152.7
312.6

13688.2
13.7
64.6

7035.2
20.4
49.3

5.7
132.2
6032.7
176.5
0.0

7.6
27.0
7434.6
1224.1
20.9

8103.8
2.5
133.6
47.1

16232.9
4.5
150.7
37.6

2.7
928.9
13.2

6.8
2095.8
57.0

n.s.
*
n.s.
*
n.s.
*

*
**
n.s.
**

n.s.
**
n.s.

**
*
n.s.

n.s.
*

*
*
*
***
***

***
***

Fatty acids
13-eicosenoic acid
7-hexadecenoic acid
9,12-octadecadienoic acid
Docosanoic acid
Hexacosanoic acid
Hexadecanol
Octacosanol
Tetracosanoic acid
Tetracosanol
Tricosanoic acid
Tritriacontanol

50.5
13.2
0.0
9.5
1206.3
2.2
0.0

241.3
28.9
12.2
1.9
5001.7
0.0
12.6

**
*
***
**
*
***
**

*
**
n.s.
*

**
n.s.
n.s.

Amino acids
Alanine
Aspartic acid
Glycine

**
*
*
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Table 3.5 Continued
Experiment 1
N-acetylglutamic acid
Serine
Threonine
Valine

0.0
0.0

3.8
10.3

4.1

0.0

11.8
42.5

27.0
44.3

33.1

15.3

Experiment 2
158.0
216.4
311.1
104.9

1221.7
818.2
383.3
92.8

P-value

***
**

*
*
*
n.s.

*
n.s.

*
*

**
n.s.

Others
1,2,3-hydroxybutane
2,3-dihydroxybutanedioic acid
2,4,6-tri-tert.butylbenzenethiol
2-aminoethylphosphate
2-desoxy-pentos-3-ulose
2-hydroxybutanoic acid
2-o-glycerol-galactopyranoside
2-oxo-3-hydroxypropanoic acid
3-methylthiopropylamine
5-o-coumaroyl-d-quinic acid
Aconitic acid
Tocopherol
Chlorogenic acid
Erythronic acid-1,4-lactone
Ferulic acid
Hydroxylamine
Ketomalonic acid
Malonic acid
P-hydroxyacetophenon

2362.0

398.0

202.7
7.8

103.5
4.0

11.3

30.4

59.7
0.0

89.5
2.8

*
5.8
157.3

9.6
185.3

0.0

44.5

*
n.s.

*
***

11.3
181.6
17.3
0.0
38.5
12.7

0.0
178.0
75.7
5.4
15.6
37.5

710.6
24.2
41.8
39.2
0.0
0.0

332.2
38.0
61.6
27.1
3.1
2.6

***

*
*

n.s.

n.s.
***

*
n.s.
**
*
*
*
*
*
**
**
*
**

*

n.s.

**

n.s.
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Table 3.5 Continued
Experiment 1
Protocatechuic acid
Putrescine
Stigmasterol
Vanillin

40.6
0.0

52.0
1.8

Experiment 2
5.9
0.0
29.5

2.1
22.4
9.1

P-value

n.s.
***

*
**
**

n.s.

Data are means (n=4). Empty indicates absence or undetected metabolites. Genotypes are significant different at P- value < 0.05
(*), 0.01 (**), and 0.001 (***) based on two-tailed t test in Experiment 1 (E1), Experiment 2 (E2), or nested (N) analysis of two
experiments combined together. Carbohydrates indicate sugar-related compounds and derivatives in citric acid cycle. Fatty acids
indicate fatty acids and their derivatives. Others indicate all other compounds not belong to carbohydrates or fatty acids, or
amino acids.
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CHAPTER 4.

WATER-USE EFFICIENCY (WUE) AND BIOMASS ACCUMULATION ARE COSELECTED TRAITS IN EUTREMA SALSUGINEUM

4.1

Abstract

Plant water-use efficiency (WUE) is the amount of biomass synthesized over water lost.
However, despite the fact that much is known about transpirational water loss and
carbon accumulation, the optimization of the trade-off between the two processes is
still largely unknown. To determine the physiological and genetic determinants of WUE
in the model plant Eutrema salsugineum, we quantified biomass accumulation, water
use, and related traits in two accessions: Shandong (SH) and Yukon (YK). YK accumulated
92% more biomass while losing only 55% more water than SH on a per plant basis
resulting, in a more than 25% higher WUE. Starch and soluble sugar concentrations
were lower in YK than SH throughout the diurnal period, which is consistent with the
previously identified negative correlation between biomass and starch concentration.
Shared and independent quantitative trait loci (QTL) correlated with WUE and/or
biomass were identified in a YK x SH F2 bulked segregant analysis. This is consistent with
the phenotypic correlation (R2=0.27) between biomass accumulation and WUE. Our
results indicate that biomass accumulation and WUE are not selected independently in E.
salsugineum. The higher WUE in YK is partially attributable to fixing carbon more
efficiently into biomass, and reducing carbon catabolism. Our study demonstrates the
feasibility of simultaneously improving WUE without reducing biomass production by
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identifying candidate genes and/or allelic variation contributing to the improvement of
WUE and biomass accumulation.
4.2

Introduction

The availability of fresh water is decreasing rapidly (Vörösmarty et al., 2000; Motoshita
et al., 2014). However, as the human population grows, increased demands are placed
on the freshwater supply for adequate food production (Pimentel et al., 2004; Schaible
and Aillery, 2013). Hence, the improvement of water-use efficiency (WUE) to reduce
agricultural water consumption may be an effective way to relieve the limitation of
freshwater availability (Wallace, 2000; Pereira et al., 2012). Plant WUE is the amount of
biomass synthesized over water lost to produce that amount of biomass, typically
measured as integrated or whole-plant water-use efficiency (WUEB; biomass
synthesized per unit water used) or instantaneous water-use efficiency (WUEi; net CO2
assimilation over transpiration).
About 97% of water loss from plants is through transpiration through stomata (Goss and
Gray, 2013). Significant progress has been made in our understanding of stomatal
development and regulatory pathways (Vatén and Bergmann, 2013). It is plausible to
engineer stomatal development to improve WUE by reducing stomatal density (number)
thus transpiration. Reduced transpiration sometimes results in lower biomass because
of restrictions to gas-exchange (Farquhar et al., 1982). However, evidence also exists
that the reduction in transpiration does not necessarily come with a concomitant
reduction in biomass accumulation, which leads to an improved WUE (Nilson and
Assmann, 2010; Yoo et al., 2010; Doheny-Adams et al., 2012; Franks et al., 2015). For
example GT-2 LIKE 1 (GTL1), negatively regulates WUE by repressing expression of
STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) (Yoo et al., 2010). SDD1 regulates
stomatal development and distribution, and an increase in expression of SDD1 results in
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a decrease in stomatal density and transpiration (Berger and Altmann, 2000; Büssis et al.,
2006).
On the other hand, biomass accumulation and carbon partitioning play important roles
in the regulation of WUE (Johnson et al., 1995; Gorny and Garczynski, 2002; Xin et al.,
2009; Ma et al., 2010). With a clearer understanding of the physiological basis of WUE, it
may be feasible to improve WUE and biomass production at the same time (Tambussi et
al., 2007; Liu et al., 2011). Positive phenotypic correlations between biomass production
and whole-plant WUE or long-term WUE have been observed in several species, such as
maize (Ge et al., 2011), apple (Liu et al., 2011), sorghum (Xin et al., 2009), and cowpea
(Anyia and Herzog, 2004), which suggests a genetic correlation between biomass
production and WUE. For example, transgenic rice expressing HRD, an A. thaliana gene
encoding an AP2/ERF transcription factor, has improved WUE and biomass
accumulation (Karaba et al., 2007). Loss of function erecta mutants have higher
stomatal density, transpiration, and lower WUE than wild type, and also decreased cell
expansion, smaller leaves, and lower biomass accumulation (Masle et al., 2005; Tisné et
al., 2011). However, overexpression of PdERECTA enhanced Arabidopsis WUE and
biomass accumulation (Xing et al., 2011).
In this study, we used Eutrema salsugineum as our model plant, which has similar
features to the widely-used model species Arabidopsis thaliana: small size, high seed
production capacity, self-pollination, and a rapid life cycle (Al-shehbaz et al., 1999;
Bressan et al., 2001; Zhu, 2001). Furthermore, the E. salsugineum genome has high
(80%) in synteny with the A. thaliana genome (Yang et al., 2013) and contains most
homologous A. thaliana genes (Inan et al., 2004; Wu et al., 2012; Yang et al., 2013).
However, compared to A. thaliana, E. salsugineum is highly tolerant of salinity
(Kazachkova et al., 2013), drought (Gong et al., 2005; Wong et al., 2005), and cold
(Griffith et al., 2007; Lee et al., 2012), making it an important model species for the
study of abiotic stresses (Bressan et al., 2001). Within this species, genetic variation in
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freezing tolerance (Lee et al., 2012), drought tolerance (MacLeod et al., 2015; Xu et al.,
2014), and disease resistance (Yeo et al., 2014) has been reported. In addition to the
stress tolerance of this species, there are significant and consistent differences in WUE
among E. salsugineum accessions (Chapter 2). Hence, E. salsugineum provides ideal
genetic material for the identification of the physiological and genetic bases for WUE.
Several QTL correlated with WUE have been mapped in A. thaliana using two
recombinant inbred populations: Cvi x Ler and Ler x Col (Hausmann et al., 2005; Juenger
et al., 2005). However, in both studies, the surrogate WUE measure of carbon isotope
discrimination was used in place of direct measurement of WUEB and biomass
accumulation was not quantified in either study. This is the first report of identification
of loci associated with WUE and biomass in E. salsugineum.
The mostly commonly studied accessions, Yukon (YK) and Shandong (SH), were used in
this study. The YK accession was collected in the Takhini salt flats in the Yukon territories,
Canada, a sub-arctic and semi-arid region (Griffith et al., 2007) and the SH accession was
collected in the saline coastal areas of eastern China near the mouth of the Yellow River
(Bressan et al., 2001; Inan et al., 2004). These two accessions (genotypes) are
compatible and able to produce hybrids by crossing. A drought tolerance study revealed
that YK is more tolerant and has a better ability to main leaf relative water content than
SH (MacLeod et al., 2015), and YK has higher WUEB than SH (Chapter 2).
The objective of the experiments described was to determine the physiological bases for
differences in WUE between these accessions, and to identify genetic determinants of
WUE. Despite the fact that WUE is a complex trait that varies greatly with environment
(Lawson and Blatt, 2014), the heritability for WUEB in E. salsugineum is high (Chapter 2),
suggesting it is possible to identify loci associated with WUE in a mapping population.
We also establish a correlation between biomass production and WUEB in this species.
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In order to identify the genetic basis for WUE in E. salsugineum, we conducted an F2
bulked segregant analysis (BSA) (Michelmore et al., 1991). This method is an efficient
way to identify QTL, compared to other approaches, such as using recombinant inbred
lines (RILs). However, due to the low number of recombinant events and the fact that
pooled tissue from multiple genotypes is used with this approach, it is more suitable for
identifying major QTL, rather than small-effect QTL (Lynch et al., 1998). Instead of
genotyping each line in a segregating population, lines exhibiting extreme phenotypes
are pooled (e.g. high and low WUEB). Hence, each pool contains individuals that are
similar for a particular trait and genomic regions associated with that trait, but random
at all unlinked regions. QTL responsible for WUE can be identified by the frequency
discrepancy of a certain allele in the high versus low WUE pools. We successfully
identified QTL correlated with WUE and biomass accumulation. Our study provides the
prerequisites for future studies such as QTL fine mapping and candidate gene
identification.
4.3

Materials and Methods

4.3.1 Plant Materials and growth conditions
Two accessions of E. salsugineum, YK and SH, were included in all experiments and their
F1 hybrids (YK x SH and/or SH x YK) were used for quantification of diurnal water loss
and WUEB. Seeds were stratified in the dark at 4 °C for 7 d, sown onto soilless media
(described below for each experiment) and kept under intermittent mist until seedlings
reached the 4-leaf stage (10 to 14 d), then plants were moved to a growth chamber or
greenhouse (described below for each experiment).
For assessment of WUEB, seeds were sown into containers (described below) filled with
a 4:1 mixture of Fafard 2X Mix soilless media (Conrad Fafard, Inc., Agawam, MA, USA)
and Turface® calcined clay (Profile Products LLC., Buffalo Grove, IL, USA). Plants were
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grown for five weeks in the Purdue University Department of Horticulture and
Landscape Architecture plant growth facility greenhouses. Day and night temperatures
were 24 and 22 oC, respectively, and the average day and night relative humidity was
approximately 70 and 60%, respectively. Metal halide and sodium vapor fixture lights
were used to maintain a 14-h photoperiod throughout the experiments. Irrigation water
was supplemented with a combination of two water-soluble fertilizers (3:1 mixture of
15N–2.2P–12.5K and 21N–2.2P–16.6K, respectively; The Scotts Co., Marysville, OH, USA).
The following elements were provided (mg L-1): 200 N, 26 P, 163 K, 50 Ca, 20 Mg, 1.0 Fe,
0.5 Mn and Zn, 0.24 Cu and B, and 0.1 Mo. 76% of nitrogen was provided as nitrate. To
reduce alkalinity to 100 mg L-1 and pH to a range of 5.8 to 6.2, irrigation water was
supplemented with 93% sulfuric acid (Brenntag North America, Inc., Reading, PA, USA)
at 0.08 mg L-1.
Plants for root and rosette biomass measurements were grown under the same
greenhouse conditions described above. Seeds were sown into conical tubes (SC10; 164
ml; Stuewe & Sons, Inc., Tangent, OR, USA) filled with profile (Profile Products LLC.,
Buffalo Grove, IL, USA). Plants were watered every other day by sub-irrigation using
fertilizer water for approximately 20 minutes.
Plants grown for gas-exchange and epidermal trait measurements were grown in a
growth chamber (E15; Conviron, Pembina, ND, USA). A 0.5 cm hole was drilled at the
bottom of each 50 ml conical tube (USA Scientific, Inc., Ocala, FL, USA) where seeds
were sown. Tubes were then placed upside down with a mesh cap on the bottom to
allow for sub-irrigation. Before measurements, the mesh cap was replaced by a solid cap
to eliminate evaporation from the bottom. Plants were grown in a growth chamber for
18-19 d. Light and dark period temperatures were 22 and 20 oC, respectively, and
relative humidity was approximately 60%. Photoperiod was 12-h with light intensity
approximately 230 μmol m-2s-1 provided by both fluorescent and incandescent bulbs.
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Plants used for measurements of gravimetric water loss and starch and sugar
quantification were grown under the same growth conditions as plants grown for gasexchange measurements. Plants for gravimetric transpiration measurement and
epidermal traits measurements were grown in the same conical tubes in gas-exchange
experiment, while plants for starch and sugar measurements were grown in 118-ml cell
pots (C-NP804; Landmark Plastic Corporation, Akron, OH, USA).
Plants for the measurements of light and CO2 responsive curves were grown in a 4:1
mixture of Fafard 2X Mix soilless media (Conrad Fafard, Inc., Agawam, MA, USA) and
Turface calcined clay (PROFILE Products LLC., Buffalo Grove, IL, USA) in SC7 Ray Leach
“Cone-tainer” tubes (115 mL; Stuewe & Sons, Inc., Tangent, OR, USA) under the same
growth conditions as plants grown for the assessment of WUEB. Plants used for CA1
gene expression were grown in the same conical tubes in gas-exchange experiment
under the same growth conditions as plants grown for the assessment of WUE B.
4.3.2 WUEB measurement
Containers used for quantification of WUEB are described in Sandoval et al. (2016).
Briefly, nine holes were drilled in the bottom of a 480 ml container (454415; The Lab
Depot, Inc., Dawsonville, GA, USA) for sub-irrigation and drainage. Seeds were sown on
top of media within the 0.5 cm hole of a lid that was placed on the media-filled
container. Containers were sub-irrigated with fertilizer described above as needed to
maintain adequate soil water content. Containers were allowed to drain and the
growing container was placed into a second container without holes to eliminate
evaporation from the bottom.
The weight of each container was recorded at the beginning of the 5-week growth
period (initial weight), and before and after each irrigation. The sum of weight
differences in each interval (three and five intervals in two independent experiments)
represents the water lost from the plant during growth (water loss; WL). In the first
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experiment, YK and SH were included and in second experiment, YK, SH, and their F 1 (YK
x SH) hybrids were included. The average WL from control containers (containers with
no plants grown) of the entire experiment (17 and 3 replicates for the first and second
experiments, respectively) was deducted from WL of each container when seedlings had
not covered the exposed media (approximately 2 weeks). At the end of each experiment,
the total above-media portion of each plant was removed and dried to a constant
weight to obtain rosette dry weight (DW) of each plant. Total plant water use was the
sum of transpirational water loss (changes in weight between irrigation events). Wholeplant water-use efficiency (WUEB) was calculated as plant DW divided by the total water
loss.
Analysis of variance (ANOVA) was used to quantify broad-sense heritability (H2) for
WUEB, rosette biomass, and total water loss. The environment effect (
estimated by the mean square error (MSE), and the genetic effect (

) was

) was estimated by

mean square of genotype (MSG) minus MSE and divided by the number of replicates:
(MSG - MSE)/n). H2 was calculated as:
=

4.3.3 Gas-exchange and WUEi measurement
Whole-plant gas-exchange was measured with an infra-red gas analyzer (Li-Cor 6400; LiCor Inc., Lincoln, NE, USA), using the whole-plant measurement chamber (6400-18).
A CO2 tank was used to supply CO2 at a rate of 400 μmol mol-1, with light intensity set at
230 μmol m-2 s-1 from fluorescent bulbs in the growth chamber. Each plant was placed
into the chamber at least 15 min before the beginning of the dark period. Measurement
of transpiration and photosynthesis (respiration during the dark period) was recorded
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every 5 minutes for approximately 22 h from the beginning of the dark period. During
the final 2 h of the light period, the plant was removed, the instrument was calibrated,
and another plant was inserted into the chamber for a new measurement. At the end of
each measurement period, the lamina of each individual plant was separated and leaf
area (LA; cm2) was estimated using Image J software (http://rsb.info.nih.gov/ij/).
Transpiration, photosynthesis, and respiration rates were corrected by the estimated LA.
Specific leaf area (SLA) was calculated as LA divided by leaf dry weight (g). The amount
of carbon assimilated and respired was calculated by multiplying the CO2 assimilation or
respiration rate within each 5 min interval by leaf area summed up for 12-h dark period
and 10-h light period. Instantaneous water-use efficiency (WUEi) was calculated as net
CO2 assimilation rate divided by transpiration rate.
4.3.4 Gravimetric measurement of whole-plant transpiration and ABA treatment
Two gravimetric water loss experiments were conducted: one including YK and SH, and
one including YK, SH, and reciprocal crosses YK x SH F1 and SH x YK F1. Plants were grown
in conical tubes in a growth chamber under the conditions described above. Twenty
A&D EK-410i analytical balances (A&D Engineering, Inc., San Jose, CA, USA) were arrayed
with a serial USB adaptor in a growth chamber (E15; Conviron, Pembina, ND, USA).
Balances were calibrated prior to every experimental run. Mesh caps were replaced by
solid caps before measurement. Three plants (subsamples) of each replicate were used
per balance. Weight loss data from the balance array system were logged to a laptop
computer using WinWedge Pro software version 3.1.41 (TAL Technologies, Inc.,
Philadelphia, PA, USA). Weight on each balance was downloaded every 5 minutes into a
Microsoft Excel spreadsheet for analysis of a 36-h period. Following diurnal
measurements, plant LA was quantified as described above. Leaf number (LN) was also
estimated by Image J software (http://rsb.info.nih.gov/ij/). Plant lamina, and the rest
aboveground tissue were separated, and weighed after drying to a constant weight at
approximately 80 °C to obtain leaf DW, rest aboveground DW, and total rosette DW
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(leaf DW + rest aboveground DW). Specific leaf area (SLA) was calculated by LA/leaf DW.
Cubic or quadratic equations were fit to the water loss data for light and dark periods
separately to estimate transpiration rate of each plant (Chapter 2).
In the second gravimetric water loss experiment, plants were measured with and
without application of abscisic acid (ABA). Abaxial and adaxial leaf surfaces of plants
were sprayed with 100 μM ABA solution or control solution. ABA (Sigma-Aldrich Co. LLC.,
St. Louis, MO, USA) was dissolved in 1 ml 100% methanol and then diluted in doubledistilled water (0.01% Tween 20; Sigma-Aldrich Co. LLC., St. Louis, MO) to 100 μM.
Control solution was prepared with the same composition as the 100 μM ABA solution
without ABA. After leaf surfaces had dried, plants were placed on balances for
gravimetric measurements.
4.3.5 Root and rosette biomass
Root and rosette biomass of SH and YK accessions from 7-week old plants grown under
greenhouse conditions (described above) were quantified as described above. To avoid
loss of lateral roots, roots were carefully washed in water to remove profile (media and
container described above). Rosette and root were separated and dried at 70°C to a
constant weight.
4.3.6 Starch and soluble sugar concentrations
Whole rosettes of 4-week-old plants were collected at four time points: 7:00 am, 1:00
pm, 7:00 pm, and 1:00 am. At each time point, for each biological replicate, four
individual plants were pooled together, wrapped in aluminum foil and immediately
placed in liquid nitrogen. Samples were then stored at -80°C. Samples were freeze dried
in a lyophilizer (Virtis BenchTop K; SP Scientific Inc., Stone Ridge, NY, USA) to a constant
weight. Freeze-dried tissue was then ground to a powder in liquid nitrogen using a
mortar and pestle. 50 mg tissue from each sample was used to quantify starch and sugar
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concentrations using a method adapted from the method described by Rose et al. (Rose
et al., 1991). Starch concentration (SC; mg g-1 DW) in samples was calculated by the
equation:

where yg equals glucose concentration (mg ml-1),v is original volume of starch extract
(ml), hf is the starch hydrolysis factor (0.9) (Volenec, 1986), and DW is original sample
dry weight (g).
Soluble sugar concentration (SSC; mg g-1 DW) was determined using an anthrone (A1631, Sigma-Aldrich Co. LLC., St. Louis, MO, USA) colorimetric assay and was calculated
as:

where C is the soluble sugar concentration of soluble sugar (mg ml-1) in the aliquot, ev is
the extract volume (ml), and DW is sample dry weight (g).
4.3.7 Epidermal traits and pavement cell density measurement
The largest fully-expanded leaf was separated from the rosette. Impressions of abaxial
and adaxial sides of the same fully-expanded leaf were made on approximately 2 uL of
cyanoacrylate glue (Henkel Corporation, Rocky Hill, CT, USA) for 5-10 seconds.
Epidermal imprint slides were imaged under a Nikon Optiphot2 compound microscope
(Nikon Instruments, Inc., Melville, NY, USA) with a photo multiplier light measuring
system equipped for bright field. Photos of abaxial and adaxial leaf surfaces were taken
using a Konus camera (Konus U.S.A Corporation, Miami, FL, USA) and software support
system (ScopeTek, Hangzhou ScopeTek Opto-Electric Co., Ltd., Hangzhou, China) for
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high-resolution still image capture. Stomatal and pavement cell density were measured
using Image J software (http://rsb.info.nih.gov/ij/).
4.3.8 Experimental design and data analyses
A randomized completely block design (RCBD) was used for all experiments unless
otherwise indicated. A general linear model (GLM) with genotype, block, and treatment
(when applicable) as main factors but no factor interaction included in the model was
implemented in all data analysis unless otherwise indicated.
For the WUEB experiment, 17 blocks and two genotypes (SH and YK) were included with
one replicate per genotype per block for the first experiment. For the second
experiment, 10 blocks and 3 genotypes (SH, YK, and F1) with 1 replicate per block per
genotype were included.
For gas-exchange measurements, two genotypes (SH and YK) and six blocks with one
plant of each genotype included in each of block were included.
For the first gravimetric water loss measurement of whole-plant transpiration without
ABA treatment, two genotypes (YK and SH), and 2 blocks with 10 replicates per block
per genotype were measured. In the second experiment without ABA treatment, four
genotypes, YK, SH, YK x SH F1, and SH x YK F1, and five blocks with 1 replicate per block
per genotype were included. In the gravimetric water loss experiment with ABA
treatment, 2 to 3 replicates from each block for each genotype and treatment were
used. Two genotypes (SH and YK), and 2 treatments (-ABA and +ABA), and 2 blocks were
included. In total, there were 4 to 5 replicates per genotype per treatment.
For rosette and root biomass measurement, two genotypes (YK and SH) and 5 replicates
per genotype per block was used. For starch and sugar measurements, 6 blocks, 4
harvesting times, and 3 genotypes (YK, SH and F1 hybrids) were used. Genotypes were
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compared within each time point, and compared within each genotype between
different time points.
4.3.9 F2 bulked segregant analysis (BSA)
Plants were grown under greenhouse condition as indicated above. Whole-plant WUE
(WUEB) and rosette biomass were measured as indicated above. 1,710 F2 individuals
were separated into 9 trials. WUE and biomass were then adjusted by fitting a model
shown below:
Raw measurement of WUE or biomass = trial (block) + residuals
where trail is fixed factor and block is random factor. Residuals were used as adjusted
WUE and biomass accumulation.
All the 1,710 F2 individuals were ordered according the adjusted WUE or biomass,
respectively. Plants were selected separately for WUE and biomass accumulation. For
each trait, one young leaf (LA= ~0.25 cm2) of each individual plant in the lowest and
highest 20% of the population (342 individual plants) were bulked into low and high
bulks, respectively. Genomic DNA was extracted from the low and high bulks following
the CTAB method (Clarke, 2009) and purified and concentrated by DNA Clean &
Concentrator™- 25 (D4033, Zymo Research Corp, Irvine, CA 92614, USA), and genotyped
using the genotyping-by-sequencing method under the Illumina® HiSeq platform .
Sequencing reads were trimmed by FastQC (v0.10.1,
http://hannonlab.cshl.edu/fastx_toolkit/ ) for adapter, primer and low-quality
sequences, and mapped to the reference genome E. salsugineum SH accession (Yang et
al., 2013) using Bowtie2 aligner (Langmead and Salzberg, 2012) (v2.2.5). Single
nucleotide polymorphisms (SNPs) were identified using SAMtools (Li et al., 2009)
(v0.1.2) between high and low bulks for WUE and biomass, respectively. From the four
experimental bulked sample sequencing data sets (WUE high and low bulk, biomass high
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and low bulk), 824,493, 779,444, 870,676, and 906,042 SNPs excluding all indels and
SNPs with quality less than 10, and the ones with read position bias < 0.1 and quality
less than 15 were called and retained for further filtering.
A total of 10,910 SNPs were identified from the intersection between our transcriptome
study of SH and YK (Chapter 3) and Champigny et al. (Champigny et al., 2013). In total,
9,750 of these 10,910 SNPs were found in the intersection of the SNPs called for the
high and low WUE bulks, and 10,086 of 10,910 SNPs were retained for the biomass bulks.
Among the 9,750 SNPs for WUE, 8 were not located within the top 23 scaffolds (by size)
placed in chromosomes in the reference genome (Yang et al., 2013), and hence were
removed. Similarly, 7 SNPs were removed for biomass bulks. All SNPs used for allele
frequency estimation and G-statistics tests were derived from these subsets. Hence, all
SNPs that were visible were used and only positions that had been scored
independently in two sequencing studies as polymorphic were used. The allele
frequency within each pool at each SNP location was estimated by read depth using
SAMtools (Li et al., 2009) and parsed by a customer perl script. SNP position in the
chromosome was assigned by the position on the scaffold according to read alignment,
and scaffold arrangement in the chromosome in the reference genome (Yang et al.,
2013).
In order to reduce the noise brought in by sequencing, sampling error, allele number
was combined into bins with 5, 10, 20, and 50 SNPs per bin. YK allele frequency in high
bulk (HAF) and YK allele frequency in low bulk (LAF) were calculated as YK allele counts
over SH allele counts (YK/SH). Position of each bin was defined by the median of all the
SNP positions within the bin. Bulk frequency ratio (BFR) was calculated as HAF/LAF. Log2
values were used for HAF, LAF, and BFR for scaling and plotting purposes. A likelihood
ratio test on allele frequency and G-statistics was used to identify bins that have
significant divergence from the expected value under the null hypothesis (no differences
between the low and high bulks (Magwene et al., 2011). P-values were adjusted by a
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false discovery rate (FDR) (Benjamini and Hochberg, 1995) and Bonferroni correction for
multiple tests (Rice, 1989).
4.4

Results

4.4.1 YK has high WUEB and WUEi with a dominant effect in F1 hybrids
In all experiments, YK had higher WUEB than SH (Table 4.1), which is consistent with
previous experiments (Chapter 2). The higher WUEB in YK is due to the larger difference
in biomass between YK and SH than the difference in water loss between the two
accessions. YK accumulated 92% more biomass while losing only 55% more water than
SH (Table 4.1). Due to the consistent and large difference in WUEB, the broad-sense
heritability (H2) of WUEB in these two accessions was 0.89. Heritability for rosette
biomass, water loss, and leaf area was 0.77, 0.68, and 0.87, respectively.
YK also had higher WUEi than SH (Table 4.2). YK had lower transpiration (E), carbon
assimilation (AC), and respiration rates (RD) (Figure 4.1; Table 4.2). In the middle of light
period, AC of YK was about 70% of SH, while E of YK was only 50% that of SH (Figure 4.1).
The difference in AC was smaller than the difference detected in E between the two
accessions per unit LA (Figure 4.1). Hence, compared to SH, the higher WUE i in YK is due
to a smaller reduction in AC than the reduction in E. The lower AC and E in the YK
accession are consistent with its lower light responsive curve (Figure 4.2). In addition, YK
also showed a lower AC in response to the increae of ambient CO2 (Figure 4.3), which is
consistent with its lower gene expression for CA1 gene that encodes carbonic anhydrase
1 (Figure 4.4).
In all experiments conducted, YK always had a higher leaf area than SH (Table 4.1 and
4.2). Although the contributors to the differences in WUEi and WUEB are different (lower
E and higher biomass), when taking LA into consideration, the conclusions drawn from
measurements of WUEi and WUEB are consistent. LA of YK was more than 80% higher
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than SH (Table 4.2). Hence, multiplying E and AC by LA in the middle of light period
(Figure 4.1) reveals that YK carbon assimilation was 50% higher than that of SH, while
water loss was only 10% greater than SH on a per plant basis. Hence, it appears that
higher biomass production or more carbon assimilation is the basis for higher WUE in YK.
YK had lower AC and RD, resulting in a smaller amount of total CO2 assimilated (AT) and
total carbon respired (RT), but a similar amount of net carbon assimilation (Anet; total
carbon – respired carbon) per unit LA (Table 4.2). YK had a similar Anet to SH but had
more carbon fixed in structural biomass than SH resulting in more biomass production
(Table 4.2).
F1 hybrids had WUEB similar to YK, suggesting a dominant allelic effect (Table 4.3).
Although WUEB varied among experiments due to environmental effects, YK
consistently had higher WUEB than SH with more biomass accumulation (Table 4.3).
4.4.2 YK has a lower transpiration rate and lower stomatal density than SH
We investigated the differences in transpirational water loss by using both infra-red gas
analysis and gravimetric methods. Infra-red gas analysis is a direct measurement of
transpiration. Despite YK losing more water than SH on a per-plant basis in greenhouse
experiments (Table 4.1), YK had a lower transpiration rate on a per leaf area basis than
SH in 4- (Figure 4.1A; Table 4.4) and 6-week-old plants throughout the diurnal period
(Table 4.5). Maximum light period transpiration rate (Emax) of SH was approximately 1.5times that of YK (Figure 4.1A; Table 4.4). Dark period transpiration occurred in both
genotypes with the minimum transpiration rate (Emin) of YK and SH 15 and 11% that of
their respective Emax (Figure 4.1A; Table 4.4). There was no difference in Emin between
SH and YK, while predawn transpiration rate (EPD) of SH was approximately 2.7-times
that of YK (Figure 4.1A; Table 4.4). Water loss during the diurnal (DiWL), dark (DWL),
light (LDW), and predawn period (PWL) was all lower in YK than SH (Table 4.5).
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To test whether the lower transpiration in YK is due to a higher sensitivity to ABA,
transpiration was measured with exogenous ABA treatment. ABA treatment resulted in
a similar reduction in Emax, 30 and 32% in YK and SH, respectively, in both genotypes
(Figure 4.5).
Stomatal density (SD) in YK was 70, 86, and 76% lower than SH on the abaxial and
adaxial, and combined (abaxial + adaxial) surfaces, respectively (Tables 4.6 and 4.7).
Pavement cell density (PD) and total cell density (TD) were also lower in YK than SH
(Tables 4.6 and 4.7), suggesting smaller overall epidermal cell size in YK. However, YK
also had a 37 and 30% lower stomatal index (SI) than SH on abaxial and adaxial sides,
respectively (Table 4.6), which suggests fewer cells entering the stomatal development
pathway in YK, compared to SH. There was no difference in the ratio of abaxial:adaxial
SD between accessions, but YK had a higher abaxial:adaxial ratio of PD and TD than SH
(Table 4.7).
There was no difference in any transpiration values between the two reciprocal crosses
of YK x SH or SH x YK F1 hybrids (Table 4.8). A small reduction in Emin, and increase in EPD
and PDO were observed in F1 hybrids compared to YK, while Emax in F1 was the same as
YK (Table 4.8). This data suggest a dominant YK allele effect on transpiration. The
similarity between the two reciprocal F1 crosses (Table 4.8 and 4.9) indicates that there
is no maternal effect on transpiration rate or rosette biomass (Roach et al., 1987).
4.4.3 YK showed no difference in carbon allocation in rosette or root biomass
In order to test the hypothesis that the difference of biomass accumulation between YK
and SH is due to a difference in carbon allocation between below- and above-ground
biomass, we measured rosette and root biomass in these two E. salsugineum accessions.
YK produced more root biomass than SH during the same growth stage as plants used
for WUEB quantification, when the rosette biomass is approximately 300 and 150 mg for
YK and SH, respectively (Figure 4.6; Table 4.1). No difference between YK and SH in root
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to rosette ratio was found (Figure 4.6), suggesting that the greater rosette biomass in YK
is not due to greater allocation of carbon to shoots over roots.
4.4.4 YK accumulates less starch and sugar
Aboveground tissue of YK had lower starch and sugar concentrations than SH over the
diurnal period (Figure 4.7A). Overall, F1 hybrids had a mid-parent starch and sugar
concentration value: F1 hybrids had lower starch concentration than SH but higher than
YK (Figure 4.7A-B). All three genotypes had a similar pattern of starch catabolism during
the dark period and accumulation during light-period (Figure 4.7A). Within each
genotype, the concentration of starch decreased from the beginning to the end of the
dark period and increased during the light period (Figure 7A). Sugar concentration
followed a similar diurnal pattern with smaller changes in concentration between time
points within each genotype (Figure 4.7B). Compared to F1 and SH, the increase in sugar
concentration in YK during the light period was less pronounced (Figure 4.7B). This is
consistent with our hypothesis and observation that YK may invest carbon into carbon
compounds other than sugars (Chapter 3). Total starch turnover (estimated as the
difference between the starch at 7:00 and 19:00) was lower in YK than SH or the F1
hybrids (Figure 4.7C). YK has more rosette biomass and lower starch concentration,
suggesting that it may store carbon in forms more readily available for biomass
production, leading to higher biomass accumulation than SH.
4.4.5 Quantitative trait loci (QTL) were identified for WUEB and biomass accumulation
In order to identify the genetic determinants of WUEB and biomass accumulation, QTL
mapping was conducted using an F2 population. WUEB and biomass accumulation were
measured on 1710 F2 individuals. The adjusted values of WUE and biomass which
decomposed the environmental effects and only accounted for the genetic effects
followed an approximately normal distribution (Figure 4.8A-B).
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We observed transgressive segregation for both WUEB and biomass in the F2 (Figure
4.8A-B). This is possibly caused by the combinations of the parental alleles (YK and SH),
that have effects in the same direction (Rieseberg et al., 1999). For WUEB, the
transgressive effect was evenly distributed in the negative and positive directions,
whereas segregation for biomass accumulation was shifted toward the positive end
(more F2 individuals showed higher biomass than the high parent) (Figure 4.8B), likely
due to residual heterosis in the F2 population (Fu et al., 2014). A positive correlation
between WUEB and biomass accumulation was also noted in the F2 segregating
population (R2 =0.227, P-value < 0.0001; Figure 4.8C). This suggests common genetic
determinants or co-segregating determinants for these two traits.
Several regions of the E. salsugineum genome had higher YK allele frequency than
expected suggesting that these regions are selected toward YK allele in the high WUE
bulk (Figure 4.9A). The two prominent regions are: the upper arm of chromosome (chr)
3 and the lower arm of chr7 (Figure 4.9A). In the high WUE bulk, YK AF was enriched up
to 1.8 and 2.0 times that of SH AF in these two regions (Figure 4.9A). In the low WUE
bulk, the opposite enrichment direction was apparent in these two regions (Figure 4.9B),
which results in up to 3.2 and 2.8 BFR between high and low bulks (Figure 4.9C). Hence,
we identified these two regions as chr3 WUE QTL and chr7 WUE QTL.
In addition to these two QTL, the beginning and end of chr1 both have higher YK AF in
the high bulk but lower YK AF than SH in low bulk leading to an increase in BFR (1.8),
based on Bon adjustment (Figure 4.9A-C). At the beginning of chr5 and chr6, BFR for the
YK allele was up to 2.1 and 2.3 (Figure 4.9A-C). The beginning (after the centromere) and
the end of the lower arm of chr6 showed opposite selection for YK allele BFR 2 and 0.4,
respectively (Figure 4.9C). Several single dots/bins on chr2 and chr4 also showed
discrepancy from expected values, these loci may also be true QTL but with lower
confidence, smaller region and effect on the trait (Figure 4.9).
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For biomass accumulation, the most prominent QTL was on chr7 (Figure 4.10C). It
appears that except for the centromere, all of chr7 is under selection in favor of the YK
allele with BFR up to 5.2. We identified this as a chr7 biomass QTL, which is overlapped
with the chr7 WUE QTL for the lower arm and part of the upper arm (Figure 4.9-4.10).
Another biomass QTL was also shared between biomass accumulation and WUE is at the
beginning of chr3 upper arm, but with fewer significant bins after Bon correction and
smaller BFR (Figure 4.10). The identified shared QTL is consistent with phenotypic
correlation between biomass accumulation and WUE (Figure 4.8C). On the lower arm of
chr6, unlike WUE, all the bins are selected toward YK allele (Figure 4.10C). Several bins
at the end of chr4 had a lower YK HAF and higher LAF than expected with a moderate
BFR between 0.5 and 0.6 (Figure 4.10), suggesting that these regions are selected
toward the SH allele for higher biomass accumulation. Two bins at the end of chr2 also
showed strong selection toward YK allele with HAF 2.2 and 1.9 (Figure 4.10A), and LAF
0.7 and 0.8 (Figure 4.10B), and BFR was up to 3.0 and 2.3, respectively (Figure 4.10C).
We screened T-DNA insertion lines of 13 TF orthologous genes to Arabidopsis that were
located under a major WUE/biomass QTL identified in E. salsugineum for WUE and
biomass production (Figure 4.17; Table 4.10). The initial result indicates that compared
to WT, one T-DNA homozygous taf10-2 had a 10% increase in WUE with no difference in
biomass production (Figure 4.17), hence it was further characterized in Chapter 5.
4.5

Discussion

4.5.1 WUE is an adaptive and heritable trait
WUE is an adaptive trait supported by the association with water availability in the local
environments (Arntz and Delph, 2001; McKay et al., 2008). The average temperature of
the environment where YK was collected during the growing season from March to
October is 6.9 oC. It is lower than where SH was collected (18.3 oC) (Lee et al., 2012).
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Local environment of YK accessions also has lower rainfall precipitation (22 mm) and
solar radiation (352 mj m-2) than that of SH (63 mm; 432 mj m-2) (Lee et al., 2012). The
combination of these environmental factors suggests that the lower sunlight energy
available for the YK genotype drives YK to provide more leaf area to obtain light. Due to
lower water availability, YK reduces transpiration to sustain water content. On the
contrary, the higher sunlight energy, water availability, and temperature enables SH
accession to keep relatively smaller leaf area but still be able to obtain enough light
energy and transpire more water to reduce plant temperature. Previous studies
comparing SH and YK also indicate that variation in freezing (Lee et al., 2012) and
drought (MacLeod et al., 2015; Xu et al., 2014) tolerance is also due to adaptation.
WUE is also genetically controlled (Yoo et al., 2009; Easlon et al., 2014). Quantitative
trait loci correlated with WUE have been reported in several studies (Thumma et al.,
2001; Hausmann et al., 2005; Juenger et al., 2005; Brendel et al., 2007; McKay et al.,
2008). However, in these QTL studies, WUE was not directly measured. Instead, stable
carbon isotope discrimination (δ13C) was used. Correlation between WUEi (Juenger et al.,
2005) and WUEB (Farquhar et al., 1989; Easlon et al., 2014) with δ13C was reported,
however, δ13C could not capture all the WUE variation (correlation coefficient < 1),
hence in this study, we used a direct measurement of both WUEi and WUEB.
The phenotypic variation of WUEB between SH and YK in this study is comparable to
what has been reported in A. thaliana with a 0.54 mg g-1 range for 31 A. thaliana
accessions (Nienhuis et al., 1994). When comparing to other species within the C3
herbaceous family, values of E. salsugineum WUEB were lower but within a reasonable
range (Patterson and Flint, 1983; Thompson et al., 2007).
We consistently observed higher WUEB and WUEi in YK than SH (Table 4.1 and 4.2). The
high WUEB in YK co-occurred with more biomass accumulation at a per plant basis
(Table 4.1 and 4.2). While at a per leaf area basis, we demonstrated that YK has lower E
and AC than SH (Figure 4.1-4.3), yet leading to a higher WUEi due to a much larger
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reduction in E compared to AC (Figure 4.1 and Table 4.2). We hypothesized that YK has a
higher carbon fixation rate, so that under a lower AC than SH, it has higher biomass
accumulation and larger leaf area.
4.5.2 Lower transpiration rate is consistent with lower stomatal density
The reason of lower transpiration rate in YK genotype could come from two possibilities;
one is lower stomatal density in the leaves (Jarvis and Mcnaughton, 1986; Lake and
Woodward, 2008; Xu and Zhou, 2008), which leads to fewer “mouths” per unit area. The
other one is smaller stomatal aperture due to smaller size or less opening, which leads
to less stomatal pore area (Jones and Mansfield, 1972; Mott and Parkhurst, 1991; Feller,
2006; Des Marais et al., 2014; Franks et al., 2015).
The lineage and regulatory pathway of stomatal development have been wellcharacterized (Dong and Bergmann, 2010; Pillitteri and Torii, 2012). A few stomatal
regulatory genes have been linked to WUE (Chapter1; e.g. Masle et al., 2005; Yoo et al.,
2010; Franks et al., 2015). Since changes in key genes regulating stomatal development
often resulted in a severe phenotype or dwarf plants (Bergmann et al., 2004; Kim et al.,
2012). The higher stomatal density in SH is more likely due to up- or down-regulation of
genes within the regulatory pathway than the YK accession. It is likely that more genetic
determinants are yet to be discovered controlling SD and WUEB.
Stomatal closure and aperture is controlled mostly by ABA (Mustilli et al., 2002; Bright et
al., 2006; Zheng et al., 2010). There was no difference in ABA response (Figure 4.5) or
stomatal conductance between YK and SH (Mickelbart et al unpublished data),
suggesting these two accessions have the same ABA-dependent stomatal control. Under
light condition, the residual E from ABA treatment in SH and YK was 2.07 and 1.23 mmol
H2O m-2 s-1, respectively (Figure 4.5). SH had about 1.5 and 1.7 times of E than that of YK
before and after ABA treatment, which is consistent with higher SD in SH than YK on the
abaxial and adaxial leaf surface (1.7- and 1.9-times, respectively) (Table 4.6). However, it
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is noticeable that during the predawn period, there was a more pronounced
transpirational water loss in SH than YK (Figure 4.1A). Also, even with no ramping lights,
from lights on until transpiration reaches the Emax, SH showed more inclination in
transpiration than YK (Figure 4.1A). Altogether, the higher E in SH is due to higher SD
and more active stomatal opening during light and dark periods.
4.5.3 Lower starch concentration is consistent with the correlation with biomass
production
Lower stomatal conductance inferred by lower diurnal E in YK did not lead to lower
biomass accumulation (Figure 4.1 and 4.6; Table 4.1, 4.2, and 4.3). YK had lower starch
and soluble sugar concentrations in both light and dark period (Figure 4.7), which is
consistent with a previous study that biomass was highly negatively correlated with
starch concentration (Sulpice et al., 2009). Our result is however inconsistent with a
previous research that a positive correlation was observed between biomass and total
starch turned over per day (Schulze et al., 1991), this may be due to different growth
condition light intensity of 600 μmol m-2 s-1 while 230 μmol m-2 s-1 was used in this study.
Sugar is an import regulator involving in cold stress (Klotke et al., 2004), and nutrient
deficiency (Hermans et al., 2006). The difference in sugar concentration between YK and
SH is consistent with overall variation in sugars between SH and YK in freezing tolerance
(Lee et al., 2012). Starch and soluble sugar profiling suggest that instead of partitioning
carbon assimilated from photosynthesis into starch and sugar, YK partitions more
carbon into other polymers more readily to be incorporated into
structural/photosynthetic growth (Chapter 3).
The F1 hybrids showed an intermediate pattern in starch and sugar concentrations
(Figure 4.7), suggesting an additive effect receiving from parental alleles. However, plant
growth is affected dominantly by YK allele, F1 hybrids had similar or even higher biomass
accumulation as YK accessions (Table 4.3 and 4.8). The outperformance in biomass
productivity is due to the heterosis effect (Fujimoto et al., 2012).
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Starch depletion during dark period is tightly regulated as it is critical to plant
metabolism (Scialdone and Howard, 2015). Current studies indicate that plant
regulation over starch degradation is highly dependent on circadian control (Scialdone
and Howard, 2015). More importantly, carbon partitioning: carbon directly deposited
into biomass and stored as starch for dark period supply directly affects plant
productivity optimization (Graf and Smith, 2011), these mechanisms still need more
thorough investigation, the variation between YK and SH accession provide excellent
material for dark period regulation over starch degradation.
4.5.4 Quantitative trait loci provide ground for genetic determinants identification in E.
salsugineum
Using F2 BSA, we identified QTL correlated with WUE and biomass accumulation (Figure
4.9 and 4.10). This is the first step in identifying genetic determinants of WUE in E.
salsugineum. BSA is a reliable method in identifying large-effect QTL. It is evidenced in a
study for rice bacterial resistance that three large-effect QTL identified by composite
interval mapping using recombinant inbred population were also identified using BSA by
comparing F2 extremes (Tang et al., 2000). Hence, the QTL identified in this study should
be responsible for a large proportion in phenotypic variation.
The common QTL of biomass accumulation and WUEB are consistent with the
phenotypic correlation between the two traits (Figure 4.8C) and support these two traits
are not selected independently. The variation in biomass production and WUEB between
SH and YK accessions could be controlled by the same gene(s) that have dual roles in
regulating carbon fixation and transpiration, such genes have been identified before in
Arabidopsis (Masle et al., 2005). It is also possible that high WUE and biomass in YK is
due to the combination of two sets of genes with independent functions but not
segregating independently.
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A previous study indicates correlation between QTL controlling biomass correlation and
metabolite accumulation in Arabidopsis (Lisec et al., 2008). The variation in starch
metabolism and biomass accumulation in this study, and high concentrations of sugar
compounds in SH over YK accession (Chapter 3), suggest that the biomass QTL may be
directly related to carbohydrate metabolism variation between the YK and SH
accessions.
At the same time, several independent QTL for biomass accumulation and WUE were
also identified, e.g. lower arm of chr5 for biomass accumulation and chr1 for WUE
(Figure 4.9 and 4.10). Moreover, at the beginning of chr6 lower arm, for high WUE, it is
selected against YK allele but for high biomass, it is selected toward YK allele (Figure 4.9
and 4.10). First, these independent QTL indicate that these two traits are also controlled
by different genetic determinants, these genes may be controlling only transpirational
water loss or traits that are directly affecting WUEB but not related to carbon fixation or
vice versa. Secondly, the opposition selection for YK allele for WUE and biomass on chr6
QTL may be correlated with processes of gas exchange, i.e. the restriction of stomatal
conductance to reduce transpiration results in a decrease in CO2 supply and carbon
fixation.
In addition to the 20 SNP bins used in the QTL identification, we also used 5, 10, and 50
SNPs per bin (Figure 4.11-4.16). For WUE QTL identified using 20 SNPs per bin, they
were also identified using 5, 10, and 50 SNPs per bin (Figure 4.11-4.13), which minimize
the possibility of false positives. The same trend also applies to biomass QTL (Figure
4.13-4.16). However, in this F2 BSA, we identified more significant bins than expected,
especially using FDR adjustment (Figure 4.9 to 4.16). These results indicate that WUE is a
complex trait under multiple-loci regulation. Among these significant bins, false positive
bins may be also identified due to errors in the draft genome assembly. We also noted
regions lack of SNPs, such as the middle of chr6 (Figure 4.9 and 4.10). It is possible that it
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is the centromere of chr6, but it could be due to poor-assembly region in the draft
genome.
4.6

Conclusions

YK has higher WUEB and more biomass than SH, and F1 hybrids receive a dominant
effect for WUEB. YK also has lower stomatal density than SH resulting in lower
transpiration rate. F1 hybrids has similar WUEB, transpiration rate as the high WUEB
parent YK, while at the same time it has even more biomass accumulation than either
parent. Using F2 BSA, we identified QTL correlated with WUEB and biomass
accumulation, indicating these two traits are co-selected by environmental pressures
while at the same time WUEB also receives an independent selection from biomass
production.
The improvement of WUEB via more efficient incorporation carbon into structure
biomass production without largely increasing water loss is feasible. The reduction in
transpiration due to reduced stomatal conductance does not necessarily jeopardize
carbon fixation and biomass accumulation. The combination of the co-selected high
carbon fixation efficiency and low transpiration led to an optimized WUEB in YK
accession. We proved that physiologically and genetically that biomass is an important
determinant of WUEB. Hence, the information obtained from this study helps us to
recognize the feasibility of improving WUEB while at the same increase biomass
production.
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4.7

Tables and Figures

Figure 4.1 Diurnal transpiration, net CO2 assimilation, and dark respiration rates of E.
salsugineum accessions.
Diurnal transpiration (A), Net CO2 assimilation (B, un-shaded), and dark respiration (B,
shaded) rates of E. salsugineum accessions Shandong (SH; open circle; LA=7.38 cm2) and
Yukon (YK; filled circle; LA=13.6 cm2). Values are means (n=6) and bars indicate S.E.
Black and white bars on the X-axis indicate dark and light periods, respectively.
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Figure 4.2 Light responsive curves of E. salsugineum accessions.
Photosynthetic rate (A) and transpiration rate (B) of 6-week old Shandong (SH open
circle) and Yukon (YK, filled cycle) plants in response to increasing photosynthetically
active radiation. Data are means (n=5). Black bars are S.E. Values are significantly
different at P-value ≤ 0.05(*) based on a two-tailed t test.
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Figure 4.3 CO2 responsive curves of E. salsugineum accessions.
Net CO2 assimilation rate of 6-week old Shandong (SH open circle) and Yukon (YK, filled
cycle) plants in response to increasing reference CO2. Data are means (n=6). Black bars
are S.E. Values are significantly different at P-value ≤ 0.05 (*) based on a two-tailed t
test.
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Figure 4.4 CA1 relative gene expression.
Gene encoding carbonic anyhydrase1 (CA1) relative gene expression of ACTIN2 in 7week old Shandong (SH) and Yukon (YK) rosette leaves. Data are means (n=4). Black bars
are S.E. Values are significantly different at P-value ≤ 0.05 (**) based on a two-tailed t
test.
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Figure 4.5 Maximum transpiration (Emax) of E. salsugineum accessions treated with or
without ABA.
Maximum transpiration (Emax) of E. salsugineum accessions Shandong (SH) and Yukon
(YK) estimated from gravimetric water loss measurements of plants treated with control
(white; -ABA) or ABA solution (100 μM) (grey; +ABA) grown under a 12-hour
photoperiod. Values are means (n= 4-5) and bars indicate S.E. Different letters on top of
each bar indicate a significant difference at P  0.05 based on a ukey's studentized range
test.
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Figure 4.6 Root, rosette, and root to rosette ratio of E. salsugineum accessions.
Root, rosette, and root to rosette ratio of E. salsugineum accessions: Shandong (SH;
white bars) and Yukon (YK; grey bars) grown under a 14-hour photoperiod. Values are
means (n= 8-10). Bars indicate S.E. Asterisks on top of each bar indicate significant
difference at P  0.05 (*) based on two-tailed t test.
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Figure 4.7 Diurnal starch and sugar concentrations and starch turnover of E.
salsugineum genotypes.
Starch concentration (A), sugar concentration (B), and starch turnover (C) of E.
salsugineum genotypes Shandong (SH; white), Yukon (YK; black), and their F 1 hybrids (F1;
grey) grown under a 12-hour photoperiod. Values are means (n= 4-5) and bars indicate
S.E. Different letters in lower case on top of each bar indicate significant difference
within each time point between genotypes at P  0.05 based on a Tukey's studentized
range test. Different letters in upper case on top of each bar indicate significant
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difference within each genotype between time points at P  0.05 based on a Tukey's
studentized range test. Black and white bars on the x-axis indicate dark- and light period,
respectively.
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Figure 4.8 Distributions and a correlation of phenotypic traits in of F 2 individuals.
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Phenotypic distribution of F2 individuals of adjusted integrated water use efficiency
(adjusted WUE; A), and adjusted biomass accumulation (Adjusted biomass; B); and
correlation between adjusted WUE and biomass accumulation C). The adjusted values
are calculated by fitting a model: raw measurement of WUE or biomass = trial (block) +
residuals
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Figure 4.9 Allele frequency and allele frequency ratio between WUE low and high bulks
with 20 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low WUE bulk (B; YK LAF), bulk frequency ratio high over low bulk (C;
BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual plants
for high and low bulks were selected based on adjusted WUE values. Allele counts for
each SNP were combined into bins with 20 SNPs per bin. Allele counts were combined
within each scaffold, i.e. no bin spans over more than one scaffold. In total, 487 bins
were used with an average of 593 allele counts per bin. If at the end of the scaffold, ≤10
SNPs were left, the counts were combined into the previous bin, otherwise allele counts
were combined as the last bin within the scaffold. If within one scaffold, there were ≤ 20
SNP, then all SNPs were combined into one bin. YK HAF, LAF, BFR and –log10 P-value are
plotted against physical map (kb). Long ticks along the X-axis and shades indicate
chromosome (chr) breaks, while short ticks within each chromosome indicate scaffold
breaks. Blue and magenta dots indicate significant discrepancy between expected and
observed values at P-value ≤ 0.05 based on G-statistics corrected for multiple tests by
FDR and Bonferroni, respectively. When P-value approaches to zero and –log10 P-value
approaches to infinity, –log10 P-value was set to 20.
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Figure 4.10 Allele frequency and allele frequency ratio between biomass low and high
bulks with 20 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low biomass bulk (B; YK LAF), bulk frequency ratio high over low bulk
(C; BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual
plants for high and low bulks were selected based on adjusted rosette biomass values.
Allele counts for each SNP were combined into bins with 20 SNPs per bin. Allele counts
were combined within each scaffold, i.e. no bin spans over more than one scaffold. In
total, 503 bins were used with an average of 693 allele counts per bin. If at the end of
the scaffold, ≤10 SNPs were left, the counts were combined into the previous bin,
otherwise allele counts were combined as the last bin within the scaffold. If within one
scaffold, there were ≤ 20 SNP, then all SNPs were combined into one bin. YK HAF, LAF,
BFR and –log10 P-value are plotted against physical map (kb). Long ticks along the X-axis
and shades indicate chromosome (chr) breaks, while short ticks within each
chromosome indicate scaffold breaks. Blue and magenta dots indicate significant
discrepancy between expected and observed values at P-value ≤ 0.05 based on Gstatistics corrected for multiple tests by FDR and Bonferroni, respectively. When P-value
approaches to zero and –log10 P-value approaches to infinity, –log10 P-value was set to
20.
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Figure 4.11 Allele frequency and allele frequency ratio between WUE low and high bulks
with 5 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low WUE bulk (B; YK LAF), bulk frequency ratio high over low bulk (C;
BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual plants
for high and low bulks were selected based on adjusted WUE values. Allele counts for
each SNP were combined into bins with 5 SNPs per bin. Allele counts were combined
within each scaffold, i.e. no bin spans over more than one scaffold. In total, 1950 bins
were used with an average of 149 allele counts per bin. If at the end of the scaffold, ≤ 2
SNPs were left, the counts were combined into the previous bin, otherwise allele counts
were combined as the last bin within the scaffold. YK HAF, LAF, BFR and –log10 P-value
are plotted against physical map (kb). Long ticks along the X-axis and shades indicate
chromosome (chr) breaks, while short ticks within each chromosome indicate scaffold
breaks. Blue and magenta dots indicate significant discrepancy between expected and
observed values at P-value ≤ 0.05 based on G-statistics corrected for multiple tests by
FDR and Bonferroni, respectively.
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Figure 4.12 Allele frequency and allele frequency ratio between WUE low and high bulks
with 10 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low WUE bulk (B; YK LAF), bulk frequency ratio high over low bulk (C;
BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual plants
for high and low bulks were selected based on adjusted WUE values. Allele counts for
each SNP were combined into bins with 10 SNPs per bin. Allele counts were combined
within each scaffold, i.e. no bin spans over more than one scaffold. In total, 974 bins
were used with an average of 433 allele counts per bin. If at the end of the scaffold, ≤ 5
SNPs were left, the counts were combined into the previous bin, otherwise allele counts
were combined as the last bin within the scaffold. If within one scaffold, there were ≤ 10
SNP, then all SNPs were combined into one bin. YK HAF, LAF, BFR and –log10 P-value are
plotted against physical map (kb). Long ticks along the X-axis and shades indicate
chromosome (chr) breaks, while short ticks within each chromosome indicate scaffold
breaks. Blue and magenta dots indicate significant discrepancy between expected and
observed values at P-value ≤ 0.05 based on G-statistics corrected for multiple tests by
FDR and Bonferroni, respectively. When P-value approaches to zero and –log10 P-value
approaches to infinity, –log10 P-value was set to 20.
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Figure 4.13 Allele frequency and allele frequency ratio between WUE low and high bulks
with 50 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low WUE bulk (B; YK LAF), bulk frequency ratio high over low bulk (C;
BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual plants
for high and low bulks were selected based on adjusted WUE values. Allele counts for
each SNP were combined into bins with 50 SNPs per bin. Allele counts were combined
within each scaffold, i.e. no bin spans over more than one scaffold. In total, 195 bins
were used with an average of 1460 allele counts per bin. If at the end of the scaffold, ≤
25 SNPs were left, the counts were combined into the previous bin, otherwise allele
counts were combined as the last bin within the scaffold. If within one scaffold, there
were ≤ 50 SNP, then all SNPs were combined into one bin. YK HAF, LAF, BFR and –log10
P-value are plotted against physical map (kb). Long ticks along the X-axis and shades
indicate chromosome (chr) breaks, while short ticks within each chromosome indicate
scaffold breaks. Blue and magenta dots indicate significant discrepancy between
expected and observed values at P-value ≤ 0.05 based on G-statistics corrected for
multiple tests by FDR and Bonferroni, respectively. When P-value approaches to zero
and –log10 P-value approaches to infinity, –log10 P-value was set to 20.
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Figure 4.14 Allele frequency and allele frequency ratio between biomass low and high
bulks with 5 SNPs per bin.
YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low biomass bulk (B; YK LAF), bulk frequency ratio high over low bulk
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(C; BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual
plants for high and low bulks were selected based on adjusted rosette biomass values.
Allele counts for each SNP were combined into bins with 5 SNPs per bin. Allele counts
were combined within each scaffold, i.e. no bin spans over more than one scaffold. In
total, 1950 bins were used with an average of 149 allele counts per bin. If at the end of
the scaffold, ≤ 2 SNPs were left, the counts were combined into the previous bin,
otherwise allele counts were combined as the last bin within the scaffold. YK HAF, LAF,
BFR and –log10 P-value are plotted against physical map (kb). Long ticks along the X-axis
and shades indicate chromosome (chr) breaks, while short ticks within each
chromosome indicate scaffold breaks. Blue and magenta dots indicate significant
discrepancy between expected and observed values at P-value ≤ 0.05 based on Gstatistics corrected for multiple tests by FDR and Bonferroni, respectively.
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Figure 4.15 Allele frequency and allele frequency ratio between biomass low and high
bulks with 10 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low biomass bulk (B; YK LAF), bulk frequency ratio high over low bulk
(C; BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual
plants for high and low bulks were selected based on adjusted rosette biomass values.
Allele counts for each SNP were combined into bins with 10 SNPs per bin. Allele counts
were combined within each scaffold, i.e. no bin spans over more than one scaffold. In
total, 974 bins were used with an average of 433 allele counts per bin. If at the end of
the scaffold, ≤ 5 SNPs were left, the counts were combined into the previous bin,
otherwise allele counts were combined as the last bin within the scaffold. If within one
scaffold, there were ≤ 10 SNP, then all SNPs were combined into one bin. YK HAF, LAF,
BFR and –log10 P-value are plotted against physical map (kb). Long ticks along the X-axis
and shades indicate chromosome (chr) breaks, while short ticks within each
chromosome indicate scaffold breaks. Blue and magenta dots indicate significant
discrepancy between expected and observed values at P-value ≤ 0.05 based on Gstatistics corrected for multiple tests by FDR and Bonferroni, respectively. When P-value
approaches to zero and –log10 P-value approaches to infinity, –log10 P-value was set to
20.
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Figure 4.16 Allele frequency and allele frequency ratio between biomass low and high
bulks with 50 SNPs per bin.
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YK allele frequency (log2; YK allele counts/ total of YK and SH allele counts) in high WUE
bulk (A; YK HAF), in low biomass bulk (B; YK LAF), bulk frequency ratio high over low bulk
(C; BFR), and –log10 P-value based on G-statistics flowing a χ2 distribution. Individual
plants for high and low bulks were selected based on adjusted rosette biomass values.
Allele counts for each SNP were combined into bins with 50 SNPs per bin. Allele counts
were combined within each scaffold, i.e. no bin spans over more than one scaffold. In
total, 195 bins were used with an average of 1460 allele counts per bin. If at the end of
the scaffold, ≤ 25 SNPs were left, the counts were combined into the previous bin,
otherwise allele counts were combined as the last bin within the scaffold. If within one
scaffold, there were ≤ 50 SNP, then all SNPs were combined into one bin. YK HAF, LAF,
BFR and –log10 P-value are plotted against physical map (kb). Long ticks along the X-axis
and shades indicate chromosome (chr) breaks, while short ticks within each
chromosome indicate scaffold breaks. Blue and magenta dots indicate significant
discrepancy between expected and observed values at P-value ≤ 0.05 based on Gstatistics corrected for multiple tests by FDR and Bonferroni, respectively. When P-value
approaches to zero and –log10 P-value approaches to infinity, –log10 P-value was set to
20.

Figure 4.17 Water-use efficiency and rosette biomass of A. thaliana T-DNA insertion lines.
Water-use efficiency (A) and rosette biomass (B) as percentage of wild type plants for T-DNA insertion lines. Data are least square
means (n=5 to 11). Values are significantly different from 100% at P-value ≤0.05 (*) or 0.01 (**) based on a Dunnett’s test.
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Table 4.1 Plant growth traits of E. salsugineum plants.
Shoot dry weight (DW), total water loss (WL), rosette leaf area (LA), and integrated
water use efficiency (WUEB) of 6-week-old E. salsugineum plants grown under 14-hour
photoperiod
Genotype

DW
(mg)

WL
(g)

LA
(cm2)

WUEB
(mg DW H2O g-1)

SH
YK
P-value

180
346
***

76.1
116.6
***

36.1
88.4
***

2.36
2.96
***

Data are means (n=15-16). Genotypes are significantly different at P  0.001 (***) based
on a two-tailed t-test.

Table 4.2 Carbon assimilation, plant growth and instantaneous water use efficiency (WUE i) of E. salsugineum accessions.
Light period net carbon assimilation (AC), dark respiration rate (RD), total CO2 assimilated (AT), total carbon respired (RT), net
carbon assimilation (Ane), total shoot dry weight (DW), whole plant leaf area (LA), specific leaf area (SLA), leaf number (LN), and
instantaneous water use efficiency (WUEi) of 4-week old E. salsugineum under a 12-hour photoperiod.
Genotype

AC

RD

(μmol CO2 m-2 s-1)
SH
YK
P-value

7.12
5.78
**

2.66
2.05
*

AT

RT

Anet

(mmol C m-2)
70.71
57.35
**

31.17
24.00
*

39.54
33.35
n.s.

DW

LA

SLA

(mg)

(cm2)

(cm2 g-1)

30
43
*

7.4
13.6
***

331
424
**

LN

WUEi
(μmol CO2 H2O mmol-1)

17
22
n.s.

1.67
2.27
*

Data are means (n=6). Genotypes are not significantly different (n.s.), or significantly different at P  0.05 (*), 0.01 (**), or 0.001
(***), based on a two-tailed t-test.
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Table 4.3 Integrated water use efficiency (WUEB) of E. salsugineum
accessions.
Total rosette dry weight (DW), total water loss (WL), and integrated
water use efficiency (WUEB) of 6-week old E. salsugineum plants
grown under a 14-hour photoperiod.
Genotype

DW
(mg)

SH
YK
YK x SH F1

246 b
397 a
461 a

WL
(g)

WUEB
(mg DW H2O g-1)

82.2 b
112.6 ab
129.3 a

3.00 b
3.53 a
3.52 a

Data are means (n=8-9). Different letters within the same column
indicate a significant difference at P  0.05 based on Tukey's
studentized range test.
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Table 4.4 Water loss traits of E. salsugineum plants measured by gas-exchange.
Water loss during diurnal period (DiWL), dark period (DWL), light period (LWL), and
predawn period (PWL); minimum dark period (Emin), maximum light period (Emax),
predawn transpiration rate (EPD) and predawn stomatal opening (PDO) of 4-week old E.
salsugineum plants grown under a 12-hour photoperiod measured by gas-exchange
method.
DiWL

LWL

PWL

Emin

(mg cm-2)

Genotype
SH
YK
P-value

DWL

341.3
228.6
***

69.6
46.8
**

271.6
181.7
**

Emax

EPD

PDO

(mmol H2O m-2 s-1)
45.3
28.6
**

0.52
0.39
n.s.

4.61
3.02
**

1.54
0.93
**

1.01
0.54
*

Data are means (n=6). Genotypes are not significantly different (n.s.), or significantly
different at P  0.05 (*), 0.01 (**), or 0.001 (***) based on a two-tailed t-test.
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Table 4.5 Water loss traits of E. salsugineum plants measured by gravimetric.
Water loss during diurnal period (DiWL), dark period (DWL), light period (LWL), and
predawn period (PWL); minimum dark period (Emin), maximum light period (Emax),
predawn transpiration rate (EPD) and predawn stomatal opening (PDO) of 6-week old E.
salsugineum plants grown under a 12-hour photoperiod measured by gravimetric
method.
DiWL

LWL

PWL

Emin

(mg cm-2)

Genotype
SH
YK
P-value

DWL

327.1
197.4
***

38.3
21.6
***

288.8
175.8
***

Emax

EPD

PDO

(mmol H2O m-2 s-1)
27.0
13.0
***

0.22
0.18
**

4.11
2.44
***

1.15
0.43
***

0.93
0.25
***

Data are means (n=6). Genotypes are significantly different at P  0.01 (**) or 0.001
(***) or based on a two-tailed t-test.
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Table 4.6 Epidermal traits of E. salsugineum plants.
Stomatal density (SD), pavement cell density (PD), and stomatal index (SI) of abaxial
and adaxial leaves of 4-week old E. salsugineum plants grown under a 12-hour
photoperiod.
Abaxial
SD

TD

SI

SD

(mm-2)

Genotype
SH
YK
P-value

PD

Adaxial

295.7
173.1
***

558.7
513.5
n.s.

PD

TD

SI

570.0
396.1
**

19.7
15.1
***

(mm-2)
854.4
685.9
***

24.9
18.1
***

155.8
83.6
***

414.2
312.5
*

Data are means (n=4), with 4 images per replicate. Genotypes are not significantly
different (n.s.), or significantly different at P  0.05 (*) and 0.001 (***) based on a twotailed t-test.
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Table 4.7 Epidermal traits E. salsugineum plants.
The ratio of stomatal density (SD), pavement cell density (PD), total cell density (TD)
and stomatal index (SI) between abaxial and adaxial (Ratio of Abaxial over Adaxial), and
the sum of abaxial and adaxial (Abaxial + Adaxial) SD, PD, and TD in 4-week old E.
salsugineum plants grown under a 12-hour photoperiod.
Ratio of Abaxial over
Adaxial
SD

PD

TD

SD
(mm-2)

PD
(mm-2)

TD
(mm-2)

1.9
2.1
n.s.

1.4
1.6
*

1.5
1.7
*

451.5
256.6
***

972.9
825.3
*

1424.4
1081.9
***

Genotype
SH
YK
P-value

Abaxial + Adaxial

Data are means (n=4), with 4 images per replicate. Genotypes are not significantly
different (n.s.), or significantly different at P  0.05 (*) or 0.001 (***) based on a twotailed t-test.

223
Table 4.8 Water loss traits of E. salsugineum plants.
Water loss during diurnal period (DiWL), dark period (DWL), light period (LWL), and
predawn period (PWL); minimum dark period (Emin), maximum light period (Emax),
predawn transpiration rate (EPD) and predawn stomatal opening (PDO) of 4-week old E.
salsugineum plants grown under a 12-hour photoperiod measured by gravimetric
method.
DiWL

LWL

PWL

Emin

(mg cm-2)

Genotype
SH
YK
YK x SH F1
SH x YK F1

DWL

197.8 a
137.7 b
139.6 b
141.5 b

22.8 a
15.7 b
15.4 b
15.1 b

175.0 a
122.0 b
124.2 b
126.3 b

Emax

EPD

PDO

(mmol H2O m-2 s-1)
14.0 a
8.5 b
9.2 b
9.2 b

0.18 a
0.15 b
0.13 c
0.12 c

2.39 a
1.67 b
1.70 b
1.74 b

0.45 a
0.25 c
0.28 b
0.28 b

0.26 a
0.10 c
0.15 b
0.17 b

Data are means (n=17-20). Different letters within the same column indicate significant
differences at P  0.05 based on Tukey's studentized range test. Log2 transformed for
PDO was used in the test for data normality.
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Table 4.9 Growth traits E. salsugineum plants.
Total shoot dry weight (DW), whole plant leaf area
(LA), specific leaf area (SLA), and leaf number (LN)
of 5-week old E. salsugineum plants grown under a
12-hour photoperiod.
DW

LA

SLA

Genotype

(mg)

cm2

cm2 g-1

SH
YK
YK x SH F1
SH x YK F1

74 c
121 b
155 a
147 ab

15.8 c
30.5 b
37.2 a
35.6 ab

344.7 b
405.5 a
394.3 a
399.8 a

LN

34 b
44 a
46 a
44 a

Data are means (n=17-20). Different letters within
the same column indicate significant differences at
P  0.05 based on Tukey's studentized range test.
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Table 4.10 T-DNA line information for transcription factor genes under WUE/biomass
QTL.
T-DNA insertion line name, Arabidopsis genome identifier (AGI), gene abbreviation, and
homozygocity and insertion location.
AGI

T-DNA insertion
line name

Gene
Homozygocity and insertion
abbreviation location

AT4G24660
AT4G31720
AT3G06380

hb22
taf10-2
tlp9-1
tlp9-2
myb108-1
myb108-2
aif2-1
aif2-2
agl91
ibm1-1
ibm1-2
tr-1
tf-1
tf-2
agl71-1
fwa-2
dreb1a
myb18-1
myb18-2

HB22
TAF10
TLP9

AT3G06490
AT3G06590
AT3G66656
AT3G07610
AT4G25210
AT4G25410
AT5G51870
AT4G25530
AT4G25480
AT4G25560

MYB108
AIF
AGL91
IBM1
TR
TF
AGL71
FWA
DREB1A
MYB18

Homozygous Exon
Homozygous 300-UTR 5’
Homozygous Exon
Homozygous Exon
Homozygous 300-UTR 5’
Homozygous Intron
Homozygous 300-UTR 5’
Homozygous 300-UTR 3’
Homozygous Exon
Homozygous Exon
Homozygous 1000-Promoter
Homozygous 300-UTR 5’
Homozygous 1000-Promoter
Homozygous 300-UTR 5’
Homozygous Intron
Homozygous Exon
Homozygous Exon
Homozygous Exon
Homozygous Exon

All the T-DNA insertion lines are homozygous according to http://signal.salk.edu/cgibin/tdnaexpress with insertion location information: Exon, within 1000 bp of promoter
region (1000-Promoter), within 300 bp of untranslated region (UTR) fro 5’ or 3’ end.
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CHAPTER 5.

TAF10 NEGATIVELY REGULATES WATER-USE EFFICIENCY (WUE) VIA
STOMATAL SIZE IN ARABIDOPSIS THALIANA

5.1

Abstract

Transcription factor II D (TFIID) is one of several general transcription factors (TFs) that
make up the RNA polymerase II preinitiation complex. TFIID recognizes and binds to the
TATA-less promoter region and recruits other elements that are necessary for
transcription initiation. TAF10 is one of 13 proteins known as TATA-box binding protein
associated factors (TAFs) of the TFIID complex, but the presence of TAF10 is not
necessary for transcription of all genes. In this study, we investigated TAF10 function
using an Arabidopsis thaliana loss-of-function mutant, taf10-2, that has been reported
to be more sensitive to salt during germination. We found that the taf10-2 loss-offunction mutant has a 16% increase in WUE without a decrease in biomass relative to
wild type plants. The improved WUE is due to a decrease in transpirational water loss,
possibly due to the smaller stomatal size in taf10-2 plants. In addition, taf10-2 mutants
have a drought tolerance phenotype. However, TAF10 expression increases in response
to osmotic stress in wild type plants. We investigated the transcriptome of taf10 and
identified possible downstream genes that are regulated by this TF in A. thaliana. Our
results indicate that up-regulated genes in taf10 mutants are enriched in response to
various stimuli, including blue light, red or far red light, and auxin. The mis-regulated
auxin-responsive genes in taf10 are correlated with a reduced epidermal cell size
phenotype. Our study sheds light on pathways and mechanisms mediated by TAF10 in
plants.

235
5.2

Introduction

Transcription initiation is a complex process that requires several multiple-subunit
protein complexes including TFII class transcription factors (TFs), mediator, and RNA
Polymerase II to form the preinitiation complex (PIC) (Kandiah et al., 2014). In PIC
formation, under the aid of TFIIA, TFIID recognizes and binds to TATA-less promoter
regions and recruits other elements that are necessary for PIC formation (Goodrich and
Tjian, 2010). TATA-containing promoters are recognized by Spt-Ada-Gcn5Acetyltransferase (SAGA) (Ohtsuki et al., 2010; Moraga and Aquea, 2015). Our current
understanding is that 13 to 14 TATA-box binding protein associated factors (TAFs)
constitute the TFIID complex (Thomas and Chiang, 2006; Papai et al., 2011).
Although TFII class TFs are considered as prototypic core promoter factors or general
transcription factors (GTFs) that are utilized in most transcription events, there is
compelling evidence that these GTFs as well as TAFs are not general nor universal
(Levine et al., 2014). In fact, the diversity of PIC is underestimated (Goodrich and Tjian,
2010), and PIC may come with diversified forms that function in cell-type-specific and
gene-specific transcription (Goodrich and Tjian, 2010; Levine et al., 2014). TFIID complex
is conserved among different species (Shen et al., 2003; Bieniossek et al., 2013). Single
cell imaging demonstrates that transcription of histone genes in Drosophila does not
require TFIID or TFIIB (Guglielmi et al., 2013). The structure of TFIID indicates that TAF10
is not part of the TFIID core enzyme in humans (Bieniossek et al., 2013), and does not
directly bind to the target gene promoter region (Malkowska et al., 2013). Lack of TAF10
may result in the disassembly of the TFIID complex, thus leading to no transcription of a
subset of genes (Tatarakis et al., 2008), but may not affect transcription of genes that do
not require TFIID complex (Guglielmi et al., 2013) or when mediator and coactivator are
sufficient for transcription initiation (Thomas and Chiang, 2006; Liu et al., 2009;
Bieniossek et al., 2013; Kandiah et al., 2014). It is also possible that TFIID without TAF10
is functional in PIC formation and transcription initiation (Ohtsuki et al., 2010). TFIID or
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TAFs may even bind to repressors to block gene transcription (Tatarakis et al., 2008). In
yeast, lack of TAF10 only affects the transcription of a subset of genes (Shen et al., 2003).
In mouse, knocking out TAF10 resulted in developmental defects in embryos but not
adults (Indra et al., 2005; Tatarakis et al., 2008), and expression was only affected in 5%
of adult mouse liver genes (Tatarakis et al., 2008).
In plants, TAF10 regulates gene transcription in a temporal- and gene-specific pattern
(Tamada et al., 2007). In Arabidopsis, the TAF10 gain-of-function mutant stg1 had
improved salt tolerance during germination (Gao et al., 2006), while the loss-of-function
mutant taf10 displayed hypersensitivity to salt during germination (Tamada et al., 2007).
Both results suggest that TAF10 is required for salt tolerance. Expression of TAF10 is in
young and developing organs and limited to lateral roots, rosette leaves, and floral
organs (Tamada et al., 2007). Normal development may necessitate the proper
expression of TAF10, since overexpression of Arabidopsis TAF10 in Flaveria trinervia
resulted in development abnormality of indeterminate inflorescence and production of
deformed leaves (Furumoto et al., 2005).
Despite the reports of its potential role in salt tolerance, the function of TAF10 in plants
is largely unknown, and the transcriptional selectivity associated with the presence or
absence of TAF10 requires clarification. In this study, we investigated TAF10 function
using a loss-of-function mutant that has been reported to be more sensitive to salt
during germination (Gao et al., 2006). TAF10 is one of 13 TF orthologous genes to
Arabidopsis that were located under a major WUE/biomass QTL identified in E.
salsugineum (Chapter 4). We assessed water-use efficiency (WUE), transpiration, and
biomass and found that the TAF10 mutation confers a 16% improvement in WUE
without a cost in biomass production compared to wild type (WT) plants. We show that
the improvement of WUE is correlated with smaller stomatal size in the taf10 loss-offunction mutant. Transcriptome profiling of this mutant revealed possible downstream
genes that are regulated by TAF10 and confirms the selective regulation by TAF10 that
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only 13% of Arabidopsis genes had altered expression in the taf10 mutant compared to
WT. We also found that auxin-response genes were mis-regulated in taf10 mutant,
which may account for the smaller epidermal cell size in the mutant.
5.3

Materials and methods

5.3.1 Plant materials and growth conditions
Arabidopsis thaliana seeds of wild type (WT; Col-0), and mutant lines taf10-1
(SAIL_755_D03), taf10-2 (SALK_105791C), and taf10-3 (GABI_406H09) were obtained
from the ABRC at Ohio State University. Homozygosity of T3 plants was confirmed by
polymerase chain reaction (PCR) using T-DNA insertion boundary, left, and right primers
for each line (Figure 5.1A; Table 5.1). Seeds were stratified for 3 d at 4 °C in the dark and
sown onto Murashige and Skoog (MS) media (1X Murashige and Skoog basal salt
mixture, 2.5 mM MES, pH 5.7, and 0.8% agar) on plates or Fafard 2X Mix soilless media
(Conrad Fafard, Inc., Agawam, MA, USA) in containers. Unless otherwise specified,
plants were grown in cell pots (C-NP804; 118.3ml; Landmark Plastic Corporation, Akron,
OH, USA). Containers were kept under intermittent mist until seedlings reached the 4leaf stage (10 to 14 d), then moved to a controlled growth room with the following
conditions (unless otherwise indicated): temperature: 20°C/19°C, light/dark; light
intensity 110 to 190 µmol quanta m-2 s-1 provided by both fluorescent and incandescent
bulbs; 60% relative humidity; 8 h photoperiod.
All plants were grown in the Purdue University Department of Horticulture and
Landscape Architecture plant growth facility. A combination of two water-soluble
fertilizers (3:1 mixture of 15N–2.2P–12.5K and 21N–2.2P–16.6K, respectively; The Scotts
Co., Marysville, OH, USA) with sulfuric acid added to acidified water (pH 5.8 to 6.2) was
used to irrigate plants every 3 to 5 days (except for WUEB measurement). Nutrient
elements (mg L-1): 200 N, 26 P, 163 K, 50 Ca, 20 Mg, 1.0 Fe, 0.5 Mn and Zn, 0.24 Cu and B,
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and 0.1 Mo were provided in the irrigation water, with 76% of nitrogen was provided as
nitrate.
5.3.2 WUEB measurement
Plants were grown in a growth chamber (E15; Conviron, Pembina, ND, USA) set at
22°C/20°C light/dark with a light intensity of 130 µmol quanta m-2s-1 provided by
fluorescent bulbs. A customized container system was used to estimate water loss from
aerial plant parts excluding evaporation from media surface (Sandoval et al., 2016). The
container system was composed of three parts: one 480 ml container (454415; The Lab
Depot, Inc., Dawsonville, GA, USA) in which nine holes were drilled at the bottom for
drainage and sub-irrigation (planting container), one of the same 480 ml container
without holes drilled (holding container), and a matching lid with a 0.5 cm hole in the
center. The planting container was filled with media and covered with the lid. Three to
five seeds were sown on top of media within the hole in the lid. Planting containers
were sub-irrigated with fertilizer at the beginning of the experiment and onece before
plant harvest. After draining, the planting container was placed into the holding
container to eliminate evaporation from the bottom. Control container systems without
seeds sown were also included and treated the same as the containers with plants to
adjust water loss from experimental containers.
The weight of each container was recorded at the beginning of the 5-week growth
period (initial weight), and again before and after each irrigation. The sum of weight
differences for each interval represents the water lost from the plant during growth
(water loss; WL). The average WL from all control containers was deducted from WL of
each container when seedlings had not covered the exposed media (about 2 weeks).
During plant harvest, the total above-media portion of each plant was removed,
weighed (plant fresh weight; FW), and dried to a constant weight to obtain rosette dry
weight (DW) of each plant. Whole-plant water-use efficiency (WUEB) was calculated as
DW divided by the sum of total water loss and plant water content (ΣWL+FW-DW).
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5.3.3 Gene expression of TAF10 and DREB1A using quantitative real-time PCR
Leaf tissue was collected from 5 plants pooled for each replicate and each genotype.
Tissue was frozen in liquid nitrogen and stored at −80°C and finely ground in liquid
nitrogen using a mortar and pestle. RNA was extracted using the RNeasy Plant Mini Kit
(QIAGEN, Valencia, CA, USA). After the removal of genomic DNA by TURBO DNA-free™
Kit (Ambion, Grand Island, NY, USA), RNA was reverse transcribed to cDNA using a HighCapacity cDNA Reverse Transcription Kit (Invitrogen, Grand Island, NY, USA). Primers
were designed using Primer Express Software (v3.0.1), and tested for specificity by
BLASTN (Altschul et al., 1990) to the Arabidopsis thaliana database
(https://www.arabidopsis.org/Blast/). To test primer efficiency, cDNA was diluted 5
times by a 5-fold gradient, and then used as template for quantitative reverse
transcription PCR (qRT-PCR). The threshold cycles (CT) were regressed against cDNA
concentration (log10). Primer efficiency for the target gene TAF10 and control gene
ACTIN2 was between 95 and 110% in WT plants. All qRT-PCR reactions were conducted
in StepOnePlus™ Real-Time PCR Systems (Applied Biosystems, Invitrogen, Grand Island,
NY). Relative gene expressions of target genes was quantified by the ΔΔCT method
(VanGuilder et al., 2008).

where CT, TAF10/DREB1A and CT,ACTIN2 are threshold cycle of TAF10 or DREB1A and reference
gene ACTIN2 (At3g18780), in taf10 mutants or WT.
ABA stock solution (1 mM) was prepared by dissolving ABA powder (Sigma-Aldrich Co.
LLC., St. Louis, MO, USA) into 1 ml 100% methanol and then diluting in double-distilled
water (0.01% Tween 20; Sigma-Aldrich Co. LLC., St. Louis, MO) to 50 μM. ABA solution
was sprayed onto abaxial and adaxial leaf surfaces. Control plants were sprayed with a
solution of the same composition as the ABA solution without ABA. After leaf surfaces
had dried, plants were placed on balances. At the end of the measurement period,
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lamina of each plant was separated and photographed. Leaf area (LA) was estimated
using software Image J software, a public domain Java image processing program
(http://rsb.info.nih.gov/ij/). Transpiration was measured using a gravimetric method
described in Chapter 2.
5.3.4 Gravimetric measurement of whole-plant transpiration and ABA treatment
Gravimetric water loss was assessed with and without ABA application for taf10-2 and
WT plants. Before the measurement, cell pots were enclosed by plastic wrap to
eliminate evaporation from the media. Measurements were conducted in a growth
chamber (E15; Conviron, Pembina, ND, USA), in which twenty A&D EK-410i analytical
balances (A&D Engineering, Inc., San Jose, CA, USA) were arrayed with a serial USB
adaptor. Balances were calibrated prior to measurement. Weight loss data from the
balance array system were logged to a laptop computer using WinWedge Pro software
version 3.1.41 (TAL Technologies, Inc., Philadelphia, PA, USA). Weight on each balance
was downloaded every five minutes into a Microsoft Excel spreadsheet for analysis of a
36-h period.
5.3.5 Epidermal cell traits
For quantification of stomatal size, plants were grown in a growth chamber with
conditions as described above. Light intensity ranged from 130 to 150 µmol quanta m-2
s-1. Leaves were detached and incubated in stomatal opening solution (20 mM KCl, 5
mM Mes-KOH, pH 6.15) (Des Marais et al., 2014) in the growth chamber under light for
2 h. The abaxial side of the leaf was then imprinted to a microscope slide with gentle
pressure onto ca. 2 μl of cyanoacrylate glue (Duro, Avon, OH, USA). Photos of epidermal
imprints were taken using a Nikon Optiphot2 compound microscope (Nikon Instruments,
Inc., Melville, NY, USA) under 100X magnification with a photo multiplier light measuring
system equipped for bright field. A camera (Konus U.S.A Corporation, Miami, FL, USA)
and software support system (ScopeTek, Hangzhou ScopeTek Opto-Electric Co., Ltd.,
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Hangzhou, China) were used for high-resolution still image capture. Stomata length and
width were measured using ImageJ software. Stomatal aperture is reported as area,
calculated as an ellipse (π × 0.5 width × 0.5 length). For each replicate, 40 to 60 stomata
were measured and 4 biological replicates (individual plants) were included for each
genotype.
For the measurement of stomatal and epidermal cell density, plants were grown in a
growth room as described above. The same imprint process was used and stomatal
imprint photos were taken under the same microscope and camera described above
under 20X magnification, and epidermal cell number was counted using ImageJ
software.
5.3.6 Drought tolerance
Plants were grown in cell pots (1 L) under the growth room conditions described above.
Each pot was sub-irrigated, drained, and weighed (initial weight) at the initiation of the
water-deficit (day 0) when plants were 3-weeks old. Water was withheld for 21 d before
irrigating. Cell pots were weighed and two leaves of each replicate (cell pot) for each
genotype were harvested for relative water content (RWC) on 0, 8, 10, 13, 14, 16, 17, 19,
20, and 21 d. Media water content was estimated by (the weight at each weighing day /
initial weight)%. Leaf RWC was calculated as ((leaf fresh weight -leaf dry weight) / (leaf
turgor weight - leaf dry weight)) %.
5.3.7 Transcriptome profiling using high throughput next-generation sequencing (RNASeq)
Plants were grown under growth room conditions in the container system used for
WUEB described above. Four replicates with 5 plants pooled per replicate for taf10-2
and WT were included. All rosette leaves from 7-week old plants were used. RNA was
extracted from pooled tissue following the same procedure as described above for gene
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expression using qRT-PCR. Genomic DNA was removed as described above. TruSeq
Stranded mRNA Library Prep Kit (Illumina, San Diego, USA) was used to prepare the
RNA-seq library, which was sequenced on the Illumina Hiseq 2000 platform using one
lane and pair-end reads.
5.3.8 Root elongation
Seeds were germinated on MS media (1X MS basal salt mixture, 2.5 mM MES, pH 5.7,
and 0.8% agar) for 3 d in plates placed in a growth chamber as described above. 1 mM
stock solution of 2,4-dichloroacetic acid (2,4-D) was prepared by dissolving 0.1105 g into
100% ethanol and then adding double distilled water to a final volume of 500 ml. MS
agar media with 2% sucrose and final 2,4-D concentrations (M) of 0, 10-8, 10-7, 10-6, 10-6,
and 50 x 10-6 were prepared. Ten seedlings were transferred to petri dish (60 mm
diameter x 15 mm depth) filled with MS media with different concentrations of 2,4-D for
8 d. Root length was measured using imageJ software.
5.3.9 Experiment design and data analysis
For WUEB, a randomized complete block design (RCBD) was used with 4 blocks and 2 to
3 replicates per block per genotype. For gene expression, gravimetric measurements,
and epidermal cell trait experiments, a completely randomized design (CRD) was used
with a varied number of replicates per genotype (indicated in the caption or header of
each figure or table, respectively). For RNA-seq, a RCBD was used with 4 blocks and 5
plants within each block. Within each block, the 5 individual plants were pooled as one
replicate and in total, 4 replicates of each genotype were used for RNA-seq.
All data was analyzed using PROC GLM (SAS 9.2) with blocking (when applicable) and
genotype as fixed factors. The interaction between blocking and genotype factor was
also included when applicable.
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5.3.10 Bioinformatics analysis
For each RNA-seq sample, a total of 48 to 66 million raw reads were generated.
Sequencing adapter and reads that had sequencing quality lower than 20 PHRED quality
score (Cock et al., 2010) were remove resulting in a total of 46 to 64 million reads per
sample. These reads were further filtered by removing reads that had a length less than
50, or sequencing quality lower than 30. The Arabidopsis thaliana genome (TAIR10;
ftp://ftp.arabidopsis.org/home/tair/Sequences/whole_chromosomes/) including
chromosomes 1 through 5, mitochondria, and chlorophyll chromosomes was used as
the reference genome. Filtered reads were mapped to the reference genome using
Bowtie2 (v2.2.3) and TopHat (v2.0.13) with default parameters. Read counts for the
total of 28775 known Arabidopsis gene models (Arabidopsis Genome Identification
locus; AGI locus) were estimated by HTSeq (v0.6.1p2) with union mode directed by
Arabidopsis gene feature annotation
(TAIR10_GFF3_gene_gff ;ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR10_genome_r
elease/TAIR10_gff3). Gene functional description was added using the gene description
file from TAIR10
(ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_functional_descriptions). The
read counts for each AGI locus and fold change (log2) for differentially expressed genes
(DEGs) between taf10-2 and WT was determined by DESeq2 (v1.6.3) ( (Love et al., 2014),
edgeR (v3.8.6) (Robinson et al., 2010), or cufflinks (v2.2.1) (Trapnell et al., 2012). False
Discovery Rate (FDR) (Benjamini and Hochberg, 1995) was used to adjust P-value in each
method for DEGs.
Differentially expressed genes (DEGs) that were identified by at least two of the three
methods were retained as the final DEG list. Fold change for each gene model was
determined by the maximum values of three methods if up-regulated in taf10-2 mutant,
or minimum value if down-regulated in the mutant. Among the final DEGs that had at
least 2-fold change between taf10 and WT were examined for gene ontology (GO)
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enrichment test against all Arabidopsis thaliana gene models using agriGo
(http://bioinfo.cau.edu.cn/agriGO/) (Du et al., 2010).
5.4

Results

5.4.1 TAF10 mutation caused improved WUE by reducing transpiration
We used three taf10 alleles harboring a T-DNA in the promoter, 5’ untranslated region
(UTR), and first intron referred to as taf10-1, taf10-2, and taf10-3, respectively, to assess
whether TAF10 mutations affect WUE (Figure 5.1A). Homozygocity was confirmed using
RT-PCR for all three alleles (Figure 5.1B). Compared to the WT, there was a 60%
reduction in TAF10 transcript abundance in taf10-1 (Figure 5.1C). No transcript was
detected using qRT-PCR in taf10-2 mutant for pooled developing leaves (Figure 5.1C and
5.2). The taf10-3 mutant had similar transcript abundance to WT (Figure 5.1C).
Gene expression in taf10 mutants was correlated with the observed WUE phenotype
(Figure 5.1D). We observed no difference in WUE from WT in taf10-1 or taf10-3 lines
(Figure 5.1D). However, there was a 16% increase in WUE in the taf10-2 mutant (Figure
5.1D). Gene expression of TAF10 in taf10-1 was reduced, but presumably it was still be
able to produce enough functional protein so that there was no discernable difference
in WUE. The higher WUE in taf10-2 plants appears to be due to a substantial reduction
in whole-plant water loss (25%) compared to WT with no reduction in biomass
accumulation (Figure 5.1E-F). There was no difference in water loss or biomass from WT
in the taf10-1 or taf10-3 alleles (Figure 5.1E-F). We also observed curled leaves in taf102 mutant at a later growth stage (4-week old; Figure 5.3), however, this is likely due to
the reflected light of the closed containers that were used to grow plants in some
experiments (Sandoval et al., 2016).
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5.4.2 The reduction of transpiration in taf10 mutants is not due to a reduction in
stomatal density (SD)
Throughout the diurnal period, the taf10-2 mutant had a lower transpiration rate than
WT (Figure 5.4A; Table 5.2), leading to a smaller amount of water loss (WL) during
diurnal (DiWL; one dark and one light), dark (DWL), and light periods (LWL) (Table 5.2).
Compared to WT, the reduction in DWL and LWL of the taf10-2 mutant was 17% and
21%, respectively, resulting in an overall 19% reduction in DiWL (Table 5.2). Average
transpiration rate during dark (Edark) and light (Elight) periods for taf10-2 mutant was 84
and 78% that of WT plants (Table 5.2). Similar reductions were apparent in minimum
(Emin) and maximum (Emax) transpiration rates (Table 5.2).
We also examined transpiration response to exogenous ABA application to determine
whether ABA response is impaired in taf10 mutants (Figure 5.4A). The application of
ABA led to a similar minimized transpiration rate, thus similar DiWL, DWL, and LWL
between taf10-2 and WT plants (Figure 5.4A; Table 5.2). There is no difference between
taf10-2 and WT in ABA response (Figure 5.4A). With a lower transpiration rate, taf10-2
mutants appeared to have a higher tolerance to water-deficit (Figure 5.5 A), though, due
to high variation within each genotype, there was no difference in survival rate after
rehydration (Figure 5.5B). During water wiholding process, the taf10-2 mutant
maintained a higher leaf RWC and media water content than WT, consistent with its
lower transpiration rate (Figure 5.5C-D). There was a 30% increase in TAF10 expression
under water stress, suggesting that TAF10 may be drought inducible (Figure 5.6). To
confirm the water stress status of the plants, DREB1A was expressed 7 times that of
control plants under water-deficit condtion (Figure 5.6).
Stomatal density is positively correlated with transpiration (Tanaka et al., 2013; Lawson
et al., 2014). Hence, we compared stomatal density in both abaxial and adaxial
epidermes of taf10-2 and WT (Table 5.3). On the abaxial side, there was no difference in
stomatal density (SD), or total cell density (TD). However, we did observe higher
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pavement cell density (PD) and lower stomatal index (SI) in the taf10-2 mutant (Table
5.3). On the adaxial side, on the contrary, taf10-2 had a higher SD than WT (Table 5.3).
In addition, PD and TD were all higher in taf10-2, but there was no difference in SI (Table
5.3). Total (sum of abaxial and adaxial) PD and TD were also higher in taf10-2 (Table 5.4).
Higher PD and TD in taf10 indicate an overall smaller cell size in the mutants. The ratio
of abaxial:adaxial SD was decreased in taf10-2 mutant (Table 5.4). There was no
difference between taf10-2 and WT in total rosette leaf area (LA) or rosette fresh weight
(TFW), but there was a 21% increase in leaf number in taf10-2 (Table 5.5). These results
imply that the lack of TAF10 may result in higher cell division, which may be increased to
a greater extent on the adaxial side.
5.4.3 The reduction of transpiration in taf10-2 mutant is linked to smaller stomata
Lower transpirational water loss is not due to lower total SD in the taf10-2 mutant
(Table 5.3 and 5.5). It is possible that the lower transpiration rate is due to smaller
stomata (Doheny-Adams et al., 2012; Des Marais et al., 2014). Hence, we investigated
abaxial stomatal size when stomata were fully opened (Figure 5.4 B-D). In the taf10-2
mutant, there was a 9% and 8% reduction in stomatal length (SL) and width (SW),
respectively (Figure 5.4B-C). Stomatal pore area in taf10-2 mutant had an 18% reduction
(Figure 5.4D). This reduction is consistent with our previous observation that WL and
transpiration was reduced to approximately 80% of WT plants in taf10-2 mutant (Figure
5.4A; Table 5.2).
We also measured SL in the transpiration experiments when stomata were not fully
open. Consistently, taf10-2 mutant had smaller stomata (Figure 5.7). There was also a
positive correlation between PD and SL (Figure 5.7). Decreased cell size in both stomatal
and pavement cells, and increased leaf number in taf10-2 mutant suggest that cell
division is elevated while cell expansion is decreased in taf10-2 mutant, while the overall
growth is not impacted (Table 5.5).
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5.4.4 Auxin-responsive genes are up-regulated in taf10-2 mutant identified by RNASeq
TAF10 is part of the TFIID complex and regulates transcription of downstream genes. In
order to investigate possible downstream genes of which transcription is mediated by
TAF10 and lead to an improved WUE in taf10-2 mutant, we compared transcriptome
profiling between taf10-2 mutant and WT using RNA-Seq. We identified a total of 3761
differentially expressed genes (DEGs) between the taf10-2 mutant and WT plants using
two or three available software packages (Figure 5.8; see Materials and Methods). A
gene ontology (GO) enrichment test was conducted on DEGs that were up- or downregulated in taf10-2 over WT by at least 2-fold differences (Figure 5.9). More genes
were up-regulated than down-regulated in taf10-2 mutant (1941 up and 1820 down)
based on an exact binomial test (P-value=0.025).
For up-regulated genes in taf10-2 mutant, a total of 21 GO categories were enriched
compared to the background of all the Arabidopsis gene models (Figure 5.9A). Within 21
GO categories, 16 were biological process (BP), 3 were molecular function (MF), and 2
were cellular component (CC) (Figure 5.9A). Response to auxin stimulus, red and far red
lights, and blue lights were all enriched in the up-regulated genes in the mutant (Figure
5.9A).
Genes involved in auxin stimulus that were up-regulated in the taf10-2 mutant include
multiple members within the auxin-regulated gene families: INDOLE-3-ACETIC ACID
(Aux/IAA); GH3 (Hagen and Guilfoyle, 2002), and SMALL AUXIN-UP RNA (SAUR) (Table
5.6). This suggests that taf10-2 mutant have a different sensitivity to auxin and that
TAF10 is required for auxin homeostasis. For the Aux/IAA family, though only three of
them have more than 2-fold higher expression in the mutant, another 8 members also
showed increased expression in taf10-2 mutant (Table 5.6). This implies that TAF10
depresses auxin-responsive gene expression. We then tested auxin sensitivity via
measuring root elongation in response to different exogenous auxin concentrations.
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However, we did not observe any difference in root length between WT and taf10-2
under different concentrations of 2, 4-D (Figure 5.10).
Two auxin-responsive genes (IAA29 and IAA6) are in the GO of response to red or far red
light with other four genes, PKS4 encoding phytochrome kinase substrate 4, FAR-REDELONGATED HYPOCOTYL1-LIKE (FHL), GA2OX6 encoding gibberellin 2-beta-dioxygenase,
and LONG HYPOCOTYL IN FAR-RED (HFR1). The up-regulation of all these genes suggests
a different response of taf10-2 mutant to red or far-red light. PSK4, FHL, IAA9, and HFR1
are also involved in the response to blue light, along with PIRIN which encodes a cupindomain containing protein. This implies that response to blue light in taf10-2 mutant is
also impaired.
Only 10 GO categories were enriched in the down-regulated genes (Figure 5.9B).
Response to abscisic acid (ABA) and water deprivation were enriched (Figure 5.9B),
which suggests that TAF10 is positive regulator of ABA-responsive genes and mutant
lacking TAF10 transcripts may have a lower sensitivity to ABA and water deficit. Though
no difference was observed for transpiration after ABA treatment between taf10-2
mutant and WT plants (Figure 5.4A). More investigation is required to determine the
differences in ABA sensitivity for transpiration and stomatal control between taf10
mutant and WT.
5.5

Discussion

In this study, we found a novel WUE regulator that caused a substantial reduction in
water loss but no reduction in biomass accumulation. The reduction in transpirational
water loss is due to smaller stomate but overall (abaxial + adaxial) the same number of
stomata (SD). Using transcriptome comparison between taf10 loss-of-function mutant
and WT, we highlighted the possible mechanism that loss of TAF10 is likely causing a
mild reduction in auxin-mediated cell expansion but increase in cell division thus leading
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to the small stomata phenotype. TAF10 is likely repressing auxin inducible genes and
involved in early auxin signal transduction.
5.5.1 High WUE in taf10 loss-of-function mutant is correlated with smaller stomata
Higher WUE can be achieved by reducing water loss or improving biomass accumulation.
Since stomata are the major location where gas-exchange occurs, stomatal
characteristics including stomatal size, response, patterning, and size could affect gasexchange and possibly WUE (Lawson and Blatt, 2014). For example, stomatal density
usually negatively correlates with WUE (Chapter1; e.g. Masle et al., 2005; Yoo et al.,
2010; Franks et al., 2015). Smaller stomatal pore size with no change in stomatal density
leads to a lower transpirational water loss and higher WUE (Des Marais et al., 2014;
Lawson and Blatt, 2014). Stomatal size often negatively correlates with SD
(Hetherington and Woodward, 2003; Franks and Beerling, 2009; Doheny-Adams et al.,
2012). Under the same SD, smaller stomatal improved WUE by lowering transpiration
but no cost in carbon gain (Des Marais et al., 2014). Bigger but fewer stomatal led to
improved WUE (Franks et al., 2015), with lower transpiration and also more biomass
accumulation (Doheny-Adams et al., 2012; Franks et al., 2015). Lower transpiration may
cause a favorable higher leaf temperature for carbon assimilation and that lower SD
cost lower metabolic material and energy for stomata development and operation
(Doheny-Adams et al., 2012).
In this study, we observed a 16% increase in WUE in taf10-2 mutant without a cost in
biomass accumulation (Figure 5.1). The increase in WUE is due to the reduction in water
loss (Figure 5.1). The reduction in water loss is correlated with smaller stomatal size but
not less stomatal number, since SD on the abaxial side was similar between taf10-2
mutant and WT, while on the adaxial side, taf10-2 mutant had approximately 28%
higher stomatal density than WT (Table 5.3). Based on the abaxial stomatal density and
stomatal pore size, the reduction in stomatal pore area (stomatal size x stomatal
density) is approximately 18% which is consistent with the reduction in maximum
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transpiration in taf10-2 mutant (~26%). In addition, if taking the volume flow rate (Q)
into consideration, which is in proportion to the fourth power of hydraulic diameter
(Dh/2)4, and that Dh can be estimated by stomatal width multiply by 1.25 (Lewis, 1992),
the reduction in Q is 27% in taf10-2 mutant compared to Col-0. Hence, smaller stomatal
size contributing to smaller pore area and lower hydraulic flow rate is consistent with
lower transpiration rate.
In taf10-2 mutant, the stomata distribution is also affected that it had a lower SD
abaxial:adaxial ratio (Table 5.4). In WT plants, the abaxial side had more stomatal than
the adaxial side which is consistent with previous studies (Geisler et al., 2000; Serna and
Fenoll, 2000; Geisler and Sack, 2002), while in taf10-2 mutant, the two sides had the
same SD (Table 5.3 and 5.4). This suggests pathway(s) regulating stomatal distribution is
impaired in taf10-2 mutant. Adaxial stomata are facing the light source hence are less
open than abaxial stomata, and contribute less to transpirational water loss (Fanourakis
et al., 2015). Hence, even though taf10-2 mutant had a higher adaxial SD, it may not
necessarily translates to substantially more water loss from the adaxial stomatal
transpiration. Only abaxial stomatal size was measured in this study, hence difference
between taf10-2 and WT plants for adaxial stomatal transpirational water loss via
stomatal pore area is yet to be determined.
5.5.2 Loss function of TAF10 caused mis-regulation in a subset of genes
The PIC and its subunits come in diverse ensembles which enable cell-type-selective and
gene-specific transcriptional regulation (Goodrich and Tjian, 2010; Levine et al., 2014).
Consistent with this conclusion, we did not observe dwarfism or lethal phenotype in
taf10-2 mutant (Figure 5.3). The structure of TFIID complex indicates that TAF10 is not
part of the core-enzyme; instead it is incorporated after the subunits of core-enzyme
assembly finishes and changes the conformation of the holoenzyme (Bieniossek et al.,
2013). However, TAF10 is required for normal development of skin barrier in mouse
fetus but not in adult epidermis (Indra et al., 2005). Similar results were also shown for
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hepatic tissue, liver-specific disruption of TAF10 arrests embryonic liver development
due to disassembly of TFIID complex, under the presence of other TAFs (Papai et al.,
2011). A developmental abnormality was also noted in Arabidopsis taf10 loss-offunction mutant that seedlings lack leaf 3 and leaf 4, but only at a very low rate (4%)
(Tamada et al., 2007). This indicates that loss of TAF10 may but not necessarily affect
very early development.
Gene expression in 13% of the Arabidopsis transcriptome was affected by knocking out
TAF10. Our result is consistent with studies in yeast and mice (Shen et al., 2003; Papai et
al., 2011), There were more up-regulated than down-regulated genes in the taf10-2
mutant, suggesting that lack of TAF10 may result in the disassembly of TFIID that release
genes under repression for transcription activation (Tatarakis et al., 2008). It is also
possible that TAF10 is required for transcription of genes that are repressors of these
up-regulated downstream genes, of which expression is elevated due to the lack of
repressor.
5.5.3 Mis-regulated auxin-responsive genes are linked to cell division and expansion in
taf10 loss-of-function mutant
Transcript abundances of all the genes within the three categories of auxin-inducible
genes: Aux/IAA, GH3, and SAURs were increased in taf10-2 mutant and GO of response
to auxin is enriched in the up-regulated genes (Table 5.6; Figure 5.9A). Gene expression
regulation by auxin is accomplished by SCF E3 ubiquitin ligase that recognizes the target
auxin inducible Aux/IAAs proteins by F-box protein TIR1/AFBs (Teale et al., 2006; Salehin
et al., 2015). Under low auxin, Aux/IAAs bind to auxin responsive factors (ARFs) and
deactivate transcriptional activity of ARFs, which mediate auxin-responsive genes by
directly binding auxin responsive elements (ARE) in their promoter regions (Teale et al.,
2006). Under high auxin condition, Aux/IAAs are degraded by SCF ubiquitin ligase
directed protease thus releasing ARFs for downstream auxin-responsive gene
transcription. Up-regulation of auxin-responsive genes, especially Aux/IAAs implies a
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lower sensitivity to auxin in taf10-2 mutant. Auxin regulation has primary effects on cell
division and expansion (Teale et al., 2006), the reduced cell size and increase of cell
number in taf10-2 is likely due to impaired auxin response.
Ten out of 29 genes within the same Aux/IAAs gene family had expression increases
varying from 1. 2 to 3.1 folds (Table 5.6). Several gain-of-function iaa mutants due to
mutations in protein sequences displayed auxin resistance indicating that Aux/IAAs are
inhibitors of auxin-dependent cell elongation (Dreher et al., 2006). As the consequence
of mutation in the protein domain II, Aux/IAAs are stabilized, slowing or eliminating
their degradation by proteolysis (Dreher et al., 2006). In iaa1/axr5 mutants, a slightly
longer hypocotyl was shown under dark condition, but more importantly, this mutation
caused increased resistance to auxin (Yang et al., 2004). iaa6/shy1 can suppress long
hypocotyl phenotype of hy2 mutant under red light, and had a small reduction in
hypocotyl length in darkness compared to WT (Kim et al., 1996). iaa7/axr2 had short
hypocotyl and resistance to auxin inhibited root elongation (Timpte et al., 1994; Nagpal
et al., 2000). iaa16 and iaa18 single mutants displayed similar phenotype as reduced
lateral roots formation and primary root elongation (Uehara et al., 2008; Ploense et al.,
2009; Rinaldi et al., 2012). Stabilized Aux/IAA proteins bind the ARF and impede early
auxin response. Similar but also different phenotypes within iaa gain-of-function
mutants indicate functional redundancy and specificity of Aux/IAAs. However, few
studies investigate epidermal cell expansion or differentiation in aux/iaa mutants.
In this study, it is likely that increased transcription of Aux/IAAs result in more functional
yet degradable proteins, hence auxin early response not severely affected. These
Aux/IAAs are still being degraded by protease, so that no developmental defect such as
dwarfism was noted, nor was root elongation resistance in response to exogenous auxin.
It is necessary to have more detailed investigation in taf10-2 for auxin response, such as
under darkness condition.
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Transcript abundances from the RNA-seq experiment are consistent with previous
studies of GH3 family genes. GH3 proteins catalyze IAA conjugation to store excessive
IAA and gene expression is highly inducible by auxin (Staswick et al., 2005). ARF6
encoding an auxin response factor is negatively regulated by microRNA167 (Wu et al.,
2006). In the RNA-seq experiment, we observed a small reduction in ARF6 expression
(85% of WT), and an about 2-fold expression for microRNA167A in taf10-2 over WT.
ARF6 positively regulates expression of GH3 family genes: GH3.3, GH3.5, and GH3.6.
(Gutierrez et al., 2012). All of these three genes showed increase in expression with fold
change of 3.0, 4.8, and 2.2 (Table 5.6).
AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) was also up-regulated in
taf10-2 mutant (Table 5.6; 3.6-fold). Overexpression of this gene results in increased
organ size in Arabidopsis attributive to an increase of cell number and prolonged cell
expansion (Hu et al., 2003). In this study, we only observed an increase of number
inferred by higher cell density in taf10-2 mutant (Table 5.3 and 5.5).
Twenty-one SMALL AUXIN UP RNAs (SAURs) also had increased expression in taf10-2
mutant (Table 5.6). Expression of SAURs is immediately induced by exogenous auxin
(Hagen and Guilfoyle, 2002). They were first identified in soybean (McClure and
Guilfoyle, 1987). Currently, in Arabidopsis, there are 79 members within this family
(Spartz et al., 2014). Though, the function of SAURs is still largely unknown, several
studies indicate their function in cell expansion. SAUR19-24 promote cell expansion
(Franklin et al., 2011), and the promotion effects is through stimulating plasma
membrane H+-ATPases (Spartz et al., 2012, 2014). Chae et al (Chae et al., 2012) also
found that the plasma membrane localized SAUR63 advances cell elongation in
hypocotyls, petals and stamen filaments evidenced by gain-of-function mutants.
SAUR65 is the direct target of TCP3 belonging to CINCINNATA-like (CIN-like) TEOSINTE
BRANCHED1, CYCLOIDEA, and PCF (TCP) TFs (Koyama et al., 2010). SAUR65 negatively
regulates CUP-SHAPED COTYLEDON (CUC) genes, which regulate cell differentiation in
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shoot (Koyama et al., 2010). Up-regulation of SAURs genes may be linked to the
decreased cell size taf10-2 mutant, however mechanically, how SAURs coordinate with
Aux/IAAs to regulate cell expansion and division is unknown.
5.5.4 Mis-regulated auxin responsive genes may cause pleiotropic effects on leaf
development
We observed a curled leaf phenotype in taf10 loss-of-function mutants (Figure 5.3). This
morphological change is likely linked to miss-regulation in auxin responsive genes. The
curled leaf phenotype in taf10-2 loss-of-function mutants is quite mild. aux/iaa gain-offunction mutants with stabilized protein also showed curled leaves phenotype (Reed,
2001). iaa1/axr5 single mutants had curled leaves (Yang et al., 2004), as well as
iaa6/shy1 mutants (Kim et al., 1996), and iaa18 mutants (Uehara et al., 2008; Ploense et
al., 2009). However, in aux/iaa gain-of-function mutants, the curled leaf phenotype is
much stronger and coupled with dwarfed plants, such as iaa7/axr2 (Timpte et al., 1994;
Nagpal et al., 2000) and iaa16 mutants (Kim et al., 1996). Similar but stronger
phenotype in these mutants support our speculation that the curled leaf phenotype in
taf10-2 mutant is due to pleiotropic effect of reduced auxin sensitivity.
The pleiotropic effect is also supported by miss-regulation of GH3 and ARF genes. Missregulated GH3 family genes caused impaired auxin response in microRNA167A overall
expression mutants, resulting in a “twisted” leaves phenotype coupled with
implemented flower development (Wu et al., 2006). In this study, taf10-2 mutant also
had miss-regulated GH3 genes. Overexpression of ARF9 in tomato led to reduced fruit
size (de Jong et al., 2015), in this study, a 1.2-fold transcript abundance in taf10-2
mutant was detected in RNA-Seq experiment, which is consistent with smaller
epidermal cell size.
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5.5.5 Auxin represses stomatal development
Recent studies indicate that auxin is playing a repressor role in stomatal development
(Balcerowicz and Hoecker, 2014; Le et al., 2014; Li and Sack, 2014). It functions upper
stream of stomatal lineage pathway and YDA/MKK kinase cascade (Balcerowicz and
Hoecker, 2014). TRANSPORT INHIBITOR RESPONSE 1 (TIR1) negatively regulates IAA12,
which is a repressor of ARF MONOPTEROS (MP; ARF5) (Zhang et al., 2014). Expression of
STOMAGEN is repressed by ARF5 via direct promoter binding (Zhang et al., 2014).
STOMAGEN directly binds to intracellular receptor TMM/ERECTA and positively
regulates stomatal development via competing with the negative stomatal development
regulators EPF1/2 (Sugano et al., 2010). Alternatively, TIR1 can also suppress IAA17 to
regulate stomatal development. This is evidenced by that gain-of-function axr2/iaa7 and
axr3/iaa17 mutants had higher SI than WT in dark-grown seedlings (Balcerowicz et al.,
2014). In addition, exogenous treatment of auxin can suppress stomatal differentiation
in WT under light condition with a reduction in both stomatal and epidermal cell
number (Balcerowicz et al., 2014), indicating auxin role in stomatal development, as well
as cell division and expansion. Le et al (Le et al., 2014) also found that auxin
concentration in epidermal cell mediated by PINs determines the cell fate from
meristemoid to guard mother cells which will further divide into two guard cells.
In this study, we found a 12% reduction in abaxial SI on abaxial leaf in taf10-2 mutant
(Table 5.3). However, transcriptome profiling comparison between taf10-2 and WT
indicates that besides a 30% reduction in ERECTA-like 2 (ERL2) and 40% increase in AXR2
expression, none of the genes known in auxin regulated stomatal development are
differentially expressed between taf10-2 and WT. It is possible that auxin regulates
stomatal development via other auxin responsive genes that are upperstream of
additional EPF-like genes (EPFLs) and are currently unknown (Balcerowicz and Hoecker,
2014)
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5.5.6 TAF10 suppresses expression of auxin-responsive genes
Here, we proposed one possible model that TAF10 is a negative regulator of Aux/IAAs
that causes a mild miss-regulation in auxin regulated gene transcription and leads to
reduced cell expansion and increased cell division (Figure 5.11). In taf10-2 mutant, the
transcript abundances of Aux/IAAs are increased due to the lack of TAF10 repressor.
More readily available Aux/IAAs proteins caused a lower transcriptional activity of ARFs
(Teale et al., 2006). However, the transcriptional activity reduction in ARFs is limited
because Aux/IAAs are still being degraded by protease, which is different from known
aux/iaa gain-of-function mutants with stabilized protein immune from degradation
(Dreher et al., 2006). Downstream genes that have ARE where ARF directly bind to, have
an increase or decrease in transcription depending on whether upstream ARFs are
suppressors or activators (Guilfoyle and Hagen, 2012). In taf10-2 mutant, expression
changes in auxin responsive genes thus cause a decrease in cell expansion with a
compensation of an increase in cell division. In WT plants, expression of TAF10 is
induced by exogenous auxin (Tamada et al., 2007), suggesting that besides known posttranscriptional regulation of Aux/IAAs through SCFTIR/AFB directed protease pathway;
auxin also regulates auxin response by mediating Aux/IAAs gene transcription (Figure
5.11). Under high auxin condition, TAF10 is induced to suppress Aux/IAA transcription,
while at the same time; Aux/IAA proteins are degraded. Up-regulation of GH3 and SAUR
family genes in taf10-2 also suggests that TAF10 is a suppressor of these two auxin
inducible gene families. It is possible that auxin biosynthesis is increased in taf10 loss-offunction mutants, however we only found YUCCA8 and YUCCA9 in the primary auxin
biosynthesis pathway (Kramer and Ackelsberg, 2015) had increases of 2.4- and 3.3-fold
in transcription abundances (Table 5.6), while none of other genes were up-regulated.
In the future, we will investigate the light response of taf10 loss-of-function mutant, it is
likely under red or far-red light, taf10 mutants display different phenotypes in
gravitropism, hypocotyl elongation compared to WT (Franklin et al., 2011; Sato et al.,
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2014). Though, no difference was found in root elongation under normal condition, we
did notice a small difference in lateral roots formation (data not shown), a more
quantified experiment is required to identify any difference between the mutants and
the WT under normal, dark and light condition. Our study affirms transcriptional
selectivity by a GTF TAF10, and identifies pathways and mechanisms mediated by TAF10,
and more importantly proposes a model how a GTF regulates plant WUE.
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Tables and Figures

Figure 5.1 taf10 T-DNA insertional mutation increases integrated water use efficiency
(WUEB).
(A) T-DNA insertion and primer locations. Black boxes indicate exons; black lines within
5’ and 3’-untranslated regions (UTR; grey boxes) indicate introns, black line upstream of
5’UTR indicates promoter region. Arrows below the gene map indicate the positions of
primers used in (B). Two insertions indicated by inverted triangles are in promoter
region, the 5’-UTR, and first intron in TAF10 for taf10-1, taf10-2, and taf10-3,
respectively.
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(B) Homozygosity of the T-DNA insertion in taf10-1 and taf10-2 was determined by PCR
of the TAF10 genomic fragment using left primers (taf10-1, taf10-2, or taf10-3 LP), right
primers (taf10-1 taf10-2, or taf10-3 RP), and the T-DNA insertion using a T-DNA-specific
left border primer (LB). Col-0 is the wild type (WT).
(C) TAF10 expression level in rosette leaves of 5-week old Col-0, taf10-1, taf10-2, and
taf10-3 plants grown under an 8-h photoperiod. Gene expression was determined by
quantitative RT-PCR with forward and reverse primers (qRT LP and qRT RP) by ΔΔCT
method with ACTIN2 as internal reference gene and Col-0 as reference samples (100%).
Values are means (n=2-3) and bars indicate S.E. taf10-2 was significantly different from
Col-0 at P-value ≤ 0.01 (**) based a two-tailed t test.
(D) Water-use efficiency (WUE), (E) total water loss, and (F) rosette biomass of fiveweek-old A. thaliana T-DNA insertion lines taf10-1, taf10-2, taf10-3, and Col-0 plants
grown under an 8 h photoperiod. taf10-2 was significantly different from Col-0 at Pvalue ≤ 0.001 (***) based one LS-means adjusted by Dunnett’s test. Values are means
(n=10-12) and bars indicate S.E
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Figure 5.2 TAF10 expression in wild type (WT) and taf10-2 plants.
TAF10 expression in expanding (empty bar) and expanded (grey bar) leaves of 7-week
old Col-0 and taf10-2 plants grown under an 8 h photoperiod. Gene expression was
determined by quantitative RT-PCR by ΔΔCT method with ACTIN2 as internal reference
gene and Col-0 as reference samples (100%). Values are means (n=3) and bars indicate
S.E. Different letters at the top of each bar indicate significant differences at P  0.05
based on a Tukey's studentized range test.
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Figure 5.3 Morphology of A. thaliana Col-0 and taf10-2 mutant.
5-week old A. thaliana Col-0 (left) and taf10-2 (right) plants grown under an 8-h
photoperiod.
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Figure 5.4 taf10-2 has lower transpiration consistent with smaller stomata.
(A) Diurnal transpiration of five-week-old A. thaliana Col-0 (circle) and taf10-2 (square)
plants grown under an 8 h photoperiod without (-ABA; empty symbols) or with (+ABA;
grey symbols) 50 μM ABA treatment. Values are means (n=5) and bars represent S.E.
Black and white bars on the X-axis indicate dark and light periods, respectively.
(B) Stomatal length, (C) width, and (D) apparatus area of five-week-old A. thaliana taf102 and Col-0 plants grown under an 8 h photoperiod when fully opened by opening
solution. Values are means (n=4) and bars indicate S.E. For each replicate 40-60 stomata
were measured. taf10-2 is significantly different from Col-0 at P-value ≤ 0.05 based on a
two-tail t test.
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Figure 5.5 Water-deficit stress of wild type (WT) and taf10 mutants.
Plants were under water-deficit stress by witholding water for 21 days when plants were
3-week old and rehydrated (A). The survival rate (B), leaf relative water content, and
media water content (D) were calculated for WT plants (Col-0; empty; square) and two
taf10 mutants, taf10-1 (light gray; circle) and taf10-2 (dark gray; circle). Data are means
(n=5). Bars are S.E. Values are not significantly different (n.s.) or significantly different at
P-value ≤ 0.05 (*) based on a Dunnett’s test.
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Figure 5.6 Relative gene expression of TAF10 and DREB1A in wild type plants.
TAF10 and DREB1A expression level in rosette leaves of 5-week old Col-0 under wellwatered and water-stressed conditions. Gene expression was determined by
quantitative RT-PCR with forward and reverse primers (qRT LP and qRT RP) by ΔΔCT
method with ACTIN2 as internal reference gene and Col-0 as reference samples (100%).
Values are means (n=2-3) and bars indicate S.E. Gene expression was significantly higher
in water-stressed plants at P-value ≤ 0.05 (*), or 0.01 (**) based a two-tailed t test.
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Figure 5.7 Correlation between stomatal length and pavement cell density.
Smaller size of stomata is correlated with higher pavement cell density on the abaxial
epidermis in 8th leaf when fully expanded of A. thaliana 5-week-old plants Col-0 and
taf10-2 plants grown under an 8 h photoperiod. Data represents each replicate of
stomatal length (SL) and pavement cell density (PD) for Col-0 (empty circle) and taf10-2
(grey circle). SL=35.7246-0.037⨯PD, P-value = 0.0036.
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Figure 5.8 Venn diagram of differentially expressed genes (DEGs) identified by Cufflinks,
DESeq2, and edgeR.
Genes are differentially expressed at P-value ≤ 0.05 adjusted by false discovery rate
(FDR).
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Figure 5.9 Gene ontology (GO) enrichment tests.
(A) Up-regulated genes in taf10-2 with ≥ 2-fold than WT against all A. thaliana gene
models using agriGo (http://bioinfo.cau.edu.cn/agriGO/).
(B) Down-regulated genes in taf10-2 with ≥ 2-fold than WT against all A. thaliana gene
models using agriGo (http://bioinfo.cau.edu.cn/agriGO/).
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Figure 5.10 Root elongation responses to auxin.
No difference was detected in root elongation inhibition by auxin (2,4-D) in A. thaliana
Col-0 and taf10-2 seedlings grown in MS agar mediuam with different 2,4-D
concentration (M): 0, 10-8, 10-7, 10-6, and 50x10-6 under an 8-h photoperiod for 10 d.
Values are means (n=3-5) and bars indicate S.E. There was no significant difference at P
 0.05 based on a Tukey's studentized range test.
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Figure 5.11 A proposed model of TAF10 regulating AUX/IAAs.
The proposed model is that TAF10 regulates auxin response at transcriptional level by
depressing expression of AUX/IAAs. In taf10, the expression levels of AUX/IAAs are
upregulated, hence less AUX/IAAs available to dimerize with auxin response factors
(ARFs) to inactivate ARFs transcription activity. As a result, downstream auxin
responsive genes regulated by ARFs will be up- or down-regulated compared to the WT.
The smaller stomata and pavement cells are due to up- or down-regulated auxin
responsive genes.
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Table 5.1 Primer sequences
Experiment
Strand
TAF10 qRT-PCR
Forward
Reverse
ACTIN 2 qRT-PCR

Forward
Reverse

Sequences
TGCCTCGTCTCAGCTCAATTC
TGTTGGCCGTGATTCATCTC
ACACTGTGCCAATCTACGAGGGTT
ACAATTTCCCGCTCTGCTGTTGTG

taf10-1 genotyping Left Primer
Right Primer
Boundary Primer

CATTAGATTCTGATTGGCCCC
GTGTGGTCTTTTGCAACACAA
TAGCATCTGAATTTCATAACCAATCTCGATACAC

taf10-2 genotyping Left Primer
Right Primer
Boundary Primer

TTGATTGACAATTTCGTTTCG
CCCGACGTACGATTGTAGGTA
ATTTTGCCGATTTCGGAAC

taf10-3 genotyping Left Primer
Right Primer
Boundary Primer

TTCCGTCTAGATGGAGTTAGTGC
GTGTGGTCTTTTGCAACACAA
ATATTGACCATCATACTCATTGC
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Table 5.2 Water loss during diurnal period.
Water loss during diurnal period (DiWL), dark period (DWL), and light period (LWL;
average dark period transpiration rate during (Edark), average light period (Elight),
minimum dark period (Emin), and maximum light period (Emax) without (-ABA) or with 50
μM ABA (+ABA) treatment of 5-week old A. thaliana plants grown under an 8-hour
photoperiod.
Genotype Treatment

DiWL

DWL

LWL

Edark

(mg cm-2)
Col-0
taf10-2

-ABA
+ABA
-ABA
+ABA

111.4 a
79.0 c
90.9 b
77.0 c

58.2 a
46.9 b
48.7 b
47.1 b

Elight

Emin

Emax

(mmol H2O m-2 s-1)
53.1 a
32.0 c
42.2 b
29.9 c

0.56 a
0.45 b
0.47 b
0.46 b

1.03 a
0.62 c
0.81 b
0.58 c

0.52 a
0.34 c
0.43 b
0.36 c

1.06 a
0.66 c
0.84 b
0.61 c

Data are means (n=5). Different letters within the same column indicate significant
differences at P  0.05 based on a Tukey's studentized range test.
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Table 5.3 Epidermal traits A. thaliana taf10-2 and WT plants.
Abaxial and adaxial stomatal (SD), pavement cell (PD), and total cell (TD) density,
stomatal length and stomatal index (SI) in 8th leaf when fully expanded of A. thaliana 5week-old plants Col-0 and taf10-2 plants grown under an 8-h photoperiod.
Genotype

Abaxial
SD

PD

TD

Adaxial
SI

(mm-2)
Col-0
taf10-2
P-value

82.5 306.9 389.4 21.1
78.1 339.3 417.4 18.7
n.s.
*
n.s.
*

SD

PD

TD

SI

(mm-2)
57.73 225.73 283.5 20.4
73.83 258.68 332.5 22.2
***
**
*** n.s.

Data are means (n=10, 8). Genotypes are not different (n.s.) or
significantly different at P-value ≤ 0.05 (*), 0.01 (**), and 0.001 (***)
based on a two-tail t test.
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Table 5.4 Plant epidermal traits.
The ratio of stomatal density (SD), pavement cell density (PD), total cell density (TD) and
stomatal index (SI) between abaxial and adaxial (Ratio of Abaxial over Adaxial), and the
sum of abaxial and adaxial (Abaxial + Adaxial) SD, PD, and TD in 5-week-old plants of A.
thaliana plants grown under an 8 h photoperiod.
Genotype

Ratio of Abaxial to Adaxial
SD

PD

TD

Abaxial + Adaxial
SD

PD

TD

(mm-2)
Col-0
taf10-2
P-value

1.5
1.1
*

1.4
1.3
n.s.

1.4
1.3
n.s.

140.2
152.0
n.s.

532.7
598.0
***

672.9
749.9
**

Data are means (n=10, 8), with 4 images per replicate per side. Genotypes are not
significantly different (n.s.), or significantly different at P  0.05 (*), 0.01 (**), or
0.001 (***) based on a two-tailed t-test.
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Table 5.5 Plant growth traits.
Leaf area (LA), leaf number (LN), and total fresh weight (TFW) of 5-week old A. thaliana
plants grown under an 8-hour photoperiod.
Genotype

LA
(cm2)

LN

TFW
(g)

Col-0
taf10-2
P-value

42
45
n.s.

28
34
*

0.93
1.04
n.s.

Data are means (n=10). Genotypes are not
significantly different or significant different at P 
0.05 (*) based on a two-tailed t test.
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Table 5.6 Up-regulated auxin inducible genes.
Up-regulated auxin inducible genes in taf10-2 compared to Col-0 of A. thaliana 5-weekold plants grown under an 8-h photoperiod.
Function description
IAA1, AXR5; INDOLE-3-ACETIC ACID INDUCIBLE
IAA2; INDOLE-3-ACETIC ACID INDUCIBLE 2
ATAUX2-11, IAA4; ATAUX2-11; AUXIN INDUCIBLE 2-11
IAA5, ATAUX2-27, AUX2-27; INDOLE-3-ACETIC ACID INDUCIBLE 5
IAA6, SHY1; INDOLE-3-ACETIC ACID 6
IAA7, AXR2; INDOLE-3-ACETIC ACID 7)
IAA16; INDOLE-3-ACETIC ACID INDUCIBLE 16
IAA18; INDOLE-3-ACETIC ACID INDUCIBLE 18
IAA19, MSG2; INDOLE-3-ACETIC ACID INDUCIBLE 19
IAA29; IAA29 INDOLE-3-ACETIC ACID INDUCIBLE 29
GH3.3; encodes an IAA-amido synthase
GH3.6; DFL1; encodes an IAA-amido synthase
GH3.2; BRU6; encodes an IAA-amido synthase
GH3.5; WES1; encodes an IAA-amido synthase
ARGOS; Auxin-Regulated Gene Involved in Organ Size
SAUR1; SMALL AUXIN UP RNA 1
SAUR10; SMALL AUXIN UP RNA 10
SAUR13; SMALL AUXIN UP RNA 13
SAUR15; SMALL AUXIN UP RNA 15
SAUR16; SMALL AUXIN UP RNA 16
SAUR19; SMALL AUXIN UP RNA 19
SAUR20; SMALL AUXIN UP RNA 20
SAUR21; SMALL AUXIN UP RNA 21
SAUR22; SMALL AUXIN UP RNA 22
SAUR23; SMALL AUXIN UP RNA 23
SAUR24; SMALL AUXIN UP RNA 24
SAUR26; SMALL AUXIN UP RNA 26
SAUR27; SMALL AUXIN UP RNA 27
SAUR28; SMALL AUXIN UP RNA 28
SAUR29; SMALL AUXIN UP RNA 29
SAUR50; SMALL AUXIN UP RNA 50
SAUR62; SMALL AUXIN UP RNA 62
SAUR63; SMALL AUXIN UP RNA 63
SAUR64; SMALL AUXIN UP RNA 64
SAUR65; SMALL AUXIN UP RNA 65
SAUR66; SMALL AUXIN UP RNA 66

Fold change
(taf10-2 vs Col-0)
1.4
1.9
1.5
1.6
3.1
1.4
1.6
1.2
2.2
2.0
3.0
2.2
4.6
4.8
3.6
3.5
2.7
2.3
1.4
1.6
1.9
2.0
1.9
2.7
2.1
2.8
1.7
1.8
1.8
1.6
1.6
1.4
1.5
1.8
1.8
1.5

Differentially expressed genes were identified using three packages: Cufflinks, edgeR,
and DESeq2. All genes were significantly different between taf10-2 and Col-0 at P-value
<0.05 adjusted by Benjamini Hochberg FDR.
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