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ABSTRACT

The drought response of tegtremophileEutrema salsugineuifT hellungiella
salsugineawas studied using an experimental protocol involving two progressive
drought exposures separated by a recovery period. Accefsionthe Yukon
Territory, Canadaand Shandongrovince Ching were distinguished with respect to
their responses to the initial drought, their recovery from wilting, and their response to
a subsequent drought following recovdfytremacaulineleaves and rosettes were
sampled at different stages of the drought treatrfor water status and biomass
measurements and this information guided tissue selection for transcriptome
sequencing by RN&Seq.

For Yukon plants, the initial drought led to a 46% reduction in stomatal
conductance (from 122.3 to 661®I m?s?) and 5% reduction in rosette water loss
relative to unstressed control plants, evidence of drought avoidance to conserve water.
Yukon leaf solute potentials decreasedli®3 MPa compared td.54 MPa for
Shandong leaves indicating that more solutes accurdutatéukon leaves in
response to drought. Upon wilting, Yukon plantestablished turgor at significantly
lower leaf solute potentials than the level for wektered Yukon plants consistent
with osmotic adjustment. In contrast, leaf solute potentials-watered Shandong
plants returned to prérought levels{1.6 MPa). During the second drought exposure,
leaf water content and specific leaf area measurements were significantly higher in
Yukon plants compared to plants experiencing the initial droagghtwvilting was
delayed relative to Shandong plants.

At the transcriptional level, the initial drought exposure resulted in over 2000

differentially expressed genes in leaves of Yukon plants compared to only two in
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Shandong plants. Following exposureatsecond drouglunly 45 genes were
differentially expressed in leaves of Yukon plants while Shangtargsunderwent
substantial transcriptional4qgrogramming with nearly 500 genes showing differential
expression.

Studies ofEutremagrown under comblled conditions were supplemented by
physiological measurements made udtugremaplants found on saline soils in the
Yukon. The average stomatal conductance for field plants was 84.8fad] arate
similar to that of droughtreated Yukon plants ithe cabinet. Leaf solute potentials of
field plants ranged fror2.0 MPa to-3.5 MPa. RTqgPCR showed the relative
expression of four dehydrencoding gene£sRAB18EsSR®2, ESRZ9A and
EsSERD1, was high in the field plants and levels of expression we@mgparable to
droughtstressed cabinet plants.

In summaryEutremasalsugineunmas a naturally high tolerance to water
deficits. Between the two accessions studied, Yukon plants have a superior capacity to
withstand drought relative to Shandong plantse feightened capacity for Yukon
plants to recover from drought and tolerate repeated drought exposures makes this
accession a particularly valuable model for studyimamymechanisms underlying

innate and inducible plant tolerance to drought.
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CHAPTER ONE

Literature Review
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Introduction

In plants, water deficit occurs when the demand for water extleedwailable supply to

the plant. Water deficit is a major constraint on productivity for all plants including crop
species where yield losses from water deficit likely exceed all other forms of crop loss
(Kramer, 1980; Boyer, 1982). Water deficits casutefrom freezing temperatures, saline
soils or low soil water availability due to meteorological drought. Drought alone results in

more than 50% of annual crop loss globally (Boyer, 1982).

Drought response strategies: escape, avoidance, and tolerance

All plants respond to drought by reducing growth and respiration rates, diverting more
sugars to storage, and reducing water loss from transpiration by closing their stomates
(lljin, 1957). Howeverdifferent species gflants tend to institute these changed other
adaptive responses to varying degrees. Different strategies for coping with water deficit
can be divided into three categories: drought escape, drought avoidance, and drought
tolerance (Levitt, 1980). Plants can use strategies associatedllitiealcategories

when responding to drought and to different degrees depending on factors such as the

duration and intensity of the water deficit (Matsl.2009).

Drought escape
Drought escape strategies are observed in plants that are exposgustveee periods

of water deprivation that occur in a recurring and predictable pattern (Levitt, 1980). The
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strategies associated with escape involve adapted life history traits that are fixed in
populations. For example, many plants that escape droxgibitarapid phenological
development meaning they complete stages of their life cycles quickly when conditions
are favourable (Turner, 1979). Drought escape is a strategy often employed by desert
annuals that are able to complete a very short life cylseEnwater becomes available
(Eppelet al.2014). As such, drought escape traits are not particularly suitable for transfer
to agricultural crops in efforts to improve plant yield with low water availability. In
contrast, both drought avoidance and drouglerance strategies involve traits that

exhibit plasticity in response to water deficits. As a result, efforts to improve yield under
drought conditions have focused on avoidance (Lagbra2002) and tolerance

strategies (Babat al.2004).

Drought avoidance strategies

Drought avoidance strategies can be alternatively thought of as dehydration postponement
(Turner, 1979). The traits that characteravoidance strategies inclugechanisms that

help maintain adequate internal water levels as sadnmmecomes unavailable to the

plant. Low soil water content due to drought or extreme draws on water due to long days
or heat resulting in excessive evapotranspiration (Ludlow, 1989) can trigger drought

avoidance responses.
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Reducing gas exchange

Plantresponses that reduce water loss from leaves are classified as drought avoidance
strategies (Levitt, 1980). Among the initial responses to drought is the closure of stomata
to reduce evapotranspiration (Cowan, 1977). However, even when stomata are closed,
water can evaporate from the leaf surface (Kostred.2009). One avoidance strategy to
combat evaporative water loss from leaves is the development of a thick and/or waxy
cuticle that prevents a water vapour diffusion gradient from forming across simespla
membrane of epidermal cells (¢t1al.2014). A waxy(glaucous)uticle that reflects a

larger portion of incident light can reduce water loss due to heat (Tezis#hi2002).

Reducing growth

Another way in which plants can conserve water is byisig growth and associated
metabolic activities (Mathewat al.1984). In plants exposed to drought resulting in
significantly lower values of stomatal conductance, ribulbSebisphospate
carboxylase/oxygenase (RuBisCO) activity is inhibited resultimgduced long term

growth limited by impaired carbon fixation (Flexas and Medrano, 2002). However,
reduced growth during a water deficit is not necessarily a consequence of low carbon
availability. Hummelet al.(2010) showed that the expansion rat@x#bidopsisrosettes
subjected to mild drought decreased more than photosynthesis resulting in more available
carbon in the form of starch, sugaaad organic acids. Moreover, Baerenfadieal.

(2012) found thaArabidopsisplants grown in soil containing0% less water than soil for
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control plants showed a 34% reduction in leaf area and a 19% reduction in leaf thickness.
However, transcripts associated with enzymes invalvedrbon fixation were more
abundant in drougHteated plants. Baerenfallet d. (2012) concluded that the reduction

in growth they observed in the drougreatedArabidopsisplants was not due to

decreased amounts of fixed carbon but rather an adaptive growth reduction response to

avoid acute dehydration during water deficit.

Acquiring previously unavailable water resources

A second class of drought avoidance strategies includes mechanisms that allow plants to
access previously unavailable water (Kramer, 1980). This can be accomplished through
increased access to existing watared in plant tissues or in the soil. Many succulent
species store large amounts of water in the stem that can be redistributed during a water
deficit. For example the drougtdlerant tree specielatropha curcasas a succulent
stemthatcanactasalhb f er a g a iwhbysnoving water fom the steq to leaves
and roots during periods of water deficit (Ma&tsl.2009). Alternatively, an increased
allocation of photosynthate to root growth has been documented in several species,
particularly wherdrought conditions reduce leaf growth yet allow for continued

photosynthetic activity (Dosst al.1960; Maliket al.1979; Sharp and Davies, 1979)



Ph.D. Thesis - M. MacLeod; McMaster University - Biology

Drought tolerance strategies

Drought tolerance mechanisms are required when the plant can no Idegep tar retain
enough water to meet the needs of the plant for this resource. At this point, cells become
dehydrated which can result in the accumulation of reactive oxygen species that damage
membranes, DNA, and proteins (Jubdwari et al.2010). Moreoer, cell metabolism is
adversely affected when there is not enough water to allow for the proper movement of
molecules within the cell or between compartments of the cell. Dehydration tolerance

strategies/adaptations can mitigate the negative impactsef deficit (Levitt, 1980).

Osmotic adjustment

The water status of a plant can be determined by measuring watergdtent{Bqyer

and Knipling, 1965). This is a thermodynamic measure that describes the reduction in the
chemical potential of water as a function of dissolved solutes (solute or osmotic potential;

ds) and positive pressure exerted by water against thevakl{pressure or turgor
potendiallTheequation relating thes@pfactor
(Scholanderetall 96 4) . Pur esoWwa zer ojvauestirmpkadis are

negative due to the inevitable presence of disslabadutes. Water movement in plants is
governed bywwirtahdiveattesr off| ocQwi n g w(fessoegatieey eas v
t o ar eas wmotemegaticePeimg a @ater deficit, the water content of the

soi | will d r avpToencourage thel uptakd of wateq plants riust reduce

t he nroeltatdi ve wandthisisachieseo bylaccdnulating solutes to reduce
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t hecdmponentywSofmer pdotan@s can mgadiant etween a f a v
the root and the watateprived soil that helps promote water uptake (Hebal.1976).
The active synthesis and accumulation of solutes accompanying water deficit stress that
l ower s( @ared | hwdto premote @ater uptake and maintain turgor is referred to
as osmotic adjusent (Jones and Turner, 1978; Morgan, 1980).

A well-studied drought tolerance mechanism used by plants involves osmotic
adjustment through the accumulation of fp@rturbing organic solutes (Hsiabal.
1976). Organic solutes that can be present &t ¢ogcentrations in the cell without
deleterious effects on metabolism are saidtobemenr t ur bi ng or fAcompat
adjustment has been a target in attempts to improve drought tolerance especially in
agricultural crops where osmotic adjustmeneadly occurs naturally such as pigeonpea
(Flower and Ludlow, 198, sorghum (Jones and Turner, 1978), wheat (Morgan, 1980)
and maize (Westgate and Boyer, 1985). Osmotic adjustment involves the simultaneous
accumulation of multiple solutes (Joretsal.1980) and some have been implicated
conferring other benefits to the plant beyond their function as osmotica. For example,
glycine betaine serves as a chemical chaperone to protect proteins including RuBisCO
from damage due to salinity (Incharoensadddil. 1986) while proline can act as a direct

scavenger of peroxide radicals (Signoretlal.2014).
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Accumulation of protective proteins

In addition to compatible organic solutes, some proteins, including many members of the
late embryogenesis abund@bEA) family, accumulate during drought (Hundertmark

and Hincha, 2008). Most LEAs are intrinsically disordered proteins (Moweli@h 2008)

that have been hypothesized to sequester water and/or sugars to form a gel during
embryogenesis or in cells urdeater stress (Hoeksted al.2001). The LEA family is

very large comprising about one third of thebidopsisproteome and consisting of at

least six different groups (Hundertmark and Hincha, 2008). The Group Two LEAs are
also known as the dehydrinseBydrin proteins contain three conserved sequences known
as the K, S, and Y-segments and the number and combination of these segments
determines how the dehydrins are grouped (Campbell and Close, 1997). The
accumulation of dehydriencoding transcriptsuding water deficit is associated with
droughttolerant but not drougkgusceptible lines of sunflower (Cellier al.1998). The
dehydrin CDeT1424, isolated from the resurrection pl&raterostigma plantagineum,
protects the enzymes citrate synthaselacthte dehydrogenase from damage due to
desiccatiorin vitro (Petersn et al.2012). Several recent papers have investigated
TsDHN-1 and TsDHN2, homologues of the dehydrin RAB18 in the haloplsa&gema
salsugineungThellungiella salsuginea)fhese twalehydrins can associate with
membranes via the-Kegment (Rahmaet al.2010). In a follow up study, Rahmanal.

(2013) showed that TsDH#l isolated fronEutremahelps to maintain the fluidity of a
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lipid monolayer with a lipid composition similar to tbater mitochondrial membrane at
cold temperatures.

Small heat shock proteins (SHSPs) comprise another large family of proteins that
are ubiquitous and conserved (Jakolal.1993). In plants SHSPs accumulate in plants
during heat stress but also in respe to water deficits (Stet al.2001). These proteins
have an evolutionarily conserved role as molecular chaperones, preventing protein
aggregation and maintaining native comationof cytosolic proteins (Jakodt al.

1993). TransgeniArabidopsisplarns that overexpressetHSP17.6Asurvived drought

and salinity treatments that were lethal to viifge control plants (Suet al.2001).

Changing the elastic modulus of the cell wall

The elastic modulus describes the elasticity of the cell wall (Ra888)1Depending on

the plant, the elastic modulus can increase or decrease during drought exposure. Clifford
et al. (1998) showed that cell wall rigidity increases 68% during drought exposure in the
shrubZiziphus mauritianalncreasing the rigidity of celallsresults inl 0 w & valu€}

than a cell with the same voluméth more elastic cell walls (Radin, 1983). Thus,
decreasing the elasticity of the cell wall can help a plant maintain arfavd v € (
gradient between plant and soil to facilitate water uptake (Clitoadl 1998).

Conversely, a more elastic cell wall enables turgor to be maintained over a greater range

of water contents such that a greater drop in water potential is required before turgor is
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lost. For example, increased cell wall elasticity allowed faimtained turgor and growth
in durum wheat under drought (Kikuta and Richter, 1986).

Osmotic adjustment, the accumulation of protective proteins, and alterations to the
elastic modulus do not represent the only drought tolerance mechanisms employed by
plants. Mittler et al. (2001) reported temporary plant dormandetama raetanilhis
process involved repression of photosynthetic genes during drought that was quickly
alleviated when water returned. Moreover, many of the reversible changes observed in
reaurrection plants during desiccation, including the accumulation of dehydrins and the
sugar 2octulose, fall into the drought tolerance category (Biaathi.1991). One of the
features shared by these tolerance mechanisms is that they either alloav for th
maintenance of metabolism in plants during water deficit or they enable the rapid

resumption of normal metabolism after water is returned to the system (Levitt, 1980).

Molecular responses to drought

Droughtsensing by plants

In order for a plant to spond to drought it must first perceive that there is reduced water
availability or insufficient internal water t@llow for normal cell metabolism. Plant cells
respond t o hydr au l)indeaves, rgotsadhexyletn {Chresstmgneets i n
a.2007) . Cheesulyie aterations ilfjturgor that have been shown to precede

the accumulation of the phytotmone abscisic acid (ABA) (Pierce and Raschke, 1980).

The link between changes in turgor and ABA accumulation is not fully understood

10
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although it i s bel isenmedhanicahchangegintheplasmac hange
membrane or cell wall are involvé@hristmanret al.2007). ABA has many downstream
effects including the closure of stomates when ABA accumulates in the guard cells
(Schulze 1986). Upon exposure to drought, levels of ABA also increase in roots and
leaves where ABA regulates the expressiba number of droughtesponsive genes

including those encoding LEAs and dehydrins discussed above (Hundertmark and
Hincha, 2008). Using a whole genome tiling array to study the transcriptional response of
Arabidopsisto drought as well as ABA, Huarggal. (2008) found that 66.5% of drought
responsive genes were also differentially expressed under increased ABA concentrations.
Although results of this nature suggest that ABA plays a large role in determining the
molecular response to water deficit, thare genes that respond to drought before ABA
accumulates (Shinozaki and Yamagughinozaki, 1996).

After a water deficit has been sensed by the plant a coordinated genetic response is
initiated (Shinozaki and Yamague8hinozaki, 2000). Since thesepeases range from
changes in metabolism related to organic solute synthesis to modification of cell walls,
ideally stress tolerant plants must appropriately match the extent of their response to the
degree of stress. Wrabidopsis genes expressed in resge to drought have been shown
to depend on both the duration and the severity of the imposed water deficit (Bray, 2004).
For example, Harb et al. (2010) reported that the expressi@BD3,a gene encoding
an ABA biosynthesis gene, was inducefbl more by a progressive 10 d drought that

resulted in wilting than under a moderate 10 d drought exposure wherein plants were

11
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given 70% less water than controls but did not wilBitachypodium distachyoiwerelst

et al.(2013) profiled gene expression vieng array and found that only 73 genes were
differentially expressed in response to both modemasevere drought treatments

compared to 131 and 6 géneghat were only affected by moderate and severe drought,
respectively. Thus there is merit in ghoig the genetic response to drought by examining
droughtresponsive gene expression under a variety of conditions over an extended period
of time to more fully understand how a gene and its product may serve the plant in stress

tolerance.

Drought-resporsive gene expression

The genes that are expressed in response to drought have been grouped into two
categories, namely ABAlependent and ABAndependent, based on the timing of their
expression relative to the accumulation of ABA (Shinozaki and Yamaghohozaki,
2000). As the designation implies, the ABl&pendent pathway involves genes that are
regulated downstream of ABA accumulation and their expression is regulated via the
action of transcription factors that bind to an AB#&sponsive (ABRE) eleme(Bray,
1994). The basic leucine zipper (bZIP) transcription factors AREB and ABF bind to
ABRE elements resulting in e&ctivation of ABREdependent gene expression in the
presence of ABA (Kangt al.2002). Yoshida et al. (2010) identifiéddREB1 AREBZ2 and
ABF3as master regulators of ABéependent gene expressiorAirabidopsis.These

researchers produced arebl areb2 abf&iple knockout line that was drought sensitive

12
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relative to the wiletype line and this outcome implicated multiple LEA and reguiat
genes as downstream targets of these three transcription factors (Yeisli@@10).

While the ABRE element is found in the promoter sequence of-A8gendent
pathway genes, the upstream regulatory region of Aglependent genes contain the
DRE (dehydratiorresponsive element)/CRT {@peat) element (YamagueBhinozaki
and Shinozaki, 199. Not only is the DRE/CRT element found upstream of genes
involved in drought stress but it is also found upstream of genes responsive to low
temperature and kaity (Shinozaki and Yamaguci8hinozaki, 2000). During water
deficit the transcription factor DREB&:cumulates and binds to the DRE/CRT element
controlling the expression of ABMAdependent geneSliinozakiandYamaguchi
Shinozakj 19%). Interestinglythe DREB2Apromoterhas both the ABRE and the
DRE/CRT elementgKim et al.2011) which the authors believe may allow for enhanced
control over gene expression during osmotic stress. Other regulatory proteins including
RD29A (YamaguchiShinozaki and Shin@ki, 1994) andthe chromatin modifier ATX1
(Ding et al.2011) may regulate the expression of genes in both the-ddp&ndent and
ABA-independent pathways. There are other regulatory elements and transcription factors
that have roles in drought responsduding those associated with the MYB, MYC and
NAC families of transcription factors (reviewed by Shinazend YamaguchEhinozaki
al. 2007). Tke crosstalk between the ABAlependent andndependent pathways and the

variety of droughtresponsive transctijpn factors that have been identified underscores
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theneed for technologies that can determine the expression of many genes from multiple

pathways simultaneously.

Omics approaches

The advent of transcript profiling (transcriptomics) has allowed rese@roh take a
Asnap shoto of all of the transcripts pres
a single time point during the response of a plant to water deficit (Rodega&2010;
Kanget al.2011; Guevarat al.2012; Sharmat al.2013). When transcript profiling is
combined with metabolic profiling, the operation of entire pathways in response to water
deficit can be monitored (Kargg al.2011; Sharmat al.2013). Technical advances,
particularly nextgeneration sequencing, havaae "omics" approaches viable for many
nortmodel species such &s plantagineunfRodriguezet al.2010) and emerging models
like Eutrema salsugineufwonget al.2006; Champignyt al.2013) andBrachypodium
distachyon(Verelstet al.2013). Furthermorépomics" approaches can be used to study
drought escape, avoidance, and tolerance strategies at the molecular level (Retlriguez

al. 2010; Zhowet al.2014).

Approaches to studying plant response to water deficits
As sequencing and microarray technolsdi@ve become easier and more affordable,
studies applying genomics approaches to study plant response to drought have become

more common (Wongt al.2006; Harbet al.2010; Baerenfalleet al.2012; Des Marais
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et al.2012; Rengeét al.2012; Verelsetal. 2013). Drought response genomics can be
combined with a more complete characterization of the physiological response that the
plants undergo in response to water deficits (Baerenttli@lr2012; Des Maraist al.

2012). For example, Des Marais et(@012) showed that leaf nitrogeantentincreased

in Arabidopsisduring drought treatment arlais increasevas correlated with the

expresion of genes involved inistone modificatiorknown to be involved irpigenetic
regulation of some drougiésposive genes (Ding et al. 2012AIso usingArabidopsis
Baerenfaller et al. (2012) showed that reduced growth due to prolonged water deficit was
correlated with reduced drouglgsponsive gene esgssion leading the authors to
conclude that the plants hadclimatedo the drought treatmen®hile many drought
response studies have capitalioedthe use ofrabidopsisthis plant is not particularly
drought tolerant (Lugaat al.2010)and may not show the full breadth of plant responses
to drought desirdb in a drought model planBouchabkeet al.(2008) showed that
despitevariation in leaf physiological responses to droughtput of the 24enetically
distinct natural accessions Afabidopsistestedused drought avoidance to cope with
water deficis. Theseconsiderations mean that other species must be used for additional

insights into the waous strategies used by plantsder drought.

Drought response in droughtolerant species
Plants that exhibit exceptional drought tolerance make for integestd informative

systems in which to study drought response. Roche 454 pyrosequencing was used to
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generate transcriptomes of the resurrection flamtiantagineunaduring dehydration,
desiccation, and after-wgatering (Rodrigueet al.2010). Gene ontogy (GO)

enrichment analysis showed that the expression of-A&fonsive genes was enriched

in desiccateddried) but not dehydrate(ivilted) plants suggesting that ABA may only
accumulate under very severe drought conditions in this species (Rodtigie€2010).

In the droughtolerant grass mod@. distacyhopa custom tiling array was developed to
profile the molecular response of this plant to moderate and severe drought @teaklst
2013). Three leaf/blade developmental zones were delinaadeutafiled separatelp
determine if the zones responded differently to drought treatment. The dothutghat

each leaf zone responded differently involvittide overlap in droughtesponsive gene
expression in the three zones in response to sdvaeught Recently, transcriptome
sequencing and metabolic profiling were performed in switchgrass in response to drought
and rewatering. Meyeet al.(2014) showed that the expression of some dreught
responsive genes was tightly correlated to the abwedainmetabolites in drought

treated and rgvatered tissues. These associated genes and metabolites appear to respond
only after specific physiological thresholds are reached (Metyalr2014). For example

the expression of a group of 27 genes, whichsigisficantly enriched fothe GO term
monosaccharide metabolism, was not altered by drought until the efficiency of
photochemical quenching fell below a threshold. Below the threshold value the

expression of these 27 gerveas significantly lower
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Thestudy of drought responses using naturally drotglletant species such &s
plantagineun(Rodriguezet al.2010) andB. distachyor{Verelstet al.2013)is emerging
as a tool fordentifying novel drought tolerance traits. Combining exploitable natural
variation in plants that are adapted to dry environments may offer new insights into the

molecular and physiological basis of drought tolerance @twd.2011).

Exploiting natural variation to study drought tolerance

Many ecotypes/natural accession®adbidopsisthat originate from regions of

contrasting climates are now available (Aguirrezaball.2006). Bouchabke et al. (2008)
compared the response2f Arabidopsisaccessions to water deficit with plants

monitored by measures of plant waterstafl he authors showed that several accessions
of Arabidopsiscould tolerate lower leaf water content during water deficit and still
continued to grow. Juenget al.(2010) compared two "climactically extreme accessions"
of Arabidopsiswith "putatively lccally adapted phenotypes” in order to determine if these
accessions had adapted drought responses commensurate to the conditions found in their
original habitats. This group found that mild soil water deficits hag mmimal impacts

on physiologybetweerthe accessions the form of small differences in relative water
content (RWC)ut they found large differences in gene expression between the
accessionwith 352 genes exhibiting differences between the accesssonsll as

multiple sequence polymorms (Juengest al.2010). In the case @&. distachyona

comparison of 57 natural populations identified three populations that were more drought

17



Ph.D. Thesis - M. MacLeod; McMaster University - Biology

tolerant than the others tested (Letaal.2011). Plants from the three most tolerant
populations exhibitedelayed wilting and maintained higher leaf water and chlorophyll
content when water was withheld for one week. The natural variat®ndistachyon
allowed for the development of six divergent recombinant inbred lines that were used to
identify over 300genes with genotypdependent droughiesponsive genexpression

that can now be further characterized to determine potential involvement in drought

tolerancgGordonet al.2014).

Eutrema salsugineumA model for studying drought response strategies
Eutrema salsugineurfakaThellungiella salsugineas an extremophile crucifer
belonging phylogenetically to thelie EurtemeadKoch et al. 2013)that can tolerate
saline soil, survive exposure to freezing temperatures, and recover from water losses
exceeding 40% of its fresh weight (Womg al.2006). There are two weditudied natural
accessions dtutremathat have evolved under contrasting natural habitats allowing for
comparative approaches. The Yukon accession originates from tharsgnsubarcic
Yukon Territory in Canada while the Shandong accession originates from the more
temperate coastal Shandong Province in China (Guevate2012).

Much of the research deutremahas focused on its very high natural tolerance to
salinity stress (Inaet al.2004; Gonget al.2005; Ohet al.2010). Both salinity stress and
drought reduce the availability of water to plant cells so we expect to find overlap

between the mechanisms underlytfgfrema’'sesponse to salinity and droughkutrema
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(Shandong ecession) is better able to control water and ion fluxesAlabidopsisand,

as a result, is more efficient in its use of water (Getngl.2005). ShandonButremaalso
has a higher stomatal density thmabidopsisas well as higher levels of some
epiauticular waxes (Teusingt al.2002). A reinforced root endodermis and thicker layer
of leaf pallisade cells may also help prevent water lo&utrema(lnanet al.2004; Gong
et al.2005).

Basal levels of the compatible solute proline were reported @ 2fold higher in
Shandongdg=utremathan inArabidopsig/Arbonaet al.2010). The researchers postulated
that higher basal levels of proline found in the leaves of Shandong plants may be an
example oEutremaanticipating stress, mitigating the earlyeterious effects of salinity
(Arbonaet al.2010). Microarray analysis of Shandong plants indicated that they do not
have as many salt stresssponsive transcripts Asabidopsisand that a number diie
genes that argaltresponsiven Arabidopsisareconstitutively expressed in Shandong
Eutrema(Taji et al.2004; Gonget al.2005). Lugaret al.(2010) found that the total
solute contents dArabidopsisandEutremawere mostly unchanged after salt treatment
indicating osmotic adjustment did not occuthe Shandong accession under the stress

conditions imposed by the authors.

Eutrema responses to drought/dehydration
Arbona et al. (2010) showed thatabidopsideaves exposed to water stress by

detachment accumulated more of the stretted hormone&BA and jasmonic acid
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(JA) than Shandong leaves treated similarly. Leaf detachment also had a greater effect on
metabolite composition iArabidopsideaves with 115 differentiallyegulated mass
features responding to drought compared to only 40 in Shgrdaf samplesihe
authors postulated thBEutremaundergoes fewer stresssponsive changes than
Arabidopsisbecause it is more prepared for stress due to constitutive expression of some
genes and the abundance of sta&ssociated metabolites such las dsmoprotectant
proline.

Lugan et al. (2010) exposé&aitremaandArabidopsisto simulated dehydration by
treatment with polyethylene glycol (PEG). They found thatremaleaves had lower
water content prior to treatment with PEG and thatremaleaveswere able to losmore
water tharArabidopsisduring the treatmenwhile maintaining turgorEutremaleaves
had a sthanimabidop§isvhich the authors attributed to the passive accumulation
of solutes due to the reduced water contefiiudsfemaleaves (Lugaret al.2010).Both
the Arbona et al. (2010) and Lugan et al. (2010) stuiesonsistent with the conclusion
thatEutremais better equipped to withstand water deficits tAaabidopsis However, in
these studies only the Shandong accessiausadAlthough both accessions of
Eutremahave innate tolerance to water stress, the drought response shown by the two
accessions was only comparedently (Xuet al.2014). This study looked closely at the
composition of the cuticular lipids in Yukom@ Shandong plants and at the role of the
cuticle in preventing water loss Eutrema Analysis of leaf wax content showed that

Yukon leaves had eigtibld higher fatty ail wax content than Shandong leaves
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Although Xuet al.(2014) provided new insightsto how water loss is prevented in
Eutrema these authors did not delve into many aspects of plant response to drought nor

did they consider howutremarecovers from water deficit exposure.

Context of my research
The overall objective of my PhD reselawas to better understand how plants respond to
drought usindgzutrema salsugineuws the model plant. My hypothesis was that Yukon
and Shandong plants would be differentially tolerant to water deficits. This premise was
based upon two considerations: 1p#eliminary project carried out in the lab showed
that the two accessions could be distinguished based upon response to drought and their
capacity to recover (Dedrick, unpublished) and 2) the biogeographical background of
the two accessions is diffetan that the Shandong plants are found in an area of higher
precipitation than the Yukon plants.

The study of JDedrick was also very interesting in that it suggested that Yukon
plants naive to stress behaved differently than Yukon plants that hadwiilie
Shandong plants did not show this trait. Although this was a very interesting observation,
the Yukonwilting phenotype wadifficult to replicate initiallymaking it difficult to
discern how or if the two accessions actually differed with regpehts trait. As a
consequence, the first objective of my thesis was to devise a protocol that could more
precisely monitor plants during the phases when water was withheld. | found that

monitoring the water status of the potting medium enabled me i s&dges at which
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Yukon and Shandong plants could be matched on the basis of water availability allowing
me to test whether they diverged with respect to drought behaviour using physiological
measurements. The inclusion of a synchronized recovery stémeeo by a second
droughttreatment that was also monitored on the basis of pot weight was an important
innovation in that it offered a means to test the hypothesis that Yukon plants would show
a different, stronger recovery following exposure to watécite relative to Shandong

plants. Given that Yukon plants are exposed to sporadic rainfall where they are found and
Shandong plants are native to an area of consistently higher rainfall (Guevad&pgl

| expected that Yukon plants would be moreugyht tolerant than Shandong plants.
Extending the droughteatment assay by a second, consecutive drought exposure
enabled me to definitively show that an exposure to drought reproducibly differentiated
the accessions with Yukon plants showing a supedpacity to recover.

With the physiological data as a foundation, the next objective of my work was to
characterize drought and drought recowveasponses at the level of gene expression for
Yukon and Shandong plants. For this objective, the synchdizeight assay was used
to identify timepoints that were roughly equivalent for the two accessions with respect to
their water availability and then 16 RN®eq libraries were generated. For this study, |
selectecEutremaplants during an initial water @eit, shortly after recovery, and
following a second imposed water deficit. These libraries were used to identify Yukon
and Shandongpecific changes in gene expression and for comparisons between the

accessions. As a resource, these libraries will peounidque insights into the molecular
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basis of the drought response traits expressedtiremaat key stages of water deficit
exposure and recovery from deficits.

The third objective of my thesis was to better characterize the physiological features
of Yukon plants in their natural field environment. Our group and others have shown that
physiological traits and gene expression are different between plants in the field and those
in cabinets (Guevaret al.2012; Champigngt al.2013). This is not surpiiisg given the
complexity of environmental variables in the field versus the tightly controlled conditions
in a cabinet. Thus my thesis includes an assessment of water status and photosynthetic
measurements of field plants in order to provide a foundatioméking more
meaningful conclusions about how YukBaotremaacclimates to water deficits in the
field. This information would ideally only be a beginning of an ongoing effort to compile
many physiological fAsnapshot sotraitsshowndy e f ul

this plant translate to metabolic and physiological phenotypes in the field.
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CHAPTER TWO

Materials and Methods
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Materials

Chemicals and enzymes were purchased from S@lairdch Canada Ltd(Oakville, ON)
unless othrwise stated. All solutions were prepared withatezed water purified by a
NANOpure Il water purification system (SYBRON / Barnstead, Dubuque, IA). All
primers were synthesized by The Institute for Molecular Biology and Biotechnology
(MOBIX) (http://www.science.mcmaster.ca/mobix/) or Integrated DNe&hnologies
(IDT) (www.idtdna.com). Droughtreatment refers to the deliberate stiegsosed by
withholding water from plant$hysiological measurements were made on fully

expanded leavasmless otherwisaoted

Plant growth and drought-treatment conditions
Seed source and plant growth conditions
The YukonEutremaseeds used were bulked as a pooled seed soonceescendents of
wild populations collected in the Yukdlocation: 60° 55.928'N, 1330.28'W,
elevation 647 m). Shandoimtremaseeds were bulked from seeds originally supplied
by Dr. R. Bressan, Purdue University, and was the same siegtbdecent source used
by Champignyet al (2013).

Seeds were sterilized in 1 mL of a solution conteyr80%(v/v) bleach, 50%v/v)
ethanol and 0.1%v/v) Triton X-100 (T8787) for 10 minSeeds were rinsedith sterile
water until all traces of detergent and bleach were removed. The sterile seeds were

suspended in 0.1% (w/v) Phytagel (P8169) and placté#ukei dark at 4°C for 24 h. For
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planting, 205 to 210 g of a moistened and autoclaved soil mixture containing six parts
Promix BX (Premier Horticulture, Riviéréu-Loup, PQ), three parts water and one part
Turface (Profile Products LLC, Buffalo, NY) was adbito individual 5 x 5 x 7 cm pots

(The Lerio Corp, Mobile, AL)To prevent the soil from hardening during drought
treatment the wetting agent Aquagro 2000 (Aquatrols, Paulsboro, NJ) was added to the
soil prior to potting but after the soil mix had beegrifized and allowed to codFor

every litre of soill0 mL of 10fold diluted Aquagravas addedSeeds (5010 per pot)

were pipetted directly on to the soil surtf
off the narrow tip to produce a broader opgnPots were transferred to a@ cold room

for either4 d (Shandonyor 7 d (Yukon). Following coldtreatment the pots were

transferred to a growth chamber (AC 60 Econair, Winnipeg, MB) with a 21 h,I22tC

3 h, 10°C dark cycle The irradianceljwa s 2 5 0 <. idp tb 32rplants were kept

in a flat under a clear plastic lid fortd@ 10 d to maintain high humidity during

germination. After the lids were removed plants were watered as neededtitindde

once per week with 1 gt 20-20-20 (N-P-K) fertilizer (Plant Products Co. Ltd.,

Brampton, ON). Plants were thinned to one plant per pot at seven days post germination
(DPG). At 27 DPG all plants were watered thoroughly and the soil allowed to drain freely

until no further water drained
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Drought treatment protocol

The droughtreatment was imposed at 28 DPG by withholding water from half of the
plants but continuing to water the remaining platasy. Following the onset of the
treatments, wellvatered plants were no longer fertilized onceweek because the
droughttreated plants would not be receiving fertilizer while drying down. |®&® of
waterwas monitored gravimetrically and individual pot weights were converted to
fraction of transpirable soil water remaining (FTSW). Accordingite!Sir and Ludlow
(1986) at 0% FTSW the relative transpiration rate of plants undergoing water deficits is
10% of the average daily water loss of welitered control plants. Under our growth
conditions, wellwatered control plants had an average dadyewloss of 20 to 25 g of
water. For ease of reference, we converted FTSW to units of percent where a FTSW
valueof 1 is 100%. We found that FTSW was approximately 0% on the day plants visibly
wilted, with leaves hanging flaccid over the edge of the dot. mean pot weight at

which wilting occurred (WPW) was determined using all the pots in an experiment and
was typically 650 75 g. Likewise, the mean pot weight atl seater holding capacity
(SPW)was determined for each experiment (usually ®2¥80 g. During a drought
exposure pot weights were measured daily (MPd&)ween 4 1ad 5 h into the day light
cycleand used, along with the average WPW and SPW for that experiment, for
calculating FTSW according to the formula: FTSW = 100((MRYRW)/(SPWWPW)

(Sinclair and Ludlow 1986
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Water was withheld from the drougtieated plants until the first signs of visible
wilting which occurred 8 to 12 d after water was withheld. On the day of witgnch
plant was revatered to 50% of the soil water holdingpaaity initiating the recovery
period. The following day, both the droughtated and welvatered plants were brought
up to the soil water holding capacity with the fertilizer solution described above. After
allowing the rewatered plants to recover 48 h, water was withheld from drought
treated plants marking the onset of the second drought treatment. Plants were again
assessed for wilting which occurred frono6l0 d following the onset of the second
drought.The sequential treatments were desigh&eought 1 (or D1) and Drought 2 (or

D2).

Physiological measurements
Psychrometry and relative water content measurements
Plants were harvested at eight time points during the drought assay: 1) Day 0 or the day
prior to the onset of water deficit (\ WWD) 40% FTSW during D1 (D#0%), 3) 10%
FTSW duringD1 (D1-10%), 4) 0% FTSWvhen theplants exposed to D1 wilted (B1
0%), 5) two days after wilted plants werewatered (WW2), 6) 40% FTSW during D2
(D2-40%), 7) 10% FTSW during D2 (B20%), and 8) 0% FTSWfter plants had wilted
with D2 exposure (DD%).
For harvest, four randomly selected plants, foom each treatment, were removed

from the growth chamber: Yukon wellatered control (YWW), Shandong wellatered
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control (SWW), Yukon droughireated (YD) andShandong drougtiteated (SD). First,

100-200 mg of fullyexpanded leaf tissu&ig. 2.1)was harvestedlashfrozen and

stored at80 C for later nucleic acid extraction and gene expression analysis. Next, 6 mm
diameter discs were excised from matfully-e x panded | eavesand or | ea
s o | ug petentialmeasurements using an HR33T psychrometer fitted with a C52

chamber (Wescor Inc., Logan, UT) as described by Weretdhgk (1995. Fwor (
determinations, leaf discs were sealechimsample chambers and alloweetuilibrate

for 30 min. Measurements reported for each treatment were based upon three plants using

t he average values from t wo | gaeaehplaftr om e a
two leaves were flasfrozen in asealed tinfoil packet along with two filter paper discs

that weremade using a standard thiieele punch and Whatman filter pap&rade (GE
HealthcareBurlington, ON.Cat. No. 1001125). The filter paper discs weositioned

between the two leaveBrior to measurement the leaweere thawed and the liquid

contents were forced out of the leaves into the filter paper diecgach individual plant

t h ewas€]the average of the measurements madedemtn ofthe two filter paper discs.
Measurements were performed on three indivighetsper treatment at each drought

stage. Packets were stored@1°C until the end of thdrought experiment when all the
leafsmeasurementwer e t aken on t he pspesseewhsa y . Leaf
estimated as t heaadtmhdsuremant€le=C-edp,Behaamdeq

et al. 1964)
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Figure 2.1- A well-watered cabinegrown YukonEutrema salsugineuplant. The fully

expanded leaves are indicated with white arrows.

30



Ph.D. Thesis - M. MacLeod; McMaster University - Biology

31



Ph.D. Thesis - M. MacLeod; McMaster University - Biology

After | eaf tissue had bwaenndmegsuementsd f r om
leaf tissue was taken foelative water contenRWC) determinations An 8 mmdiameter
leaf disc was excised
from three different, fullyexpanded leaves each plant. These discs were pooled and
weighed immediately to determine fresh weight (FW). The same discs were floated on
water at room temperature undabdratory lights for 18 h in a 60 x 15 mm petri dish
(Fisher ScientificNepean, ONCat. No. 875713A). Rehydrated leaf discs were blotted
dry with a Kimwipe (Kimtech Science, Roswell, GA) to remove surface water and then
the discs were weighed to determiuirgid weight (TW). Turgid leaf discs were placed in
1.5 ml microfuge tubes and dried with the tube lids open for 72 h in a 65°C oven. The
dried leaf discs were weighed to determine dry weight (DW). RWC was determined using

the equation RWC = 100 (RW/TW-DW) asoutlined by Barrs and Weatherly (1962)

Water loss, leaf area, and leaf water content measurements

To ensure there was enough tissue for all downstream asagséol and drought

treated plants other than those used for water status measisdnescribed above) but

grown at the same time, were harvested for water loss and biomass measurements.
Twelveplants threefrom each treatment) were removed from the chamber and

immediately photographed. Approximate abaveund surface area was eehined for

each plant using Adobe Photoshop 8.0 (O'N¢al 2002).The rosette was severed from

the root system with a razor blade, residual soil was removed from the bottoms of leaves
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and the stem of the rosette wasnplaced in a small plastic wedighoat (Fisher

Scientific, Cat. No02-202-100). An initial weight was taken for each rosette

approximately 30 sec after separation from the rdbts;measure represents the total

above ground FW used for the leaf water content (LWC) determinationo$égeas were

left on the lab bench at laboratory conditions of light and temperature then weighed again
to determine cutveight (CW) at 180 min. Following the CW measurements, rosettes

were transferred to a 65°C oven and dried for 72 h. The dried rosetiesveighed to

obtain the dry weight (DW) needed for the LWC equations. CRWL was determined using
the formula: CRWL = 10Q100/FW)CWas described by Bouchab&eal (2008). Leaf

water content (LWC) was determined using the formula: LWC =-(W)/DW (Juermyer

et al.2010).

Measurement of plant water status from field tissue samples

Me a s ur e me nyos plant§ grawiagaat Yukn field locations were made on site in
June 2011. This required the preparation of standard curves for calibration of the sample
chambers at the field si tyvmeasurechentsrdgdme s a me
leaf tissueSalt solutions with concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 M
NaCl were prepared prior to going out to the field. Taking a measurement for the standard
curve involved immersing a filter paper disc in a single comagah of salt solution and

then placing it in the sample chamber. Psychrometry is sensitive to temperature and so all
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measurements were made inside an enclosure that blocked wind atttelbpimbers

out of direct sunlight.
For lwmeadurer@ents larger cauline leaves closer to the base of the

inflorescence were select@éig. 2.2) The selection of largdeaves allowed for multiple

leaf discs to be taken from a single lemaallow for replicate measurementeaf discs

were allowed to equilibrate for 30 min in sealed sample charabel@w readings from

three individual | eavesyfovafieelplanv er aged t o d
Measuremersto f sw€re made at McMaster oedf tissue harvested from Yukon

field sites n 2011 In the field, tssue was flash frozen in 2.0 nNalgenecryovials by

submerging the tube in a slurry of isopropanol and dry ice prior transdehtrged

vapour MVE XC20/3V shipper (Jencons Scientific Inc, Bridgeville, PA) where samples

were kepfrozen at-150°C for transport-or the plants harvested in the field, a minimum

ofthreefullye x panded caul i ne | eneaseraneniseRlamtsus a mp | e d

for (s determination was also harvested in the field fr@getativeplants For these

much smaller plant®-7 individuds werepooled together in a singlebe When the

vapour shipper arrived at McMaster the sample wiase transferred teB0°C for storage

until ds determinatios could be performedsing the methodith filter paper discs

described above.
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Figure 2.2- A representative YukoRutrema salsugineufiield plant found near
Whitehorse, YT showing the larger cauline leaves used for physiological measurements

(indicated by a rectangular bracket).
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Gas exchange measurements

Gas exchange easurements were performed with a CIRABIfrared gas analyz¢éPP
Systems, Amesbury, MAYith aParkinson broad le&@iuvette(PLC-4B) fitted with a

halogen light unitPP SystemdBulb specifications: M35 12 V 20W G4)nless

otherwise stated, easuremets of transpirationE), stomatal conductancg.f, net

assimilation &), and sukstomatal CQ(Ci) were made on leaves detached from well
watered plants. Leaves were allowed to equilibrate inside the cuvette for a minimum of 2
min prior to a gas exchangeeasuremenf CO; flow rate of 200 mLmin** was used for

all measurement3.he leaf temperature determination setting was set to "EBC" as per the
manufactures instructionsBoundary layer resistance was kept constant at 0230 m

mole? while the tranmission coefficient was set at 0.14 when the halogen light unit was
usedand0.17when plant stand lights were ugadin and skynode). CQ levels were set

to ambient (385 ppm) and water vapor was set to i@&tive humidity. The CIRAS-1
combined with thé’LC- 4(B) cuvette measures ratesgals exchangky assuming a leaf
areathat fills the cuvettef O2.5 cnf. However, mostosette leaves of cabingtown
Eutremadid not fill the entire cuvettdn order to correcthe measurements made on

smaller leaves, the area of each leaf was determined using Photoshop (O'Neal et al. 2002).
The actual leaf areadong with the recorded values for gas exchange were used to
calculate values fdg, g1, A, andCi using the calculation spreadsheet available on the

manufacturer's websit@ttp://ppsystems.com/ciragibrtablephotosynthesisystem).
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Base line measuremes were made on Yukon and Shandong plants Uodeand
high light conditions. To take gas exchange readings uogelight conditions, the light
unit was switched offandthe PiL( B) i nt er nal PAR senos$or i nd
m?s? reached the leaf surface. After recording gas exchange valuedamndight
conditions, the light unit was switched on andlibkt level wa set to maximum to make

high light readings approximately 80@ mo Psl. m

Producing light response curves for Yukon and Shandong plants
Light response curves wemngadefor well-watered Yukon and Shandong plants by
measuring net assimilatioA)Ywhile varying the amount of lightY, Thecompletion of
all measurements for a light response curve reqgasdcexchange readinggsbe taken on
a single leaf for more than 30 min.order to have leaves that were large enough to work
with and extended beydrthe margins of the pdEutremaplants werespecifically grown
to have large leaves and long petioles.do so, only 12 plants were grown in a single flat
and pots were spaced well apsotthat rosette growth was uninhibited by contact
between neighbaing plants

Leaves werallowed to equilibrate at the maximung®8 0 0 & =% for 5 min.
Subsequentlyl, was reduced stepise allowing for2 min equilibrationbefore each
reading The PAR increments tested we890, 600, 300, 150, 75, 50, 25, dtk mo |

m?s1. A measurements were plotted as a functionfof the light response curve
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The light response curve data from three Yukon and Shandong planiseuass
calculating the light compensation point, quantum yield and light saturation Ppoint
calculatethe light compensatiopoint only the linear portion of the curve was ufleahg
and Hallgren 1993\hichincludedall values ofA made from0to2 0 0 ¢ f0A m
linear regression was performed using STATISTICA 7 (StatSoft) to deterngine th
interceptand hence thight compensation point. Ehslope of théinear regression line
was used to calculate quantum yjeidhich isdefined as the amount GO, thatcan be
assimilated per photon of light absorbed by the leaf. The light satupatiotwas
estimate from the valuesf A andl wherethe light response curveaches alateau.To
estimate the light saturation poinectangulaparabolic curves were fit to the data
collected from Yukon and Shandong plants ugangphPad Prism Versidn02

(GraphPad software Ifjc

Gas exchange measurements on drougtgated plants

Plants subjected to drouginéatments were removed from the cabinet to perform gas
exchange measurements atdi FTSW and D10% FTSW. The plants were first
photograpkd and then moved to a stand equipped with 6 54 W cool white fluorescent
lights (FP54/841/HO/ECGBylvania Mississauga, ON) supplying 25n o Ps!tm

match cabinet growth conditions. Measurements were made in "sun and sky" mode
without using the cuvette light unit. All gas exchange measurements were made between

7 and10h of the light cycle.
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Measuring gas exchange in the field

All IRGA field measurements were made by Amanda Garvin in June 2014.
Measurements were taken undecfuating natural light leveld.ight readings were
recorded at the time of measurement using the internal PAR sensor on @&)PLC
cuvette.Detached, fully exparet! cauline leaves (Fig. 2.2) were used for all

measurements.

Data analysis for metabolite profiling

Polar netabolite extraction and analysis ¢pgs chromatography and mass spectrometry
(GC-MS) were performed bir. Jeff Dedrickusingwell-watered and drueghttreated
Yukon and Shandongutrema Using his data, aneway analysis of varianceANOVA)
was performedior themass spectral tagMET) relative response factorRRF values
between profiles of ell-watered control and drougheated plantdSTswith aRRF
significance valu® < 0.05were selected and the values were normalizedibg:a
transformation then used for principal component analysis (PCA) with the Bioconductor
package irR (http://bioconductor.org/andhierarchical clustering analygs{HCA) with
GENECLUSTER3.0 (Eisen eal. 1998. The HCA clusters were formed based on the
complete linkage method usingcentered correlation as the similarity metric and a heat

map was generatagsing TreeView (Saldanha 2004).
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Assessing relative transcript abundance usinRT-gPCR
Total RNA extraction
Approximately 125 mg of leaf tissue was harvested from individ@atpyrown in
cabinets anthe tissue waflash-frozen and stored a80°C. All RNA extractions were
performed using a modified Trizol/hot borate metijdthn and Wilkins 1994) as
modified byChampigny et ali2013.A 1 e L al i gRNAwasasseedf ol at ed
quality and integrityusingan RNA Nano 6000 chifb0671511, Agilent)on a
Bioanalyzer 2100 instrument (AgilerBanta Clara, CAElectropherogramfor each
RNA sample were inspected for DNA contamination and degraded RNA with high
guality RNA slowing sharp18S and 25S rRNA peaks with a relatively flat fluorescence
base line. The quality and quantity of the RNA was determined spectrophotometrically
using aNanoDrop 2000 UWis Spectrophotometdihermo Scientific, Wilmington,
DE). A quality score b~2.0 was used for the OD A260/280 and A260/230 ratios and the
quantity of total RNA was determined by the OD A260 (1 OD +#g0nlY).
The extraction of total RNA from Yukomplantsharvested from our field sitegas
performed with the Norgen Total PIZRNA isolation kit(Cat. No.2580Q Norgen
Bi otek, Thorold, ON) f ol |LFomRNAextractbrdS5nmga nuf ac
of leaf tissugeor approximatelyne large cauline leafas usedMeasures of RNA quality

control and quantification were tharse as described above.
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Primer design

PrimerBLAST® (Ye et al.2012;http://www.ncbi.nlm.nih.gov/tools/primdslast) was

used to identify reference and gespecific primers basi onEutremagenomic

sequences downloaded from Phytozdté://phytozome.jgi.doe.ggvThe primer
specificity check was enabled in the PrilB&rAST settings using thEutrema
salsugineunttaxid ID: 72664 Refseq mRNA databasdelting structures of putave

PCR amplicons were elucidated usthg mfold® DNA folding form
(http://mfold.rna.albany.edpy/Amplicon sequences with unwanted secondary structures
(loops, hairpins) whin 50 bp of primer binding &6 at 60°Gvere excludedSequences

of all primess used in this study are detailed in T&hle

cDNA synthesis

Firststrand cDNA synthesis was carried out using 2 pg of total RNA as tenpiatelO

eL reaction vol ume. Foligm db prirneo(M@BEX), 0.25anMi o n s
dNTP mix ODNTP10G1KT) as well as 80 units of ribonuclease inhibited (58 and 400

units ofM-MLV reverse transcriptase (M130®gre used for the firsttrand gnthesis

reaction using the conditiomecommended by the manufacturer of the reverse
transcriptase (Sigma). A 5 gL aliquot of
waspooled togetheiluted5-fold in sterile waterandused for primer validatioand the

preparation of standard curves with the remainder stor@D &t for later use.
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RT-qPCR

All RT-gPCRwas performedising1l0¢ Lreaction volumes composed o€ 4ldiluted
cDNA, 200 nMof each prime(forward and reversgnd 1X LuminoCt@SYBR® Green
q PCR Re a d.g5¢4 Sigha).Three technical replicategere prepared for each
sample andeactions were preparéor RT-gPCRon Bio-Radoptical 96well clear
reaction plate¢Cat. No. MLL9601) sealed witBio-Rad Microseal 'B' adhesive seals
(Cat.No. MSB1001) TheRT-gPCRwas performednaCF X 96 To u-dim& Re al
PCR Detection SysteliBio-Rad, Hercules, CAFor each primepair, an optimum
annealing temperature was establishg&T-gPCRusing an annealing temperature
gradient. Theefficiencyof each set of primemsas detemined usingan eightpoint
standard curve using a fetold serial dilution of pooled cDNA. Primergere only used
if they hadan efficiency between 90 and 110%.

RT-gPCRdata were analyzed using th&® 2 method(Livak and Schmittge2001)
on the BieRad CFX Manager 3.0 platform. Transcript level€EsRAB18
(Thhalv10004906m)EsRD22(Thhalv10004736m)YzsRD29A Thhalv10015427m) and
ESERD1(Thhalv10012591myvere measured relative to reference transeopgenes
encodinge s E FThbkalv100B526m),EsUBQ10(Thhalv10006290m) anBsYL8S
(Thhalv10014963m)Trhese threeeference genes were selechenn a list of many
reference genes that had been previously usedArgthidopsis ESEF1J, ESUBQ10 ard
EsYL8Swere selected because they had the most stable transcript levels across

transcriptomes fronkutremaplants under different growth conditions.
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RNA-Seq

Total RNA extraction for RNASeq

Approximately 500 mg dirozenleaf tissue wasollected between 14:00d 16:00
approximately 10 h into the day cycle under our cabinet conditions. Once harvested, the
leaf tissue was flasfrozen intinfoil packets usindgiquid N and then transferred to a

freezer for long term storage-80°C.The frozen leaf tissue wasedfor RNA extraction
usingthemodified Trizol/hot borate method desed by Champigny et al. (201FNA
guantity and integrity was assessed using RNA Nano 6000 chips on a Bioanalyzer 2100
instrumentas described abovéhe yield of total RNA requiredtproceedvith mRNA

purificatioh was 1.5 g ¢lL

Purification of mMRNA

The mRNA purification was performed using the Genelute mRNA miniprep kit (Cat. No.
MRN1O, Sigma). At | east 150 €©€g of -tot al RN
column purification. The manacturer's protocol was followed until the final elution step.
Purified mRNA was eluted three times in 85
procedure was repeated twice using 250 €L
purification. The purified mMRNA was analyzed using RNA Pico chips (Cat. No. 5067

1513, Agilent) and the Bioanalyzer 2100. Thexct&opherogram of high quality mRNA

have a normal distribution around a peak at 200 nucleotides with relatively little

background noise and mbher major peaks representing contaminating rRNA and tRNA
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as shown in Fig. 2.3 (Kuschel 2000). The effluent from the sequential passages of RNA
through the Genelute columns showed that the total RNA after the first purification was
approximately 80 to 90%ee of contaminating tRNA and rRNA, a second passage
provided 95 to 98% contaminant free RNA and the third purification provided mRNA
that was >99% free of contaminating rRNA and tRNA. The concentration of the purified
MRNA determined by the Bioanalyzeas used to determine mRNA inputs for cDNA

library synthesis.

cDNA library synthesis

Approximately 50 ng of purified mMRNA was used as an input for the library construction.

For typical mMRNAsamples wi t h a peak height of 5 fluore
was used. For more concentrated mRNA samples the amount of input mMRNA was

decreased proportionally in that an mRNA sample with peak size of 10 fluorescence units
woul d onl y r e q uPrepaeatiof of eDINA librfaes md NeAformed using

the NEBNext multiplex cDNA synthesis kifor Illumina (Cat. No. E7335, New England

Biolabs, Ipswich, MAJaccording o t he manuf acturer Osithpr ot oc c
the random hexamers included in the kistead of performing the cleanup step to

remove fragmented RNA via the recommendedolimn or ethanol precipitation step,

the purification was performed withgencourt AMPure XP Beads (Cat. No. A63987,

Beckman Coulter, Mississauga, ON) accordindh®rhanufacturer's protocol. Faah

library, one of six barcoding index sequences was added using NEBNext Multiplex
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Figure 2.3- Example of anlectropherogranproduced from a high quality sample of
MRNA. The size of the peak at 200 bp in fregreanits (FU)is proportional to the

guantity of mRNA in the sample.
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Oligos (Cat. No. E7335S). The barcoding index sequence that was added to each library

is listed in Table 2.2.

Transcriptome sequencing

Quiality control, amplificdon, andsequencing of the 16 cDNA libraries was conducted at
the sequencing facility of the Farncombe Family Digestive Health Reseatithtén
(McMaster Universityusing the Illumina HiSeq 2000 platformA totd of five

sequencing runs were performedsequence all of the cDNA libraries (Table 2.2). Two

of the sequencing runs were performed in "High Output” mode and the other three runs
used "Rapid" mode. For both sequencing modes a read length of 100 bp was used. The
multiplex index IDs that were déd to the cDNA libraries allowed for multiple libraries

to be run in a single sequencing lane (Table 2.2). Libraries were named in such a way as
to denote accession and drought stage, to simplify the nomenclature thed T8\kh

the plants were harvestevas not includedh the ID. Using this nomenclature the

libraries that were sequenced were YWAWV2, YD1-1/2, SWW1211/2, SD11/2, YWW2-

1/2, SWW21/2, YD2-1/2, and SD21/2. In general, two libraries were sequenced

together on a single lllumina flow celithbugh several libraries were multiplexed in

groups of three with related or unrelated samples (Table 2.2).
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Determination of transcript abundance from sequencing data

Sequencinglata was collected and processed for transcriptome assembly by Mr. Wilson
Sung. hesequencingeads obtained weremmed with Cutadapt v1.1 (Mart2011)

using default parameters. After trimming and quality control, reads were mapped to
JGI Thellungiella halophilagenome (http://www.pytozome.net/thellungiella) with

STAR V2.30e (Dobin et al. 2013) using default parametstts the exception of
alignintronMax and alignMatesGapMax, which were both set to 8000 bp. The number
of reads that mapped uniquely to each gene were counted using the script htseq
countfrom HTSeq v0.3p3 (Anders et al. 2014) using the intersectiomempty overlap
resolution modehttp://mwww-huber.embl.de/users/anders/HTagd summarizing

counts at the gene levdlranscript abundance is reported as the number of reads per
kilobase per million mappegads (RPKM), a determination accounting for both mRNA
length and library sizéMortazavi et al. 2008 Differentially expressed genéBEGS)

were callecbetween patwise library comparisongsing the DESeq Bioconductor
package (http://bioconductor.opgickages/release/bioc/html/DESeqh a false

discovery threshold of 0.05 (Champigny et al. 2013).
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CHAPTER THREE

Exposure of twoEutrema salsugineun{Thellungiella salsugineqa accessions to water

deficits reveals different coping strategies response to drought
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Preface
This chapter describes the contrasting responses of the Yukon and Shandong accessions
to a controlled water deficit assay. Under my supervision, some plant material was grown
and collected by Patrick Pearce and Amandevi@as undergraduate summer students,
their technical contribution is acknowledged in the manuscript. Claire Ashton performed
some of the RNA extractions, cDNA preparation 81dgPCRwork that is shown in
Fig. 7. Metabolite profiling was performed by fJBkdrick as part of his Master's work
(Dedrick, 2007) but was reanalyzed by me with the help of Wilson Sung. The PCA
biplots shown in Fig. 6A were prepared by Wilson Sung. The transcript abundance data
given in AppendixS3 was taken from a data set pubéd by Champigny et al. (2013).
With the guidance of Elizabeth Weretilnyk, | developed and carried out the remainder of
the experiments. | wrote the first draft of the manuscript and subsequent drafts were
prepared with editing input by Drs. Marc Champigmg Elizabeth Weretilnyk. This
research has been accepted for publication by Physiologia plangsfisupplementary
files (Appendix S1S4) referred to in this chapter areailableonline:
http://onlinelibrary.wiley.com/doi/10.1111/ppl.12316/suppinfo
Full citation:
MacLeod, M. J., Dedrick, J., Ashton, C., Sung, W. W., Champigny, M. J., & Weretilnyk,
E. A. (2015). Exposure of twlautrema salsugineuifThellungiella salsuginea)
accessions to water deficits reveals different coping strategies in response to

drought.Physiologia Pantarum
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Abstract

Eutrema salsugineuis an extremophile related Arabidopsis Accessions from Yukon,
Canada and Shandong, China were evaluated for their tolerance to water deficits. Plants
were exposed to two periods of water deficit separated by an intervalvateang and
recovery. All plants took the same tineewilt during the first drought exposure but

Yukon plants took one day longer than Shandong plants following the second drought
treatment. Following revatering and turgor recovery, solute potentials of Shandong
leaves returned to pigrought values whiléhose of Yukon leaves were lower than-pre
drought levels consistent with having undergone osmotic adjustment. Polar metabolites
profiled in rewatered plants showed that different metabolites are accumulated by Yukon
and Shandong plants recovering fromatev deficit with glucose more abundant in

Yukon and fructose in Shandong leaves. The dretggpgonsive expression of dehydrin
genesRAB18, ERD1, RD29AndRD22showed greater changes in transcript abundance
in Yukon relative to Shandong leaves duringhbeater deficits and recovery with the
greatest difference in expression appearing during the second drought. We propose that
the initial exposure of Yukon plants to drought renders them more resilient to water loss
during a subsequent water deficit leaglio delayed wilting. Yukon plants also

established a high leaf water content and increased specific leaf area during the second
deficit. Shandong plants undergoing the same treatment regime do not show the same
beneficial drought tolerance responses ldqaly use drought avoidance to cope with

water deficits.
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Abbreviations

CRWL, cut rosette water loss; FTSW, fraction of transpirable soil watetiSG(gas
chromatography/mass spectrometry; HCA, hierarchical cluster analysis; LWC, leaf water
content; MSTmass spectral tags; PCA, Principal component analysis; RWC, relative

water content; SLA, specific leaf area

Introduction

Water deficits lead to significant reductions in plant productivity. Approximately 50% of
annual crop yield loss due to adverse abioonditions is attributable to drought (Boyer
1982). Recent climate models predict that rising temperatures will result in increased
drought in many areas of the globe over the next century thereby placing food supply at
increased risk of falling shorf asneeting the nutritional needs for a growing world
population (Dai 2012, Wheeler and von Braun 2013). Producing drtoighént crops is

one strategy to combat the potential impact of climate change on global food security.
However, plant responses toteradeficits are complex and our understanding of
beneficial responses is incomplete making it difficult to identify suitable traits amenable
to developing droughiblerant crops (Juenger et al. 2013). Comparative studies between
droughttolerant speciesnal closely related drought susceptible plants have proven useful
in identifying adaptive traits associated with tolerance to water deficits (Rampino et al.
2006). This approach has been enabled by the advent of economietdrbiggfhput

sequencing and megtolite profiling technologies. These platforms have created
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opportunities to open comparisons to fimadel plants including extremophiles that are
particularly well adapted to tolerating extreme environmental conditions including severe
short and long ten water deficits (Rodriguez et &010, Verelst et ak013).

The extremophile crucifeEutremasalsugineungalso known a3 hellungiella
salsuginey is closely related to the genetic modebbidopsisand several agronomically
importantBrassicaspeces.Eutremashoots are reported to contain less water than
Arabidopsisshoots and yet can lose more water without losing turgor when exposed to
polyethylene glyceinduced dehydration (Lugan et 2D10). This dehydration response
enables drougHblerantspecies to establish water gradients that improve water uptake
(Hoekstra et ak001). However, controlling water loss from leaves is also an important
tolerance mechanism for plants experiencing low water availability. For example, the wax
composition othe cuticle can be altered to reduce the rate of passive water loss through
the cuticle inArabidopsisexposed to water deficit (Kosma et 2009). Recently Xu et al.
(2014) compared two natural accessiongutremaplants, one originating from
ShandongChina and the other from Yukon Territory, Canada, and showed that Yukon
plants lose less water from leaves than do ShanBatrgmaplants when exposed to
water deficits. They detected significant qualitative and quantitative differences in
cuticular waxs between the accessions and proposed these differences may explain the
differential tolerance to low water availability between these accessions. While both the
Yukon and Shandong habitats feature saline soils, the Shandong region is temperate and

monsoorl while the Yukon is serarid and sukArctic. Despite the fact that both
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accessions thrive on saline soil, their origins in areas of contrasting patterns and rate of
precipitation likely explain their different adaptive capacities to tolerate wateitslefic

The molecular response of Yuk&utremasubjected to water deficits has been
analyzed at the level of transcript abundance through microarrays and metabolite profiles.
Using a microarray chip representing 3628 unigenes, Wong et al. (2006) detdcted 10
droughtresponsive changes in gene expression for plants that were-leéttered under
cabinet conditions. Only six of these genes were also differentially expressed in plants
subjected to cold temperature or salinity (Wong et al. 2006). The lacledépvamong
genes responsive to the stress treatments used is consistdatitngtimahaving distinct
molecular responses to different sources of abiotic stress. This study was extended to a
comparison between plants exposed to actual drought conditianéu&bn field
location. Many, but not all genes that were found to be drenggimonsive in controlled
environment cabinet conditions were also drotrgsponsive in the field (Guevara et al.
2012). Collectively, the studies described above indicatdtteatukon and Shandong
Eutremaaccessions show a differential tolerance to water deficits and that controlled
drought treatments under cabinet conditions can elicit responses shared by plants
tolerating stress in the field.

The way that plants responddmught is dependent upon the severity and duration
of the stress (Bray 2004). For Yukon plants, sporadic and light rainfall interspersed with
dry periods is a feature of the natural habitat. Thus in this work we undertook to develop a

controlled droughtreatment regime that incorporated ava&tering and recovery phase
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followed by a second progressive drought treatment. This experimental regime was paired
with multiple physiological and molecular measurements during drought progression to
obtain greatemsight into how plants respond to a progressive exposure to drought stress.
Our work corroborates the findings of Xu et al. (2014) in that Y Uketnemashows

greater tolerance to drought than does the Shandong accession. We establish that the
Eutremaaccaessions differ with respect to solutes accumulated with exposure to water

deficit and show temporal differences in drougtgponsive gene expression.

Materials and methods

Plant growth conditions and drought simulation assay

Yukon Eutremaseeds were bkiéd as a pooled seed sourcelescendantsf wild

populations collected in the Yukon (location: 60°55.928'N, 135° 10.249'W; elevation 647
m; Champigny et al. 2013). Shanddagtremaseeds were bulked from seeds originally
supplied by Dr. R. Bressan, Pueduniversity (Champigny et &013). Sterile seeds
suspended in Phytagel (Sigma) were applied by pipette onto a moistened soil mixture of
six parts Promix BX® and one part Turface® in individual 5 x 5 x 7 cm pots. The pots
were transferred to 4°C for e@&h4 days (Yukon) or 7 days (Shandong) to synchronize
germination. Pots were transferred to an AC 60 Econair controlled environment growth
cabinet set to a 21 h dayxhande?NC/18°Cl i ght i

day/night temperature regime (Woegal. 2005).
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Four weeks after germination, water was withheld to initiate the drought treatment.
Soil water loss was monitored gravimetrically and the fraction of transpirable soil water
remaining (FTSW) was determined using the method of Sinclair adibw (1986). For
ease of reference, we converted FTSW to units of percent where a FTSW ratio of 1 is
100%. According to Sinclair and Ludlow (1986) at 0% FTSW the relative transpiration
rate of plants undergoing water deficits in pots is 10% of the avdeakyewvater loss of
well-watered control plants. Under our growth conditions, FTSW was 0% on the day
plants visibly wilted. Revatering treatment began on the day a plant wilted by restoring
the water content of the soil to 50% full capacity and themgddiore water the
following day to bring the soil to 100% of its water holding capacity. After completion of
a first drought treatment (D1) followed by a 48 h recovery period from the time wilted
plants were first revatered, water was withheld from planmtarking the onset of the
second drought treatment (D2). A set of plants watered daily to replace transpiration loss

served as controls for plants undergoing the drought simulation assay.

Characterization of Physiological Response to Water deficit

Drough-treated plants were harvested at six time gointt o0 a s g, essCp,and e af (
relative water content (RWC): 1 d prior to the onset of the drought treatment (WW1), at
40% FTSW (D1 and D2) and 10% FTSW (D1 and D2), and 48 h after wilted plants were
re-watered between the two drought treatments (WWXII-watered control plants were

harvested atthe sametitpeo i nt s. On t he aantdemégshiremerdasr ve st ,
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were performed using a HR33T psychrometer fitted with a C52 chamber (Wescor® Inc.)

using a 6 mm diameter disc excised from a maturly, éxbanded leaf as previously
described (Wereti pwaysk eestt ianhat eld9 9a5s) .t% hLee adfi f(
a n & A8 mm leaf disc was excised from fully expanded leaves for RWC

determinations. The protocol described by Barrs and WeatheB6g) tvas used to

determine RWC.

Approximate total leaf area was measured using Adobe Photoshop 8.0 (O'Neal et al.
2002). For cut rosette water loss (CRWL) assays the rosette was severed from the root
and the initial fresh weight (FW) was measured theettes were reveighed after 180
min to determine the cut weight (CW). The severed rosettes were then dried for 72 h at
65°C (DW). CRWL values were determined using the formula: CRWL = 100
(100/FW)CW.(Bouchabke et aR008. Static leaf water content (LW®f the entire
rosette was determined using the formula: LWC = {BW)/DW (Juenger et al. 2010).
Specific leaf area (SLA) was calculated as the ratio of total above ground leaf rea (m
over rosette DW (Q).

Anthocyanin content was measured spectrophetacally according to the method
described by Kim et al. (2003). Approximately 100 mg of fresh leaf tiss@dlly
expanded leaves) was used and absorbance was measured at 530 and 657 nm with a
Uvikon 530 spectrophotometer. The amount of anthocyaasaalculated using the

formula: (Ass0- 0.33*Aes7) /g FW1.
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Metabolite Profiling
Metabolite extraction and analysis by G&4S were performed according to the method
described by Guevera et €012). Polar metabolites for profiling by @@S were
obtaina from 200 mg of frozekutremaleaf tissue taken from an individual plant.
Automated mass spectral deconvolution and identification system (AMDIS) software was
used to extract peak abundance and mass spectra information for each mass spectral tag
(MST). The retention index (RI) was calculated as described by Roessner et al. (2000)
and the relative abundance for each MST was determined relative to the recovery of the
internal standard ribitol and expressed as a relative response factor (RRF). The chemical
identity of an MST was determined by comparing its RI and spectra to authentic
standards analyzed using the same instrument and experimental conditions. MSTs that
shared m/z ratios with authentic standards but had different RIs were classified according
to predicted chemical classes such as sugars or organic acids.

A oneway ANOVA was performed on MST RRF values between profiles of well
watered control and drougtreated plants with B < 0.05 significance cut off for
inclusion in PCA. A logo transformatbn was applied to normalize the data prior to
multivariate analyses. Five plants were used from each treatrierdrchical cluster
analysis (HCA) was performed on the same data used for PCA with the saftmare

CLUSTER3.0 (Eiseret al.1998 andvisualized using TreeView (Saldanha 2004).
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Gene expression analysis

Tissue was harvested from welhtered control and drougtreated plants prior to the
onset of the drought treatment and at:49%6, D3210%, WW2, D240% and D210%

FTSW. Approximately 125 mg of fullgxpanded leaf tissue was harvested from
individual plants, flastirozen and stored aB0°C. Total RNA was isotad from frozen
tissue using a modified Trizol/hot borate method as described by Champigny et al.
(2013). RelativlRT-gPCRwas performed with LuminoCt® SYBR® Green gPCR
ReadyMix using cDNA generated with-MLV reverse transcriptase and oligo

dT2o primer usng conditions specified by the manufacturer (Sigma). Reactions were run
in optical 96well reaction plates on a BieadCFX96 Toww h E  Rigna PCR

Detection Systemand data were analyzeding BicRad CFX Manager 3.0 software.
Transcript levels oESRAB18Thhalv10004906m)EsRD22(Thhalv10004736m),
EsRD29AThhalv10015427m) anBsERD1(Thhalv10012591mjyvere measured relative

to reference transcripts of genes encoding E F(Thhkalv10013526m),
EsUBQ10(Thhalv10006290m) andsYL83Thhalv10014963m). All oligonucleotide
sequences were selected using NCBI PHBIEAST based orcutrema salsugineum
sequences available at Phytozome (phytozome.net) and are ligggoeindixS4 and

Table 2.1 Relative normalized expression was determined for-watkred and drought
treated plants at each stage of drought treatment. The data for relative gene expression
that is reported is the net value corrected for the normalized genesapréstermined

for well-watered control plants. This was done to correct for any change in gene
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expression with development over time. This experiment was repeated three times and
eachRT-gPCRdetermination used two individual plants selected at randaheach

assay included three technical replicates.

Statistical Analysis

For physiological measurements, statistical analysis was performed using STATISTICA
software (Version 7.0; StatSoft Inc.). All data were subjected to factorial analysis of
variance ANOVA) to determine the effect of treatméwiell-watered, drought), drought

stage (D1/D2100, 40, 10, 0% FTSW) and accession (Yukon, Shandong) on physiological
response variableBor significant interactions a pelsbc test using Fisher's least

significart difference was performed « 0.05).

Results

Progression of the water deficit

Fourweekold Shandong and Yukdautremaplants were subjected to a water deficit
protocol that included two successive drought treatments separated by a 48 h recovery
period. Before starting the drought treatment, all pots were watered to soil water holding
capacity, approximately 3 g8 Algirysoil. We tracked the progression of water loss
gravimetrically from individual pots during the course of the experiment and converted

those values to ones describing fraction of transpirable soil water (FTSW) remaining. Fig.
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3.1A shows the reladbnship between the duration of the water deficits and FTSW where
values of FTSW approach 100% for wefatered plants and wilting coincides with 0%
FTSW.During the first drought treatment (D1), the slope relating the drop in FTSW with
time is similar forplants of both accessions and leaves of Shandong and Yukon plants
wilted at the same time. After-igatering, turgor of leaves was recovered within one
hour, well before the end of the 48 h recovery period. While the rate of water loss from
the pots was miilar at the beginning of D2, the slopes diverged at about 72 h following
re-watering with the Shandong plants wilting earlier than the Yukamt$l& his
difference in droughtesponsive behaviour was reproducible with at least 150 plants
tested for eachccession. A norms of reaction plot (F3gLB) shows that plants of both
accessions took the same length of time to wilt during the first drought treatment whereas
during the second drought treatment the Yukon plants took, on average, one day longer
thanShandong plants before they wilt. The difference in FTSW and wilting behaviour
during the second drought suggests that the Yukon plants are able to mitigate their water
deficit stress response following their first exposure to drought treatment while the
Shandong plants do not respond similarly.

Representative Yukon and Shandong plants undergoing various stages of the
drought treatments are shown in BgLC. Given the high natural tolerancekftrema
plants to salinity (Gong et &005, Wong et aR005), it is not surprising that both

Eutremaaccessions coped similarly well with the osmotic challenge presented by the
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Fig. 3.1.The progression of consecutive water deficits for plants fromBuweema
accessions reported as a function of fractibsod water (FTSW). & Water was

withheld from Yukon (Y—) and Shandong (S; -) plants until wilting when FTSW
equalledd%. Plants were subjected to a first drought treatment (D1), they were then re
watered (RW) following wilting and then plants ieeaallowed to recover for 48 h when
water was again withheld for a second drought treatment (B)2)ofm of reaction plot
showing days to wilting for Yukon, —) and Shandong(, - - -) Eutremaplants

exposed to consecutive periods of water defi@rsBepresent the mean + SE of 4
biological replicates, total n across all replicates was a minimum of 150 plants for each
accession. The interaction between drought treatment and accession was significant by
two-way ANOVA (P <0.05). (c) Photos of plantsoim a representative experiment are

shown at different stages during the drought assay.
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water deficits. Fig3.1C shows that the plants recovered quickly whewatered after
wilting and showed few to no signs of senescence or leaf loss égea aecond drought
exposure. However, Yukon plants took on a purple coloration when the FTSW was
approximately 40% having 81®ld more anthocyaninffWthan Shandong plants at

D1-40% (Fig.3.1C) although a purple coloration was evident at wilting EPSW).

Drought response physiology irEutrema

An early adverse effect of water deficits on plants is a cessation of leaf expansion and
reduction in overall growth (Boyer 1970). Fresh and dry mass determinations and leaf
area estimates were taken at tipoénts corresponding to the FTSW stages shown in Fig.
3.1A. The measurements shown in B establish that the plants continued to increase

in fresh and dry biomass over the course of the experiment with the greatest incremental
change in dry matter fdroth accessions happening during the second drought exposure.
However, the treatment did reduce growth in that following the second drought treatment,
the fresh and dry biomass measurements for plants of both accessions were only 55 to
60% of the valuesof their corresponding welatered control plantéeaf area also

increased in plants undergoing the two successive drought treatments but the accessions
showed differences with respect to this parameter. Leaf areas of Yukon and Shandong
plants were redwd by 33% and 42% relative to walhtered controls, respectively,

indicating that the water stress reduced leaf expansion for Shandong plants
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Fig. 3.2.Measurements of leaf growth Blitremaplantssubjected to consecutive water
deficits.Fresh weaght (FW), dry weight (DW) and leaf area (LA) were measured forwell
watered Yukon&, —) and Shandong(, - - -) plants as well as drougtreated Yukon

(A —) and Shandong ,- - -) plants at 100, 40, 10 and 0% fraction of transpirable soil
water (FTSW)uring both drought periods. Bars represent the mean + 8biofogical

replicates (n = 12)Error bars that areot visible are within the symbol.
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to a greater extent. Thus while the water defreiatments were progressive and severe
enough to rsult in wilting, they were sufficiently mild to enable the plants to recover and
grow despite experiencing two periods of water deficit (Rdgsand3.2). To address the
difference in stress responsive behaviour between the accessions we measured the RWC
and components of legfy at specific FTSW stages representing weltered plants

(WW1 at 100% FTSW), a moderate water deficit early in the drought treatment (D1 and
D2 at 40% FTSW), late stress but before leaves show any visible signs of wilting (D1 and
D2 at 10% FTSW), wilted plants (D1 and D2 at 0% FTSW) and after two days recovery
following re-watering of wilted D1 plants (WW2 at 100% FTSW) (FigB)3At

comparable FTSW points the RWC measurements for Yukon and Shandong plants were
similar. The impresion that the water status for plants of both accessions undergoes the
same pattern of change with the treatment was corroborated by the simijay éeafy ,

values that were tracked as a function of FTSW. Howevery lgaieasurements did

show a signitant difference between Yukon and Shandplagts at three points during

the twastage drought treatment protocol (Fig3)3The Yukon plants first showed a
significantly lower leafy sat D1-10% FTSW indicating that droughteated Yukon plants
accumulagd more solutes during the first drought treatment than did Shandong plants at
the same stage. There was also a significant difference in solute potential at WW2 when
Yukon plants retained more solutes than Shandong plants when turgoressashleshed

after watering. An interesting arsignificant difference between the two accessions was
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Fig. 3.3.Leaf water status measurement&afremaplantssubjected to consecutive
water deficitsLeaf relative water content (RWC), pressure potential, watempial and
solute potential were measured for Yukdn) @nd Shandong () plants at 100, 40, 10
and 0% fraction of transpirable soil water (FTSW) during both drought periods. Bars
represent the mean = SE®biological replicates (n =12rror bars thaare not visible
are within the symbolAsterisks indicate statistically significant differences between

accessions (Fisher's LSP,<0.05)
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found when the plants wilted for the second time-(@2 FTSW). Yukon leaves
showeda significantlylowerleafy sat D20% FTSW relative to leaves of Shandong
plants at this same time point. Thhevalue reached by the Yukon leaves during D2

0% FTSWwas also significantly lower than the value reached by Yukon plants wilted
at D1-:0% FTSW(P = 0.0009). These chges in leal svalues are consistent with
Yukon plants accumulating solutes before a discernible decrease in leaf RW.C or
during their initial exposure to drought. Moreover, the recovery from D1 wilting in
Yukon plants was, in contrast to Shandong glaatcompanied by an elevated solute
content relative to unstressed plants.

The similarities in leaf water status along with the lack of response in terms of
| e awfand RWC are consistent with Yukon and Shandong plants responding
comparably to water diefts. However, as described above, differences in wilting and
measurements of solute content demonstrate that the strategy for coping with water
deficits is not the same for the two accessions.

Yukon plants showed indications of an osmotic adjustmenhareésm that is
primed or improved by a previous exposure to stress 8HiB). In addition to
changes in solutes, we expected that Yukon and Shandong plants would differ in how
they managed water loss during stress and the extent to which they would be
adversely impacted by water limitations. This prediction was based, in part, on the
differences in precipitation patterns the plants experience in their native habitats. To
further characterize their responses to water loss we tracked Leaf Water Content
(LWC), Cut Rosette Water Loss (CRWL) and Specific Leaf Area (SLA) during the

drought treatment protocol (Fig.4). Again, the Yukon and Shandong plants
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Fig. 3.4.Water content, biomass and leaf areaBotremaplants subjected to
consecutive water @ieits. Cut rosette water loss (CRWL), static leaf water content
(LWC), and specific leaf area (SLA) were takat 40% and 10% FTSW for Yukon
(openbars)and Shandonfgrey barsplants during both drought periods (D1 and D2)
and when plants were-reaterel (RW) between droughts. Measurements were made
on whole rosettes and are shown as a % ofwaidered controls. Bars represent the
mean = SE 08 biological replicates (n =12Asterisks indicate statistically significant

differences between accessionsfier's LSDP <0.05)
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displayed significant differences, in this case wébpect to their management of
water. Predictably, Yukon and Shandong plants showed a reduction in LWC relative
to wellwatered plants during the first drought exposure-4Dand D110; Fig.3.4).
This reduction in LWC was also observedsimandong plants after-reatering
(WW2) and during the second drought treatment. However, in contrast, Yukon plants
had a LWC that returned to the level of a wedltered control plant at th&W?2 stage
and this LWC remained high until BE0% FTSW when LWC only dropped to 90%
of the level recorded for wellatered Yukon control plants. With respect to the
CRWL assay, Yukon rosettes only exhibited a significant difference with respect to
water etention relative to welvatered controls when drougsiressed plants were
severed at the early, PI0% FTSW stage of the protocol. This difference in CRWL
represents the earliest physiological response to water deficit for either accession. At
D2-40%, Yukon plants showed no difference in water loss relative to controls, again
indicating that the initial drought exposure alters the way in which Yukon plants
respond to a subsequent drought stress.

During the first drought treatment (D1 at 40% and 10%WJ},SSLA was
reduced relative to weilatered control$or both accessions. However, after re
watering and recovery, the SLA measurements for both accessions increased with
values for Yukon plants meeting and even exceeding measurements of SLA for well
wataed control plants. Thus although the two accessions share a high capacity to
tolerate salinity (Inan et a2004, Wong et aR005), they show important differences
in their physiological responses to water deficits with the differences more apparent

during a second exposure to drought.
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Changes in polar metabolites irEutremain response to drought

In view of the significantly different leafsmeasurements between the two
accessions (Fig.3), we profiled polar metabolites present in leaves of Yukah a
Shandondeutremaplants to determine whether the accessions were accumulating the
same or different solutes in response to water deficits. We chose to compare leaves
sampled from the WW1 and WW2 plants because Yukon and Shandong plants
showed significatty different leafy svalues at these points of the treatment (Big)
and these are stages where the relative abundance of solutes in the plants would not be
confounded by a passive increase in concentration due to water loss (as would be the
case at th 10% or 40% FTSW points). The &@S analysis resolved about 300
MSTs but only 51 metabolites were found to show statistically significant changes in
abundance between the drougjieiated and welvatered control plants (test,P
<0.05;Appendix S2 and hese were used for HCA (Fig5). For Yukon plants, 67%
of the 51 MSTs increased in abundance in drotrgiatted relative to wellvatered
plants compared to only 41% between drottgbdited and control Shandong plants.
The direction and/or magnitude ofastge in relative abundance of MSTs were not
always the same for both accessions. For example, the abundance of several sugars as
well as phosphate increased in drodgbated Yukon plants but not in Shandong
plants.

We also performed a principal compabhanalysis using the relative abundance
data for the 51 MSTs and compared the scores and loadings biplot3.§Rigsolid
and open icons) produced by the 51 observations from the four samples. PC (Principal
Component) 1 explained approximately 79% @f viariance in the dataset and,

together, PC2 through PC5 explained essentially all of the remaining variance.
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Fig. 3.5.HCA of MSTs showing differentiadbundance in leaves of drought
treatedEutremaplants lllustrated is a heat map of an HCA upibl MSTs showing
differential abundance betwebtraves ofwell-watered and drougitteatedEutrema

plants. The mean MST abundance is expressed as thdiffeiccnce between
droughttreated and welvatered control levels for Shandong and Yukon plants,
respectively. Those ratios were logttGnsformedefore being subjected to HCA to
generate the heat map. Euclidean distance was used to calculate the distance matrix

and a complete linkage methags used for HCA of MSTs.
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Fig. 3.6.Principal componet analysis of the relative abundance of polar metabolites
in Eutremaplants exposed to water deficit. Metabolites were profiled in-watered
(WW1; YukonA; Shandong ) and droughtreated plants that had wilted and were
subsequently revatered and allwed to recover for 2 d (WW2; Yukoh; Shandong

r ). Relative abundance of metabolites was measured in 5 individuals for each
treatment. (a) biplots of PC2 vs. PC3 and PC2 vs. PC4. Points represent factor
loadings for each of the 51 MSTs used in the analid®&Ts with factor loadings with
an absolute value O 0.5 are numbered.
MSTs in Fig.3.5 and Appendi&2. (b) Norm of reactions plots of PC scores for PC1

4 as a function dreatmentBars represent the mean E g = 5).
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We replotted the PC scores as norms of reaction figures to help identify associations
between treatment and genotype (BigB). The norms of reaction figure of PC1
scores corresponding to WW1 and WW2 MSTs of Shandong and Y gt pre
similar. The similar scores indicate that MSTs with high factor loadings were the more
abundant ones in all four samples and, conversely, the MSTs with low factor loadings
were the least abundant ones in all four samples. The sources of vaaphaed by
PC2 through PC4 are more informative in that the scores of the different observations
clustered into discrete patterns in theplmts and norms of reaction plots shown in
Fig. 3.6. PC2 scores for WW1 and WW?2 plants are positive for Y ukamemawith
respect to PC2 but negative for Shandong along this axis. Thus variance along PC2
distinguished the two genotypes but not the treatment observations. The scores of
PC3, however, separate treatment effects for WW1 and WW2 plants but only for the
Yukon accession where scores for Yukon W#vé& negative and those for Yukon
WW?2 are positive along this axis. In contrast, while PC4 explained only 0.7% of the
total variance and offers no insight into sources of variance for Yukon plants, this axis
clearly £parates the positive scores for Shandong WW?2 plants from the negative
scores of Shandong WW1 plants. The norms of reaction plots for PC3 and PC4
reiterate this interpretation that these axes together reveal significant interactions
between accessions aimposed treatment.

The MSTs that showed a significant difference between treatments are listed in
AppendixS2 along with their estimates of relative abundance and PC factor loadings.
Only seven of 51 MSTs had f actamdhenteoadi ngs

have influenced the separation of MST scores ft-watered and drougtstressed
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Yukon and Shandong plants (F&6A). These seven MSTs are numbered on the PC
biplots (Fig.3.6A) using the same numbering as the HCA heat map shown i8.%ig.

and the tabular data given in Append@®. Some notable associations between factor
loadings and sample scores were observed and many of these associations involved
carbohydrates. Fructose had a high, negative factor loading along PC2 positioning it
near tle Shandong scores while malic acid and sucrose had high positive factor
loadings closer to the Yukon scores along PC2. The MSTs with the highest factor
loading for PC3 was identified as glucose and this metabolite accumulated in WW2
Yukon plants to a mucgireater extent than in the Shandong plants (AppeB)ix

The MSTs with the highest positive factor loadings for PC4 were both unknowns with
retention indices and MS fragmentation patterns resembling other monosaccharides in
our profiles. These MSTs wereome abundant in the leaves of WW2 Shandong plants
that had experienced drought but not the Yukon WW?2 plants. Fructose and phosphate
had the most negative factor loadings associated with PC4. Both metabolites had a
higher relative abundance among the leafaholites of Shandong WW1 plants and

were detected at lower levels in leaves of Shandong WW2 plants that experienced a
single exposure to drought (AppendR). Thus PCA analysis discerned accession
specific differences among MSTs as well as changes insMisat were both drought

treatment associated and accessalated.

Changes in steadystate transcript abundance of dehydrin genes in response to
drought
There were several early indications that the Yukon plants wereestbedsre

Shandong plants. Bse changes included anthocyanin accumulation in drought
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stressed Yukon leaves (F1C) and a significant difference between Yukon and
Shandong plants with respect to % CRWL values att0f% (Fig.3.4). Thus we
hypothesized that the Yukon plants woutdw earlier and/or a greater amplitude in
droughtresponsive gene expression during D1 than the Shandong plants. For this
expression comparison we selected four genes encoding dehydrins that are reported to
be induced in response to dehydration streggabidopsisand other plants including
Eutrema(Ding et al.2012, Shinozaki and YamagueBhinozaki 2007, Wong et al.
2006). For ease of reference, we refer to the Eairemagenes using the names of
their reciprocal best BLAST hit tArabidopsis AtRAB18 AtRD22, AtRD29Aand
AtERD1.EutremaRNA-Seq transcriptome profiles (Champigny et al. 2013) confirm
that the genes we selected are expressed ineek old, Yukon and Shandong
plants grown in cabinets and in Yukon field plants (Appei&ixmaking thes genes
good candidates for cabinet and fietdated comparisons.

RT-gPCRanalysis using RNA from leaves of wellatered control and drought
stressed plants showed that expressidasefAB18, EsSRD22, ESRD2$RJESERD1
did not respond similarly to drgtt in the two accessions (F87). The accessien
differences in expression of these drougbsociated genes were particularly evident
during D2. For example, the pattern of increaSsBAB1&xpression is similar for
both accessions over D1 and D2 the amplitude of the change is different in that the
droughtresponsive folechanges were typically higher for Yukon plants. Furthermore,
EsRD22transcript levels changed in a drougésponsive manner for Yukon plants
but that was not true for Shandongmits subjected to the same treatments. Among
other notable gene expression changes, adD% FTSW the relative expression of

all four genes was higher in leaves of Yukon plants yet BeBRD1showed
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Fig. 3.7.Selected dehydrins show differgudtterns of expression during the imposed
water deficit. Transcript levels &RAB18, EsSRD22, ESRD29A, and ESEREZ1
shown for different stages of water deficit treatments in Yulgn-0) and Shandong
(p , - - -) Eutremaplants. Relative expression vakiat each stage are corrected for
the normalized gene expression values of-wellered control plantRT-gPCRdata

are the mean * SE of three biological replicates (n = 6).

86



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

%01-¢Ad  %0v-¢cd cMMW %0L-1d %0¥-1LA

[36-E|

cead

101

191

102

uoIssaldxg pazijewloN aAle|Sy

%01-¢d  %0¥-¢d MWV %0L-1d %0v-1Ld

V6cad

o -

81avd

© v T M N

"
-—

uoIssaldx3 pazijewlioN anleay

87



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

increased expression in Shandong plants. Later in the D1 (at ISW)-ESRAB18
andEsERDlexpression remained high in Yukand Shandong plants relative to
well-watered controls whilEsRD22andEsRD29Aexpression in Yukon plants

decreased to levels resembling conplaints. Rewatering the droughkdétressed plants
resored turgor (Fig3.3) and this was accompanied by changes in the level of
expression oEsRAB1&ndEsSERDIfor both accessions aftbRD22in Yukon plants

(Fig. 3.7). WhileESERDexpression remained largely unchanged for both accessions
during D2, for Yulon plants the increasesEsRAB18&xpression was observed later

and forEsRD29Ahe increased relative expression was greater during D2 compared to
D1.

The relative differences in dehydrin expression observed for the cabinet
experiment (Fig3.7) raisesa question about absolute transcript abundance and
whether Shandong and Yukon plants have similar constitutive transcript levels of
these genes. For example, if wathtered Shandong plants have a higher baseline
level of transcripts encoding dehydringathYukon plants there may be no need for
additional induction of these genes to generate sufficient products for stress
protection. To address this concern, we examined the absolute transcript levels
reported by Champigny et al. (2013) for the genes selantthis study. The Yukon
and Shandongutremasubjected to RNASeq by Champigny et gR013) are
roughly equivalent to the WW1 plants used in this study with respect to age and
growth conditions. We found that baseline transcript levels were eithenapately
equivalent in Yukon and Shandong plants or higher in Yukon (App&3jid.eaves
of unstressed Yukon plants grown in cabinets have an almdstdlBigher level of

EsRAB1&ndEsRD29Atranscripts compared to unstressed Shandong plants. Thus the
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droughtresponsive changes seen EsRAB18&ndEsRD29Aare all the more
noteworthy given their higher baseline level in unstressed Yukon relative to Shandong

plants.

Discussion

We predicted that thEutremaplants used in this study would tolerate djiouwell

given their capacity to withstand the osmotic stress posed by their highly saline
natural habitat. However, Yukon plants inhabit an area where precipitation is sporadic
and typically of short duration during the growing season while Shandong plant
native to an area where precipitation is, on average, both more abundant and frequent
(Guevara et akR012). Xu et al. (2014) reported that Shandong plants wilted after an
eight day water deficit while Yukon plants remained turgid. To further tisst th
response, we developed a protocol to simulate Yukon field conditions where
successive, progressive water deficits separated-atering and a brief recovery

period would not be unusual. We then subjected Yukon and Shandong plants to this
protocol inorder to compare their capacities to tolerate water deficits. Reflecting upon
the outcome, the incorporation of a second drought treatment was particularly
insightful in that it led to the first noteworthy difference in water deficit responses
between thaccessions which was the time taken for plants to wilt after watering was
stopped. For D1, both accessions took the same length of time to wilt but for D2,
Yukon plants responded in a significantly different manner in taking about a day
longer to wilt (Fig 3.1B). This response is consistent with Yukon plants developing

an improved capacity to retain and/or take up water relative to Shandong plants as a

consequence of the drought exposure earlier in the protocol. In their discussion Xu et
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al. (2014) remarletupon an increased time to wilting with a second drought for both
accessions. They attributed this response to reduced cuticle permeability elicited by
the first drought. Our findings differ in that we found no indication that Shandong
plants took longeto wilt with a second exposure and while we did not test cuticular
wax, we observed several physiological and molecular changes during D2 that would
contribute to the enhanced capacity of Yukon plants to resist wilting following an
initial drought exposure

In addition to an offset in time to wilting during D2, our findings show that
Yukon plants accumulated solutes during the initial drought exposure3@&igand
this change was concomitant with improved water status as evidenced by the increase
in LWC observed in Yukon plants at WW2 and atf®6 FTSW (Fig3.4). In
Yukon plants, glucose was prominent among the solutes showing an increased relative
abundance as a consequence of drought but it was not among the solutes that
increased in abundance in Sdang plants with drought exposure (F3gh; Appendix
S2). Guevara et a(2012) also found glucose was more abundant in Yukon plants
exposed to drought in both the cabinet and under field conditions relative to well
watered cabinet plants and field plaotélected during a year of greater than average
precipitation. There is, however, evidence for plasticity in the metabolic responses of
Eutremato osmotic stress (Guevara et al. 2012, Kazachkova20E3). For
example, Kazachkova et #2013) found glcose and fructose were more abundant in
Shandond=utremagrown on soilwhen effects of salinity on plants grown on nutrient
media and in soil were compared. How this plasticity may affect the tolerance of
plants to osmotic stress is not known but the neadfi solutes accumulated likely has

functional significance (Miller et al. 2010). Kazachkova e{2013) postulated that
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glucose accumulation in the cytosol along with fructose may replenish malate which is
more abundant ikutremathan inArabidopsis Our PCA identified malate as the
metabolite with the highest positive factor loading along PC2 (Appe&ijixMalate

was present at levels 1.6 and-fo&1 higher in both YWW1 and YWW?2 leaves

relative to SWW1 and SWW?2 leaves, respectively. However, makgenot one of

the solutes that showed a drougbsponsive increase in relative abundance for Yukon
or Shandong plants (Fi§.5) suggesting that the glucose accumulated under drought
may not be used for replenishing malate or that any malate that iscpobis turned

over. Glucose has been shown to have hydroxyl scavenging attivityo

(Nishizawa et al. 2008) and so it may also have a protective function in Yukon plants
during drought when free radicals and reactive oxygen species are expected to be
more abundant (Miller et al. 2010).

Mechanisms broadly classified as escape, avoidance, and tolerance are strategies
used by plants and considerable diversity exists in nature with respect to the
contribution each mechanism makes in how plants respowdter availability
(Juenger 2013). Plants that complete their life cycle before serious water deficits
escape the consequences of drought, those that maintain high water status despite
diminishing water in the environment employ avoidance strategieqlanis that
tolerate water deficits mitigate the damage that occurs to cellular contents during
dehydration (Nishizawa et &008). The accumulation and maintenance of protective
solutes is classified as a drought tolerance strategy (Le®®) #d thehigher solute
content of Yukon plants at WW?2 is one significant feature that distinguishes Yukon
from Shandong plants. Retention of solutes should confer an adaptive advantage to

Yukon plants exposed to consecutive periods of water deficit in their Matibret.
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There are other subtle but significant differences in the physiological responses of
Yukon and Shandong plants with respect to water deficits. Reducing water lost
through leaf stomata is classified as a drought avoidance strategy and it ie@lserv
most plants at some point during drought stress (Cowan 1977). Using cut rosettes, we
observed that Yukon plants have reduced water loss relative tavatelted plants
early in D1 but showed no reduction in water loss during D2 when Yukon plants took
longer to wilt than Shandong plants (F8g4). Thus Yukon plants appear to conserve
water during D1 but resume normal rates of water loss through stomata and recover
the water content of their leaves (LWC) to levels meeting and even exceeding those of
unstressed control plants during WW2 and D2. Indeed, the higher values for specific
leaf area (SLA) of drougkteated Yukon plants relative to weliatered controls
during D2 indicate that the influx of water is sufficient to allow for growth despite a
wate deficit (Fig.3.4). The consequence for the Yukon accession is that these plants
have more biomass and leaf surface area than Shandong plants by the conclusion of
D2 and they have lost less biomass and leaf area relative to thewateibd controls
than have the Shandong plants (B@). These results are consistent with the
conclusion that Yukon plants tolerate consecutive water deficits by a combination of
drought tolerance and avoidance strategies.

Differences in the drought response strategmployed by plants of the two
accessions were also observed at the molecular level and the data in Aig3endix
leads to interesting predictions related to the drought profiles for gene expression (Fig.
3.7). Leaves of unstressed Shandong plants have alfxsid fewerEsRD29Aand
EsRD22ranscripts than do unstressed Yukon plants. Shandong plants subjected to

drought show negligible changes in the expression of these genes eveh(f6oi
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D2-10%, the stages of water deficits just prior to wilting. Imgneespects, the

distinct accessiorelated differences in organic solutes are recapitulated in the gene
expression observations. That is, Yukon plants respond to water deficits in the cabinet
in a manner that shows altered transcript abundance with arfsecond exposure to
stress even for genes that are naturally abundant while Shandong plants either do not
alter the expression of these dehyerncoding genes or only show a modest capacity

to modulate their expression, even after a first exposudstght. Although the basal
expression of the drought genes studied was higher in the Yukon accession for
ESRAB18, EsRD22ndEsRD29Aijt is clear that the expression of these drought
associated transcripts is not simply constitutive but also regulabedstivess

responsive.

Eutremais frequently referred to as an extremophile plant, a classification based
upon its capacity to withstand highly saline soils (Gong et al. 2005). In this report we
show that the Shandong and Yukéutremaaccessions are netuivalent and that
despite being plants with a high innate tolerance to osmotic stress, they can be
distinguished based upon different response mechanisms to water deficits. Yukon
plants exhibit signs of early response to water deficit in terms of bg#igbbgical
and molecular responses as evidenced by early-$tichssible solute accumulation
and dehydrirencoding transcript abundance. However, what truly distinguishes the
drought response of the two accessions is that Yukon plants respond differently
second water deficit while the Shandong plants largely repeat their D1 response
during D2 with little to no change at either the physiological or molecular level. These
results indicate a degree of plasticity in how Yukon plants respond to trstaige

drought treatment that we used and the same plasticity is not found in Shandong
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plants. Thus while both accessions show tolerance to water deficits in that they
continue to grow despite having no water provided for two of the six weeks that they
were gown, we show that they employ different strategies with the Yukon accession
more suitably equipped for coping with chronic soil water deficits by a suite of

adaptive metabolic, physiological, and molecular tolerance traits.

Author contributions

MJRM andCA performed th&kT-qgPCRdeterminations, plant growth and

physiological measurements, JD performed theNECanalyses. WWS performed

the PCA. MJRM, MJC and EAW designed experiments, performed data analysis and

prepared the manuscript.

Acknowledgements

We acknowledge support by the Ontario Research1Res#arch Excellence (RE03

043), the Canada Foundation for Innovatigraders of the Future, and Sigi&lrich
Canada. MJRM was supported by a NSERC graduate scholarship. The authors would
like to acknowlede Amanda Garvin and Patrick Pearce for their help in growing and

collecting plant tissue for these experiments.

Supporting Information
The following supporting information is awvable for this article online:
http://onlinelibrary.wiley.com/doi/10.111dpl.12316/suppinfo

Appendix St Complete set of growth and water content measurements

94



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

Appendix S2 Abundance of metabolites in Yukon and Shandong dreugated

plants
Appendix S3 Levels of dehydrin transcript abundance in Yukon and Shandong plants

Apperdix S4 Primer sequences used for gPCR

95



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

CHAPTER 4

Comparative transcriptome sequencing of two natural accessions Blutrema

salsugineumat different stages of droughttreatment
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Preface
The work in this chapter builds upon the physiatagdifferences identified in
Chapter 3 using RNAeq togenerateranscriptomes from plants harvested during the
droughttreatment assay. | prepared all plant tissue samples from hertlestpoint
of MRNA purification.Eight of the 16 cDNA librariesised for RNASeqwere
prepared byr. Marc Champigny and he supervised me in the production of the
remaining librariesMr. Wilson Sung performed the transcriptome assembly and
DESeq analysis and prapd the PCA biplot shown in Figurel4l collaborated wth
Caitlin Simopalos on the WGCNA work and she geatd the heat map shown in
Figure4 4. Tissueselectedor sequencing and other anadysvas performed by the
author under the guidance Bf. Elizabeth Weretilnyk. This chapter has been

formatted as gurnal article to be submitted to BMC Plant Biology.
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Abstract

Background

Our approach to identifying genes responsive to drought benefits from the use of the
extremophilecrucifer EutremasalsugineuniThellungiella salsugingaa species

adapted to severe environmental conditions in its natural haliéapreviously
developed a twstage drought treatment protocol that delineates the drought response
and recovery from drought for two natural accessions found, namely Yukon and
ShandongEutremaplants.Based upon their physiological responses to drought,
Yukon plants show superior coping strategies including a heightened capacity to
accumulate solutes relative to Shandong plantthis study we generated and
compared 16 transcripinesfor RNA-Seq analysis using leaf samples from plants of
both accessions subjected to the same progressive water deficit protocol in order to
develop a better mechanistic understanaditpe gene expressiamderlying their
differential drought tolerase strategies.

Results

Over 1.1 billion highquality reads were produced providing read support for >99% of
the predicted coding capacity of tRatremagenome. The response to an initial
droughtled tothe differential expressidoetween leaves of welatered and drought
stressed plantsf more han 2000 genes in Yukon plarismpared t@nly two genes

in Shandong plant3.he analysis of transcriptomes from plants harvested during the
recovery phase and following a second, successive droeghnhent preided a

different outcomeWe identified relatively few differentially expressed genes in
Yukon plants after they were-reatered and allowed to recover buiwatered

Shandong plants were found to undergo a substantial transcriptional response
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involving the differential expression of more than 500 genes. Gene ontology
enrichment analysis showed that genes associated with secondary metabolism are up
regulated during droughiesponse in Yukon plants while genes involved in
photosynthesis and translation wdmvnregulatedA weighted gene correlation

network analysis revealed clusters ofeo@ressed genes that responded similarly to

the two droughtreatments in Yukon plants but not Shandong plants.

Conclusions

The transcriptional response of the two adoesswas divergeniThis isconsistent

with previous reports on differences in physiology between the two accessions. While
Shandong plants responded more strongly at the transcriptional levet#bereng

and the second water deficit, Yukon plants shb@aenore muted transcriptional
response relative to the one observed after the initial drought. We speculate on the
relationship between these changethe level of gene expression and how they may

be related to previoushybserved physiological differeas between the accessions.

Background
Crop losses due to limited soil water availability brought on by periods of drought
exceed losses to all other afeaand biotic stressors (Boy#882). Climate change
may exacerbate these losses in the near fahdéras already reduced the
productivity of crops globally (Zhaand Runnin@2010).Understanding how plants
respond toand recover from, drouglg vital to improvingglobal crop yields (Mittler
and Blumwald2010).

Although plant responses to drouginé complex and variable, our

understanding of this subject has advanced nonetheless, in part through the benefits
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accrued from using different experimental approachedaAtpresponse to water
deficit brought on by droughgan be examinefilom thewhole plantlevel (Juenger et
al. 2005)downto specific moleclar responses (Ryu et al. 201Tje transcriptional
response to wat deficit has been assessed@metic model plants (Baerenfaller et al.
2012), valuablegricultural plant§HayanoKanashiro eal. 2009) andmorerecently
new model plants witexceptionatrought toérance (Meyer et al. 2014

The plant tissue used for gene expression profiling is an important consideration
in light of how varied the transcriptional response to drought eatepending on the
severity and duratimof an imposed treatment (Bra@04). For examplé/erelst et al.
(2013)examinedhetranscriptional response bmthmoderate and severe drougit
Brachypodium distachyoend foundittle overlap in the transcrifginal responseas
only 10% of the 884lifferentially expressegdeneghey uncovered were detected
under bothmoderate and severe droughin selecting the stage at which plant tissue
is harvested for gene expression profiling it is important to congidgrhysiological
response to the drouglreatment (Harb et al. 2010; Des Marais et al. 2012). The
selection of tissue from plants that have responded physiologically to the imposed
stress means that correlations between the physiological and transafiptgponse
to drought can be considered. This approach was used by Meyer et al. (2014), who
showed that in switchgrass some genes only respond to ditbegtment exposures
that extended beyond critical physiological thresholds for measurements suateias
potential and photochemical quenching. In some cases, sequential drought treatments
produce plants that display altered responses to subsequent exposures to water
deficits. For example, the transcriptional response to repeated drought exposures is

distinct from the response to a single water deficit (Hayaoashiro et al. 2009,
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Ding et al. 2012)WhenArabidopsisseedlings grown on media plates were exposed
to repeatedlehydration stresses the relative expression of several draggansive
genesshowed evidence of "trainingd phenomenon also referred to as drought
memory. A genomavide RNA-Seq approach helped resolve four distinct classes of
drought memory genes Arabidopsisthat reflect their broad strategic roles in
protecting plants fromhie deleterious aspects of drought (Ding et al. 2013). Despite
progress made on the subject of drought tolerance and tramingnderstanding of
thetranscriptional response to multiple drought exposanesrecovery from drought,
especially in naturallgrought tolerant plantss lacking.Assessing drought response
at the transcriptional level in these tolerant species, plants that are adapted to severe
environmental conditions in their natural range, is expected to provide new insights
into the mechasims responsible for drought tolerance (Rodriguez et al. 2010).

In this report we describe the transcriptional responses ekthemophile
crucifer Eutrema salsugineuto drought. Eutremais a crucifer and halophyte that
experiences periods with littf@ecipitationin parts of its natural rang®lacLeod et
al. (2015) reported that two natural accessiorsutfemarespond differently to a
drought treatment that includes two periods of water deficit separated by a brief
recovery period. Plants of the Yark accession, native to a more arid environment,
show a heightened capacity to withstand repeated drexglasures, accumulate
solutes in response to drought, and maintain leaf expansion during water deficits
relative to plants of the Shandong accesdian &re native to a region where
precipitation is, on average, more abundant. A differ@amcesponse to repeated
droughtexposures was also observed at the level of gene expression with three of four

dehydrirencoding genes tested showing divergent pegtef gene expression
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between the two accessions even during the first exposure to drought when their
physiological phenotypes were similar (MacLeod et al. 2015).

Thiswork extends thg@hysiologicalresponse$o water deficit and recovery
reported byMacLeod et al. (2015) to includmmparative transcriptome sequencing
of theseclimactically distinct accessiom$ Eutrema We show, usingcutremacDNA
libraries from leaves collecteat specificstages of an imposed water defititat the
Yukon accessio undergoes a strong transcriptional response upon first exposure to
drought with comparatively fewer genes showing altered expression during recovery
and a subsequent drought whereas the converse is true for the Shandong accession that
displays drought anidance stitegies (MacLeod et al. 2019hese results suggest
that following a first exposure to water deficit stress, mechanisms underlying drought
tolerance folEutremarequires early and strong transcriptionapregramming and
these changes confamlg term beneficial impacts whereas transcriptional changes
accompanying drought avoidance are comparatively weak and are only augmented

with recovery and subsequent exposures to stress

Methods

Plant growth conditions and drought simulation assay

Shandag and YukorEutremaplants were grown in a controlled environment growth
chamber and subjected to a drought simulation assay consisting of two periods of
water deficit separated by a twiayrecovery period (MacLeod et &015). Water

was withheld fromdur-weekold plants to initiate the first drought treatment (D1).

The progress of the drought treatment was monitored gravimetrically and the fraction

of transpirable soil water remaining (FTSW) was determined. FTSW was maintained
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at approximately 100% favell-watered, control plants and for plants undergoing
drought treatment, the FTSW was 0%tbe day plants visibly wiltedlhe re

watering treatment was started on the day a plant wilted and FTSW was restored to
100% within 48 h\WW2). After 48 h, watewas again withheld from plants to begin
the second drought treatment (DR)set of plants was watered daily over the course

of the entire experiment and served as wltered control plants.

Selection of plant tissue for transcriptome profiling
Only fully-expanded leaves were harvested from both Yukon and Shandong plants.
Leaf samples for RNA extraction were collected between 14:00 and 16:00
approximately 10 h into the day cycle under our cabinet conditions. Once harvested,
the leaf tissue was fladhozen in liquid N and then transferred to a freezer for long
term storage aB0°C.

Leaves for RNA extraction were collected at three stages of the water deficit
protocol. Plants were harvested during the initial water deficit{@ FTSW),
during recoverf{WW2-100% FTSW), and during the second water deficit-{[D%
FTSW). In addition, leaf tissue was harvested from two,-watered control plants
with one plant harvested when drougftgated plants had reached-DQ% FTSW and
the second control plant dtet WW2100% stage of the drought protocol. The

difference in age between these control plantssws

RNA extraction and cDNA library construction
Total RNA was extracted using a modified botate method (Wan and Wilkins

1994) as described by Champigetyal (2013).RNA quantity and integrity was
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assessed using RNA Nano 6000 chips on a Bioanalyzer 2100 instrument. mMRNA
purification was performely threesuccessiven-column purifications using the

Genelute mRNA miniprep kit (Cat. No. MRN10, SigmRjeparation of cDNA

libraries was performed with the NEBNext multiplex cDNA synthesis kit for lllumina

using random hexamers (Cat. No. E7335, New England Biolabs, Ipswich, MA). The
cleanup of fragmented RNA was performed with Agencourt AMPure XP Beads (Cat.

No. A63987, Beckman Coulter, Mississau@g&)f ol | owi ng t he manuf ac

protocol

Transcriptome sequencing and determination of transcript abundance

Quiality control, amplificationand sequencing of the 16 cDNA libraries was
conducted at the sequengifacility of the Farncombe Family Digestive Health
Research Institute (McMaster Universi@N, Canada A combination of two high
output and three rapid pairethd sequencing runs using a 100 bp read length were
performed using the Illumina F8eq 2000 fatform (Table 2.2)The lbrariesare
identified byaccession (S or Y), drought stage (WW1, D1, WW2, or Bi2jiplant
number (1 or 2)Using this identification system, the libraries were: YWAV&Nnd-2,
YD1-1land-2, SWWZland-2, SD*1 and-2, YWW2-1 ard -2, SWW21and-2,

YD2-1 and-2, and SD2land-2.

Following sequencing, the reads obtained were trimmed of adaptor sequences
and low quality reads (qualityg20) with Cutadaptvli.l (Martid? 0 1 1) . Onl y r ez¢
36 bp after trimming were mapped to the JGéllungiella halophilagenome
(http://www.phytozome.net/thellungiella) using STAR v2.30e (Dobin et al. 2013) with

T alignintronMax and alignMatesGapMax both set to 8000 bp to reflect the intron
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size distribution irArabidopsis(Hong et al2006) which isclosely related t&utrema

and has a similarly compact genome (Yahgl£2013). The number of reads that
mapped uniquely to each gene were counted using the scripicoiseifrom HTSeq
v0.5.3p3 (Anders et al. 2014) using the interseetionempty ovdap resolution

mode {ttp://www.huber.embl.de/users/anders/HTSatd summarizing counts at the
gene levelTranscript abundance is reported as the number of reads per kilobase per
million mapped reads (RPKM), a determination accounting for both mRNAhengt

and library size (Mortazavi et al. 2008).

Multivariate analysis and identification of differentially expressed genes

Statistical analyses on gene expression data was performed using R v2.14.1 (R
Development Core Team 2011) using the RPKM values shiftedconstant of 0.5 to
allow the data to be lagtransformed in order to normalize for the disparity in
transcript abundance for genes with very low (eg. 0.01 RPKM) or very high (eg.
10000 RPKM) expression. Principal component analysis (PCA) was pedamiie
covariance matrix for all genes detected across the 16 libraries to explore variation
within and between the transcriptomes with regards to the abundance of transcripts
using a custom R script based onfibpca R package (Champigny et al. 2013).
RPKM values for 26352 genes were treated as the variables while each of the 16
cDNA libraries that were sequenced were treated as observations. Differentially
expressed genes were called using the DESeq Bioconductor package
(http://bioconductor.org/packag/release/bioc/html/DESeq) using a false discovery

threshold of 0.05 (Champigny et al. 2013).
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GO enrichment analysis of differentially expressed genes

Sets of DEGs identified by DESeq were uploaded to the agriGO Gene Onotology
(GO) term enrichment analgstool (http://bioinfo.cau.edu.cn/agriGO waite,Du et

al. 2010). The Singular Enrichment Analysis tool was used to identify significantly
enriched GO terms based the Plant GO Slim term annotation frokmnabidopsis A
customized reference list 8fabidopsisloci IDs was uploaded consisting of the
Arabidopsisgene models that were bést matches for the 26252 genes with read
support from the 16 transcriptomes described above. Fisher and Yekutieli false
discovery statistical tests were selected &ith05 significance levgBenjamini and

Yekutieli, 2001).

Network analysis of ceexpressed differentially expressed genes
Weighted gene cexpression network analysis (WGCNA) was perforredets of
DEGs using the WGCNA R package (Langfelder and Hor2@€@8) according to the

protocol outlined by Coneva et §2014).

Results and Discussion

RNA-Seq ofEutremaaccessions during drought and recovery

We prepared and analysed leaf transcriptomes of Yukon and Shandong plants
subjected t@two-stagedroughttreatment protocalescribed by MacLeod et al.
(2015) A total of 16 cDNA librariesvere prepared with 8 from each genotype
corresponding tplants aWW1 (100% FTSW)severe drought @1 (10% FTSW),
recovering from droughtvW2 (100% FTSW, andsubjectedo a second drought at

D2 (10% FTSW. Sequencingrodueda total of 21yigabyteq GB) of sequence
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datawith the resulting files for each librabeing on average, more than 13 GB in
size(Table 4.1)The datéfile size (amount of sequence data genejated not
correlated with how many samples were multiplexed in a lane as th& $iyary
was one of the largest libraries despite also being among the most multiplexed (Table
4.1; Table 2.2)After trimmingthe transcript readsr all libraries an aveage of
86.9% of the over 1.1 billion highuality reads were mapped to the J&ellungiella
halophilareference genomttp://www.phytozome.net/thellungiella) and used for
assembling the transcriptome and determiwirfigrentialgene expression (Andees
al. 2014).In summary, thsequencing data was of high quality with less than 2% of
the sequence data trimmed and over 85% of reaidgiely mapped to the reference
genome.

From our RNASeq analysis we found read support for 26@&2eghat are
included in thelGI Thellungiella halophilsgenome
(http://mwvww.phytozome.net/thellungiella). This result compares with an estimated
proteincoding capacity for th&. halophilareference genome of 26531 genes
reported by Yang et al. (2013). Thus among the tij6éesecedranscriptiibraries we
have read support for 99.3% of the predicted genes iButrema salsugineum
genome. For both accessions, the average number of expressed genes detected was
approximately 22000 per library (Table 4.2). Using a Roche 454degdiencer,
Champigny et al. (2013) detected transcripts for approximately 19000 expressed genes
per Yukon and Shandong leaf cDNA library sequenced. Thus due to the greater
sequencing depth provided by the Illumina HiSedfpten (Liu et al. 2012), the 16
libraries described here include transcript abundance data for a noihgiesreshat

werepreviously undetected iButrema.
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Table 4.2- Total number of genes detected for each of the 16 sequenced cDNA

libraries.

Sample Accession
Yukon Shandong
No. of genes (RPKM > 0)

WW1-1 21569 21644
WW1-2 21751 21751
D1-1 21922 21823
D1-2 22762 21652
WW2-1 21676 22542
WW2-2 22259 22528
D2-1 21569 22498
D2-2 22272 21726
Average? 21972 22020

2 Average number of genes detected for each accession over all libraries
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We identified 19530 genes for which transcripts were detected in all 16 cDNA
libraries (Table 4.3); a value representir3p? ofthepredicted coding capacity for
Eutrema A small number, 83 (0.3%)d 20 (0.08%) genes, were detected as
expressed only in leaves of Shandong and Yukon plants, respectively. Thus the
expression of less than 1% of the reference genome annotated as encoding proteins
was found to be accessispecific. Thisoutcome wasurpising in that in a
comparison between leaf transcriptomes of Yukweh @handong plant§hampigny
et al. (2013) found more genes (2.8%) to be expressed in Shamatamgt Yukon
plants. Again, theliscrepancyetween the twestimates for accesskapecifc
differences in expressias likely due to the different sequencing platforms used in
the two studies with the improved depth given by llluntireeenabling the detection
of rare transcripts. Walsodetected a small number of genes that were only ssgde
in the leaflibrariesof plants from the SWW2 and YWW?2 treatments (Tabh8. To
be included in this small group, transcripts associated with these genes had to be
found in libraries sequenced from duplicate plants. The number of inexgressed
genegdetected in WW2 plantsas37 for Shandong and 7 for Yukon plants
represenng nearly half of the total number of genes detected as accesgsaific.

In summary, despitenprovedsequencinglepth relative to previously published
transcriptomes (Gimpigny et al. 2013je foundcomparatively few gendbat were
expressedh anaccessionand treatmenrstage specifiecnanner (Table 4.3Based on
their relatively small number, it seems unlikely that accesspatific genes
expressed during only ontage of the drougtgrotocol can explain all of the
physiological differences observed between aioes wth regards to drought

response reported by MacLeod et al. (2015)destribed irChapter 3.
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Table 4.3- Number of genes common to all libraries versus those common to

select treatment and/or accessierapecific libraries.

Sample Number of genes % Total protein-coding
detected (RPKM >0) genes?

All libraries 19530 73.60

SWW1, SD1, SWW2, SD2 83 0.30

YWW1, YD1, YWW?2, YD2 20 0.08

SWW2 37 0.14

YWW2 7 0.03

aProtein coding capacity predicted to be 26531 (Yang et al. 2013)
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Principal component analysis of transcript abundance
Principal component analysis (PCA) was used to explore the variance in transcript
abundance for theGlplant cDNA libraries sequenced. PCA produces uncorrelated
axes that each account for a portion of the variance in the data set and comparisons
made between axes can be used to reveal paitetims dataln the PCA biplot
shown in Figure 4.1the greydots indicate the factor loadings for an individual gene
(variable) Thefactor loadings showhe extent to whickhe expression afdach gene is
correlated to a given PC axis. The biplot also shows the scores for each of the 16
libraries sequenced (obsetiems) as red points. The scores for each plant library
represent the average factor loadings for every gene in thatqiavitich transcripts
weredetected. Thus the close grouping of plant scores for each pair of repeat libraries
is consistent witlgoad agreement in the expression levels for all of the genesteléte
from those sources (Figure 3.Eor example, although the replicate libraries
sequenced from welWatered controls (YWWL and YWW1212 or SWW11 and
SWW1-2) were collected five days apase€ Methods), the relatively close
positioning of the YWW1 and SWW1 scores for each pair of plants in this biplot
suggestshatthereplicatelibrariesfor each treatmenwere similar

PC1 accounted for 95.5% of the variance in the data but a verigrahaint of
scores was produced (data not shown) indicating that all plants sequenced had similar
scoresalong thePClaxis This result was expected as Champigny et al. (2013)
reported hat a similar PCA analysis usigitrematranscriptome data showed that
PClonly differentiatel genes by the quantity oéxpressior{i.e. high versus low
expression)Although PC2 and PC3 accounted for far less variance thantdAC?2

and PC3 scores weedifferentiatedoy both accession and water availabi(fjgure
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Figure 4.1- Principal component analysis of transcript abundance for & cDNA
libraries using RNA-Seq.Scores for individual plants (red vectors) as well as factor
loadings for all genes (grey dots) are shown on a biplot of PC2 andTRE€Bercentage

of variance explained by a given axis is shown.
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4.1). To wit, PC2 distinguished the libraries of Yukon and Shandong plants while
PC3 discerned drouglrteated from welwatered or revatered plants.

PCA was also used by Champigny et(2013) to explore differences in gene
expression between the transcriptomes of-wellered, cabinegrown Yukon and
Shandong plantdilfrary sources similar to thenes from WW1 plants sequenced here)
with transcriptomes from fieldrown Yukon plantsThese authors also found that PC2
and PC3 explained far less of the variance between the three groups of plant cDNA
libraries sequenced relative to P@thile PC1 explained the majority of variation
(>89%), the alignment of all library scores along the spasttion of PC1 means that the
libraries are indistinguishable on this baSikse variation explained by PC1 is attributed
to transcript abundance where highly expressed genes were the same between all libraries
as were the same rarely transcribed genathé® PC2 and PC3 were associated with the
most meaningful biological comparisons in that accession and field versus cabinet
differences could be distinguished (Champigny et al. 2@&y.Marais et al. (2012) used
PCA to explore gene expression data froodtiple natural accessions Afabidopsisto
identify "suites" of genes with high factor loadings for different PC .akies authors
identified physiological measurements that correlated with the expression of these
different suites of genes. Thus a fil@d@venue fotheuse of the cDNA libraries prepared
for this project would be tasea bioinformatic approach involving correlation analysis
with groups of genes iButremathat had high factor loadings for PC3 and the

physiological measurements descrilbgdViacleod et al.Z019. Ideally,gas exchange
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data should be included in these correlations givenelagonshipbetween
photosynthesis and drouglebmpeting activities that may be managed better by the

Yukon as opposed to Shandong plants under thtaatgessigure 5.3).

Detecting differential transcript abundance using DESeq

Using DESeq, we compiled a list of 43differentially expressed gend3EGS from
pairwise comparisons between transcriptomes of plants sampleeffatr stages of the
drought assay described above (WW1, D1, WW2, and D2). An overview of the DEGs
identified in the comparisons between fitgranscriptomes is shown for each accession
separately in Figure$.2A and B and overlapping DEGs shared by both accesarens
summarizd in Figure4.2C.The 4317 DEGs identified by this study represents a
substantial increase in the number of drouglsponsive transcripts identified Yukon
Eutremaasaprevious study using a customized microarray chip only identified 101
droughtrespormsive genes (Wong et al. 2006). Overall, a striking impression instilled by
Figure4.2 is that more genes show up as DEGs for Yukon p(8ad&7 total DEGS)
subjected to drought thdar Shandong plant®©81 total DEGsgxposed to the same
treatmentsMoreover, even in comparisons between transcriptomes of Shandong plants
where several hundred DEGs are found (eg, 26 ang309 downregulated genes
between SD1 and SWW?2), there are only 21anu 7 dowrregulated genes that are
common to the transcriptomes for both accessions that show the same direction of change

(Figure4.2C). The finding that Yukon plants exhibited a stgertranscriptionatesponse
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Figure 4.2- Graphic representation of differentially expressed genes (DEGS)
between transcriptomes of Yukon and Shandongutremaplants at different stages

of a progressive drought treatment. Comparisons were made betwdarremaleaf
cDNA libraries of(A) Y, Yukonand (B) S, Shandong plargsfour stages of the drought
treatment: welwatered (WW1), during an initial drought (D1), followingwatering
after the initial drought (WW2)xnd during a second drought (D2). (C) Shows the number
of overlapping DEGs betweeéfukon and Shandongxpression datalwo cDNA

libraries were sequenced at each drought siagek grey arrowslelineate comparisons
between DEGs corresponding to the expental progressioaf thedrought assay. Light
grey arrows correspond to comparisons for DEGs that were imadieo and are not a
product of an experimental shift that was empirically tes®edl and blue numbers
indicate the number @xpressedenes p-regulated and dowregulated, respectively.
Genes wer@entified agdifferentially expressed usingESeq software with 0.05 false

discovery rate (FDR) cuto{see Materials and Methods)
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to drought treatmenin having a greater number of DEGs than Shandong plamntet
consistent with predictions based ugoranalogous comparisqrerformed in
ArabidopsisJuenger et al. (2010) compared the transcripticsgdonse of two natural
Arabidopsisaccessions to water deficit and found that the accession originating from the
more arid climate had fewer DEGs than the accession from a more temperate region.
Thus one could reasonably predict that the Yukon pldntsn the semarid Yukon
Territory, would show fewer DEGs than the Shandong accesaigenotyperiginally
sourced from a more temperate environnfeaturinggreater precipitation (Guevara et
al. 2012) However,the converse was found (feige 42A and B when weltwatered
Shandong and Yukon plantseereexposed tdhe initialdrought treatmentOne reason for
this apparenteversal between the number of DEGs fotordyukon and Shandong
plantswith drought exposurmayrelateto underlyingdifferences in dsught tolerance
thresholds betwedButremaandArabidopsis Specifically Eutremacan lose more water
thanArabidopsiswhile still maintaining turgor (Lugan et al. 2010) aadtremaplants
withstand repeated exposure to progressive water deficits (Xw2édl,Macleod et al.
2015. With respect taeutremaaccessionsyukon plants show a greater capacity to
toleraterepeatedvater deficits relative to Shandong plafXs et al.2014,Macleod et al.
2015. These reports have shown tatbidopsisand ShadongEutremaplantsmainly
employ drought avoidance strategies in response to water dd¥leitd. ¢od et al. 2015,
Bouchabke et al. 2008) whi¥ukon plants employ aspects of both avoidance and

tolerance strategies (MacLeod et2015. Thus the greaterumber ofgenes undergoing
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changesn expression with drought for Yukon plants is consistent with the proposal that
mechanisms underlying drought tolerance require a greater recruitment of diverse gene
products to elicit a positive response compared to aresims responsible for drought

avoidance

Exploring biological processes associated with response to water deficit

An important objective of RNASeq is to identify DEGs and use this information to

provide insight into beneficial biological procesamdelying stress tolerancén this

regard, the number of DEGs detected using-gexieration sequencing approaches can
vary considerably. For example, a recent study of switchgrass sampled at multiple stages
of drought identified more than 10000 DEGs (Megeal. 2014) whereas a study of

drought response in two varieties of quinoa identified fewer than 500 DEGs (Raney et al.
2014). Thus the approximately 4000 DEGs identified here is neither exceptionally high
nor low.However, studying a set of 4000 genesastrivial and any means of identifying
genes that are evrrepresented among those undergoing expression changes can offer
insights into the biological changes underwagcordingly, a GO enrichment analysis

was performe@omparing the proportion of Gtérms among the lists @EGs identified

in Figure 4.20 theproportion expected fall annotated genes in the predicted genome

A full list of significantly enriched GO terms is shown in Appendixntl fourspecific

comparisons are highlighted below.
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First drought response stage: WW1 to D1
The most marked difference between the accessions identified through DESeq analysis
was in thenumber of genes undergoing a significant quantitative chaetyeea the
WW1 and D1 stageg\nalysis by DESeq led to thésdovery of over 2000 DEG#s
droughttreated Yukon plantsndicative of a strong transcriptional response in Yukon
plantsat this stage, compared witinly two DEGs in droughtreated Shandong plants
(Figure4.2A and B. We compared the list of 2210 DE@entified in this study using
DESeq for Yukon plants to the 101 drougésponsive genes that were identified for the
same accession by Wong et al. (2006), and found 64 overlapping genes including the
orthologuesof well-known droughiresponsive genesch asLIPID TRANSFER
PROTEIN 4 (LTP4andABAINSENSITIVE 2 (ABI2Notably, Macleod et al2015
showed that by D10%, the same stage when leaves were harvested for RNA extraction
and transcriptome sequencisg)uteshad alreadyccumulated in droughteated Yukon
but not Shandong plan{gigure 3.3). Thushie active accumulation of solutes observed in
Yukon plantsand strong transcriptional response are two ways by whiadirthght
response strategy exhibited by YukaimdShandongplants differ

A GO analysis of thset of genewith altered expression between YWW1 and
YD1 transcriptomesevealed that the termseécondary metabolic procéssd "response
to stimulus were both enrichedmong the 637 DEGsahwere upregulated by drought
treatmentThe enrichment of genes associated with secondary metabolism is not

surprising given that drought exposure is reported to increase the content of products of
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secondary metabolism including terpenoids, alkaloids, and sulphur containing
glucosinolates (Gergimzon 1984)Additionally, the terms "translation" and
"photosynthesis" were enriched among the 1573 DEGs that wererdgwiated by
droughttreatmen{Figure 4.3A. Similar GO-enrichment results involving the up
regulation of stresgesponse pathways addwnregulation of processes associated with
plant growth have been reported in both drottgldrant species such @saterostigma
plantagineunm(Rodriguez et al. 2010) and less droutgitérant species such as
Arabidopsig(Harb et al. 2010). A parallebmparison of Shandong plants using SWW1
and SD1 was not performed because of the low number of DEGs (two). From the
comparison made between WW1 and D1 stages it is clear that YD1 plants undergo a
more robust transcriptional response than SD1 plants imgoimiany genes that have

been previouslyssociated with stresgsponses.

Second drought response stag®1 to WW2

Comparisonsveremade between D1 and WW?2 libraries in order to identify DEGs

between plants in the midst of a water deficinparedo plarts that have gained

turgor and are recovering from drought exposure. As discussed earlier, only two DEGs
were identified from comparisons of SWW1 and SD1 libraries and hence we expected the
transcriptional response to-watering to remain minimal in Shandoplgnts and more
pronounced in recovering Yukon plants. Instead, we found that the transition from

drought to recovery was associated with a total of 570 DEGs in Shandong plants
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Figure 4.3- Gene Ontology (GO) enrichment analysis of differentially expressed
genes involved in drought response ikutrema.GO enrichment was performed on sets
of differentially expressed genes (DEGSs) identified from-pase comparisonésee Fig.
4.2)for A) droughttreated (YD1) anavell-watered (YWW1) Yukon plants, B) drought
treated (YD1) and revatered (YWW2) Yukon plants, C) drougineated (SD1) and re
watered (SWW2) Shandong plants and Dyvegered (SWW?2) and subseamqily
droughttreated (SD2) Shandong plan®0 categories associated with DEGs for each
panel weradentified The direction of comparisons made is shown by an awbeare
geres were identified as uggulatedred bars) or downegulated (blue bars) between
the treatment stages. The proportion of genes expected for each category is based upon
their abundance predicted from the whole genome annotatiaysdb@ss). An asterisk)
highlightscategories where participayibEGsare signiicartly greater (FDR < @5)

than the proportion expected from @penome
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compared to only 190 DEGs in Yukon plaffisgure 4.2A and B) with only 28 gerin
common (Figure 4.2C)hus, Shandong plants underwent a greater transcriptional
response upon s@atering following drought than during the init@ddought exposure.

A GO-enrichment analysis of the 261 DEGs that wereagulated in SD1 relative
to SWW2 plants showed that the terms "response to stimulus”, "response to abiotic
stimulus”, "response to stress", and "secondary metabolic process" were all significantly
enriched. Among th809 DEGs that were dowregulated in SD1 plants were "primary
metaolic process”, "photosynthesis", "translation”, " biosynthetic process", and "gene
expression” (Figure 4.3C). Thus many biological processes typically affected by drought
such as secondary metabolism and photosynthesis (Harb et al. 2010, Rodriguez et al.
2010)are altered irsD1 plants relative to SWW?2 plants. The larger transcriptional
response of SD1 plants when considered relative to SWW2 (570 DEGs) compared to
SWW1 plants (2 DEGSs) suggests that upewagering, the expression of many drought
associaté genes is changed resulting in stressponse genes being detected as
differentially expressed for the first time. For example, genes associated with the GO
term "secondary metabolic process" were not differentially expressed in Shandong plants
as they pogressedrom SWW1 to SD1. However, genes associated with secondary
metabolism were differentially expressed after ladtswere rewatered (SWW2).
Thus, the expression of genes associated with secondary metabolism must be repressed in
SWW?2 plants in orer for them to be identified in comparisons of SD1 and SWW2 plants

but not SWW1 and SD1 plants. Based on the number of DEGs identified through
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comparisons of SD1 and SWW?2 plants, and the GO analysis of this same set of genes, it
appearshat Shandong plasiquickly revert to processes associated with growth once

water is available.

Third drought response stage: WW2 to D2
DESeq analysis was also used to identify genes involved in the transcriptional response to
D2. MacLeod et al.A015 reported that thenitial exposure to water deficit (D1) altered
the way that Yukon plants responded to the second water deficit (D2). For example, both
|l eaf wat er cswerdddferant faa Yiudon planta during D2 compared to D1
and there was a reproducible irese in the length of time taken before Yukon leaves
wilted during D2 relative t&handong plants (Figure 3.1, 3.3 and.3dontrast,
Shandong plants responded similarly to the two drought exposures with no discernible
changes in leaf water contenmtle a fs. Baged on these physiological outcomes, we
expected the transcriptional response of Yukon plants to be distinctive between D1 and
D2 while DZassociated changes for Shandong plants were expected to be repeated during
D2. The experimental results,wever, were nogntirelyconsistent with this prediction.

As expected, the transcriptional response of YD2 plants was distinct from that of
YD1 plants in terms of the number of DEGs identified in the-wée comparisons
shown in Figurel.2A. While theinitial droughttreatment (YWW1 vs. YD1) resulted in
the differential expression of more tha®00 genes, the second drougbatment

(YWW?2 vs. YD2) resulted in only 45 DEGs witld% of the genes dowregulated.
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Although only 45 genes are differentiallypressed between YWW2 and YD2 plants, if
we compareyD2 and YWW!1 transcriptomes, 18 TEGsdistinguish plants that started
the experiment from those that completed the second drought expdsoita. of 1193
(223 up, 970 down) or 64 % tdfeseDEGswerepresent in both the YD2 and YD1
transcriptomes as differentially expressed relative to-watered Yukon plast
(YWW1). The fact that only 45 DEGs distinguished YWW2 and YD2 transcriptomes is
consistent with gene expression in YWW?2 plants being mordasita YD2 plants than
YWW?1 plants.One conclusion of this outcome is that for Yukon plants dreught
responsive genes are-tggulated with D1 and then expression remah#ast
somewhatunchanged through recovery and D2.

Our prediction of a transgiional response for SCiBat resembled the one
observed in SD1 plantgas not supported by the DESeq resultsyfeg.2B). While
only two genes showed differential expression in response to the initial drought (SWW1
versusSD1), 496 DEGs were identifidmetween ravatered SWW?2 plants subjected to
drought during D23%D2) with 83% of thesgenes beingownregulatedas plants
transitioned from a welvatered to watedeprived state

With the lack of droughtesponsive DEGs for the D1 treatment of Shanguangts,
the inclusion of WW2 and D&eatmentsvere important additions in that thejfowed
for thedetectionof 979droughtresponsivddEGs that would not have betound in
Shandong comparisons otherwise (Figure 4.ARalysis of the 410 DEGs that veer

downregulated in SD2 plants identified three terfisosynthetic process" as well as
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"photosynthesis" and "translation"(Figure 4.3D). The terms associated with
photosynthesis and translation were also the most significantly enriched among the down
reguated, droughtesponsive DEGs found between comparisons of SD1 and SWW2
transcriptomes. Thus for SD1 and SD2 plants, there is overlap in the behaviour of genes
with similar predicted GO term functions in that genes associated with translation,

biosynthett processes, and photosynthesis are degnlated.

Drought response studies: Approaches and interpretations

A WW1 and WW2 comparison is a natural product of microarray experiments where a

parwi se comparison usually i te(HtayaneKanaskErocont r
et al. 2009, Kang et al. 201Dur approach is different in that the data we generated are

not relative expression values enabling us to establish quantitatively how the expression

levels of different genes changed between drotrghted and ravatered plants.

Moreover, few studies take a progressive approach where recovery from drought is

followed by a successive drought treatment (Galle et al. 2011).

Studies of progressive drought using alfalfa (Kang et al. 2011) and switchgrass
(Meyer et al. 2014) both show that fewer genes are differentially expressed during
recovery than during a severe water defititus hefinding that thenumber of DEGs
(Figure 4.2A and Bassociated with YWW?2 relative to YWW1 plangt 138 being
lower thanthe number oDEGs associated withWW1 versusYD1 plants at 2210 is

agreement with these reportgwever, the number of DEGs for SWW?2 plants compared
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to SWW1 at 275is muchhigher than th& DEGs between SWW1 vs SD1, an outcome
that is inconsistenwith both the Yukon results and the previgysublishedreports. One
potential explanation for this difference may be found in how Shandong plants perceive
the initial droughtSpecifically, we found that none of the physiological measurements
made on Saindong plants during D1 were different tleares forwell-watered control

plants Figure 3.3 and 3)4 This infers that Shandong plants were not stressddl not

sense stresst D1-10% FTSW possibly explaining wtonly two DEGs were identified.

Discerning patterns among droughtresponsive genes using weighted gene

correlation network analysis (WGCNA)

As discussed above, the findititat only 45 DEGsvere identified when YWW?2 plants

were subjected to a second drought (Y@&ssurprising and stands inmiwast to the

higher number of DEGs (496) found for the Shandong accession in the same comparison
(Figure 4.2A and B). What is difficult to discern from these quantitative comparisons are
patterns of correlated gene expression changes among the DEGsarAples a Yukon

plant undergoing D1 treatment may show the highest number of genes undergoing
changes in expression (2210; Figure 4.2A) but how many of those genes renmin up
down regulated in the YWW2 and/or YD2 transcriptomes? One approach to adgress
this question is througheighted gene correlation network analy$i S GCNA). WGCNA

is used to identify genes with similar changes in expression as a function of treatment(s)

where genes that are-cesponsive and potentially ¢egulated occupy the sanmodule
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(Langfelder and Horvath 2008). Modules can be grouped together by hierarchical
clustering to identify clusters of modules with similar correlation scores. As genes in
common signalling or biochemical pathways may bessponsive to similar stimiyl
WGCNA has been used to identify genes associated with related biological roles through
Aguilt by associationod inferences drawn fr
(Coneva et al. 2014).

Figure 4.4 is a correlation heat map for the WGCNA poed from the 4317 DEGs
identified using the 16 cDNA libraries. The correlatizased heat map shows how
correlated the expression of genes within a module are to each other. Horizontal bands of
a similar colour indicate tight eexpression between modulegh variable colour
between modules in a row showing differential expression relatie tbeatmentsA
list of the correlation scosdor each module is shown in AppendixQverall, the
patterns of correlation between modules of Yukon plants progerteal bands that
show a more consistent pattern for the pairs of-watkered (YWW1/2) or drought
treated(YD1/2) plants. This suggests that there is, on average, a good consensus of co
expressed genes that respond to the presence of adequate wadagbt.In contrast,
there is almost no consistent vertical or horizontal pattern of coloration for the same
modules generated from the transcriptome data for Shandong plainexample,
clusters A and C contain modules that have more similar correlation scores for YD1 and

YD2 than is true for SD1 and SD2. In this figure, modules comprised of genes showing
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Figure 4.4- Heatmap representing the correlation strength beteen modules of
differentially expressed genes and different stages of a water deficit treatment in
Eutrema Weighted gene correlation network analysis (WGCNA) was used to identify
modules of ceexpressed genes in Yukon (Y) and Shandong (ffema.Pearsa's

correlation coefficient describes the correlation between moduleselhdatered

controls (WW1; 100% FTSW), plants experiencing a drought (D1 at 10% FTSW),
recovering from wilting (WW2 at 100% FTSW), and experiencing aesyieEnt drought

(D2 at 10% F'SW). Modules containing genes with positively correlated (increased)
expression under a particular treatment are red while modules containing genes that are
more negatively correlated (decreased) expression are blue. The correlation scores for all
modulesare provided in Appendix 2. Hierarchical clustering was used to group modules
with genes showing similar correlation in expression patterns. Four clusters containing
similar correlation patterns originating from the indicated nodes were identified &r eas

of reference in the Results and Discussion section.
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increased expression witliought are on the red end of the scale and modules of genes
showing reduced expression with drought are Whigure 4.4 has more modules that are
blue and hence comprised of genes whosexgoession shows reduced expression with
drought treatment, an p&cted visual outcome because more than 50% dHt&s
identified in Yukon and Shandong plants were daegulated with drought. The heat
map also shows some interesting accesspatific patterns among the modules of co
expressed geneSor example, clster A (modules -R0) contains genes that are up
regulated during both D1 and D2 in Yukon plants but the genes in this clusters are, for the
most part, not highly correlated to the expression of the same genes in SD1
transcriptomesdnterestingly, while litte agreement in eexpression is found with SD1,
the genes in some of these modules such as module 5 are highly correlated between YD1,
YD2 and SD2 (Figure 4.4). The modules ofeopressed genes in clusters B and C
contain genes that are-eapressed wter wellwatered conditions and dowagulated, to
varying degrees, for Yukon and Shandong plants expostought. The modules in
cluster D provides an example wheressgressed genes are largely dewgulated once
well-watered Yukon plants are expdge drought but very contradictory impressions are
given by the corresponding groups ofexpressed genes for unstressed or dreught
stressed Shandong plants (see modules 68, 76 or 87 for examples).

The four dehydrirencoding genes profiled I3T-gPCRby MacLeod et al. (2015 ;
Figure 3.7) belong to modules that comprise cluster A BSRAB18andESRD29AN

module 19EsRD22in module 17, an&EsERD1in module 2 (Figure 4.4) hetranscripts

134



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

associateavith ESRAB18&ndEsRD29Awere significantly less abuadt inDESeq
comparisons c§WW2relativeto both SD1 andWW<1libraries The repression of
EsSRAB1&ndEsRD29Aexpression after Shandong plants werevagered likely explains
why these genes were identified as differentially expressed in the compais@eb
SD2 and SWW?2 transcriptomes but not the SD1 and SWW1 comparison.

The WGCNA correlation heat map also offers clues agpfewer DEGs were
detected in the comparisomsolving the YWW2 and YD2 transcriptomes relative to the
DEGs identified betwen the YWW1 and YD1 transcriptomes (Figure 4.2). Many of the
gene modules with highly eexpressed genes for YD1 and YD2 showed weaker evidence
of co-expression in YWW2 compared to YWWL1. The reduced expression of many genes
in rewatered Yukon plants folleing D1 indicates that expression does not return to pre
stress levels for many genes and this lack of return to the status quo may benefit Yukon
plants in terms of increased tolerance following drought. MacLeod et al. (2015) reported
that Yukon plants badr tolerate repeated drought exposure relative to Shandong plants
with benefits seen in solute accumulation and a longer time to turgor loss (Figure 3.1).
Furthermore, Griffith et al. (2007) showed that exposure to an initial drought improved
freezing tokrance in Yukon plants frorl9 C to-21 C. It is possible that by not
reverting to prestress levels, the expression of stresponsive genes enables the plant
to retain a complement of gene products that serve as a "molecular buffer" for prolonged
stress protection in Yukon plants or more rapidly harness the products they encode should

the stress return. Modules that have a correlation pattern consistent with genes encoding
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products comprising a "molecular buffer" include modules 3, 13 and 17 wheeayene
up-regulated in both YD1 and YD2 plants and the baseline expression is higher in
YWW?2 relative to YWW1.The average normalized expression levelsfiothe genes in
modules 3, 13 and 17 are shown in Appendi¥8dule 17 containEsRD22a gene that
responds uniquely to drought in Yukon plants (Wong et al. 2@0ough the
expression of the genes in module 17 is reduced followhwatering, the average
normalized expression levels of all the genes in modubg YIWW2 are nearly2old
higher tran prior to the initial drought (YWW21)n comparison, the average normalized
expression levels for all genes in module 17 at SVAWMP SWW1 werenoresimilar.
Thus some level of expression is maintained in YWW?2 plaifitsr the initial drought

exposure buexpression returns to pdrought levels in SWWalants.

Conclusions

The analysis of th 16transcriptomeshows that Yukon and Shandong plasibjected to
progressive drought treatmemigve divergent transcriptional responses to water deficit
andfollowing recovery from water deficiThe divergent transcriptional response
between the accessions to drougbatment isioteworthyandit undescoreshe
importance of employing a comparatigenomicsapproachn arriving at a more
meaningful interpretéon of transcriptomic datd hat is, had wenly usedthe Shandong

accessioffior this study ourconclusioncould well have beethat drought does not induce
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a strong transcriptional responsebintremaas a species given the 2 DEGs that we
detectedInstead, through a comparison using two accessions we have found evidence
that the drought response in YukBatremaplants involves a robust transcriptional
response involving over 2000 DEGs. Moreover, had we only used a single drought
treatment we would ndtave discovered that the comparatively strong transcriptional
response of Yukon plants to a first drought exposure would be followed by a far more
modest level of change among genes expressed during a subsequent drought treatment. In
contrast, for Shandorglants the response to a second drought exposure led to a
comparatively strongdranscriptional response (Figure 4.2). The addition of a re
watering and recovery step was particularly informatafentifying DEGs indrought
treatedShandong plant&SD1or SD2)relative to plants that were-reatered $WW2) and
recovered from an initial droughtvealed bindreds of DEGs in Shandong plathist would
have otherwise been missed (Figure 4.2)

Transcriptome profiling has also enabled us to identify andsteig difference
between hovEutremaresponds to two sources of osmotic stress, namely drought and
salinity. The wellsupported salinity tolerance paradigm for this halophyte involves a
pattern of higher basal expression with little induction for gensscaged with many
salinity tolerance traitdnanet al 2004,Wong et al. 2006;,.uganet al.2010, Guevara et
al. 2012). If this paradigm held for drought, we wouldestgo find a relatively small
number of genes responditgthe imposed water defigit Eutrema particularly the

more droughtolerant Yukon accession. That expectation did not hotdeadthe
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transcriptionatesponse to drought is much more dynamic and that holds true for both
EutremaaccessiondlVe also found no evidence that drougierance associated genes
are constitutively wpegulated in either accession and we found evidence that gene
regulation differs between the accessions.

One objective of this research was to identify DEGs encoding products associated
with the differential physiological responses displayed by the two accessiarsponse
to water deficifMacleod et al2015. The use of correlated changes in gene expression
that can then be mapped to associated changes in physiological measurements offers a
feasible raite towards identifying traits and gene products underlying the natural
tolerance thaEutremadisplays to water deficitdJsing WCGNA wefound thatsome
droughtresponsive genes, including those encoding dehydrin family prcetechmsas
EsRD22 are inducd in Yukon plantgiuring D1 and remain upegulated thereafter
(Figure 4.4). Of the two accessions, Yukon plants have a heightened capacity to cope
with water deficits following an initial exposure to drought (Figure 3.1) so the drought
responsive inductimand residual expression of some genes in Yukon plants (YWW?2)
that have recovered turgor suggests Yhaton plantsmay generate a strepsotective
complement of gene products that remain even after the immediate stress is removed by
re-watering.Concena bl y, this compl ement could provid
enables Yukon plants to respond to subsequent drought exposures more rapidly and in a
manner requiring fewer changes at the transcriptional level (FigurddE&sencoding

products conferringhis level of protection would include attractitaggetgenedor
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improving plant yields under water defigtarticularly if their beneficial roles can be

validated and their functions elucidated.
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CHAPTER FIVE

Gas exchange, water status, and gene expression using natural populations and

cabinet-grown plants of the Yukon accession oEutrema salsugineum
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Preface
This work includes data that was collected from two visits to Yukon field sites (2011 and
2014). The first trip was in June 2011 and the research was conducted by Mr. Philip
Carella and myself.performed all of the plant water statugasuremetand we both
made tissue collections and photographs. The second visit to the Yukon in June, 2014 was
made by Ms. Amanda Garvin and Mr. Carella. The gas exchange measurements were
taken on this trip by Amada after we discussed the logistics of measuring gas exchange
under field conditions and the type of samples to select for her measurements. Amanda
also performed the experiment and gas exchange measurements that are presented in Fig
4 under my supervign as a summer student in 2013. All other experiments as well as the
analysis and preparation of this chapter were performed by the author under the
supervision of Elizabeth Weretilnyk. This chapter has been formatted as a manuscript

following the guidelires for Physiologia Plantarum.
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Abstract

Eutrema salsugineum the Canadian Yukon must tolerate saline soils, high light levels,
hot or freezig cold temperatures, and infrequent precipitatinright of the exceptional
capacity of YukorEutremato tolerate multiple abiotic stresses, we performed gas
exchange and water status measurements of field plants to provide basic physiological
information about these plants in their natural environméfe.then compared this data

to that from plants grown under controlled environment conditions exposed to a simulated
water deficit.The field plants used ranged in development from vegetative rosettes to
reproductively mature plants setting seeds while all cabinet plants were vegetative
rosettesAt all stages, water and solute potentials for field plamesagedelow-2.0and
-2.4MPa, respectively; values significantly lower than the most wsitessedabinet

grown plants. Stomatal conductance rates from-figtvn plants averageg#.8mol m

21 and rates similar to those found for cabigetwn plants that experienced water
deficits. In contrastassimilationrateswere more variabléor field plarts ranging fron®i

8¢ mo P stwompared teti6 e mo 2 stor cabinet grown plantRT-gPCRwas used

to measure the steadyate transcript levelsf four dehydrirencoding gene€ERD1,

RAB18, RD22amd RD29A in the rosette and cauline leaveseferarandomly selected

field plants.Transcript levels for these genes were found to be consistent between the
field plantssampledan outcome that was not anticipated given their variable water status
and gas exchange values and the natural variation in environmental canditianstudy

shows that despite the poor accessibilitiEtdremain its habitat, it is feasible
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nonetheless to harvest tissue for nucleic acids and perform measurements of water status
and gas exchange in situ at Yukon field sités data obtaineflom Yukon field plants

is consistent but often qualitatively and quantitatively different than that provided by
control or deliberately stressed cabigedwn plants. Thus a deeper understanding of how
this extremophile has adapted to its environment willjilonly transpire when research

with this plant routinely includes field research in its natural habitat complemented by

cabinet studies.

Abbreviations
TSW, fraction of transpirable soil watéRGA, infrared gas analyzelPAR,

photosynthetically activeadiation;PPFD, photosynthetic photon flux (area) density

Introduction

Studying plant responses to water deficits under cabinet or greenhouse conditions allows
researchers to control the duration and the severity of an imposed water deficit. The
ability to control these experimental parameters has allowed researchers to study different
stages in the response of a plant to drought (Harb et al. 2010) and to compare how plants
respond to a range of waterfidé severity (Kim et al. 2012Rengel et al. 2012

However, the challenges encountered by plants exposed to simulated water deficits by
withholding water are not the same as those faced by plants during water deficit brought

on by limited precipitation in the field. Response to a heterogeneous mikab@bc
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and biotic stresses in the field requires a response tailored to the specific combination of
conditions encountered by the plant at any given treadwed by Mittler and
Blumwald, 2010)For example, singArabidopsis Sewelam et al. (2014) sived that the
transcriptional response to a combination of heat, mannitol, and salinity was distinct from
the response to any of those stresses individually. These researchers observed that genes
encoding protective proteins such as late embryogenesisatiyh&A) andsmallheat
shock proteinssHSP) were expressed at higher levels under multiple stress conditions
compared to conditions where plants were exposed to the individual stresses. Thus
approaches that can identify traits that are important tagtasponding to not only
water deficit but also other stresses concurrent with draarghdesirable (Tester and
Bacic2005). However, there are a number of practical challenges associated with
studying plant response to multiple stresses under fieldtamsl(JubanyMari et al.
2010). These include the inability to control for variability in temperature and to isolate
the plants under study from biotic interactions with pests or pathogens that could
confound results.

Theextremophile planEutrema saugineums an interesting model for studying
response to multiple concurrent stresseth@s'ukon accessioof Eutremagrows
naturally in the Canadian Yukon where plantsexosedo asemtarid and sufarctic
climateas well asighly salne soils (Gevara et al. 2012Y.he Shandong accession of
Eutremaalso growsn highly saline soils but precipitationmsoreabundant and

temperatures are more tempeir@eampigny et al. 2013)n addition to limited water
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availability, the growing season for Yuk&utremais marked by extremely long
photoperiods, including near full days of sunlight. The unique combination of continuous
exposure to osmotic stress and high levels of irradiance makes Euk@maan

interesting plant in which to compare the traitpressed under field conditions with

those expressed in cabirgrbwnYukon and Shandonglants. Guevara et al. (2012)
compared the responses of cabigiiwn Yukon plants exposed to controlled drought,
cold, or salinity stresses to the responses of-fiebdvn Yukon plants. The natural

variation in precipitation at the Yukon field sltetweertwo field seasons (2003 and

2005) was exploited to compare the transcriptional and metabolic response to unusually
dry and highprecipitation periods. The relativewimance of glucose, galactose, and
fructose increased in both field and cabigetwn Yukon plants exposed to drought

relative to field and cabinet plants that were not exposed to water deficits. Thus Guevara
et al. (2012) showed that although the comhamastresses encountered by figicbwn

plants are variable, there are similarities in how field and cafghoetn plants respond to
abiotic stress and in this case, water deficits.

There are manwaysof identifying abiotic stress tolerance traits ias, from
exposing plants to conditions generated entirely in cabfetsuga et al. 2004)o those
comparing the changes of plants in cabinets to those found in thé\edkbn et al.

2007) The difficulty, however, remains in distinguishing plargpenses that are simply
perturbations due to poor conditions from those critical changes underlying acclimation

and tolerance to streds addressing this challenge, we hypothesize that the physiological
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and molecular traits that overlap between thoseessged by field and cabirgtown
plants are most likely to include ones that are essential for tolerasttegsOtherwise
stated, stress responseattare observed only in cabirgiown plantexposed to a given
stressand not observed similarly gressedield plantsare unlikely to be traits essential
for toleranceAt first approximation, howeveEutremaplantsin thefield bear little
resemblance toabinet plantsField plantsfeatureinflorescencesomprised obolts
terminatihg in flowersand bolts display promint cauline leavewhereascabinet plants
arecharacterized bg prominent rosette and bolts largely void of cauline leaGesyara
et al.2012). This raises a question about how dissimilar field and cabinet plants are with
respect to other, less visible phenotypic features such & gaasnge and water status.

The objective of this work was to better characteia&remaplantsin the field
with respect to their gas exchange propertiea t e r s d ra d),,a§d eXp@ssion of
a select group of four droughtsponsivalehydrirenmdinggenes llacLeod et al. 2015;
Fig. 3.7. We compared measurements made on Yukon plants grown in cabinets or found
in their natural habitat to tighandongccession oEutremaplants whererates of
stomatal conductance and assimilation halueadybeenreported(lnan et al. 2004,
Stepien and Johnson 20@)pel et al. 204). To determine how gas exchange and water
status properties were altered by stress, a state endemic to plants in the field, plants in
cabinets were either wellatered or subjectad a water deficitWith respect toates of
assimilationandsolute potentianeasurementse foundvariability, particularly between

field plants Our gene expression resultgre by comparison, far more consistent than
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we would have predicted given thenge inthe physiologicatleterminationgrom field

plants. The consistency in dehydrin gene expression for different individuals in the field
suggestshatrelative to physiological meansanscript profiling of field plantsffers a
meaningful platfom from which to compare the degree and natutergf termstress

experienced by plants in natural environments.

Materials and methods

Field site

Cauline leaf tissue was harvested from mature, flowering Y &dremaat three field

sites near Whitehors¥ukon: Site 1 (location: 60.847560°N, 135.699222°W), Site 2
(location: 60.931687°N, 135.173909°W), and Site 3 (location: 60.81098°N,
136.79213°W). Although tissue was harvested and used from three sites for the
measurements below, the fiedde of originwas not used as a treatment in the analysis.
Tissue harvested from field plants was classified according to morphology as shown in
Fig. 5.6. Phenotype 1: Vegetative plants dominated by rosette leaves, Phenotype 2: Plants
lacking rosette leaves but dispilag bolts with flowers but lacking mature siliques, and
Phenotype 3: Plants lacking rosette leaves but displaying bolts bearing mature siliques.
The field plants were of indeterminate age as our visit to the fieldvwsiesf short

duration (about one wkg Tissue was harvested and fldsbzen at the field site then
shipped from the Yukon in a vapour shipper for subsequent analyses according to the

sampling procedures described by Guevara et al. (2012).
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Gas exchange analysis of YukoButrema
Gas exchargmeasurements of transpiratid),(stomatal conductanceguf, net
assimilation §), and sukstomatal CQ(Ci) were performed with a CIRAS infrared gas
analyzer(IRGA) (PP Systems Intl.) fitted with a PELbroad leaf cuvette. GQevels
were set to ambnt (385 ppm) and water vapor was set to 70% relative humidity. Leaves
werefrequentlyless than the 2.5 cnsurface area assumed by the instrument. As such, a
leaf area correction was applied to the data. The area of the leaf that was placed inside the
cuvette was determined using Adobe Photoshop 8.0 software (O'Neal et al. 2002). The
measurements used for generating the light response curves were made on intact leaves of
well-watered, cabinegrown Yukon and Shandorigutremaplants. Plants used for these
determinations were grown in flats where the pots could be spaced to allow the plants to
produce longetioles that allowed leaves to be sealed in the cuvette while remaining
attached to the plant. All of the remaining gas exchange measurements wearageerfo
on detached leaves. Unless otherwise stated, detached leaves were allowed to equilibrate
in the cuvette for no longer than four minutes. The calculations used for determining
baseline gas exchange in Yukon and Shandong plants are gi®aapier2.

Gas exchange measurements were performed at YrklohSite 2 in June 2014
near solar noon (approx. 1400 h). Two leaves from 15 individual plants were sampled at
either low (303 0 0 ¢ Wd)lor high (3031 0 0 0  &£2mitradiamce. The same

instrumentation and settings were used as described above.
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dw a n dsmépsurements of fieldgrown Yukon Eutrema

An HR33T psychrometer fitted with a C52 chamber (Wescor® Inc.) was used to
det er mi wiSx mMmalianmeter@liscs were excised from a mature, é&xpanded
| eaf as previously des ameabuements Weeerperformédny k e
i n the fJvadedwere tleteimaed@ the lab using leaf discs-fiasen in the

field using the protocol outlined i@hapter AMacLeod et al. 2015 ,whs calculated

for plants fwaonnkm&aisauhlr ebmetnit sQwer e taken usi
dst p@Boyer1968). The psychrometric measurements of Phenotype 1 plants were
performed on a pool of approximately 10 small rosette plgnbsvingwithin an area 1

miin order to amas s sheaoengitsalRl-g°PE€Raralydisor bot h

RT-gPCR analyses of fieldgrown Yukon Eutrema

Approximately 75 mg of rosette tissue franultiple individual plantsvas pooledor

Phenotype 1 plants cauline leaf tissuérom a single, individual plant was used for

Phenotype or 3 plants Total RNA was extracted using the Plant/Fungi Total RNA

Purification Kit (Norgen BioTekThorold, Ontario, CAN f ol | owi ng t he man
instructions.Transcript évels ofESRAB1§Thhalv10004906m)sRD22
(Thhalv10004736m)EsRD29AThhalv10015427m) andsERD1(Thhalv10012591m)

were measured relative to reference transcripts of genes enéodirigF 1 U

(Thhalv10013526m):sUBQ10(Thhalv10006290m) andlsYL8Thhalv10014963m).
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Preparation of cDNA anBT-gPCRanalysis was performeas per MacLeod et al.

(2015) The primers used are listedTiable 2.1.

Statistical analysis

For the light responseurves rectangular parabolic curves were fit to the data collected

using GraphPad Pris(Wersion 5.02 GraphPad Software Ind4 linear regression was

performed on the net assimilatioh) @ataof light intensitiesfron0 t o 2 0%s! ¢ mo | m
using STATISTCA (Version 7.0; StatSoft Incip order to determine theirtercept

(light compensation poipaaind the slope of the lingantum yieldlas descried by Long

and Bernacci (2003All other statistical analysis was performed using STATISTICA.

All data wee subjected to either otveay or factorial analysis ofariance (ANOVA) If

ANOVA showed significant interactions, a pdsic test using Fisher's least significant

difference was performedP 0.05).

Results

Comparison of gas exchange ikutremaplants

Gas exchangmeasurement®r attached leavesf Yukon and Shandongutremaplants
growing under controlled environment conditi@re reported iTable5.1. As expected,
rates of tanspirationE), stomatal conductangg:) and net CQ@assimilation(A) are

highest with illumination whilehe internal C@pool (Ci) decreaseasplants overcomes
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dark-mediated respiratory GQosses However, there are significant differencedvireen
the accessiawith respect to these determinatiosvas more negativenilow lightin
Shandong plantsidicating rates of dark respiration are higher relative to Yukon plants
In general, plants that have higher rates of dark respiration often show higher gates of
exchange (Boyer 1970). The fabat Shandong plants hagsificantly higher values for
E, g1, andA relative to Yukon plants consistent with this generalizatidappel et al.
(2014) plottedA andg: as a function of lighind wing similar irradiance levels (600
¢ mo ?2shandestimates foBhandong plants of 20 m oClO, m? st and250mol H,O
m?s?, respectively, are obtained from their dathese valuefor A andg; are in close
agreement to those obtainiedTable 5.1at 19.3e m oCl0, m2 st and 261.8nol HO
m2s?, respectively

To determineother baseline parameters, light response curves were generated for
well-watered Yukon and Shandong plants (Bid). Both accessions grown under
cabinet conditions had ligstituration points adipproximately6 0 0 ¢ TFsbalthough
the value ofA at the light saturation point was if@ld higher in Shandong compared to
Yukon leaves. Shandong plants also had a higher light compensatioat@#st mo ' m
2s1compared to th&¥ukon plants grown under the same conditions & 260 ?s' m
(inset Fig. 5.1)Given the higher rates of gas exchange for Shandong plants relative to

Yukon plants (Tabl&.1), it is not surprising that Shandong plants hakgher
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Table 5.1.Gas exbange measurements of Yukon and Shandngemaleaves Data is

the meant/- SEfor two biological replicates where n1f plants for each accession.

Numbers inbold are significantlygifferent between the accessions (Fisher LiB,

0.05).

Parameter

Irradiance

Yukon Eutrema Shandong Eutrema

010 emel /50 ¢ gl 010 emel 50 ¢ gl

E mmol H20 m=2 st
g1 mol H20 m=2? s
Ag mo | 2nE2@?
Cie mo |l 2nB

1.66 = 0.07 1.83 +0.07 2.42 +0.26 248 +0.19
164.4 +10.8 1945+ 10.5 246.0 + 29.8 261.8 + 22.6
-1.17+0.11 13.74 + 0.38 -1.87 £ 0.45 19.31 £ 2.02
4142 +1.6 260.8+4.4 4148+2.0 263.5+6.6
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Fig. 5.1.Light andCO;response curves for leaves of cabigetwn Yukon and
Shandongdzutremaplants Net assimilation of C&(A) as a function ophotosynthetically
active irradiancel]. Inset:portion ofthe light response curve from@0 0 € hsd | m
when net assimilation of G@ndphotosynthetically active irradianch bave a linear
relationship. All measurements were made on intact leavéskain &, —) and
Shandongy , ---) plants. A nodinear leastsquarescurve was fit to data collected from
three plants from each accessiArlinear regression analysis was performed on inset

curves: Yukon R?2=0.96 y = 0.046x1.15, ShandongR? = 0.96 y = 0.064x1.90.
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guantum yield but neeahore light to overcome respiratory loss of carbon to achieve
positivevalues forA.

The datan Table5.1 and Fig5.1 shovsthat the two accessions differ with respect
to gas exchangas a functia of irradiancebut we were most interested whether the
plants would shw altered rates of gas exchange in respons&ter deficitHowever,
unlike theunstressed plants used fm@seline determinationdroughtstressed plas
developsmaller leaveand petioles making them inaccessible to the IRGA cuvette while
still attached to the rosettéxcised leaves have been usedcessfullyo determine gas
exchangeChang et al. 2004, Zeeman et al. 2004) and tiagg been used to provide
information abouthanges in gas exchange over time as leaves undergo dehydration
(Zeeman et al. 2004Thus we compared gas exchange over time ustagtand
detached leaves of Yukon and Shandong plants to determine if a) measurements on intact
and detached leaves wax@mparable and b) to determine if detachment led to differences
in gas exchange properties between the two accessions.Z89owsE, gi, A, andCi
measureaver time in detached and intaeaves oEutremafrom well-watered plantsin
the case oihtact leaves the data for a single, representdéaéisplotted and as these
determinations shovi, gi1, A, andCi estimates for any given leaf maoieer the 18 min
time-course of the experimentere similar to the first determinatiomade at 2 minutes.
However, Fig 5.2 alsoshows that in detached relativeitact Yukon leaves there is a

decline in these gas exchange parametegs time.This outcome is not particularly
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Fig. 5.2.Leaf gas exchange measurements over timddtached leaves dfukon and
Shandongd=utremaplants Transpiration ), stomatal conductancg.f, net assimilation

of COx (A), and substomatal level of C&(Ci) were measured. Gas exchange was

determinecht i rradiance levels simiisr to cabi ne
Measurements made on detached Yulon-() and Shandong (,—) leaves are the

mean = SE of two biological replicatediere n = 5 plants for each accessbata shown

for a single representative intact Yukdh{-) and Shandongp(,---) leaf. Asterisks

indicate statistically significant differences between acces&ometached leaves

(Fisher's LSDP <0.05)
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surprising as leafletachment can provoke a water deficit response that leads to stomatal
closureandhence reduced transpirationdaCQ assimilation (Zeeman et al. 2004).
Notably, the decline ik, g1, andA values did not occur until nearly 10 minutes after
leaves were detached. Interestingly, detached Shandong leaves showed relatively stable
E, g1, A, andCi values over the sammnte period whersimilarly treated Yukon leaves
showed declining values. Thus the data in 6igis evidencehatreproducible
experimental measurements can be made on detached Yukon and Shandoréeaves
the leaves are sufficiently stable for a timattallows br thefour minute periodusedfor
adetached leaf to come into equilibriumthe IRGA cuvetteMoreover, Fig5.2 shows
that data from intact and detached leaves led to similar concluBmnexample,
estimates oA based upon intact or detaed leaves leads to the same conclusion that the
accessions differ with respect to this paramétér.next applied the same strategy to
determine whether thevo accessiondiverged with respect tgas exchange
characteristicsvhen the plants from whiclhé leaves were removed had been drought
stressed

Eutremaplants were exposed a single, progressiyeater deficit equivalent to the
first part of the twestage drought protocol describeg MacLeod et al. (2015) (Fig. 3.1)
Gas exchange was measursithg detached leaves taken from rosettes of the two
accessions at 40% and 10% FTSW corresponding to a moderate and severe drought
treatment. It is important to note that the leaves used were not wilted, the phenotype

reached at® FTSW (MacLeod, et al, 26). The measurements for gas exchange values
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for detached leaves from plants under water deficit stress are shown58BRigth a
comparison provided from a wellatered control plant grown at the same tikive.
selected an irradiantkat matched cabine c ondi t i o n%s!RPFDagtbeBe € mo |
were the conditions that both accessions had been grown under. No significant
differences were found for any of the measurements msidg the detached leaves of
well-watered Yukon and Shandong leaugswever at the 40% FTSW stadkere was a
significant reductiopnapproximately 50%n E andg: in droughttreated Yukon plants
that was not observed in Shandong plakile theg: values remained low in Yukon
plants at the 10% FTSW stage, at this staEgdrought theg: valuesalso decreased
significantly for Shandong plants. A comparison between the data oBR2gmnd5.3
shows an interesting similarity in the behaviour of the Yukon plants with respect to gas
exchange responses. Thgeg:, A, andCi valuesfor a detached leaf from a wellatered,
Yukon plant determined 18 minutes following its removal from the plant is roughly
equivalent to the same values for a detached leaf from a plant stressed to 40 or 10%
FTSW measured withifour minutes of being seved from the plant. In summary,
Yukon plants respond to water deficits by redudnagspiratiorand stomatal
conductancén that rates oE andg: fell by almost half yevalues ofA wereonly reduced
by about 10 to 20%hile Shandong plants hadn averge, higher rates for all of these
processeandwerelessadverselyaffected by water stress.

The cabinet conditions are very different from those found in the natural habitat for

Eutrema.For example, gecipitation is variablén the semiarid Yukon ard theplantsare
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Fig. 5.3.Gas exchang®r cabinetgrown Eutremaplants exposed tadequate water and
moderate or severe water deficifsanspiration ), stomatal conductancg.j, net
assimilation of CQ(A) and substomatal level of CeXCi) weremeasured using detached
leaves of Yukon wellvatered (YWW), Yukon drougkteated (YD), Shandong well
watered (SWW) and Shandong drougletated (SD) plants. Drouglreated plants were
exposed to either moderate (40% FTSW) or severe (10% FTSW) watatsd&as
exchange was evaluated in leaves at irradiance Isweirto cabinet conditions (250

¢ mo ?shnData are the mean * SE of three biological replioatesse n = 9 plants for
each accessioisterisks indicate statistically significant differences between accessions

(Fisher's LSDP <0.05).
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found on highlysaline alkalinesoils. Furthermoran contrast to our cabingfrown
plants,Eutremagrowingin the field isexposed to higheand constantly changirght
intensitiegGuevara et al. 2012). In order to compareghg exchange measuremeuits
field plantswith those ofcabinet plants we performed measurements on 15 individual
plants from the field and the cabinet under either low33D 0 ¢ ¥d)lor high (301
1000 <e?mYitradiance. Boxwhisker plots showing the range of the measurements
obtainedare shown irig. 5.4. The valuef E andg; for field and cabinet plants had
similar maximum values under low light conditions but the minimum observed values for
E andg: from field plants were more than twold lower tharnthose from cabinet plants.
Underbothhigh and lowlight conditions field plants had lowareragevalues forE, gi,
andA. In contrastCi levels were similain field and cabinet plants under high and low
light.

We compared thgas exchange values from figgdown plantswith thevalues
obtaned from cabinegrown Yukon plants undergoing water deficit (Fsd). This
metaanalysis of data used to generate Figs. 5.3 and 5.4esltbatvalues ofE andg:
for droughtstressed cabinet plants and figicbwn plants(the latter measured under high
or low irradianceveremore similar to each other and less than the valb&sned from
well-watered cabinegrown plants. In contrash values were significantly lower in field
grown plants exposed to lower light levels but as high as the rateslatateted cabinet
plants when the higher irradiance range was used for measurements. Correspondingly, the

Ci measurement is highest in field plants under low irradiance due to less available CO
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Fig. 5.4.Box-whisker plots of gas exchange measuremint¥ukon field and cabinet

grown Eutremaplants Measurements weraade over two different ranges of irradiance
(150300 £ %vdorOm3 00 “Esh.ditansmiration), stomatal conductance

(91), net assimilation of C&JA) and sukstomatal CQ(Ci) were assessed in leaves from
Eutremaplants growing at a field site near Whitehorse in June 2014 (Field) and in
cabinetgrown Yukon plants (Cabinet). The bottom of the box is the 25th percentile and
the top is the 75th. The whiskers extend to the highest and lowest values. A minimum of
fifteen Yukon field or cabinegrown plantsvere measured faach range of irdiance

values.
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Fig. 5.5.Comparison of gas exchange measurements indrelin and droughstressed
cabinetgrown Yukon plantsTranspirationE), stomatal conductanceguf, net

assimilation of CQ(A) and sukstomatal CQ(Ci) were ass&sed in detached leaves of
Yukon wellwatered (YWW 100% FTSW or Yukon droughtreated (YD) plants.
Droughttreated plants were exposed to either moderate (40% FTSW) or severe (10%
FTSW) water deficits. Gas exchangeasuremerfor cabinet plants were madt
irradiance | evels mat cheds! Datashowdfornet condi
cabinetgrown Yukon plants arthe mean + SE of three biological replicardgere n = 9
plants for each treatmerdas exchangsmeasurementssingEutremaplants growing aa
field site near Whitehorse in June 204dretakenunderlow (1503 0 0 ¢ Asd)landm
high( O 3 0 0¢s) arhdiance data are thenean *+ SE 015 individuals Asterisks

indicate statistically significant differences betwésatmentgFisher's ISD, P <0.05).
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being assimilatedndsignificantly lower under the high irradiance regime and associated

higher rate of C@assimilation.

Water status of fieldgrown Yukon plants

Psychrometric measurements were taken of field plants growing in thenYDke to the
difference in leaf type (cauline or rosette) and size amonglamésfound in the field the
plantswere grouped into tiee categories based upon abgveund phenotype as shown

in Fig. 5.6. Phenotype Was comprised gflantsthatwere ros#tes at the time of harvest

and these plants were typicallgry small(Fig. 5.6A) Phenotype 2 and 3 plants were
inflorescent plants with cauline leavasd lacking rosette leaveshéhotype 2 plants
lackedmature siliques (Figh.6B)wherea$?henotype plantshadmature siliques and

werg on averaggdarger than Phenotypedants (Fig5.6C ) . weanads Q
measurements wergade on cauline leaves of Phenotype 2 and 3 plants bu@enly

values are available for the rosette leaves of Phenotype 1 plants as the leaves were too
small to reliably use fow determinationsThe plants were harveesl fromtwo Yukon

field sitesin Jure 2011 (see Materials and methods) and}hand(sshow that there

was no difference in water status measurements between cauline leaves of Phenotype 2
and Phenotype 3 plants at the two sites (Table 5.3). In comresiptype 1 plants had
significantly lower(s values in rosette leaves indicating that solutes are more
concentrated in these leaves compared to cauline leaves of the older Phenotype 2 and 3

plants.Le a f, of figld plants was estimated from thee asfan ddsn@asurementsf

168



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

Fig. 5.6.Variability amongYukon Eutremaphenotypes found in the cabinet and field
(A) Well-watered cabinetgrown Yukon plantand(B) Field Phenotype Yegetative
plants dominated by rosette leav3) Field Phenotype Plants featuring cauline leaves,
lacking rosette leaws anddisplaying bolts with flowerand immature siliquesand(D)
Field Phenotype dlants that lack rosettes but have cauline leavedalts bearing

mature siliques.
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three individual pints(Appendix 4) The plantsampledwit  t h e || atsovladthe
I o wesand th&]lowest estimate Gf suggeshg thatP3-3 was experiencing a greater
water deficithanP31orP32. 1t i s notable that while
valuesa | }pvaligs were positive and therefdhe plants weréurgid.

In generalwater status measuremenfdield plants werenore variabléhan those
made using leaves of plants in our controlled environment cabiigt&(7). The range
o f wa(h dsvaldes for field plantss shown besidealuescompiled for cabinegrown
Yukon plantdrom well-watered and droughiteated plants (no values were used from
wilted plants) during the drought exposure described by MacLeod et al. (2015). Despite
using measurements from many cabigetwn plants inluding those exposed to
prolonged water deficit, the range @, values for cabinegjrown and plants in the field
does not overlagn this respect, while progressive drought treatments in the cabinet may
elicit many physiological changes (MacLeod et al. 2015), they fail to induce the same

level of osmotic adjustmeiass found folEutremaplants growing in their natural habitat.

Determination of dehydrin expression in fieldgrown Yukon Eutrema

The expression oblur dehydrirencoding gene€SERD1, ESRAB18, EsRDaad
EsRD29Asee ChapteB) was assessdry RT-qgPCRanalysisusing leaves of field plants
and expressegtlative totheir expression in wellvatered cabinetgrown Yukon plarg
(YWW1). For comparisonhie expression of the dehydrin genes in cabgnetvn Yukon

plantsexposed to a single (YD1) or two conseeeitdrought treatmea (YD2) are given
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Table5.3Wat er pow eabhdab ol @J neeasprentestsintadeah Yukoq]
Eutremaplants from two field sites. Plants were classified as one of three phenotypes
according to morphological observationa d e i n § dredda@ ad the. meaq £

SE of three individuals with three technical replicates per plant.

Mean Potential + SE (MPa)

Phenotype Field Site qw? ds

1 1 n/a -4.50 + 0.38
2 n/a -4.34 £ 0.12

> 1 -2.28+0.78 -2.60+0.13
2 -2.02 £ 0.22 -2.49 + 0.15

3 1 -2.29 + 0.66 -2.62 + 0.09
2 -2.27 £0.19 -2.63 + 0.09

an/a = not available
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Fig. 5.7.Differences in morphological phenotype and water status between cabinet and
field-grown YukonEutrema (A) Represerdtive images of cabingrown (left) and field

grown (right) Yukon plants. (B)Bew hi sker pl ots of the range
and sol ut ¢ measutements of aabine(aQd figibwnplants The bottom of

the box is the 25th percentile atie top is the 75th. The whiskers extend to the highest

and | owe syt n & mdgsurements Were made on 12 individual calgrmaun

plants at different stages of drougtgatment. Measurements from field plants are those
shown in Tables 1 and 2x@uding Phenotype 1). All measurements were made on turgid

plants.
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Fig. 5.8.Expression of dehydriencoding genes in fielgrown YukonEutremaplants
compared to cabinggrown plantsThe relative expressiasf ESERD1ESRAB1S,
EsRD22and EsRD29Awere determined fdield anddroughttreated cabinegrown
plants at two stages of drought @0% and D110% FTSW)gRT-PCR data for field
grown plants are the mearSE ofthree plants from each phenotygedfor cabinet
grown plants are theean + SE of two biological replicategere n = 4 plants for each
treatmentAsterisks indicate statistically significant differences betwesstmentsand

the YWW1 controlFisher's LSDP <0.05).
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(Fig. 5.8). The relative expression of the four dehlyeencoding transcripts was
surprisingly consistent in field plants with no significant difference in relative expression
between the three field phenotypes. Tin@e frequent outlier determinations with respect
to transcript abundance was for Yukon YDargk.Indeed, thenost significant

difference in relative expression was EsERD1in the cabinegrown YD1 plantsThe
relative expression values fBsRAB1&ndEsRD22weresignificantly highein thefield
samples and both YDland YB2amplesomparedd YWW1 plantswhile the relative
expression oEsRD29Awas consistently high in tHeeld plantssampledand YD2 but

not the YD1 cabinet plant sampl®verall, the relative expression values of the four
dehydrin genes indicates that their transcript abood in field plants more closely

resembles the values obtained from cabinet YD2 plants as opposed to the YD1 plants.

Discussion

The ability to study naturallgtressadapted populations growth cabinets and itheir
nativeenvironment is a tool that sdnelp elucidat¢hetraits allowng theseplants to

withstand harsh natural environmenitsikon Eutremaare particularly interesting due to

the combination of severe abiotic stresses the plants must endure in their natural habitat
with the most consistewine being exposure to salt and a less frequent stress arising from
low precipitation. While pevious studies have used metabolomics and transcriptomics to
compareYukon fieldand cabineplants relatively little is known about photosynthesis

and water rlations in these natural populations (Guevara et al. 2012, Champigny et al.
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2013). In that regardhé results presented ha#er novelinsights intoboth gas
exchange and water statusyafkon Eutremaplants found in the cabinet and in the field.

In this study we first compared gas exchange properties between #okon
Shandong plant$sas exchange parameters have not been reported for Euik@ma
whereas Shandong plants have been characterized in terms of gas exchange physiology
(Inan et al. 2004, 8pien and Johnson 2009, Eppel et al 2204s a halophyte,
Shandongdg=utremanaturally havegas exchange and photosynthetic réttesare lower
relative to its glycophyte relativrabidopsig(Inan et al. 2004 However, even under
optimized cabinet contlons, wefound thattranspiration, stomatal conductance and net
assimilation werall lower in Yukonrelative to Shandong planf§ables5.1 and5.2).

This comparativelyow rateof gas exchange in Yukon relative to Shandong plants is
interesting in lighof the findingthat Yukon plantslso have more wax associated with
thecuticle than Shandong plar(®su et al. 2014)Both reduced gas exchange and waxy
cuticles are mechanisms used to reduce watef(Bugger et al. 1997) and both of these
traits appeato be constitutive in Yukon plants as they are expressed even under optimal
growth conditions.

With the knowledge that baseline levels of gas exchange wereilowWakon
plants compared to Shandong plants set out tadetermire if droughttreatment Hected
gas exchange differently the two accessions. Our protocol for imposing drought
treatment conditions for potted plants in cabinets (Maclet@d.2015) enabled us to

control the duration and severity of the stress and this was advantagedpsi e
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establish how gas exchange valuesHotremaplants change when exposed to water
deficits. There is negligible published information on gas exchangetremaexposed
to drought but work has been published describing the impacts of saliniason g
exchange for Shandong plaralinity and drought are examples of osmotic stress and
there is overlap in plant response to these conditions (Chaves et al.Biid9%tepien
and Johnson (2009) and Inan et al. (2004) reportedntistandong plantghereis a
modest decrease stomatal conductan@dterprolongedexposure to salinitya response
that wealso observed ithe more severe drougineatment when Shandong plants
reached 10% FTSWFig. 5.3). However, earlier in their salinity treatmeditepen and
Johnson (2009) reported that there wasigaificant differencen stomatal conductance
between Shandong plants exposed to 500 mM NaCl compared to untreated dMatrols.
alsofound no significant difference stomatal conductandeetween unstresd
Shandong control plants and plants exposed to the modetgedeficit (Fig. 5.5). In
contrastevenunder moderate water defisitomatal conductanaeas significantly
reduced in Yukon plantsompared to unstressed control plaktgthermore, comped
to Shandondcutrema,Yukon plants exhibé&dbothlower constitutive levels of gas
exchangainder more optimal conditions (Table 5ahidreduced stomatal conductance
earlierin responséo water deficit (Fig5.3).

Our Yukon field populations were u$éo determine if the same conservative
approach to gas exchange was expressed in natural populations where temperatures,

precipitation, irradiance, and day length are all variable (Guevara et al. 2012).
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Measurements of evaporation and stomatal conductesrodfield plants were similar to
droughttreated Yukon cabinet plants, a condition we did not expect given that the field
plants experience higher irradiance levels that cannot be attained in the cabinet that we
used(Fig. 5.5). The similarity in transpation and stomatal conductance between field
and droughtreated cabinet plants is likely due to partial or complete closure of stomates
in order to reducevater losgCowan 1977)A consequence of reduced
evapotranspiration through stomates is thakél{i restricts thenovement ofNa" ions
from saline soil watemto the shoots of field plants by limiting the need for water uptake
(Lovelockand Ball2002).Thereduced rates of evaporation and stomatal conductance in
droughttreated cabingtlantsindicates that Yukon planeremore responsive to acute
water stress thaBhandong plants and it would be interesting if this difference could be
discerned in response to water deficits under field conditions

Overall gas exchange in field plants is low tielato wellwatered cabinet plants
which would appear to be due to more stressful environmental conditions in the field.
Measurements of leaf water stawasied from plant to plant (Fig. 5.7Butshowed that
dw a n dsvalfesfor field plantswereconsistentlyjower than those of even the most
waterstressed cabinet pla(Fig. 5.6). Especially low leaf]s values were found in
Phenotype 1 plants that were juvenile and comprised of rosettes (Table 5.3)1.0h et a
(2010 investigated the halophytic natureEitremaand found thaEutremabehaves as
a true halophyte by exhibiting controlled accumulation of. Nassue harvested from

field-grown Yukon plants is enriched in NgGuevara et al. 2012)roviding an
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explanation for the disparity betwe€ly a n o valfjesbetween field plants and drought
stressed cabingrown Yukon plants. If properly sequestered; ban help maintain @
gradient between plants roots and saline soils (Oh et al. 2010).

Even though gas exchange and water staliseswere lower forYukon field
plantsrelative to cabinegrown plantsye observed surprisingly consistent gene
expressiorfor the selected dehydrencoding genes in field plants despite different
aboveground phenotyped-ig. 5.8). The consistency of expressipatterns of the
dehydrirencoding genes agrees with the findings of Champigny et al. (2013) in that gene
expression appears relatively stableandomly selecteohdividuals sampled
simultaneously from natural populations. The expressid&sBAB18, HID22 and
EsRD29AN plants ofall three field phenotypes was similar to drougtiessed cabinet
grown plants. This was expected EsRAB1&s it was identified as a gene that was
significantly upregulated by drought, cold and salinity treatment (Woaly 2006). The
only gene tested that was expressed at much higher levels in dstiggised cabinet
plantsrelative to field plantsvasEsERD1Interestingly, the expression BEERD1was
shown to be upegulated only in response to an initial droughgasurein a cabinet plant
and not a second drought treatméfg(3.7). This result suggestsatESERDImayonly
beexpressed in naivéukon plants experiencing a water deficit for the first tirime.
general, the expression of these dehyénooding gees was responsive to the severity
of an imposed water deficit in cabirgtown plants (Fig. 3.7). Thus, vexpected that

thar expression would be higher inetfPhenotype 1 plants sampled due to their
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signi ficant {vglues (dbabl®.3). Howe\erpnlydEsRD22was significantly
up-regulated in Phenotype 1 plants relative to both Phenotype 2faeid Blants.The
fact that onlyone EsRD22 out of thefour dehydrins testedias upregulated in
Phenotype 1 plants whi ch on avsauagndicateathiht gene expressidi
may not be as responsive to stress severity in field plants

In order tofully understand how a particular trait is involvedmprovingsurvival
of Yukon plantan the fieldit is essential to understand hovattrait will be expressed
under the complex combination of conditions encountered in the lfietllis regard, the
consistency we observed in the relative expressidhe selected dehydrencoding
genes is particularly promising. Further studies of these natural populations of Yukon
Eutremacan investigate the effects of either natural or imposed conditions on gene
expression with confidence that interplant variapik relatively low. Ideally,
information gained by transcript profiling of field plants should be combined with
physiological measurements including gas exchange and water status as described here as
this will provide a more complete picture of how taidremophile copes with the

complex and dynamic stresses of its challenging habitat.
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Our understanding of how plants respond to drought continues to increase through
research on established and emerging plant models. For ex&rgilelopsiss a
popular model for studying drought response as approximately 50% of published studies
on plants that have been genetically modified to improve drought tolerance have used
Arabidopsis(Lawlor, 2013). Furthermore, natural variation in drought tolerance among
different accessions @frabidopsishas been exploited to identify adaptations to drier
climates (Bouchabke et al. 2008; Verslues and Juenger,. 20tlifjerent approach s
been to study drought response in sttesrantspeciesuch asirabidopsis lyrata
(Sletvold anddgren, 2012)andEutrema salsugineuiXu et al. 20%) that are closely
related toArabidopsis thaliandut can withstand more severe water defidités work
utilizes natural variation between accessiopgomparing drought responsetio
accessions of the extremophlatrema salsugineut multiple leveldrom transcript
abundance to whole plant productivity.

One of the unique aspects of this rese@the droughtreatment, used in Chapters
3 and 4, which includes both a recovery period and a second drought exposure. Neither
the recovery period nor the second drought exposure are commonly used in other studies
of drought (Galle et al. 2011). Howey#éoth the ability to recover from water deficit and
withstand multiple drought exposures are vital to plants in natural environments (Hayano
Kanashiro et al. 2009; Galle et al. 2011). Without both the recovery period and
subsequent drought we would noveabserved that the initial drought exposure

significantlyalters how Yukon plants resparizbth physiologically and transcriptionally,
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to the subsequent drouglonversely, for Shandong plants the responses to the two
drought exposures were similar arins of physiologicabut nottranscriptional

outcomes. The altered response to the second drought in Yukon plants raises the question
of whether a unique form of abiotic stress memory is present in Yukon plants. In a
previous study, Griffith et al. (200@emonstrated that exposing YukBuatremaplants to
drought improved freezing tolerance, as opposed to cold acclimation alonel&&ncT
to-21 C. In Chapter 3, | showed that Yukon plants experiencing a second drought
maintained higher LWC and SLA thauring the initial drought (Fig. 3.4). This response
meant that the plants were in a better physiological state to continue growth despite
sustained exposure to water deficit (Fig. 3.2). In Yukon plants at the molecular level, the
initial drought exposureessulted in the differential expression of more than 2000 genes
while the subsequent drought exposure led to fewer than 100 genes that were
differentially expressed compared to thevateredstage(Fig. 4.2). The net result of the
physiological and transiptional responses that occur in Yukon plants is that they can
withstand the second water deficit for a longer period of time than Shandong plants (Fig.
3.1).

The dissimilar responses to repeated wagdicits described above for Yukon and
Shandong plas led to the development of a hypothetical model to explain how Yukon
plants respond positively to repeated drought exposures while the response of Shandong
plants is unchanged by repeated drought exposures (FigTBelinodel uses turgor as

an examplef a drought response that is initially the same for both Yukon and Shandong
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Figure 6.1- A model depicting the response of Shandong and Yukon plargpeated
drought exposurasing turgor as an examplgfter the initial drought exposure both
Shamong and Yukn plants responbly undergoing physiological and biochemical
changes equating to level A with the eventual result being wiltgen water is
returnedo Shandonglantstheyrecover turgoequating to level BFor Shandong plants,
the onsetbf the second droughesults in a return to level A and wiltingowever, Yukon
plants retain some or all of the str@esponsive changes that occurred during the first
drought exposure. Unlike Shandong plants, this altered state, distinguished B/ deyel

continues into the second drought | eading
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plants and islesignated level AAfter drought is alleviated, Shandong plamsover
turgorbut most or all of the drougiésponsive changes are la$town adevel B in Fig.

6.1 Thesubsequent drought exposagainresults inwilting and Shandong plantsturn
tolevel A. In Yukon plants, the initial drought exposure instigates-kengn adjustments
resulting in a newmughtresponse baselidev e | afté ater is returned to Yukon
plants. The cbughtresponse baselifle e v eid heightened relative to porought

baseline levels consistent with the existence of a "memory" of the drought stress leaving
the plants "primed" fobettertolerating subsagent exposures unlike Shandong plants.
After a repeated drougkkposure, only modest changes are required for Yukon plants to
reach the heightenedalightr e s ponse | e(Fig 6.1).Thsstoeceptcdal B O
Amemoryd has been prt theresgoase dfrabaopsisop | ai n,
desiccation and has been demonstrate&rabidopsisn terms of the transcription of

genes related to the ABAesponsive pathway includirgD22andRAB18(Goh et al.

2003; Ding et al. 2012). Stress memory at the madedalel can be maintained through
epigenetic modifications (Chinnusamy and Zhu, 200llierand Luttge, 203),

particularly the methylation of lysine residues on histones that would allow a
modification to persist longer than DNA methylation epigenaigeks (Liu et al. 2014).

It is particularly interesting that, using the droutgeitment deviselere the initial
droughttreatment alters how Yukon plants respond to the second drivegtmhent

whereas Shandong plants respond similarly to both dreulghture studies could exploit

this difference between the accessions to identify drought memory tr&igrema.in
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Chapter 4, | invoked the concept of a "molecular buffer" to explain how the expression of
some genes in Yukon plants were altered byrthial droughttreatment (Fig. 4.4). These
Yukon genes, which do not return to {steess expression levels even aftewegering,
are good droughgtress memory candidate genes in Yukon plants.

Comparative approaches that contrast accessions olesugth different
capacities to tolerate water deficits have become an important tool in studying plant
tolerance to drought (Rampino et al. 2006; Juenger et al. 2010; Sharma et al. 2013). The
comparison of Yukon and Shandong plants does not fit theatypierant versus
susceptible paradigm used for this type of work in that both Yukon and Shandong plants
are well equipped to withstand osmotic stress (Inan et al. 2004; Wong et al. 2006;
MacLeod et al. 2015). As such, teasing out the distisctotic stess tolerance
mechanisms for two extremophiles represents an uncommon comparative approach. As
natural accessions of an extremophile halophyte species, we did not expecsto find
manysignificant differences in physiology and gene expression betwe@cdthesions
with regards to drought andcovery. Many of the quantitative physiological
measurements made on Shandong plants showed that these plants did not respond to
drought treatment like Yukon plants, instead the Shandong plants seemingly "ignored"
the drought treatment until the more severe stages of water deficit were reached (Fig. 3.4,
Fig. 3.7, Fig. 4.4, Figh.3). Although this behaviouwesulted in diminished tolerance of
Shandong relative to Yukon plants under the controlled environment wétér de

conditions we used, it is possible that the capacity of plants to ignore shorter periods of
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drought would be advantageous in terms of productivity under a more moderate drought
regime. For example, if experimental conditions included just a singleht period

where plants reached only the 40% FTSW threshold then the ability to maintain water
status (Fig. 3.4) and transcription (Fig. 3.7, Fig. 4.2)haShandong plastdid, may

yield long term benefits relative to Yukg@hants that reduced watkiss and increased
expression oERD1,RAB18, RD22andRD29Apresumably at some fitness coltie
differences in the drought respoadetween the two accessions raises an interesting
guestion albeit one that was unresolved by this study: Why do Shanidoits) ghow
negligibletranscriptionatesponse to drought with the first treatment? One possibility is
that Shandong plants do not sense a decrease in soil water status with the same sensitivity
or as quickly as Yukon plantdnother potential explanatias that Shandong plants do
respond to more moderate drought exposurethimsitesponse occurs predominantly in

the root tissue, which waid notanalyse in this study.

The research reported in this thesis advances our knowledge of how plants respond
to repeated stresses and recovery, conditions that are often encountered in a field setting.
Although our drought protocol is a better approximation of natural drought conditions
than most, future efforts must still be made to study the behaviour of pightsfield.

Ideally, we would also like to compare the knowledge that is gained from controlled
experiments with data acquired from more testing in the field. The availability of natural
populations of Yukortutremaare thus invaluable and could be usedjdist such a

purpose. Phenotypically, field plants and cabigyewn plants are distinct (Guevastal.
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2012; Fig. 5.6) and field plangasndath&®l®t gr ow

cabinetgrown plants (Fig. 5.7). However, rates of transpiration and stomatal conductance
were similarly low in both field plants and droughgated cabinegrown Yukonplants
relative to welwatered cabineggrown Yukon plants (Fig. 5.5) demonstrating that both
field and droughstressed cabinet conditions result in low rates evaporative water loss.
The reproducible patterns of gene expression reported by Champidn{2et8) were
also found for the field plants used in this study (Fig. 5.8) suggesting that future
experiments conducted using these natural populations of Yukon plants could be used to
investigate the response of gene expression to water availabtlitgy freld. For example,
transcriptomes from plants used in irrigation trials performed on plants from delineated
field plots could be compared to cabinet plants that have beeateeed after
undergoing a water deficit. The literature is lacking this gfpgpproach as most
complimentary field and cabinet trials focus on the response to drought and not the
recovery from drought. Natural populationskaftremaalso offer an interesting set of
plants to test the "molecular buffer" hypothesis. If certairegeme always expressed
after an initial drought exposure in cabhggown plants then it follows that these genes
should be expressed constitutively in field plants and perhaps at levels correlated with the
degree of external osmotic stress as evaluatddaby » andy s values

One of the greatest challenges to applying the knowledge about drought stress
responses gained from a combination of experimental approaches is integrating their

results. In this study, gene expression, metabolic response, arelpldna physiology
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data from field and cabingfrown plants wergeneratednd analysed-or example,
Chapter 4 describes how the differences in drought response physiology between Yukon
and Shandong plants were used to determine the best stages otiietdeatment to
harvest plants for RNASeq analysis. Many of the physiological responses, particularly in
Yukon plants, were concomitant with transaopgl changes such as the-tggulation of
genes associated with secondary metabolism in draegttd Yukon plants undergoing
the accumulation of solutes during drouggeatment (Fig. 3.3¢ig. 4.3). Future work
could provide more halepth transcriptome profiling using plants at stages of the drought
treatmenthat were not sampled hdeprovide deegr genomic comparisons to
accompany the physiological dafdis in-depth approach was used by Meyer et al.
(2014) to propose that there aliscrete thresholds for physiological traits at which there
are abrupt changes in gene expressagoroposal thatould be tested with the
particularly droughtolerant Yukon plant.

In describing the drought response for two accessioksitoémal have shown that
the Yukon accession is tolerant to water deficits making it a valuable model in which to
study plant rgsonse to drought. The question of what makes the Yukon accession more
tolerant than Shandong plants is an interesting one and the answer likely resides in several
traits. Firstly, the Yukon accession is by
exchang. This is based on the lower baseline values of both transpiration and stomatal
conductance for Yukon plants (Table 5.1) and by reduced cut rosette water loss values

during the initial drought exposure (Fig. 3.4). It is perhaps more difficult to ascettiain
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constitutes a "conservative" approach where drougggonsive gene expression is
concerned but it is clear that Yukon plants respond earlier to the imposed drought at the
transcriptional level (Fig. 3.7) and this response likely confers or instiggteogram that
confers a protective advantage. Theregulated expression of these genes does not fully
return to predrought levels in revatered Yukon plants (Fig. 4.4; Fig. 6.1) and this may
serve to mitigate t he i mgplantstfronothhe adverseef f ect
effects of subsequent drought exposure. The physiological difference that most likely
confers the observed advantage in surviving repeated drought exposures is the drought
responsive accumulation of solutes during the initialight in Yukon plants (Fig. 3.3).
Elevated solute levels remain afterwatering and turgor restoration is indicative of a
role for these solutes in osmotic adjustméthe genome level, analysis of the
transcriptomes of drougiiteated Yukon plants realed that genes encoding detoxifying
enzymes, dehydrins and sHSPs as well as other protective proteinsragellaped and
their expression patterns are consistent with a role in helping the plants cope with the
intracellular consequences of water defici

In conclusion, many traits likely contribute to the innate drought tolerance
exhibited by YukorEutrema My work also raises important questions about the
mechanisms involved and dtetresearch toolacluding transcriptomethat have been
developeds part of my doctoral research can be used to further enhance our
understanding diow Eutremacopes with water deficit$inally, the availability of the

Shandong accession that responds differently to drategiment, Yukon ibred lines as
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well as diferent Yukon natural populations are all valuable research tools making
Eutremaan ideal model plant to study how plants respond to drought in the cabinet and

under field conditions
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Appendix

Appendix 1. Significantly enriched GO ternfer all DESeq comparisons

Appendix 2. Correlation scores for all modules from WGCNA

Appendix 3. Mean expression data for modules 3, 13, and 17 from (BEMNA
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Appendix 1. Gene ontology (GOgnrichedermsfrom sets of differentially expressed
genes (DEGS) identifieddm pairwise comparisons made using DE®&¢ukon (Y) or
Shandong (S) plants that were: wektered (WW1), drougkteated (D1), ravatered
(WW2), or rewatered and subsequently droutfeiated (D2) GO termswvere

significantly enriched if they had a && discovery rate (FDR).05.

Set of DEGs used

DESeq comparison for analysis Enriched GO terms FDR
YD1 A YWW1 Upin YD1 secondary metabolic process  1.80E-05
response to stimulus 2.20E-03
Down in YD1 translation 6.70E-45
photosynthesis 1.10E-21

cellular macromolecule

biosynthetic process 3.80E-11
Eig;zrgolecule biosynthetic 3.80E-11
cellular biosynthetic process 1.30E-10
biosynthetic process 2.90E-10
cell cycle 3.20E-08
;fggéirsprote|n metabolic 9 50E-08
gene expression 7.30E-07
protein metabolic process 9.30E-06
response to stimulus 1.80E-05
DNA metabolic process 1.10E-04
cellular metabolic process 1.40E-04
cellular process 4.20E-04
generation of precursor 1.90E-03

metabolites and energy
metabolic process 4.10E-03
cellular macromolecule

. 1.20E-02
metabolic process
response to biotic stimulus 2.20E-02
macromolecule metabolic 3.00E-02
process

response to abiotic stimulus 3.50E-02
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Appendix 1. Continued

DESeq comparison Set of DEGs . Enriched GO terms FDR
used for analysis
YD1 A YWW2 Upin YD1 secondary metabolic process 1.60E-07
cel[ular_ amino aC|d' and 7 40E-04
derivative metabolic process
Down in YD1 response to stimulus 4.50E-03
YD2 A YWW?2 Upin YD2 response to abiotic stimulus 3.10E-02
response to stress 4.30E-02
response to stimulus 4.60E-02
Down in YD2 none n/a2
YD2 A YWW1 Upin YD2 photosynthesis 4.00E-26
cell cycle 4.80E-10
translation 9.00E-06
generation of precursor i
metabolites and energy 2.00E-05
DNA metabolic process 1.60E-04
Down in YD2 response to stress 3.20E-05
response to stimulus 2.50E-03
YWW2 A YWW1 Up in YWW2 response to biotic stimulus 2.60E-02
Down in YWW2  none n/a
SD1 A SWwi1 Upin SD1 none n/a
Down in SD1 none n/a

a not applicable as no terms were enriched

214



Ph.D. Thesis M. MacLeod; McMaster UniversityBiology

Appendix 1. Continued

Set of DEGs used

DESeq comparison ; Enriched GO terms FDR
for analysis
SD1 A SWW2 Upin SD1 response to stress 1.80E-03
secondary metabolic process 3.30E-03
response to biotic stimulus 1.20E-02
response to stimulus 1.20E-02
response to abiotic stimulus  1.50E-02
response to external stimulus  1.80E-02
SD1 A SWW2 Down in SD1 translation 1.00E-27
cellular protein metabolic 6.40E-09
process
cellular biosynthetic process  9.20E-09
gene expression 1.10E-08
biosynthetic process 1.10E-08
cellular macromolecule
biosynthetic process 3.80E-08
macromolecule biosynthetic 4.90E-08
process
protein metabolic process 3.90E-07
cellular metabolic process 2.60E-06
cellular mgcromolecule 1.20E-04
metabolic process
photosynthesis 1.20E-04
cellular process 3.20E-04
metabolic process 6.70E-04
macromolecule metabolic 1 50E-03
process
primary metabolic process 1.90E-03
generatl_on of precursor 4.80E-03
metabolites and energy
multi-organism process 2.50E-02
embryonic development 2.80E-02
homeostatic process 4.10E-02
cellular homeostasis 4.30E-02
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Appendix 1. Continued

Set of DEGs used

DESeq comparison for analysis Enriched GO terms FDR
SD2 A SWw2 Up in SD2 none n/a
Down in SD2 translation 1.40E-08
DNA metabolic process 5.90E-08
photosynthesis 1.10E-07
cellular biosynthetic process  6.30E-05
biosynthetic process 7.50E-05
ceI.IuIar mac_romolecule 2 20E-03
biosynthetic process
macromolecule biosynthetic
process 2.30E-03
cell cycle 5.30E-03
cellular metabolic process 1.90E-02
SWW2 A SwWwil Up in SWW?2 photosynthesis 6.70E-08
cellular metabolic process 3.80E-02
translation 3.80E-02
Down in SWW2 response to biotic stimulus ~ 7.20E-04
multi-organism process 2.70E-03
response to stimulus 2.70E-03
response to stress 2.70E-03
response to external stimulus  4.80E-02
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Appendix 2. Correlation scores for modules of-egpresed genes identified by WGCNA
performed o317 DEGsdentified from transcriptomes of Yukon (Y) or Shandong (S) plants
that were: wellwatered (WW1), drougktreated (D1), ravatered (WW?2), or revatered and

subsequently drougttiteated (D2). The significae of teach correlation is indicated bg-galue
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