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General Introduction



Chapter 1

Drought: A Major abiotic stress

Unlike animals, higher plants are sessile and tbexecannot escape from unfavorable
conditions such as abiotic stresses. Plant prodtycis severely affected by abiotic stress
factors such as drought, salinity, flooding, higiddow temperatures, UV radiation, excess
ozone and heavy metals. Abiotic stress is the pyircause of crop losses worldwide, causing
average yield losses of more than 50% for majopsr@oyer 1982). Among the different
abiotic stresses, drought is by far the most cormatel devastating on a global scale (Pennisi
2008). Agriculture is a major user of water resesrin many regions of the world and
drought affects agriculture in 45% of the world gephical area. Rainfed agriculture
accounts for 80% of cultivated land area in thelev@nd contributes 60% of world food
(Rockstrom 2003). The lower yield levels in rainfemp production are caused by limited
and unpredictable rainfall which leads to drougtiess. With increasing aridity and a
growing world population, water will become an ewaarcer commodity in the near future.
The growing world population requires more food duction but good agricultural land
surface is decreasing. The challenge to feed rpeaple with the same or even less
agricultural land may be met by enhancing the pctiditly of crops grown on stress-affected
lands, and increasing yield under irrigated agticel As vyield levels may have already
reached a plateau in irrigated agriculture, it9semtial to increase the productivity of abiotic
stress-affected areas to meet the growing globad fdemands. Genetic enhancement of
drought tolerance crops is one of the importardtsgies to enhance productivity of crops

under less then optimal agricultural conditions.

Drought tolerant mechanismsin plants

Plants have evolved different ways to respond ¢aiglnt stress namely escape, avoidance and
tolerance strategies. An overview of plant adaptesponse to water stress is shown in Figure
1. Plants that escape drought exhibit a rapid plogical development and high degree of
developmental plasticity, being able to completeirthife cycle before physiological water
deficit occurs. Escape strategies rely on succkssfuwoduction before the severe stress is
perceived. A short life cycle is particularly adt@geous in environments with terminal
drought stress or where physical or chemical barriahibit root growth (Blum 1988,
Bidinger and Witcombe 1989).

Drought avoidance refers to the plant’s abilityrébain a relatively high level of hydration
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Figure 1 An overview of plant adaptive responses to watesst(modified from Chaves et al 2003)

under conditions of soil or atmospheric water sti@um 1998). Drought avoidance has two
components: enhanced water uptake and reduced {@aterimprovement of water uptake
can be achieved by adapting root traits such asthazkness, root penetration ability through
compacted soil layers, and root depth and massgRat al 2002). Water loss can be
minimized through reduced epidermal conductanadyaed absorption of radiation by leaf

rolling and reduced leaf area to minimize evapueasurface.

Drought tolerance is defined as the relative cdpasfi plants to maintain functional growth

under low leaf water status. Drought causes reolngti water potential of the cell, as a result
of solute concentration gradients and osmosis,leads to loss of cell turgor. Some plants
have the ability to tolerate dehydration or maimtairgor pressure through an osmotic

adjustment via the active accumulation of solutaBed osmoprotectants, or compatible
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solutes. These molecules, which act as osmotimbialg agents, are accumulated in plant
cells in response to drought stress and are subsdyulegraded after alleviation of the
stress. Osmoprotectants include amino acids, sadeohols, polyols and quaternary
ammonium and tertiary sulfonium compounds and helprotecting cell components from
the adverse effect of water loss through expressfocell rescue mechanisms and through

increased capacity of plants to recover after stres

Drought response is a quantitative trait under dempphenotypic and genetic control
(McWiliam, 1989). In many crop species, the capabir drought escape, avoidance and
tolerance has been reported. These strategiescarenutually exclusive and plants may
combine a range of response types (Ludlow 1990)s Tésponse is probably based on
severity of the drought stress but also could weather factors such as the developmental
stage, the level of metabolic reserves and alsalbiigy of plant to predict the nature of the
stress it faces using memory (physiological or tieh@nd environmental indicators other
than the drought stress itself (i.e., light lexemperature, time of year etc). However, these
adaptation mechanisms have some disadvantages.giidrascape by reducing growth
duration leads to reduced yields. Drought avoidahgeeducing water loss through stomatal
closure and leaf area reduction, might result iduced photosynthetic ability ultimately
resulting in reduced carbon assimilates and yielcteased solute concentrations responsible
for osmotic adjustment may have a detrimental &fie@ddition to energy requirement for
osmotic adjustment. Another example of avoidanadeeasing canopy by reducing growth
and shedding of older leaves. Accelerated leafssemmee and leaf abscission are associated
with drought in nature as means to decrease casiapy this strategy reduces the yields of
annual crops, with concomitant economical lossatmers. Therefore, adaptation of plants to
stress should reflect a balance between escape&laage and tolerance while maintaining
adequate productivity. Hence drought is a compitak for breeding, expression of which
depends on action and interaction between differdracters such as morphological,
physiological, biochemical and cellular level preses. Insight in the genetic mechanisms
that condition these characters is limited. Impngvithe tolerance of crops to drought,
compared with other abiotic stresses, requireadar interdisciplinary approach, involving

an understanding of the factors determining yielgarticular target environments.
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Drought response at the molecular level

A better understanding of the effects of droughtptants is vital for improved management
practices and breeding efforts in agriculture. Blaactivate a diverse set of physiological,
metabolic and defense systems to survive and t@aisugrowth. Any change in the optimal
growth conditions is perceived by plants as sti@sd transduced in the form of signals
involving protein phosphorylation and/or dephosptairon, calcium sensing, protein
degradation etc. This activates stress responseehamisms either by directly leading to
expression of certain genes involved in repair raa@ms or leading to expression of
transcription factors which in turn regulate furtld®wnstream stress response genes (Bartels
and Sunkar 2005). Transcriptomics, proteomics atkgexpression studies have identified
the regulation and activation of several droughtéssi-related transcripts and proteins, which
are generally classified into two major groups. Tih& group functional proteins) includes
proteins that probably function in stress toleranthey are protection factors such as
chaperones, LEA proteins, and lipid transfer pritgiproteins involved in repair and
protection from damages, such as proteinases, ifle&ton enzymes, protease inhibitors,
ferritin and plant defense-related proteins andtgwg involved in synthesis of
osmoprotectants (proline, glycine betaine, sugdiss group also includes proteins involved
in cellular metabolic processes such as carbohgdmattabolism, secondary metabolism,
fattyacid metabolism, biosynthesis of plant hornso(#&BA, ethylene, IAA and JA), proteins
regulated by plant hormones (ABA, auxin and JA),ARbinding proteins, cellular structure
and organization-related proteins such as arabiac@ga proteins, senescence related
proteins, cytochrome P450, alcohol dehydrogendsehgde dehydrogenase, reproduction
development-related proteins such as pollen ckatgrotein and respiration related proteins
such as flavin-containing monooxygenase.

The second grouprdgulatory proteins) is involved in regulation of signal transductiand
transcription as part of the drought response. laes transcription factors of multiple gene
families such as DREB, ERF, zinc finger, WRKY, MYBLYC, HD-ZIP, bZIP and NAC
families. Among the regulatory proteins proteindgas such as MAPK, MAPKKK, CDPK,
S6K and PRK can be found. This group also inclymtesein phosphatases such as PP2C, PI
turnover related proteins such as PLC, PLD, PIFB&K and PAP, and calmodulin-binding
protein and C4 -binding proteins. Understanding the mechanismsvbigh plants perceive

environmental signals and transmit such signalsth® cellular machinery to activate
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responses is a fundamental issue in plant biology & also vital for the continued
development of rational breeding and transgeniatesgies to improve stress tolerance in

crops.

Potato: Origin and itsimportance

Potato Golanum tuberosum.L) is the world’s & major food crop in terms of food
consumption, and"8in terms of area under cultivation (FAO statistR808). The potato
tuber is a high energy staple food in many cousitamund the world and since it provides
high productivity per unit area, it can be culte@tintensively. Thus potato represents one of
the best candidates for alleviating food shortagé® cultivated potato S. tuberosum is an
autotetraploid (2n=4x=48). The domestication ofapmes olanum spp.) probably started at
least 7 000 years ago around Lake Titicaca (in meday Peru and Bolivia), when the first
inhabitants of this region began selecting edildient of wild potato species (Simmonds
1995; Spooner et al 2005). The wild species evéigtasssed with each other and produced
increasingly better varieties. The modern potafolahum tuberosum) was apparently
domesticated from wild potato species of tetanum brevicaule complex (Spooner et al
2005). However, the emergence of agricultural comitras, in this and other regions of
South America, only occurred some 3800 years agfoeabeginning of the Formative Period.
Several taxonomical studies suggest that wild sofaspecies are well spread from North to
South America and highly diverse (Hawkes 1990; 8po@nd Hijmans 2001). The ploidy
level ranges from diploid (2n=2x=24) to hexaploBh£6x=72) in which the majority of
diploid species are self-incompatible and tetrajdoand hexaploids are self-compatible

allopolyploids that exhibit disomic inheritance (Mees 1990).

The first introduction of potato in Europe was pably around 1570 in Spain (Hawkes 1990).
After the potato was introduced, it spread throEghope via three main routes. The potato as
an “object of curiosity” was disseminated by a ratwof scholars and botanists. The potato
as an “object of cultivation” spread among the nsbeides of Carmelite Friars. The third

route of dissemination within Europe was by thetewous trek of the Protestants, who took
the potato with them when religious persecutiorcédrthem to flee their homes and lands
(CIP, Odyssey of potato 2008). By the late 170Q@#atp cultivation was widespread in

Europe and they were taken from Europe and cuétdrzah many other parts of world
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(Hawkes and Francisco-Oetega 1993; Pandey and ka@él®3). In the mid-1800s the
devastating potato late blight disease was intredweith the onset of famine in Ireland and
other regions of Europe (Fry 2008; Schumann 198bhetheless, potato has persisted as a
staple food throughout Europe and currently Europe@iave the highest per capita
consumption of potatoes in the world.

Today, potato is the most important food crop e World, after rice and wheat. Potatoes are
grown in more than 130 countries and consumed by abillion people worldwide. In 2005,
for the first time, more area was planted with pm#a in the developing nations than in the
industrialized nations and the area was around #0om hectares with a total world
production of over 300 million tons (Haverkort dt2909). At present, the major potato-
producing countries are China, Russia, India, USA Bkraine accounting for 22, 12, 7, 7
and 6% of world production respectively (FAO stiatss 2008). Potato is not only used for
human consumption but also for industrial purposasly for starch in textile, papermaking,
glue, flocculating agents and building materialsor® uses are anticipated mainly as
bioreactors for biopharmaceuticals for encapsutasmd controlled release of functional
ingredients (Li et al 2009) and designer starclibes/ies 1998). Increasingly severe weather
events, increasing costs of staple grains, and iggpwse of food for biofuels suggest that
potato production will become even more importanad&od security crop in the world.

Impact of drought on potato

Potatoes grow optimally under relatively cool cdintis and the formation and tuber bulking
depends mainly on day and night temperatures, @blenmetabolites produced during
daytime to accumulate in the tuber during nightdklr 1981). One of the major factors that
limits potato cultivation is susceptibility to drglt and this is mainly due to its shallow root
system with a depth ranging from 0.5 to 1.0m (Vied &roenwold, 1986). About 85% of the
total root length is concentrated in the upper Oc#nsoil. Gregory and Simmonds (1992)
showed that the potato root system displays aivelgtsmall root length per unit area and
this makes the potato plant a poor conductor oevathis is further complicated by the fact
that potato extracts less of the available watanfthe soil compared to other crops (Wedsz
al., 1994).

Early growth and tuber formation require large antsuof water and recovery is difficult

once potato plants experience water deficit (Hat@8; Deblonde and Ledent 2001). The
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critical level of soil moisture tension for potageeld and quality is around -0.7 bar (Mould
and Rutherford 1980) and short periods of watertage can reduce tuber production and
tuber quality (Miller and Martin, 1987). Averagebr yield reduction per mm water deficit
has been estimated at 117 kg/ha (Vos and Groeni@d8). Plants facing drought conditions
during the tuber formation stage are more susdeptitbscab $treptomyces scabies) and soil
cracking can make tubers vulnerable to insect pesish as the potato tuber moth
(Phthorimaea opercullella; Hide and Lapwood 1978). Drought affects trangjmra and
evaporation which leads to the elevation of soild aplant temperatures. Increased
temperatures are detrimental to tuber formationdurthg the late growth stage, drought and
heat stress acting in tandem may cause problenfisasubrown spots inside the tubers (Hide
and Lapwood 1978).

Several studies have shown that drought has aidraffiect on morphological and
physiological traits of the potato plant, suchedf size, leaf number, shoot height (Deblonde
and Ledent, 2001), rate of photosynthesis and nmmgortantly tuber number (MacKerron
and Jefferies, 1986; Haverkoet al., 1991), tuber yield and biomass (Dalla Costal.,
1997). The effect of drought on tuber yield deperats the aggregate of morpho-
physiological processes, such as photosynthesed, deea expansion, leaf senescence,
partitioning of assimilates, tuber initiation, bulg and tuber growth (van Loon, 1981). In
addition, potato yield under water deficit condisodepends on the timing and duration of the
stress within the growth period (Jefferies 1995byall as on the climate and soil conditions.
Dramatic reduction of yield occurs when stress cidies with the irreversible reproductive
processes, making the genetic analysis for drouglerance at the reproductive stage

crucially important.

Potato breeding for drought tolerance

Water availability is crucial to obtaining high ide in the potato crop. Improvements in the
tolerance to drought of potato could decrease ripatiof fresh water in potato cultivation,
and increase the cultivation area to drought pregens in the world. Genetic improvement
of potato is mainly hampered by its high level etdrozygosity, tetrasomic inheritance and
incompatibility barriers. Classical breeding in gtotinvolves evaluation and selection based

on several traits within the clonally propogatedgany of a cross between two tetraploid
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clones. These clones can be existing cultivardasres with introgressions from wild species.
Potato relatives range from diploid to hexaploid atthough most cultivated potato species
are tetraploid, over 74% of naturally occurringaps are diploid. Thus, the disadvantages of
breeding tetraploid potato plants can be circuneeriity using wild type diploid species.
Further the diploids can be bred to tetraploidsabee of their 2n gametes.

The differential response of potato cultivars totewastress indicates that there is genetic
variability for drought tolerance in cultivated ptd (Harries 1978; Levy 1983). In addition,
several wild species of potato growing in its cer@korigin in South-America have been
adapted to harsh environments at high altitudesrtttan 3,000 meters above sea level and
are regularly exposed to water-scarce conditiorshdfieitner et al 2007). This genetic
variability within potato and its relatives can beploited by breeders to improve drought
tolerance of the crop. However, selection for dirduglerance while maintaining maximum
productivity under optimal conditions is difficudecause several plant attributes are involved
in drought tolerance mechanisms and because wadsss stself varies in time and intensity
and is therefore difficult to define. Breeding fdmought is further complicated by the fact
that several types of abiotic stress such as leigipératures, high irradiance and water deficit
can challenge crop plants simultaneously. In aolditisuccessful breeding requires exact
information on effective tolerance traits, theiritability and their genotype x environment
interaction as well as suitable selection toolsthertraits of interest. Selection of useful traits
through visible phenotypic traits requires vast dmge consuming efforts. Currently two
basic genetic approaches utilized to improve sttelesance are 1) exploitation of natural
genetic variation, either through direct selectianstressful environments or through the
mapping of quantitative trait loci (QTL) and subseqt marker assisted selection, and 2),
generation of transgenic plants to introduce ngesles or alter expression levels of existing
genes to affect the degree of drought tolerance.

Molecular markers

Genetic variation is the basis for biodiversity lid¢ (Schlotterer 2004). Variations in the
DNA sequence of genes and their regulatory regionderlie most of the phenotypic
variation that has been exploited in modern cr&ygan et al. 2000; Masouleh et al. 2009).

Breeding strategies aimed at improving crop agrdoahproperties have gained momentum
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in the last few decades by the use of molecularkenarechnologies that visualize DNA
polymorphisms (Collard et al, 2005). Starting witybridization-based markers like RFLP, in
the late nineteen eighties and early nineties Pa&$edb markers like AFLP have proven to be
quite useful in marker-assisted breeding, for gemawntde screens for variation, genotype
identification/fingerprinting, evolutionary and dogical studies. Simple sequence repeats
(SSRs), also known as microsatellites and singtdeotide polymorphisms (SNPs) are the
modern genetic markers currently being used intpigmetic analysis. With advances in
genome sequencing technologies, SNPs that arebkuitar high throughput genotyping
methods turn out to be markers of choice to extehgsimap large sets of individuals. The
generation of novel markers allows the productibhigh-density genetic maps and enables

the genotype-phenotype link to be defined with tgeprecision.

Plant breeders often select for and want to trackenthan one trait including quantitative
traits and as the number of genes controlling ia @és@ands there is a need for rapid, simple,
inexpensive, high-throughput genotyping technigéetarge number of individuals must be
genotyped with a large number of markers. The ideabtyping method must possess many
attributes like: i) the assay must be easily anttkdy developed from sequence; ii) the
reaction must be robust, such that even subopfdN& samples should yield reliable results;
iii) the assay must be easily automated and mugtine minimal hands-on operation; iv) the
data analysis must be simple with automated, ategenotyping calling; and v) the reaction
format must be flexible, scalable and capable ofopeing a large number of samples per
day. Currently several technologies exist which barused to screen numerous numbers of
markers with large number of individuals. Now tia high-throughput marker genotyping
methods and the DNA sequences of whole genome fiain@er of organisms are available.
In addition, with advancement in next generatiorquescing platforms along with
development of very efficient software tools to Igna high dimensional data made the ideal

genotyping methods come true.

Recent technological advancements in discovery @etéction have made SNP markers
attractive for high-throughput use not only in miosigecies, but also in crop plants (Rafalski
2002). In species for which no genome sequenceasaale, large scale SNP discovery has

generally relied on sequence variation found imaliles of expressed sequence tags (ESTS)

10
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(Somers et al. 2003) or on re-sequencing (Choil.e2@07). The new Next Generation
Sequencing techniques (NGS) can produce nucledatibases that can be mined for SNP
with relatively little effort. Several software tisoare available for SNP discovery from
nucleotide databases, including Polybayes, AutoSiB, QualitySNP (Marth 1999; Barker
et al. 2003; Tang et al. 2006). Along with the depeent of tools to mine a large number of
SNPs from nucleotide databases, new SNP genotypaifprms were developed that could
analyze a large number of SNPs in parallel in geaget of individuals (Syvanen 2005). An
increasing number of reports indicate that the &ufgate system of Illumina is a reliable and
cost-effective SNP genotyping platform. It is capatsf multiplexing from 96 to 1536 SNPs
in a single reaction (Fan JB 2003).

The first potato genetic maps were constructed woently by following the segregation of
RFLP markers in different genetic backgrounds (Bdrale et al. 1988; Gebhardt et al.
1989b). These maps were then compared and alspedligiith the tomato RFLP map
(Gebhardt et al. 1991; Tanksley et al. 1992). \Whndevelopment of new molecular markers
the potato map was enriched with more than 350 enariGebhardt et al. 2001). Currently,
the ultra high density potato map (van Os et &8l062 for the SKRH cross is one of the most
highly saturated maps with different molecular neasksuch as AFLP markers (over 10,000),
RFLP, SCAR, CAPS recently SSRs and SNPs and isuabla tool for localizing genes that
control the expression of useful traits. The avdlity of molecular markers in the last
decades has allowed potato breeding research ¢peladly improved. The use of molecular
markers in potato breeding is reported for manyppses, such as cultivar identification
(Gebhardt et al. 1989a), analysis of recombinaltietween genomes, identification of genes
controlling traits (Gebhardt 1994, Chen et al 2Q@&nendez et al 2002, Werij et al 2007,),
marker-assisted selection (Hamalainen et al. 188d)phylogenetic studies (Kardolus et al.
1998; Jacobs et al 2008). In particular with comptaits involving many genes, like drought
tolerance, the use of molecular markers to iderdiig locate different genes and genomic
regions which influence drought tolerance may helgain insight in the factors contributing
to this trait. These properties and prospects haueted an increased interest in the
application of marker assisted selection (MAS) iifmproving drought tolerance in many
crops. Molecular marker tools can likewise be ugmdbetter understanding of different

biochemical, molecular and physiological pathwayslved in drought tolerance of potato.

11
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QTL studies

Understanding the genetic networks underlying agman trait variation will provide new
targets for plant breeders. However as they arergéy under the control of many genes,
those characters are quantitatively variable amar tstudy requires specific strategies and
techniques. Moreovethe large variability in the timing and severitydsbught stress and the
inadequate understanding of its complexity have en#éddifficult to characterize the
physiological and/or phenotypic traits required$oreening and selection in order to improve
crop performance under drought stress. Quantitdtaié locus (QTL) mapping provides a
means to dissect complex phenotypic characters sschdrought tolerance into their
component traits (QTLs), and allows the identifimat of molecular markers linked to
desirable QTL alleles, so that they can be diregigd in marker assisted selection (MAS)
(Tanksley 1993, Prioul et al 1997).

Most of the QTL mapping studies in potato have bgemformed on diploid potato
populations for a wide range of traits includin¢eldlight resistance, insect, pest resistance
and agronomic and quality traits such as leaf sEmee (Malosetti et al 1994), dormancy
(Freyre et al 1994), tuberization (Fernandez-Dalrt&h et al 2007), yield and starch content
(Schafer-Pregl et al 1998), tuber shape, eye damihflesh color (Sliwka et al 2008; van Eck
et al 1994 a,b), cold sweetening (Menendez et @2RaAnd enzymatic discoloration (Werij et
al 2007). Recently QTLs have been identified inajgbid populations for traits such as plant
height, maturity, crop emergence, tuber size, amddguality traits such as after-cooking
darkening, regularity of tuber shape, fry color ameld components (Bradshaw et al 2008;
D’Hoop et al 2010). However, knowledge about garsetif drought tolerance in potato is still
limited, and hardly any QTLs have been identified potato drought tolerance traits. The
genetic dissection of the quantitative traits colfitrg the adaptive response of potato to
drought stress is a prerequisite to allow costetiffe applications of genomics-based
approaches to breeding programs aimed at impraweagustainability and stability of yield

under adverse conditions.

12
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Genes for drought tolerance in potato

Genetic modification of successful potato cultivasffers the possibility of targeted
improvements which can be achieved using two tygdegenetic resources: the allelic and
genic diversity already present in cultivated pm¢atand wild relatives, or genes from any
other living organism. A large number of geneslarewn or thought to be involved in plant
responses to drought. These include genes invatveinal transduction and transcriptional
regulation, biosynthesis of osmolytes and othetgators, and oxidative stress-related genes.
Through genetic engineering several of these gbhaes been well characterized in potato.
Potato transgenic plants over-expressing Arabido@8F3 under a stress-inducible rd29A
promoter and the DREB transcription factors ande@ased genetic components exhibited
tolerance to drought and other abiotic stressekebG&oprak et al 2005; Kasuga et al 1999).
Compatible osmolytes such as proline and trehakxsjmulate under water stress and their
biosynthetic genes have been introduced into pqiiatats (Yeo et al 2000; Hmida-Sayari et
al 2005). In addition transgenic potato plants thaherated a high level of the soluble
carbohydrate fructan were developed to investigdtether or not water stress could induce
proline synthesis in transgenic potato plants. Herethese transgenic potato plants did not
accumulate proline under water stress (Knipp andhdroeier 2006), suggesting that
modification of carbohydrate metabolism might afffewater stress-induced proline
accumulation. Gene encoding regulatory protekes $tRD22 are also well characterized in
potato (Byun et al 2007).

Though many stress responsive genes are charactenzpotato, commercial transgenic
potato plants that are tolerant to drought haveyabbeen successful. This may be due to the
quantitative nature and multiple loci of genes imed in plant stress tolerance, it is possible
that crop growth and yield may not simply be imgadvhrough over expression of a single

gene.

Genomics approaches

The limited success of the physiological and mdeecireeding approaches until now
suggests that a careful rethink is needed of thategfies for better understanding and
breeding for drought tolerance. Some of the newtglanomic techniques and platforms may
allow us to overcome the previous limitations. Ttbels of genomics offer the means to

produce comprehensive datasets on changes in ggmession, protein profiles and

13
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metabolites that result from exposure to drougfihe most commonly used approach is
transcriptome profiling using microarrays. Recendlyhigh quality expression profiling
platform has been established for potato (Kloostéeret al. 2008) and this platform has been
successfully employed to capture drought respons&nidean potato genotypes (Vasquez-
Robinet et al 2008). Three native Andean potatotyges (SA2563, Sullu and Negra Ojosa)
along with two varieties (Cosanera and Atlanticyeweell studied for their response to water
stress using transcriptome and metabolite analj$esse studies showed that fi@ndigena
genotypes were more resistant to drought thargthaberosum genotypes and they reported
several candidate genes, such as genes involvessmmtic adjustment, in changes in
carbohydrate metabolism, membrane modifications sirehgthening of cuticle and in cell
rescue mechanisms (Schafleitner et al 2007; VasBobémet et al 2008). These studies
provide insights into potato response to wateissted the transcriptional level, yet the genetic

regulation of these transcriptional responsesrgelst unknown.

The availability of the complete Arabidopsis antergenome sequences together with several
plant ESTs has greatly shifted the focus from deit@ng the sequences to understanding
their function. Recent work in functional genomasploying genome-wide strategies, such
as expression genomics, proteomics and metaboldmg®een widely used in model plants
to unravel genetic architecture, complex inherigarend possible interactions with in and
with environmental variables. Extension and refieatof these functional genomics will
become possible in crop plants such as rice aneroftttomato, potato) which are heading
towards completion of genome sequences. In addisiorall non-coding RNAs have recently
been brought into focus as regulators of trandonpnd post-translational gene silencing. A
few reports are available in which their functioashbeen studied in abiotic stress such as
mechanical stress responsive miRNASopulus, phosphate starvation-responsive miRNAs
in Arabidopsis, and dehydration, cold, salt and AB&ponsive miRNAs in Arabidopsis
(Sunkar and Zhu 2004; Fujii et al 2005; Lu et al020 In the future more detailed
information will become available using the ~omieshniques together with an integrated
bioinformatics system. Genome-wide strategies leaeelerated the deciphering of complex
stress responsive networks, and will help in thenidication of key networks and their

associated genes, which can be exploited througgdbrg strategies and genetic engineering.
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Objectives and scope of thethesis

In this thesis we made a first step towards idgintlf the genetic basis for drought tolerance
in potato. For this, we use diploid potato popolasi that have been genetically well
characterized (CxE, SHxRH). The main objectivesenigrestablishing an advanced genetic
map and populate the map of CxE with functionalenolar markers like SNPs, ii) screening
and understanding of physiological responses of fotato population for drought tolerance,
iii) identification of QTLs for physiological andrgwth parameters that are affected by
drought and/or may contribute to drought tolerarase iv) to understand the transcriptome
response to drought and to identify candidate gameserlying QTLs by genome-wide
transcriptome profiling.

In Chapter 2, we develop a pipeline for effectiviming of SNPs from public EST databases
using QualitySNP software, selection of reliablePSNind preparation of the loci for analysis
on the lllumina GoldenGate genotyping platform. Tdugplicability of the pipeline was
demonstrated using publicly available potato ESth,daine the SNPs, genotype individuals
from two diploid mapping populations with a 384 Shiffay and subsequently map the SNP
markers (putative genes) on the respective gengtes. Using the same approach a 768 SNP
array was composed and successfully applied footgpmg the populations. This array was

enriched for markers in genes putatively involve@biotic stress response.

Chapter 3 investigated the possibility of screerangnapping population (Cx&i vitro for
PEG-induced water deficit stress and recovery piatlersignificant variation was observed
for genotype response to drought and recovery paterseveral shoot and root growth
parameters or traits were measured. The study sh@eeetic variation and heritability
estimates were high to very high for the measuradistdepending on growth condition. In
order to identify potato QTLs/genes that contribtive drought tolerance and recovery
potential, an SNP marker rich integrated linkagepmaas used. In total 23 QTLs were
detected under control, stress and recovery tredgtiménteresting putative candidate genes
underlying stress response QTLs were identifiece ptos and cons of using vitro plants

are discussed as well.

Chapter 4 further explores the genetic basis ofughb tolerance and presents a
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Chapter 1

comprehensive QTL analysis for drought toleraneédrin the CxE potato population. The
CxE population was extensively evaluated for draugierance in two successive years
(2008, 2009) under greenhouse conditions by meagarinumber of physiological, growth

and vyield traits. In this study, physiological paeters like Relative Water Content,
chlorophyll content3**C, and chlorophyll florescence provide rapid intlica and selectable

traits for the study of potato in response to wateess. Multi year, multi treatment QTLs
were identified for several traits. QTL x Environmbénteraction was found for traits like leaf
013C under drought conditions. The response of pdtatdrought and recovery, important
physiological traits to evaluate drought, QTL as&éyand their implications for research and

breeding are discussed.

In Chapter 5, genome wide eQTL analysis was pesdrior the drought of potato using
whole genome microarray (POCI array) which conta#5034 features. The genetic
architecture of transcript-level variation for dghti response was captured in the diploid
potato population CxE and mapped as expression QAQ3FLs). Genome wide distributions
of eQTLs allowed the identification of regulatorgttspots for drought response. To compare
the position of genes and their eQTLs and see whelte genetic variation responsible for
eQTLs iscis- or trans-regulated, we anchored the genes to the physiepl amd genome
sequence of potato. Distribution of important gekieswn to be involved in drought signal
transduction, drought-induced transcriptional ragah, and the cellular response to drought
are discussed. Interesting results were obtainedonybining QTL analysis of phenotypic
traits and gene expression traits and examiningpcalization of eQTLs and phenotypic
QTLs. The advantages of genome wide expressiornysisalthe complexity and exciting
prospects and possibilities by unlocking the infation contained in the genome-wide

transcriptome dataset are discussed in this chapter
In Chapter 6, the results from Chapters 2 to 5Siategrated and the implications further

explored. The overall retrospect and prospects@éding for drought tolerance in potato in

relation to our findings are discussed.
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Chapter 2

Abstract

Single nucleotide polymorphisms (SNPs) represeet miost abundant type of genetic

variation that can be used as molecular markere. SNPs that are hidden in sequence
databases can be unlocked using bioinformatic téals efficient application of these SNPs,

the sequence set should be error-free as muchsagf® targeting single loci and suitable for
the SNP scoring platform of choice. We have dewdop pipeline to effectively mine SNPs

from public EST databases with or without qualitjormation using QualitySNP software,

select reliable SNP and prepare the loci for amalys the lllumina GoldenGate genotyping

platform. The applicability of the pipeline was damstrated using publicly available potato
EST data, genotyping individuals from two diploicapping populations and subsequently
mapping the SNP markers (putative genes) in bottulations. Over 7000 reliable SNPs

were identified that met the criteria for genotypion the GoldenGate platform. Of the 384
SNPs on the SNP array, 88% of SNPs gave detecsgal. For the two potato mapping

populations 165 and 185 SNPs segregating SNP lmdidcbe mapped on the respective
genetic maps, illustrating the effectiveness ofpeline for SNP selection and validation.

Key words: EST database, Illlumina GoldenGate assay, Qualigy$otato

Introduction

Genetic variation is the basis for the biodiversityife (Schlotterer 2004). Variations in the
DNA sequence of genes and their regulatory regionderlie most of the phenotypic
variation that has been exploited in modern cr@Psyan et al. 2000; Masouleh et al. 2009).
Breeding strategies aiming to improve crop agromaiperformance have gained momentum
in the last few decades by the use of molecularkenarechnologies that visualize DNA
polymorphisms (Collard et al. 2005). Molecular neagkhave proven to be extremely useful
in breeding, for genome-wide screens for variatiggenotype identification and/or
fingerprinting, evolutionary and ecological studies

In breeding programs that are aimed at transfergages or alleles within or between
different species with the aid of molecular markesseral steps can be discerned. The first
step in this process is the identification of onenmre markers closely linked to or within the
traits to be introgressed. For this, a high densigp of markers on the genome and/or
markers in genes that are likely to be involvethmtrait of interest can be an invaluable tool.
SNPs are very well suited for this purpose. Theiomishing abundance has been reported in
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several discovery projects in many species inclydiomans (Sachidanandam R et al.The
International SNP Map Working Group 2001), modet@es such asrabidopsis thaliana
(Jander et al. 2002) aridrosophila melanogaster (Hoskins et al. 2001) and in crop plants
such as barley (Rostoks et al. 2005), maize (Clingl. 2002), rice (Shen et al. 2004;
McNally et al. 2006), soybean (Zhu et al. 2003) aviteat (Ablett et al. 2006). Recent
technological advancements in discovery and deiegiiatforms have made SNP markers
attractive for high-throughput use not only in miosigecies, but also in crop plants (Rafalski
2002). In species for which no genome sequenceasaale, large scale SNP discovery has
generally relied on sequence variation found imaliles of expressed sequence tags (ESTSs)
(Somers et al. 2003) or on re-sequencing (Chal. &007).

Several software tools are available for SNP disgp¥rom nucleotide databases, including
PolyBayes, AutoSNP, and QualitySNP (Marth 199%kBaet al. 2003; Tang et al. 2006).
QualitySNP is especially useful in extracting releaSNPs from EST sequence databases that
lack quality information, and is in many cases td@af distinguishing paralogs from allelic
sequences effectively (Tang et al. 2006). Alondhlite development of tools to mine a large
number of SNPs from nucleotide databases, new SiBtgping platforms were developed
that can analyze a large number of SNPs in parallel large set of individuals (Syvanen
2005). An increasing number of reports indicatd tha GoldenGate system of lllumina is a
reliable and cost-effective SNP genotyping platfolms capable of multiplexing from 96 to
1536 SNPs in a single reaction (Fan 2003).

In this paper we describe a bioinformatics pipekterting from SNP discovery in ESTs to
genotyping using the Illumina GoldenGate assayloldhg SNP discovery, the SNP loci are
further screened for suitability to be analyzedhwibe lllumina GoldenGate Genotyping
platform. We demonstrate the applicability of thipeline for potato, which is the third most
important food crop in the world. Potato is a hetggous crop, and commercial varieties are
generally tetraploid. For potato, approximately 200 ESTs mainly from three cultivars are
publicly available. We show here that SNPs idegdifby QualitySNP from this collection of
SNPs can effectively be turned into markers that lma mapped in different diploid potato
mapping populations, showing the versatility of gigeline and the produced SNP markers.

Our results indicate that the pipeline produceargd number of SNP markers, and that the
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selection of SNPs for genotyping on the IllluminaldeaGate genotyping platform yields a
high number of reliable functional co-dominant neaskthat can be easily placed on a genetic

map.

Materials and methods

Mapping populations

a) SHxRH: A cross between two diploid heterozygooisto clones SH83-92-488 and RH89-
039-16 (SHxRH) resulted in an F1 mapping populatdril35 individuals (van Os et al.
2006). Using a Selective Mapping strategy (Visiorale 2000) 57 individuals were selected
which captured the highest number of recombinagients.

b) CxE: This diploid backcross population consitiri 250 genotypes was obtained from the
cross between clones C [USW5337.3; (Hanneman RE)L%hd E [originally named
77.2102.37; (Jacobsen 1980)]. Clone C is a hybeitveenS phurga P1225696.1 ands
tuberosum dihaploid USW42. Clone E is the result of a croesMeen clone C and the
vernei-S. tuberosum backcross clone VH4211 (Jacobsen 1978). A set of 94 randomly

selected individuals was used for this study, alitg the parents of the cross.

DNA extraction

Genomic DNA was isolated from 50-100 mg of youngvks. After freeze-drying, the leaf
material was ground using the MM300 Mixer mill (Bgt Inc., Haan Germany) and DNA
extraction was performed using the DNeasy 96 RNént kit (Qiagen, Valencia, California,
USA) according to the manufacturer’s protocol.

S\P identification pipeline designed for the GoldenGate genotyping platform

For SNP discovery, 219,765 EST reads were downtb&den the EMBL database
[(http://www.ebi.ac.uk/emblversion 88). Functional annotation of the ESTeswbtained
from the TIGR gene indexftp://compbio.dfci.harvard.edu/cgi-
bin/tgi/gimain.pl?gudb=potator UniGene (Wheeler et al. 2003) and additi@iaASTN
and BLASTX analyses (Altschul et al. 1990). The ESre aligned into contigs and
analyzed for true SNPs using the QualitySNP softwar
(http://www.bioinformatics.nl/tools/snpweb)ith D-value set at 0.6 and default values for

quality regions and other filters as described bgget al. (2006). The resulting data are
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stored in a ‘contig database’. In an additionatir@iprogramme the QualitySNP output was
analyzed for SNP loci flanked by 30-50nt relialdesences on each side to allow for assay
development using the Illumina GoldenGate desigh fthe output was formatted to fit the
requirements for the assay design tool
(http://www.illumina.com/downloads/GoldenGateDesifiachNote.pdf and stored in the

‘100 bp fragment’ database. As for potato no \exiee genome sequence is available we
performed an additional BLAST analysis to eliminagments that have more than 90%
homology with each other to maximize the chancesrgjle locus amplification. Only
fragments occurring once in the contig databasenatidliess than 90% similarity to all other
contigs in the database were maintained and carsider the GoldenGate assay

development.

Section of SNPs for the Illumina GoldenGate Assay
A selection of the SNP loci was made based on ipetgene functions in abiotic, biotic stress
responses, metabolic and biosynthesis pathwaystiBoal annotations were taken from the

EST annotations in the DFCI potato gene index @tbathttp://compbio.dfci.harvard.edul/tgi/

as part of The Gene Index Project). For some gseesral SNPs within the same gene were
selected. GoldenGate primers were designed udimgiiia’s design tool and SNP scoring
was performed by Service XS (Leiden, The Nethedganasing lllumina’s high-density array
technology for standard or custom SNP genotypingéo$amples. For each sample 250 ng of
DNA was used for genotyping with the lllumina stardl GoldenGate protocol (Shen et al.
2005). Our experimental setup included two sepagat®typing runs; one for the SHxRH
population, including the parents C and E, and fonghe CxE population, again including
the C and E parents.. The data was analyzed usamgaB software (lllumina, San Diego,
CA)  which is  integrated in  the lllumina  bead statio package
(http://www.illumina.com/Documents/products/techrsstechnote _gencall_data_analysis_sof
tware.pdj (Shen et al. 2005).

Additional molecular marker development
AFLP markers were generated according to standartwgols with radioactive labels, using
4 Eco-Mse primer combinations (Vos et al. 1995)ndawere scored as present or absent.

AFLP markers were encoded by standard AFLP marlaing, with an ID and a
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chromosomal location; for example E39M60-40c10 maker from the Eco39 primer and a
Mse60 primer, ID number 40 and mapped on Chromoskindhe SSR markers used in this
study were obtained from different sources (Millbmuet al. 1998; Feingold et al. 2005).
The CAPS markers were developed for interestinglidate genes with (putative) functions
in amongst others quality traits in the CxE popalai{manuscript in preparation by Werij et
al.).

Genetic mapping

The potato SNP markers were first mapped in the rivapping populations using JoinMap
4.0 (Van Ooijen 2006) together with AFLP (only Eédgregating markers), SSRs and CAPS
as backbone markers. SNP markers were also mapp#tecexisting SHxXRH genetic map

using a bin mapping approach (van Os et al. 2006).

Results

Potato SNP array construction

In the 219,765 EST sequences 12,184 reliable SN#Ps discovered. A set of 7592 SNPs
remained after extra filters were set to selectSbiP loci with flanking regions suitable for
primer design in lllumina’s Goldengate assay (aisie30-50nt flanking sequence on each
side, no SNPs detected in the flanking regionsremdther sequences that are more than 90%
similar present in other contigs/clusters).

The last selection of 384 SNPs for the llluminaagwas based on putative functions of the
genes containing the SNP loci as deduced from atioos at the DFCI potato gene index

website (hosted dittp://compbio.dfci.harvard.edu/tyi/The final selection (hereafter called
384PotSNP array) of SNP markers with their putafiuections, locations along with their

database ID’s (TC numbers) is provided in Supplgargable.

Evaluation of the 384PotS\P array

The 384PotSNP array was evaluated by genotyping diptoid potato populations and
mapping the SNP markers. The quality of each SN#€fiscted in the Gencall (GC) score, a
value between 0 and 1 (Shen et al. 2005). The &lencore is a representation of the
separation between the heterozygote and homozghaters for a particular SNP, and how a

SNP score is placed in these clusters. R valuesnb8l2 generally indicate failed SNP
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detection, while scores above 0.5 are considerddgéty reliable SNP scores. For CxE, 45
SNPs (12%) did not produce a detectable signahersignal was too low to use it as a
reliable marker. Forty-two of these (11%) were aisb successful in SHxRH, indicating that
these were SNPs for which the assay was not warldngther 7 SNPs did not produce a
good result in SHxRH. Of the remaining 339 SNPCixE, 173 were not polymorphic
between both parents and did not show a segregahgnorphism. For SHxRH, 149
markers were not polymorphic between both paréitsety markers were not polymorphic
in both the populations.

Six markers in CxE were homozygous in both parants polymorphic between the parents
with a uniform heterozygous offspring (AAxBBAB). Another set of 6 markers that were
homozygous in both parents C and E, polymorphia/éen parents and segregated according
to a 1:2:1 Mendelian ratio (ABxAB AA, AB and BB). Table 1 summarizes the resultshef t
384PotSNP array for both populations.

Table 1: Results of 384 PotSNP array performed in two (@rE SHxRH) independent
assays

384 PotSNP array Mapping

309 out of the 384 are useful markers (80%) 16%erarcould be mapped in CxE

42 dropped out in any sample (11%) 186 markersdcbhelmapped in SHxRH

33 were monomorphic in all materigd%) | 99 markers could be mapped in both
populations

" Including a set of 220 tetraploid varieties

Genetic mapping of NP loci

CxE:

Out of 165 polymorphic SNP markers, fifty were mesygous only in parent C; 59 were
heterozygous only in parent E and 56 segregatingker® were heterozygous in both the
parents (ABxAB- AA, AB, BB). These 165 SNP markers were placedparental genetic
linkage maps using Joinmap 4.0 (van Ooijen 200getteer with 93 AFLPs, 45 SSRs, and 24
CAPS markers. Only markers with LOD scores of 31l above were considered. Thirteen
and 12 linkage groups were obtained in C and Enpalrenaps, respectively (Fig 1). Linkage
group 6 was divided into two subgroups in the nmate(C parent) map. Nineteen of the 165
SNP markers could not be assigned to a parenta@dmgroup. The C and E genetic parental
map span 1012.4cM and 774.6¢cM respectively withramyee distance between adjacent loci
7.2 and 4.5¢cM.
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Fig. 1 Location of the SNP markers on parental maps CEntihe number on the left side is the
genetic distance in centiMorgans (cM) right sidemiarker designations. The parental maps were
drawn by the MapChart 2.2 program (Voorrips 2002)

SHxRH:

A set of 151 AFLP markers from the same four AFltiPnpr enzyme combinations used in
the CxE population were selected from the ~10,0@8llable AFLP markers in SHxRH.
Parental maps of SH and RH were constructed witB3R and 24 CAPS, 151 AFLP and 186
SNP markers using Joinmap 4.0 (van Ooijen 2006).0DL86 polymorphic SNP markers, 71
were heterozygous in parent SH; 69 were heteroz/goyarent RH and 46 segregating
markers were heterozygous in both parents (ABxA®BA, AB, BB). Table 2 lists the
markers used for mapping in both populations.

Twelve parent specific linkage groups were obtaif@dboth SH and RH (Fig. 2) The
Linkage group RHO1 was divided into two subgrodpsSH the length of the linkage groups
ranged from 52.6 cM to 115.9 with the average dstebetween the loci of 4.05 cM. The RH
parental map spans 686.7cM and the average distetween loci is 3.8 cM.

To confirm the SHXRH SNP markers with their binnsitures to calculate error frequency of
our mapping results, we compared the marker segoaegpattern with the map segregation
patterns (bin signatures) and placed these 186 i@aiRers in the ultra dense potato map
(Van Os et al. 2006). Albf the markers were anchored to the bins of tlghlhisaturated

parental reference maps and distributed overridatje groups. Marker order was identical to
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Table 2: Number of markers used for construction of C Brghrental maps according to
marker type.

Marker type Total markers used in Markers on the map
construction of parental maps
Cand E | SHand RH CandE SHandRH
SNP markers 165 186 146 168
AFLP markers | 93 151 82 131
SSR markers 45 16 33 16
CAPS markers| 24 21 22 21

the map positions in the parental maps constructédis study. Bin mapping procedure not
only gives the bin position but also the goodnddg to that position. Distance to the bin is a
measure for the number of singletons or error éndhta. Out of 186 markers, 183 showed
error scores below 0.1%, the remaining 3 markegdseneor scores more than 0.1 and showed
LOD scores less than 3.

There were 99 markers segregating in both the @g@apulations. These markers were used
to align the CxE with SHXRH maps (Fig. 3), linkitige genetic loci of the CXE population
are aligned to the ultra dense map and the inecrgasmount of genomic sequence
information of clone RH generated by the Potato dds® Sequencing Consortium (PGSC,

http://www.potatogenome.net/).

Discussion

This paper describes the successful developmentirapttmentation of a bioinformatics
pipeline for the identification of putative SNPs public EST databases, to convert these
SNPs in assays compatible to the lllumina GoldeaGitP platform, and to map the SNP
markers using this genotyping platform. The idécdtion and selection of potato SNPs for
the GoldenGate assay results in a score of 89%odfimg GoldenGate assays, and at least
77% of the full electronic SNP dataset are true Shifdenable to the GoldenGate genotyping
platform.

The first step of this pipeline is the identifieati of putative SNPs, for which we used
QualitySNP. For many SNP assays, including llluisr@oldenGate assays, the SNP locus
needs to be amplified with locus-specific primérattdo not amplify any other locus. The
paralogous sequences that are placed in separteersl by QualitySNP may be putative
binding targets of the SNP amplification primersigaed for a SNP detected in the allelic

clusters. The lllumina design tool can eliminateaegous sequences only when a fully
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Fig. 2 Location of the SNP markers on parental maps SHRit. The number on the left side is the
genetic distance in centiMorgans (cM) right sidemarker designations. The parental maps were
drawn by the MapChart 2.2 program (Voorrips 2002)

sequenced reference genome is available. Howevsrist currently not the case with many
crop species like potato. To circumvent this problef paralogous sequences, our pipeline
includes a similarity search using the flankingusstces of the SNP to identify clusters with
high similarity to the SNP locus. In this study wkminate SNPs for which the similarity
search found other clusters with more than 90% larity. This implies that SNPs are
eliminated that might be suitable for a SNP as$ahe primer binding sites are carefully
chosen. If a SNP in a specific gene is requiredyrdy a limited number of SNPs have been
identified, it may be worthwhile to look into theN8 loci for which a similarity conflict has
been identified, and design primers for these SNHesvever, we intend this pipeline to be
used for high through-put analysis of SNPs fromadases to produce a genome-wide SNP
array. For efficiency purposes, the SNP loci thaghihbe problematic for GoldenGate assays
are therefore eliminated from the list that is uB®dSNP selection for the SNP array rather

than evaluated manually.

Performance of the 384PotSNP array

Of the 384 SNPs that we assembled on a GoldenQGdfe génotyping array and used for

genotyping two diploid potato mapping populatiom$yat2 SNPs (11%) failed to produce an
interpretable output in two separately performecdags. There are several possible
explanations for these SNPs to fail. Firstly, feslunay be due to incorrect primer synthesis.
In other studies it was observed that 10% of védidaSNP loci do not give a result in

standard GoldenGate assays, pointing to failure @esult from the assay design (Rostoks et
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al. 2006, Hyten et al. 2008). Secondly, the SNBRUeacy in potato is exceptionally high, and
therefore SNPs in the primer target sequences coeldommon. This will likely affect
primer annealing as well as signal interpretatidhirdly, this might have been caused by
large introns within the amplicon or introns at thremer sites; the amplification primers were
designed on EST sequence information, whereasNifegSsays were performed on genomic
DNA. Presence of introns in the SNP amplified regoan be detected if genomic sequence
information of the SNP locus is available from potar related species. This was the case for
only four of the SNPs with failing assays. Nevelgks, for two out of those four indeed an
intron was present within the SNP amplified locnslicating that in approximately 50% of
the failing SNP assays intron presence may be dhsecof failure. With the advent of an
available genome sequence for potato, the deteofiartron-exon boundaries in the vicinity
of a SNP will be possible for most if not all SNiil selected for the array. This information
can then be used for primer design, either byriiligeout the SNP loci with introns near the
SNP site, or by designing primers based on gensegaence. However, assays with primers
based on intron sequences may be more prone toddihan assays with primers in exon

sequences, as intron sequences are more variablexion sequences.
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Fig. 3 Alignment of C8 linkage group with the SH8, and EA0 with the RH2, RH10 linkage
groups respectively using markers common to bothuladions. Left side number indicates genetic
distances in centiMorgan (cM), right side markesigeations
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We have shown that the SNP GoldenGate assay littkdte pipeline is a proficient strategy
for SNP genotyping in potato, with SNP markers ssgstully mapped in two potato
populations. In total, 342 out of 384 SNP accoontlie 89% success rate of the combination
of QualitySNP with the GoldenGate assay which immparable to the 90% success rate
previously reported in barley (Rostoks et al. 2086J) 89% in soybean (Hyten et al. 2008).
However, the barley SNP array from Rostoks et 2006) is based on resequencing of
selected genes with the parents of a mapping populancluded, whereas the 384PotSNP
array contains SNPs from whatever information adéd in the EST databases,
demonstrating the effectiveness of our pipelinesefecting SNPs that are likely to produce

reliable data on the GoldenGate genotyping platform

Level of polymorphism

The PotSNP array permits the rapid generation bigh number of polymorphic markers.
Out of 339 SNPs in CxE (342 in SHxRH), 164 couldnh@pped (186 in SHxRH). In CxE
161 SNP (155 SHxRH) were monomorphic. The high remad monomorphic SNPs is not
surprising; the SNPs were discovered in ESTs fratty three varieties namely Shepody,
Kennebec and Bintje and the parents in the mappopglation are not directly related to any
of these varieties. Preliminary data obtained usiregpotato genotyping array with potato
cultivars indicated that 60% of these non-segrega8NP loci were in fact polymorphic in a
large cultivar set (data not shown) indicating ttheise are true SNPs. Six markers in CxE
were homozygous in both parents and polymorphiwéen the parents, with heterozygous
offspring. For the population CxE this is a highlyexpected result, as CxE is a backcross
population (C is a parent of E). At least one allel parent E should have been inherited from
C, so an AAxXBB- AB genetic model for these six loci should not losgble. Neither could
this be caused by primer annealing polymorphisnestorg a null allele (AOxBO0) as this
would result in a segregating rather than a unifoffapring. Similarly, for nine SSRs four
alleles were detected in the CxE population. Timeagkers could be mapped consistent with
an ABxCD- AC, AD, BC, BD genetic model for these 9 loci sastls not an artifact. We
currently do not have a satisfying explanationth@se observations.

Another set of 6-8 markers that were homozygousoith parents and polymorphic between
parents segregated in the population consistert &ig. an A0xBO. A0, AB, BO genetic

model. These were found in both populations, angd rapresent markers with null alleles in
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one or both parents. These null alleles may beethder instance by SNPs or other
polymorphisms in one of the alleles that interfergh primer binding and/or subsequent
amplification. The results from both runs with B@4PotSNP array were highly comparable,

indicating that the reproducibility of the Goldert&assay is high.

Mapping

The SNP markers in both the potato populationsaaié distributed over the chromosomes,
with minimal clustering. In the parental map of Rikkage group RHO1 was divided into two
subgroups most likely because the number of mankassnot high enough. For some genes
more than one SNP within the same open readingeframs selected, for instance SNP38,
SNP39 (from ESTs identical t8 tuberosum clone transcription factor APFI-like mRNA,
TC1649610) and SNP143, 144, 145 (from ESTs iddntiic& tuberosum StPDC mRNA for
pyruvate decarboxylase, TC167230). The SNP mar&gginating from a single gene all
mapped at the same positions. PotSNP156 is logatde coding region of the POT32 gene,
and maps at the same position as the CAPS marke€8ZOdeveloped for the same gene on
chromosome 8 by Werij et al. (2007). For some led NP marker loci (genes), the
chromosomal location was already known either itafmoor in the related species tomato.
For each of those markers, the mapping positiongeagwith the published mapping
positions of the genes. For example PotSNP002 nidamme chromosome 8 in our two
populations, and is nearly identical to tomato elod32639F which also maps on
chromosome 8 of tomato. PotSNP0O09 on chromosombo#exl a high homology with
tomato BiP/grp78 gene, also located on tomato chsmme 8.

In the SHxRH population the positions of 186 maskeere confirmed by placing them on
the ultra dense bin map (Van Os et al, 2008)st (98.4%) of the polymorphic markers
showed error scores below 0.1%. Hence, the lllunB@ddenGate assay is capable of
producing high number of error free markeffiese SNP markers can be used not only to
align CxE map with SHxRH but also as anchors ingb&ato physical map (Van Os et al,
2006).

Per spectives

Our bioinformatics pipeline produced over 7500 SNR$ng the EST dataset that are

amenable to be assayed on the GoldenGate genotyiaitigrm. Therefore, it is reasonable to
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expect that more than 7000 remaining SNPs will pceda similar percentage of true and
technically scorable SNPs as obtained from thesotipilot of 384 SNPs, and are a valuable
source for SNP markers in potato populations artivats. The EST dataset that was used to
mine the SNPs contains sequences from four cudtigintje, Kennebec, Shepody and Kuras.
Bintje is an ancient cultivar; Kennebec is a varieom the USA with a pedigree that differs
significantly from Bintje. Shepody and Kennebec énavpedigree that is partly overlapping.
Especially the parents of the CxE population afg distantly related to these cultivars, but
still half of the SNP markers generated by the lppeare polymorphic in the population.
This illustrates the wide usability for mappingsasiation, marker assisted breeding and
biodiversity studies of SNP marker assays suclifased by the GoldenGate platform.

Conclusion

The combined use of Quality SNP and lllumina Gol8ate assay in a pipeline has proven to
be an efficient tool for the construction of a genénkage map. The pipeline produces a
large number of co-dominant, polymorphic loci rdpidith a good distribution of markers
over the chromosomes. The SNP markers have beeatestlfrom EST sequences which
were annotated based on sequence similarity tosgeitle a known function, or in an isolated
case based on gene function in potato. The SNPdbgseetic map therefore allows a
candidate gene-based QTL mapping approach. This&®idly offers markers in genes with a
variety of putative functions, including biotic ambiotic stress tolerance. Marker assisted
breeding with such SNP markers can acceleratenipgovement of potato for important
traits.
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Abstract

Drought stress is a major abiotic constraint lingtcrop production worldwide. Screening for
drought tolerance and the traits that enhance thtaioderance is not straightforward in large
mapping populations. In this study, we investigatieel possibility of screening a mapping
populationin vitro for PEG-induced water deficit stress and recovestemtial. We have
measured several shoot and root growth parametetsaits in the CXE diploid potato
mapping population. Significant variation was olser for genotype-specific responses to
water deficit and recovery potential. Genetic v@wraand heritability estimates were high to
very high for the measured traits depending on grawnditions. In order to identify potato
QTLs for drought tolerance and recovery potentialSNP marker-rich integrated linkage
map was used. A total of 23 QTLs were detected ucalarol, stress and recovery treatments
explaining 10.3 to 22.4% of the variance for eabkemotypic trait. Among these, 10 QTLs
were located on chromosome 2. Three QTLSs involuetthé important trait root to shoot ratio
were identified on linkage groups 2, 3 and 8. Thiese explained together 41.1% of the
variance for this trait, and may be breeding tardet stress tolerance and yield in the field as
well. The SNP markers derived from EST sequencegenlying these QTLs led to the
identification of putative candidate genes for tertstudy in potato. This study constitutes the

first knowledge ofn vitro screening of a mapping population for droughtreotee in potato.

Key words: Drought, In vitro, PEG, Potato, QTL, Recovery

Introduction

Drought is one of the most common environmentagssis affecting plant growth and
productivity (Boyer, 1982). The consequences ofewaleficit include adverse effects on
plant phenology, phasic development, growth, cadssimilation, assimilate partioning and
plant reproduction. Climate models have indicateat tirought episodes will become more
frequent because of long-term effects of globalmvag (Salinger et al 2005; Cook et al
2007) emphasizing the urgent need to develop adgaptricultural strategies for a changing
environment. These strategies range from changgeaditional management and agronomic
practices to the use of marker assisted seleatiothé improvement of drought-related traits
and the development of transgenic crops with erddhniglerance to drought and improved

water use efficiency that might minimize droughtted yield losses and ensure food
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production for a growing population of humans.

Plants utilize various resistance mechanisms ipaese to drought stress. These mechanisms
range from adapting whole plant characteristicshsag life cycle timing (maturity), deep
rooting, to cellular-level functions (osmoregulajo(Mohamed et al 2000). A single trait
alone may not ensure successful survival; howeatenay enhance water stress resistance.
Plant cell and tissue culture has been a usefutdogtudy stress tolerance mechanisms under
in vitro conditions.In vitro techniques can make it possible to screen a lauyeber of
genotypes rapidly for stress tolerance sinceitro plant cultures even at different stages of
development may exhibit their capacity to withstatr@ss (Gosal and Bajaj 1984; Tewary et
2000). Polyethylene Glycol (PEG) of high moleculaeights has been widely used to
simulate drought stress in plants as a non-penmgjratsmotic agent, lowering the water
potential in a way similar to soil drying (Larhera 1993). Although there are biochemical,
genetic and physiological constraints in obtainstgess-tolerant plants through vitro
culture, Nabars (1990) pointed out that this teghaihas been successfully used to produce

stress-tolerant plants from several species.

Potato Solanum tuberosum) is the most consumed food crop world wide afteeat and rice,
yet it is relatively susceptible to drought (Harfi878). Several authors have reported that
limited soil water availability may affect the ptigplant at all developmental stages, resulting
in earlier crop maturity and decrease of plant ghowuber yield, number of tubers per plant,
tuber size and tuber quality (MacKerron and Jef&erl988; Tourneux et al 2003). Recent
studies have mainly focused on identifying drouigthrant varieties (varieties with limited
decline in tuber yields upon drought) as well asaueling drought tolerant traits either by
physiological (Tourneux et al., 2003) or moleculgsproaches (Watkinson et al 2006,
Schafleitner et al 2007). Many researchers idedifQuantitative Trait Loci (QTLs) for
different traits like tuber dormancy (van den Betgal 1996), tuber yield and starch content
(Schfer-Pregl et al 1998), tuber shape (Van EcK @094), tuber flesh color (Bonierbale et al
1988), tuber skin color (Gebhardt et al 1989, 1994gld, agronomic and quality traits
(Bradshaw et al 2008) in potato under normal coorast However, knowledge about genetics
of drought tolerance in potato is still limited,dahardly any QTLs have been identified for

potato drought tolerance traits.
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Potato is highly amenable to tissue culture (Espanet al 1986) anth vitro techniques like
micropopagation and micro-tuberization have becoastablished methods for rapidly
multiplying cultivars as well as for germplasm cenation and exchange (Roca et al 1979;
Ranalli et al 1994; Gopal et al 2005; Donnelly eR@03). Simko et al (1999) studied the
similarity of QTLs detected for plant height andéuzation earliness undén vitro and
greenhouse growing conditions. Gopal and lwama 72&0d 2008) showed that vitro
culture of potato cultivars under normal and wétaited conditions by raising plantlets from
nodal cuttings obtained from vivo grown plants may provide an effective screenirgjesy

for selecting genotypes with a high root mass pctdo potential under dry field conditions.
However, there are no reports onvitro screening and assessment of drought tolerance to
dissect the genetic variation for drought toleraimcpotato mapping populations. This study
was aimed at i) evaluation of a mapping populatiolerin vitro control, water-stressed
conditions induced with PEG and studying the recpymtential, and ii) identification of
QTLs for root and shoot traits at the juvenile stay potato plant growth undén vitro

conditions.

Materials and methods

Plant materials

The potato diploid mapping population CxE consgstri 250 genotypes was obtained from
the cross between clones C [USW5337.3; (Hannemarl®)] and E [originally named
77.2102.37; (Jacobsen 1980)]. Clone C is a hybeitveenS phurga P1225696.1 ands
tuberosum dihaploid USW42. Clone E is the result of a croesMeen clone C and tHe
vernei-S. tuberosum backcross clone VH4211 (Jacobsen 1978). The entire population has
been maintaineth vitro. A set of 94 randomly selected individuals wasdufee this study,

along with the parents of the cross.

Media and water deficit treatment

Water potential was lowered by the addition of ptiylene glycol (PEG) (molecular weight
8000; Sigma St Louis, MO) to the growth medium. TPEG-infused tube system was
modified as described by van der Weele et al (2@0@) Gopal and lwama (2007). PEG-
infused tubes were made by dissolving solid PE@ sterilized solution of basal media (half
strength Murashige and Skoog salts with 2mM MESdspaind pH was adjusted to 5.7. This
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PEG solution was then overlaid on agar-solidifisdL(* Bacto agar) basal 10ml media in
15cm x 2.5 cm test tube. The agar media and PE@Gi@olwere then allowed to equilibrate
for 3 days. The excess PEG solution was removed fle tubes. 400g of PEG was added
per liter of overlay solution to achieve -0.7 Mpater potential of PEG-infused tubes (Gopal
and lwama, 2007).

Explant and culture conditions

From each genotype of thie vitro maintained CxE population plants were cut into tb.2

cm nodal segments. The segments were transfer@d%occm x 2.5 cm test tube and cultured
on fresh growth medium and 14 replications wereeratt maintained for 2 weeks. Once the
genotype shootlets or nodal segments were adaptestarted to grow, they were transferred
to PEG-infused tubes. Each genotype with sevencedfmns was maintained under normal
and water deficit conditions. The cultured tubesenacubated at 24 +1°C growth chambers,

under 16 hours photoperiod/day for seven weeks.

Measurement of drought-related traits

After seven weeks, when control plants were fullgvgn with stout stems and broad leaves,
traits like root length, root fresh weight, dry giet, plant height, shoot fresh and shoot dry
weight were measured on four replications undettroband water deficit treatments. The
remaining three replications from each treatmenteweansferred to fresh growth medium
without PEG to study recovery potential of the dggpes. Recovery treatment was

maintained for 4 weeks prior to root and shootdraiere measured.

Satistical analysis

The phenotypic data were tested for normality ameémwthe trait values were not normally
distributed the data was transformed {JogAnalyses of variance (ANOVA) of the different
traits and other statistical analyses were dond \@enStat software T2edition (VSN
international, Hertfordshire HP1 1ES UK). Relativeduction (RR) of each trait was
calculated as RR= (control- drought)/control, axgressed in terms of percentage. Broad
sensderitability (*;) was estimated on a genotype mean basis as afatfp/ (c°g+ o°d/r),
where (;Zg) is the genetic varianceg?) is the error variance and is the number of

replications.
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Genetic map and QTL mapping

The genetic map of CxE as described in Anithakureaal. (2010) was extended with 339
markers from a 768 SNP lllumina GoldenGate genotygrray. The CxE integrated maps
were constructed using JoinMap 4.0 (Van Ooijen 2006QTL analysis.

MapQTL version 5 (Van Ooijen et al. 2006) softwauas used to identify QTL for all traits.
First the interval mapping procedure was perforteeidentify the major QTLs. Markers with
LOD scores exceeding the threshold (3.5) were @sedofactors in multiple-QTL-model
(MQM) mapping procedures. If new QTLs were identifj the linked markers were added to
the cofactor list and the analysis was repeatethelfLOD value of a marker dropped below
threshold in a new model, it was removed from thfactor list and the MQM was rerun. This
procedure was repeated until the cofactor list imecatable. The final LOD scores were
determined by restricted MQM. The 2 LOD supporeimél was calculated to estimate the
position of significant QTLs with 95% confidenceorFeach trait a 1,000 x permutation test
was performed to identify the LOD threshold corgesging to a genome-wide false discovery
rate of 5% P < 0.05).

Results

96 individuals of the CxE diploid potato mappingpptation including the parents were
grown in vitro and subjected to osmotic stress for a period eérseveeks. Following the
stress period, 4 replications were harvested, amathar 3 replications were allowed to
recover for 4 weeks and harvested.

Quantitative variation, heritabilities and correlations

The mean values of different root and shoot traifitthe parents C and E under normal, PEG
stress and recovery conditions are shown in TabRafents C and E significantly differed in
their response to water stress and recovery pateR@arent C had lower mean values under
normal conditions when compared to parent E. Howeweder PEG induced water deficit
conditions parent C performed better when compaoegarent E which showed drastic
reduction in biomass. Parent C had good root gromsbt dry weight and root to shoot ratio
under stress conditions. The ability of plantsdoover completely after stress is crucial to
survive and complete their life cycle. In natun&liations recovery potential is very important
under intermittent drought conditions. Upon alléaa of stress parent E extremely

outperformed parent C with higher recovery poténtia
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Table 1 Mean performance of parents and progeny, estinedtgsnetic and non-genetic components
of variance, heritability and relative reductionnoéasured traits in different growth conditions.

Performance
Parents Progeny Variance
Trait Treatment*| C E Min Max Mean A | A h’n | RR (%)
Conl 193.88  389.73 570 54560 153|70 6330.75 1095.00.85
Fresh biomass PEG 131.80 81.54 580  184.90 5175 469.90 202.5370 [0. 66.33
(mg) Ccon2 185.27 1567.20 38.30 2450.00 499,90 0.36 0.0587 |0
Rec 97.37 1097.93 18.90 1372.00 312/40 35544.25 .2308 0.93 37.51
Conl 16.45 26.29 0.10 34.30 11.11 28.84 5.00 .85
Dry biomass PEG 15.03 11.34 0.00 24.60 7.28 9.71 354 073 6344
(mg) Con2 23.80 89.43 7.20  163.00 45.78 0.27 0.04 .88
Rec 13.30 83.3( 2.80 113.10 26.74 220.25 16.09 D.9341.59
Conl 11.00 17.24 0.50 29.00 14.34 23.88 312 .88
Plant height PEG 7.75 10.63 0.80 18.00 5.34 3.59 133 Q.73 62.79
(cm) Con2 12.03 19.83 4.50 34.00 17.70 13.89 2.58 .84
Rec 11.43 18.0(4 2.70 51.10 13.06 10.08 1.25 89 2126.
Conl 4.88 12.38 0.00 22.00 6.95 12.12 158 (.88
Root length PEG 5.63 7.74 0.00 17.50 4.66 7.22 134 (.84 32.95
(cm) Con2 7.47 15.33 1.33 30.50 9.99 0.06 000 Q.93
Rec 6.77 14.63 0.50 22.00 8.95 17.40 060  0.97 1p.36
Conl 14.80 20.03 0.10 28.00 9.38 15.15 356 (.81
Shoot dry PEG 12.23 8.40 0.00 20.30 5.88 4.81 205 Q.70 3y.31
weight (mg) Con2 20.10 59.87 4.60  101.00 33.46 0.20 0.04 .85
Rec 11.17 50.8( 2.80 71.30 19.15 84.98 .55 93 7742.
Conl 1.65 6.25 0.00 9.20 1.81 3.16 0/36  0.90
Root dry PEG 2.80 2.90 0.00 8.50 1.44 1.36 050 073 20.22
weight (mg) Con2 3.70 29.57 0.00 95.30 12.32 0.14 002 0.87
Rec 2.13 32.5(¢ 0.00 80.90 7.59 32.86 2190  0.92 3B.40
Conl 16150 257.9 330 461.80 131/30 4068.25 973.2581
Shoot fresh PEG 103.35 68.03 5.80  149.80 42.85 326.45 119.4373 0. 67.36
weight (mg) Con2 165.23 910.23 36.10 1408.00 366/80 0.05 N.0185 |0.
Rec 92.00 677.77 18.40 706.00 22050 13543.75 1061.00.92 39.89
Conl 32.38  131.83 0.00  109.90 23.89 460.70 60.15 8 D.8
Root fresh PEG 28.45 13.53 0.00 40.00 7.98 33.07 13.99 .70 .0030
weight (mg) Con2 20.03  656.97 1.40 1246.00 133[00 1.06 0.15 D.88
Rec 537  420.17 0.00  932.90 9197 5554.25 45]1.75 2 0.9 30.85
Conl 0.11 0.31 0.00 1.00 0.18 0.02 0/00 081
rR;t’iOgShOOt PEG 0.23 039  0.00 1.43 0.22 0.02 001 065  -20.65
Con2 0.18 0.19 0.00 2.32 0.32 0.05 0jo1 083
Rec 0.19 0.64 0.00 2.32 0.34 0.03 0/00 0091 48.65

cszg: genetic variances’s variance that is not explained by genetic effebts: broad sense heritability, RR:
relative reduction.* Treatments- Conl: control citiods at time point 1, PEG: PEG induced droughtss,
Con2: control conditions at time point 2, Rec: Reary treatment
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All the trait distributions were continuous, retileg their quantitative nature. The mid parent
values for all the traits were higher than the pafon mean and the progeny displayed
transgressive segregation, with more extreme vatutge progeny than the parents.

Analyses of variance revealed significant diffeesndetween the progeny for all the traits
measured, indicating that the traits related tojukenile growth stage under water stress and
recovery conditions are genotype-dependenm witro grown potato and interaction between
genotype and treatment was found for all the meastnaits. When compared to control
conditions, a decrease in mean value of all medduaés was observed as an effect of water
stress on traits with the exception of root to sh@tio. The root to shoot ratio increased
under water stress conditions and there was néiveleeduction when compared to other
traits indicating an increased partitioning of basa towards roots as an adaptive mechanism.
Water deficit conditions had a drastic effect omathfresh weight and fresh biomass as
indicated by their relative reduction of about 6@l 66.3%, respectively. Root dry weight
showed less relative reduction of about 20.2% @a&abl. Broad-sense heritabilities were
calculated for all traits measured under controtteddition and water stress (Table 1). The
estimates were in general high under control camttand tend to be somewhat higher than
those found under water stress. How ever, under PPHEGced water deficit conditions, the
estimates for root length, dry biomass and shasthfiweight were higher with values ranging
from 73.2 to 84.3%. The root to shoot ratio traftio vitro grown potato seems to be

moderately heritable.

After alleviation of stress, the progeny showedstderable variation for recovery potential.
Interaction between genotypes and treatment wasnedxd under recovery treatmeht.vitro
potato plants seemed to have good recovery poteasizhere was increase in mean values of
all measured traits when compared to drought sttdswever, when compared to control
genotypes, progeny showed decreased trait mearsvalfier recovery (Table 1). Under
recovery all the traits showed very high heritdi@d compared to control and stress
conditions. Root length had a high heritable vadfi®.97. Plant height showed the lowest
heritability of about 0.89 (Table 1).

The coefficients of correlation among traits unB&G induced water stress are presented in

Table 2 with the direction (+ or -). All the shaatd root traits measured under drought stress
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Table 2 Matrix of Pearson coefficients of correlation amgdhe traits under drought stress at significaegelk *Significant at £ 0.05; **
Significant at R 0.01; *** Significant at B 0.001

Trait Fresh Root fresh root shootdry  shoot fresh  Plant Dry Root: shoot
Biomass weight length weight weight height biomass ratio

Fresh Biomass (mg) -

Root fresh weight (g) 0.73*** -

Root length (cm) 0.37** 0.60*** -

Shoot dry weight (g) 0.88*** 0.51*** 0.22** -

Shoot fresh weight (g)| 0.87*** 0.54*** 0.25*  0.89* -

Plant height (cm) 0.45** 0.22** 0.23**  0.34%** 0.50* -

Dry biomass(mg) 0.91*** 0.69*** 0.37**  0.66*** 0.8*** 0.36***

Root:shoot ratio 0.32** 0.68*** 0.58*** 0.16* 0.16* 0.15* 0.40***

Root dry weight (g) 0.67*** 0.87*** 0.58***  0.55*** 0.52%** 0.27**  0.76**  0.81***

Table 3 Pearson coefficients of correlation between tagstunder normal and PEG induced drought stresigmificance levels
*Significant at & 0.05; ** Significant at R 0.01; *** Significant at B 0.001

Treatment PEG induced stress
Dry Rootdry  Root fresh Shootdry Shoot fresh Fresh Root:shoot Root Plant

Traits biomass weight weight weight weight biomass ratio length  height
Root dry weight 0.19* 0.15 0.08 0.18 0.13 0.13 0.14  0.18 0.15
Root fresh weight 0.16 0.13 0.13 0.15 0.13 0.14 40.1 0.11 0.04
Shoot dry weight 0.51%** 0.28* 0.18 0.53***  0.46%** 0.42%* 0.08 0.09 0.31*

Control Shoot fresh weight 0.48*** 0.28* 0.18 0.49%**  0.48* 0.40%** 0.09 0.06 0.28*
Fresh biomass 0.45%** 0.27* 0.18 0.46***  0.40%** BB** 0.12 0.08 0.25*
Root: shoot ratio -0.02 0.03 -0.03 -0.03 -0.06 60.0 0.14 0.19 0.03
Root length -0.01 0.08 0.21 -0.04 -0.05 0.02 0.17 400 0.02
Plant height 0.07 -0.09 -0.07 0.12 0.11 0.07 -0.17 -0.10 0.29*
Dry biomass 0.48*** 0.28* 0.17 0.50%**  (.43*** 0.@r** 0.10 0.11 0.31**
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conditions positively correlated with each otheno& fresh weight was highly correlated
with fresh biomass (0.87***). Plant height showethatively less correlation with root length
and root fresh weight. Similar correlations patsewere seen in recovery condition (Data not
shown). Phenotypic traits measured under well \edtend PEG induced stress correlations
are presented in Table 3. The traits related tonbh&s production (shoot fresh and dry
weights, shoot fresh and dry weights) were sigaiftty correlated between control and PEG
induced stress. Biomass productivity traits wersitpeely correlated with plant height under

stress conditions. However, there is no considerabtrelation of the root:shoot ratio with

other traits measured under non-stress condition.
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Figure 1 Location of the QTLs on the C x E integrated maply@he linkage groups (chromosomes)
with QTLs are shown. The scale on the left sidbésgenetic distance in centiMorgans (cM), marker
designations are given on the left side of linkggeup. QTLs are shown at the right side in vertical
bars with trait names in different shades for défe treatments (Open with horizontal lines- well
watered, Solid filled bars- Stress, and open witis€ vertical lines- Recovery). The integrated maps
were drawn by the Map Chart 2.2 program. The va@rbar shows the 1LOD support interval and the
dotted line 2 LOD interval of the QTL.

QTL analysis

In total 23 QTLs on 7 linkage groups were deted¢tedhe normal, PEG induced water stress
and recovery conditions (Figure 1). However thenhar of separate loci may be less, as we
found a number of stable co-segregating QTLs awadistand treatments. Map positions, QTL
names and effects of these QTLs are summarizedilileT4. Stable QTLs were found for
shoot fresh weight, dry biomass and fresh biomasd most of them localized on
chromosome CEZ2. The proportion of the variancearpt by single QTLs ranged from 10.3
to 22.4%. Three QTLs involved in the root to shoatio were identifiedr:sl on linkage
group 8,r:s2 on linkage group 3 ands3 on linkage group2. These loci explained altogether
41.1% of the variance for this trait. Three QTLsevdetected for plant height under control
conditions on linkage groups CE7, CE9 and CE2 twgeexplaining 43% of the total
variation. A QTL on linkage group CE3 under recgvieatment was associated with plant

43



Chapter 3

height that explained variance of 19.3%. Two regiohCE2 and CE12 had QTLsconl,
sfwcon2) for shoot fresh weight measured under control ttmms. sfwstress and sfwrec
QTLs for shoot fresh weight measured under stragsracovery conditions were found on
linkage group CE2. One QTL explaining 16.1% of Wlagance and located on linkage group
12 was found to be linked with root length underttevaleficit conditions. Two QTLsS on
linkage group CE2 and CE12 together explained 37%he variance for shoot dry weight
under control conditions. A total of 10 QTLs weoaifid on chromosome CE2, and QTLs for
shoot fresh and dry biomass co-localized at thisition. QTLs on linkage group CE2 for
fresh biomass and shoot fresh weight after a regqweriod co-localized with QTLs for plant
height under controlled conditions.

CxE genetic map was populated with functional mexrleeich as SNPs. These SNP markers
were mined and developed from EST sequences hautagive functions. SNP markers with
their putative functions underlying root to shoatio trait were presented in Table 6. Several
interesting putative candidate genes involved inught response were identified. SNP
markers having sequence homology with genes suclebhgdration responsive protein
underlies with QTL for root to shoot ratio on chrasome CE2. Root border cell specific
protein, transcription factor from AP2 family andofein kinases were identified on
chromosome CE3. On chromosome CES8, eight SNP nzarkigh putative functions were
detected under third QTL for root shoot ratio. Tehgenes had homology with genes involved
in signaling and other functions such as calciupedeent protein kinase, aquaporin protein,
vacuolar membrane ATPase. These genes may beveutamdidates for PEG induced stress
response in potato.

Discussion

Significant genetic variation for all the measutesdts was observed under well watered, PEG
induced stress conditions and after a four weekvey period. The parents differed in their
response to PEG induced drought tolerance and eeg@otential. Transgressive segregation
was observed for all the traits measured underst@ss, PEG-induced stress and recovery
conditions and this may be due to complementanpact alleles of different genes affecting
a trait; alleles which were dispersed between theermis but may come together in the
progeny (Tanksley 1993). Broad sense heritabilittese high to very high ranging from 0.65

to 0.97 under different treatments. These hightdtglities may be the consequenceiof
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vitro culture techniques, which minimize environmentatiation due to defined nutrient
media, controlled conditions and homogeneity oéssirapplication. This relatively simple
setup enables the study of large plant populateomd application of well-defined stress
treatments in a limited space and short periodhod tirrespective of the crop season and thus
holds the potential for pre-selection of genotyges complex trait evaluation in the
greenhouse or in the field.

Table 4 Main characteristics of QTLs with a LOD score >fhbthe traits under well
watered, water stressed and recovery conditions.

Linkage | LOD | Marker linked | % variation
Nameof the Trait | QTL name | Treatment | group score totrait explained
Shoot fresh weight | sfwconl Control 2 5.8 PotSNP912 22.3
sfweon2 Control 12 4.3 PotSNP750 13.3
sfwstress Stress 2 3.8 PotSNP912 15.0
SFWrec Recovery 2 3.7 PotSNP838 15.5
Shoot dry weight | sdwconl Control 2 6.1 PotSNP671 22.4
sdwcon2 Control 12 4.7 PotSNP1132 14.6
Root fresh weight | rfwcon Control 9 5.1 E32M61-8e9 16.2
rfwstress Stress 7 3.5 E32M61-25cY 12.9
Root dry weight rdwconl Control 7 55 E32M61-25c7| 18.8
rdwcon2 Control 9 3.4 E32M61-8e9 12.3
Plant height phtconl Control 7 4.5 PotSNP138 15.3
phtcon2 Control 9 4.3 PotSNP911 14.9
phtcon3 Control 2 4.1 PotSNP838 12.8
phtrec Recovery 3 4.4 PotSNP67 19.3
Dry biomass dmass Stress 2 3.8 PotSNP912 16.0
dmass Control 2 4.9 PotSNP912 214
Fresh biomass fmassconl Control 2 4.6 PotSNP912 16.8
fmasscon2 Control 5 4.1 myb_t10 13.0
frmassRec Recovery 2 3.9 PotSNP838 15.5
Root length ristress Stress 12 3.8 STM2028 16.1
Wrky M14,
Root:Shoot ratio r:sl Stress 8 6.9 | E32M51-11e8 19.3
r:s2 Stress 3 5.0 E39M60-13e3 115
r:s3 Stress 2 4.1 WrkyH15 10.3

PEG and mannitol containing nutrient solutionsaiten used inn vitro labs as a medium for
inducing osmotic stress in plants and tissue cetuPEG is an inert, non-ionic, long chain
polymer, highly soluble in water and available iwide range of molecular weights. Because

of its properties, PEG has been used in tissuereuitudies to simulate drought stress as it
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occurs in plants in the field or greenhouse. Previgesearch revealed that PEG gives more
consistent results than mannitol as an externalobsom in studies of water relations in
stressed plants (Hohl and Schopfer 1991; PandeyAgadval 1998). Mannitol can be taken
up by plants as it is a natural product that isvkmdo accumulate in certain lower and higher
plants (Lipavska and Vreugdenhil, 1996). The dédferes in ability to take up mannitol
between plants may affect screening for drouglgrémice. Such an osmoticum therefore is
considered not to be suitable for the study of {ptasponses to root medium water status.
PEG with molecular weights 6000 cannot penetrate the cell wall pores (Casita 1979).
Therefore, PEG solutions mimic dry soil more clgstian solutions of lower molecular
weight osmotica, which infiltrate the cell wall sslute (Verslues et al 1998). However, care
must be taken when interpreting the results fromiagation experiments using osmolytes
such as PEG. Although PEG with high molecular weiglas used in many studies to
simulate the effect of drought on the root systéaw|or 1970; Money 1989; van der Weele
et al 2000; Nayyar and Gupta 2006) and to diffeatmtamong genotypes (Sanguineti et al
2006, Gopal et al 2008), it should be kept in mihdt drought stress in the field does not
affect the soil water potential alone. For examplieught goes along with changes in the
mechanical resistance and soil-grown plants respomiiought in a complex way. However,
PEG-treatment inn vitro cultured plants may be used for a first and raggceening for
drought tolerance.

Thirteen QTLs were detected for traits measureceunekll-watered conditions, as well as
seven stress-related QTLs and three recovery Q¥bs.QTLs for shoot fresh and dry
biomass co-localized on chromosome CE2 and wer@yhaprrelated, QTLs for root fresh
weight, dry weight and plant height colocalized larkage groups CE7 and CE9. Not
surprisingly these traits were significantly coateld (r = 0.27, £0.01).

A good indicator of drought adaptation is an inseshroot to shoot ratio under water stress
(Begg and Turner 1976; Harries 1978; Jefferies 19R&rtitioning of carbon in favor of roots
is a typical response of plants to amongst othert®mdeficit stress and nutrient deficiency.
Three genomic regions were associated with vanatiooot to shoot ratio in tha vitro CxE
population, together explaining 41% of the variafurethis trait. It is imaginable that some of

these QTLs may be relevant under field conditions.
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Table 5 Functional markers underlying root to shoot r&ibLs with their putative functions.

Chromosome
number

Marker name

Sequence Homology

PotSNP105 Homologue to UPST14 SOLTU (Q41495) ST®atkin precursor, complet
PotSNP441 Similar to RFNP protein binding {Araljdes thaliana}
Similar to UPQ9SVL6_ARATH (Q9SVL6) Cold acclimatiprotein WCOR413-
Chronzmsome PotSNP703 | like protein
PotSNP686 weakly Similar to GBAA At59g39890 {Arabjskis thaliana}
PotSNP807 Similar to UPQ653G1_ORYSA (Q653G1) Dedtyon-responsive protein-like
PotSNP0O01 Similar to UPQ3E9C6_ARATH (Q3E9C6) Aro#t5g19130
PotSNP154 UPQ2XPX4 _SOLTU (Q2XPX4) Root border spkcific protein-like protein
PotSNP920 UPQ2XPX4 _SOLTU (Q2XPX4) Root border sphcific protein-like protein
Homologue to Ethylene-responsive transcriptiondadt (EREBP-1) (ERF1-like
Chromosome PotSNP887 | protein)
3 PotSNP755 Similar to UPQ8HME2_9TELE (Q8HME?2) NARIEhydrogenase subunit 2,
Similar to UPQ8H2L4_ ORYSA (Q8H2L4) ABC1 family gesn kinase-like
PotSNP906 | protein,
PotSNP644 Similar to receptor-like protein kinageabidopsis thaliana}
PotSNP155 UPQ41427_SOLTU (Q41427) Polyphenol ogida®mmplet
PotSNP700 Homologue to Vacuolar membrane ATPasenitub
PotSNP104 Similar to UPQ69K57_ORYSA (Q69K57) Smmdin-containing protein-like
Similar to UPQ8RUF8_ARATH (Q8RUF8) AT5g12040/F18F210, partial
PotSNP637 | (83%
Chromosome
8 PotSNP1122 | Homologue to UPQ948X8 TOBAC (Q948X83Z| complet
PotSNP821 Similar to aquaporin NIP5.1 (NOD26-lik&insic protein 5.1)
PotSNP474 Similar to Calcium-dependent calmoduldependent protein kinase 5
PotSNP749 Similar to Vacuolar ATP synthase subEn{t/-ATPase E subunit)
PotSNP091 Similar to UPQ2PGG3_ARATH (Q2PGG3) Seratemase

Genes underlying the QTLs may be related to stegsonse regulation, hormone signaling,

transport channels and proteins and the factoralatgg partitioning of carbon and the

enzymes mediating changes in partitioning undesstconditions. Several putative candidate

genes underlying QTLs were detected in the prestily. Aquaporins are channel-forming

membrane proteins with extraordinary ability to done a high flux with high specificity for

water. In our study putative genes underlying rtooshoot ratio QTL was identified. These

putative genes may have interest in further stigdgaamdidates in potato for drought tolerance,

since rice and tobacco plants over expressing amapmyin (PIP1l) gene increased their

drought tolerance (Lian et al 2004; Yu et al 20D&nscription factors and signaling

molecules such as protein kinases, ERF1 transmnigfaactor were identified that share a

homology to known genes previously studied in ofpercies (Liu et al 1998; Zou et al 2010),

proving some clues about putative regulatory agdading pathways that might be involved
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in drought response in potato undewitro conditions.

Two QTLs were detected for root fresh and dry weigh chromosomes CE9 and CE7. A
root length QTL was found on chromosome 12 undesstconditions. Root morphology and
architecture are usually not directly accessitdégrfor breeding. The obvious reason is that
roots are located in the soil and cannot be assgseperly without destruction of the plant.
QTL analysis in combination with proteome and tcaipgome analysis have given insights
into the genetic basis of root architecture affegtcrop yield under different water regimes
(Hochholdinger and Tuberosa 2009). The detectionQdiLs for root traits offers an
opportunity to use markers and marker-assistedctsate (MAS) as a non-destructive
alternative approach to root sampling in selecfmmroot traits. Since potato has a smaller
and shallower root system than most other fieldpgr¢Yamaguchi and Tanaka 1990)
screening for root characteristics is consideredbéoimportant for the improvement of
drought tolerance in potato. Moreover, an improvedt system has been associated with

increased tuber yield (lIwama 1982).

Obviously, the root environment of vitro cultured plants is quite different from soill
conditions. In addition, the plants are grown urtdghly controlled conditions, and do not go
through the same developmental changes as fielngants. Nevertheless, Gopal and
Iwama (2008) have shown that differences in roaitdrof in vitro grown potato cultivars
reflected the differences in the same cultivarsmgran the field. Morpugro (1991) has shown
in another study that highly significant correlatibetween tuber yields in the field and root
fresh weight of then vitro cultured plants. Hence studying root traits undestro may be of
interest for breeding. For plant height three ntsass QTLs were detected on chromosomes
CE7, CE9 and CE2 and one single recovery QTL on.@&&8ko et al. (1999) found QTLs
for plant height undem vitro and greenhouse conditions on the same chromosexcept

for chromosome 9. They also found similar QTLs undevitro and greenhouse conditions
for tuberization earliness. Plant height trait QWMas consistently found on same linkage
groups on different genetic backgrounds anchivitro as well as in field trials. Hence, there
may be a possibility of using an vitro system combined with marker-assisted selection for

preliminary selection for root traits.

The comparison of QTLs detected undevitro and greenhouse or field conditions could be
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a valuable tool to confirm the results obtainethis study. This QTL mapping study suggests
the possibility of developing am vitro system that would allow a preliminary screenind an
selection for drought tolerance traits, of whicte tfoot-to-shoot ratio may be the most
relevant. From this point of view the useinfvitro screening for drought tolerance is of
particular interest as it enables large-scalertgstf plants in a short period of time. This
study constitutes the first knowledgeinfvitro screening for drought tolerance in potato and
has led to the description of important traits $oreening and identification of interesting
QTLs which may be useful for potato breeding. Savierteresting putative candidate genes
underlying QTLs were identified. The next step va#l the characterization of these genes in
potato. Further work is necessary to investigatethwr the QTLs identified in this study
usingin vitro plantlets are (stably) expressed in greenhouse&oemuents, multi-locational
field trials, as well as in analyses of the vaoatfor these traits at variable growth stages in
potato. Further investigations in this CxE popuwalatiwill focus on identifying QTLs for
drought tolerance under greenhouse conditions iafdl donditions, and to compare those to
the QTLs in this study.

49



Chapter 3

50



Chapter 4

Genetic dissection of drought tolerance and regopetential

by QTL mapping of a diploid potato population

A.M.Anithakumari ', Karaba N Nataraja®, Richard G. F. Vissef, C. Gerard van der

Linden?

! Graduate School Experimental Plant Sciences, WageniUR Plant breeding, WUR, PO
Box 386, 6700 AJ Wageningen, The Netherlands.

2 Wageningen UR Plant breeding, WUR, PO Box 386,060 Wageningen, The

Netherlands

3 Department of Crop Physiology, University of Agiitiral Sciences, Bangalore- 560065,
India.

Submitted



Chapter 4

Abstract

Potato is the third most important staple food droferms of consumption, yet it is relatively
susceptible to yield loss because of drought. Arst step towards improving drought
tolerance in this crop we set out to identify tlemetic basis for drought tolerance in a diploid
potato mapping population. Experiments were camigdunder greenhouse conditions in two
successive years by recording four physiologicavea growth and three yield parameters
under stress and recovery treatments. Genotypegeshsignificant variation for drought and
recovery responses. The traits measured had lowoierately high heritabilities (ranging
from 22% to 74%). A total of 47 Quantitative Tratci (QTL) were identified, of which 28
were drought specific, 17 and two under recoverd amder well watered conditions
respectively. The majority of these growth and /i€ TLs colocalized with a QTL for
maturity on chromosome 5. Four QTLs ®IFC, three for chlorophyll content and one for
chlorophyll fluorescence (Fv/Fm) were found to oodlize with yield and other growth trait
QTLs identified on other chromosomes. Several nyd#r and multi-treatment QTLs were
detected and QTL x Environment interaction was &bfor §*C. The response to drought and
recovery and the QTL analysis provide insight irygblogical traits that can be used for
drought evaluation and breeding for drought toleearifo our knowledge, this is the first
comprehensive QTL study on water deficit and recppetential in potato.

Key words: Chlorophyll florescence, Chlorophyll content, Dght, Potato, QTL, Recovery,
313C

Introduction

Potato Solanum tuberosunis the predominant non-cereal food crop in theldvand ranks
third in total food consumption after rice and wheéet, this versatile crop is susceptible to
drought stress and often considered to be drowgiditeve (van Loon, 1981), mainly due to
its shallow root system with a depth ranging frorh @ 1.0m (Vos and Groenwold, 1986).
About 85% of the total root length is concentratedhe upper 0.3m of soil. Gregory and
Simmonds (1992) showed that the potato root sysi@srelatively small root length per unit
area and this makes the potato plant a poor coodattvater. In addition potato extracts less
of the available water from the soil compared toeotcrops (Weiset al, 1994). Even short

periods of water shortage can reduce tuber prastuend tuber quality (Miller and Matrtin,
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1987). The relative inability of potato to withsthdrought limits its productive range to areas

with adequate rainfall or suitable irrigation.

Several studies have shown that drought has aidrefect on the morphological and
physiological traits of the potato plant, suchedf size, leaf number, shoot height (Deblonde
and Ledent, 2001), rate of photosynthesis, tubenb®mi (MacKerron and Jefferies, 1986;
Haverkortet al, 1991), tuber yield and biomass (Dalla Costaal, 1997). The effect of
drought on tuber yield depends on the aggregateoopho- physiological processes, such as
photosynthesis, leaf area expansion, leaf senescequartitioning of assimilates, tuber
initiation, bulking and tuber growth (van Loon, 198In addition, the timing and duration of
the stress within the growth period are factorsciihg potato yield (Jefferies 1995b), as well
as on the climate and soil conditions. Dramaticuotidn of yield occurs when stress
coincides with irreversible reproductive processaaking the genetic analysis for drought
tolerance at the reproductive stage crucially irtgour

Potato is a highly heterozygous cross pollinatirgpdn which many traits show continuous
variation. Cultivar-dependent differences of regamto drought have been reported Sor
tuberosum( Levy, 1983; Jefferies and Mackerron, 1987). ddiion, several wild species of
potato growing in its center of origin in South-Amea have been adapted to harsh and water-
scarce conditions (Vasquez-Robim¢tal 2008). This indicates that genetic variapiékists
within potato and its relatives that can be explbiby breeders to improve drought tolerance.
Successful breeding requires exact information fiaceve drought tolerance traits, their
heritability, the genotype x environment interaotiand in addition, suitable selection tools
for the traits of interest.

Molecular investigation of complex physiologicalaits and their genetic relations to
agronomic traits has raised a lot of interest.doent years molecular mapping approaches
have been used to dissect agronomically importagitpdysiologically complex traits that are
quantitative rather than qualitative. Quantitatixest loci (QTLs) for traits like plant height,
maturity, crop emergence, tuber size, and quatditst such as after- cooking darkening,
regularity of tuber shape, fry colour and yield ganents have been identified (Bradshatw
al., 2008). However, insight in genetics and genestyitg quantitative trait loci that are

related to drought tolerance is still limited intgiw. Locating QTLs for drought tolerance
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mechanisms by the use of controlled greenhouseaovtly chamber experiments combined
with field evaluations under relevant condition®wld allow the merits of different drought

tolerance mechanisms to be established.

In this study we made use of a diploid potato magppopulation to increase our
understanding of potato plant performance undeem&ttess conditions, and to establish the
nature of phenotypic correlation and genetic assioei of various physiological and
morphological traits. Our main objectives wereoievaluate physiological and morphological
parameters or secondary characters that are dedelath performance and tuber yield under
drought stress and subsequent recovery, ii) taméete the heritability of traits under drought
and recovery and iii) to identify QTLs for thesengaex traits in the potato genome as a first

step towards identifying candidate genes underl@ig.s of drought related traits.

Material and Methods

Plant material

A population of nearly 250 genotypes was develofredh a cross between clones C
(USW5337.3) and E (77.2102.37) Clone C is a hybativeenS. phurejaP1225696.1 and.
tuberosumdihaploid USW42. Clone E is cross between clone d #he S. vernei
S.tuberosuniackcross clone VH34211. Population details cafobed in Celis-Gomba B.C
(2002).

Phenotyping

For the drought experiment, a core set of 94 Cxdgemy and their parents were selected. The
experiments were conducted in the greenhouse insiwazessive years (2008 and 2009)
during late spring to summer season at WageningBn Rlant Breeding, Wageningen
University and Research Centre, the Netherlands. Wéather conditions and stress period
are indicated in Table 1. The greenhouse temperatas matched as much as possible to the
external air temperature. The air circulation iesithe greenhouse was regulated through
openings in the roof. Tubers were planted in pd® ¢nf diameter, 3L volume). Eight
replications were maintained in a completely randech design. Each parental line was
repeated four times in each replication to mongosition or corner effects. Irrigation was

withheld for six replications starting from the Isto initiation stage. Two replications were
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maintained as controls with optimal irrigation urnthe end of each experiment. Three
replications out of six were subjected to recovadigr three weeks of stress period. Samples
were collected and measurements were taken foraddvaits as follows:

Leaf Relative Water Content (RWQhe uppermost fully expanded leaf was sampledhfre
weight (Wf) was taken as quickly as possible aratgdl in de-ionized water and left for 12-
24 hrs at room temperature. Then turgid weight (WM#&$ measured, leaf sample was dried at
85°C and dry weight (Wd) measured. Leaf RWC was catedl according to the formula
RWC (%) = {(W — W) / (W; — Wy)}*100 (Barrs H. D, 1968).

Carbon isotope compositiod {3C): 5'°C is a measure of the ratio of stable carbon isstop
13¢c:1C, expressed in parts per thousand (per mil, %)C3 plants3**C signature is used as
a reflection of leaf water-use efficiency (WUE, @on et al, 2004). Fully expanded mature
leaf samples were collected nine days after imimbf stress. Leaves were oven dried at
65°C. The leaf material was fine powdered usingMi300 Mixer mill (Retsch Inc., Haan
Germany) and samples were analyzed using Isotop® Réass Spectrometer (IRMS),
(Mamrutha et al., 2010) at the Department of Crbgsidlogy, University of Agricultural
Sciences Bangalore, India and CNR- Institute ofcAgnvironmental and Forest Ecology,
Porano (TR), Italy.

Chlorophyll fluorescence (CF)Drought induced decrease in photosynthesis hawn be
associated with photo damage of PSIl reaction esnf{iHe et al, 1995). Chlorophyll
fluorescence is widely accepted as an indicatiothefenergetic behaviour of PSIl (Krause
and Weis, 1991). Potential quantum efficiency ollRBv/Fm) can be used as a reliable
indicator to evaluate the energetic/metabolic irabeé of photosynthesis and vyield
performance across genotypes under water defiaiditons. Chlorophyll fluorescence
parameters including initial fluorescence o)(F maximal fluorescence f, variable
fluorescence ( and maximum quantum efficiency of PSIl /) were monitored on
uppermost fully opened and expanded mature leamdsruboth well watered and drought
stress conditions using an OS-30p handheld chlgibflnorometer (Opti- science, Inc.
USA) following the manufacturer's instructions. Ramdaptation period for all the
measurements was about 30 min, measurements kere (ia two replications) at four day
intervals after the beginning of stress and dutimegrecovery period.

Chlorophyll content (CC): In each genotype five leaves were measured (ottgpper

bottom, middle, upper middle and top leaf) usindABF502 chlorophyll meter (Minolta Co.,
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Ltd. Japan), and the mean of these five valuestaken. It was repeated in the biological
replicate of the same genotype.

Plant height: At the end of stress period the plant height wagasared in centimetres (cm)
from the soil surface up to the uppermost leafnfStavere upheld vertically during the
measurement. Measurements were taken on thregylmi@loeplicates of each genotype.

Root length Roots were washed with water to remove all saitiples adhered to the roots
and the longest root length was measured.

Shoot and root biomass (Fresh and dn8hoot and root fresh weights were taken
immediately after two harvests; one at the endtadss period and another at the end of
recovery. Dry weights were taken after completardyyf the plant material in an oven at
105°C.

Stolon, tuber number and weigiNumber of stolons was counted for each genotypbrae
biological replicates. Stolon ends with >1cm diagnevere considered tubers; tubers were

counted for each genotype and total fresh weightlodrs per plant was measured.

Statistical analysis

All statistical analysis was done with software St 11" edition. Broad sendeeritability
(H? was computed from simple one-way Analysis Of ¥ace (ANOVA) according to the
formula H = (6% / o’c+ odr), where 6°c) = genetic variance,cfs) = environmental
variance and r = number of replications. Relateguction (RR) of each trait was calculated

as RR= (control - drought)/ control and expresseigims of percentage.

Genetic map

The genetic map of CxE as described in Anithakureaal, (2010) was extended with 339
markers from a 768 SNP lllumina GoldenGate genaotygrray. This array is enriched for
markers in genes putatively involved in abioticest response. The polymorphic markers
were first mapped on parental maps using JoinM@gVan Ooijen 2006) and parental maps
were integrated for QTL analysis.

QTL mapping

MapQTL version 5 (Van Ooijen et al. 2006) softwasas used to identify QTLs for all traits.
First interval mapping was performed to identifg thajor QTLs. For each trait a 1,000x

permutation test was performed to identify the LtbEeshold corresponding to a genome-
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Tablel Weather data [Temperature and Relative Humidity){f the greenhouse at time of

experimentation in two successive years.

Year Temperature (°C) RH (%) Stress perjideecovery
Minimum | Maximum | Minimum | Maximum (Days) (Days)

2008| 13.1 33.1 43.2 87.0 21 12

2009 16.5 37.9 45.7 86.8 17 30

wide false discovery rate of 5% (P < 0.05). Markeith LOD scores exceeding the threshold
were used as cofactors in multiple-QTL-model (MQMapping procedures. If new QTLs
were identified, the linked markers were addedhe tofactor list and the analysis was
repeated. If the LOD value of a marker dropped wethreshold in new model, it was
removed from the cofactor list and the MQM was mefThis procedure was repeated until the
cofactor list became stable. The final LOD scoresendetermined by Restricted MQM. The
2 LOD support interval was calculated to estimat pposition of significant QTL with 95%

confidence. The integrated maps and QTLs were dsimg Map Chart 2.2. (Voorrips 2002)

Results:

Effect of water stress on CxE population

The &E progeny displayed a wide contrast in droughtrémlee, with individuals surviving
and recovering completely after three weeks of ginb@and others completely wilted beyond
recovery (Figure 1). The frequency distributiongehotypes for most of the traits evaluated
in this study fitted a normal distribution and p#eewere always in the middle. The progeny
displayed extreme performances for all the traiteenvcompared to the parents indicating
transgressive segregation, as exemplified by thquiEncy distribution of the traits plant
height ands**C (Figure 2). The results revealed that droughecaéfd all the measured traits,
although the severity of stress perceived diffemsdndicated by trait mean values for the
population (Table 2). The drought stress had atidraBect on tuber number and tuber weight
as indicated by their relative reduction of aboita®d 80% respectively. Drought had much
less of an effect on number of main stems withtinedareductions of 4% to 10% in two
successive experiments. The root to shoot ratweased under stress, indicating an

increased partitioning of biomass towards rootraadaptive mechanism.
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Figure 1 CxE progeny showing contrasting responses afteta®% of drought period and one day recovery.

Genetic variation of traits under water stress andecovery conditions

Analysis of variance showed that there was higkhgpiicant variation (p<0.001) among the
genotypes for all the traits under stress condstidimere were significant differences between
well-watered and water stress treatments for altthits except for number of main stems.
Genotypic differences were often specific to theesst response as there was highly
significant interaction between treatment and tteogypes for most of the traits. Plant height
showed considerable differences between genotyqoegever, consistent interaction between
genotype and treatment was not noticed. The mgjofittraits showed moderate to high

heritabilities under stress ranging from 41.5 t@8%8 as listed in Table 2.

Drought tolerant plants either seemed to maintatewstatus of tissues, tolerate a reduction
in tissue water content, or recover more compledtigr re-watering. The ability of plants to
recover completely after stress is crucial for dato survive and complete their lifecycle
with optimal yield. Under the recovery treatment @hits varied significantly among
progeny. Two-way ANOVA revealed significant diffeees between the drought and
recovery treatments. Growth and yield parametevsaled significant interaction between
treatment and genotype except for number of mamstand root length (Table S1). After
alleviation of stress, heritabilities for all traitvere relatively high when compared to those

for the drought treated plants (Table S1).
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Figure 2 Frequency distribution of the traits, plant heightl"*C measured under drought.

Evaluation of physiological traits under water stress and recovery

Relative Water ContenRWC is closely related with cell volume. It may malosely reflect
the balance between water supply to the leaf ams$piration rate. Drought generally reduced
the relative water content of leaves as reflectedhe mean population values (Table 2).
Although there was significant variation among tgenotypes for RWC under drought, no
considerable interaction between genotypes andirdement was observed. RWC was
reduced by 30% upon stress induction and showedtgf#ability under drought.

Carbon isotope compositios {°C): Significant differences i6**C among the CxE progeny
upon stress were found in two successive expersnépignificant interaction between

genotypes and treatment were observed in the 200&ienent. However, there was no such
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interaction in the 2009 experiment. Heritability §fC was 58.2% and 22.6% in 2008 and
20009 trials, respectively. Mean population valuesrdwo experiments between well-watered
(more negative) and stress conditions (less nesjatilearly revealed enrichment 8f°C
under stress (Table 2).

Chlorophyll Florescence (CF)fhe chlorophyll fluorescence measured as Fv/Fmedsed in
the CxE progeny under drought. As expected, unddirwatered conditions the mean value
of Fv/Fm was 0.8+ and the value reduced as thesspreriod advanced (Fig. 3). There was
significant variation among the genotypes drougtt significant differences were observed
between treatments. However, significant interacti@tween genotype and treatment was
observed only attand 18' day after stress initiation. Fv/Fm had high héiitdes at one
day after stress initiation but heritabilities desed as severity of stress increased (Table S2).
After re-watering plants recovered quickly as retiéel by a considerable increase in Fv/Fm
over time reaching normal values of 0.81 after hysdof recovery (Fig 3). Significant
variation in Fv/Fm was observed four days aftepvecy among the progeny tested. We also
observed a significant treatment effect over thevery time period but only at four DAR
considerable interaction between genotype andnbesat was observed. Heritabilities were

low under recovery treatment when compared to s@esl inconsistent over the time (Table
S2).
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Figure 3 Chlorophyll fluorescence (Fv/Fm) measured duringss and recovery period DAS: days
after stress, DAR: days after recovery.
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Chlorophyll Content (CC)Water stress typically reduces overall plant abypdiyll content

and maintenance of chlorophyll stability is consetkan important trait. Our results revealed
a linear decrease in chlorophyll content with imsiag stress severity (Fig. 4). The progeny
showed significant variation for chlorophyll contemder stress. Except at day three after
stress initiation there was a significant treatnubfierence. However, genotype by treatment
interaction was not observed. There was a dec(@886 to 37%) in heritability of the trait

with increasing severity of stress (Table S2).
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Figure 4 Chlorophyll content measured under drought and watered conditions at series of time

points.

Correlations

Under drought conditiond**C showed a highly significant £0.0001) positive correlation
with root dry weight and plant height, significgrasitive correlation with number of stolons,
shoot dry weight and dry biomass, wher&=€ did not have significant correlation to any of
the measured traits under well watered conditicaab(é 3 and Table S3). Under well-watered
conditions shoot fresh weight, dry weight and rfvesh weight showed significant negative
correlations with maturity type previously scoredield trials under normal conditions. This
implies that genotypes that matured late had higheot biomass. However, this correlation
was not significant under drought stress (TableR®pt traits were positively correlated with
shoot fresh and dry weight and plant height. Rength was positively correlated with plant

height, dry biomass, root to shoot ratio and neggticorrelated with number of main stems
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under drought stress. After recovery growth paramsetvere negatively correlated with
maturity whereas tuber weight showed a signifiqaogitive correlation with maturity type
(Table S4).

QTLs

QTL analysis was performed in order to identify thpenomic regions contributing to the
drought response phenotypes of different physickdgigrowth and yield traits. Figure 5 is a
graphical representation of locations of the QTL&hwwo-LOD support intervals. Table 4
illustrates the QTL positions at one-LOD interve@®D scores and percentage phenotypic
variance explained by each QTL. A total of 47 digant QTLs were identified on the
integrated CE genetic map under well watered, drouand recovery conditions over two
successive years. However the number of separctenky be less, as we found a number of
stable QTLs over treatments and in two successkmerenents for growth and vyield
parameters like number of main stems, plant heigjimbot fresh weight, dry weight, tuber
number and tuber weight. Two genomic regions ommmsomes 5 and 4 accumulated 31
significant QTLs for different traits in stress, iwwatered and recovery conditions (Fig 5).
Out of 47 QTLs 28 QTLs were detected under streaglitions. Two independent QTLs were
detected for plant height under stress on chromesmmbers CE7 and CE2 which explained
phenotypic variance of 30% and 21% respectivelydddnmecovery stable QTLs were found
for plant height on chromosome CE5 and one on chsome CE9. Number of main stems
had a stable QTL on chromosome CE4 under stresgemavery treatments. Along with
other QTLs on Chromosome CE4, CE9 and CE2 veryest@iLs were found across the
treatments for shoot fresh, dry weight, tuber nunael tuber weight on chromosome CES5.
For the physiological parametdt°C a total of four QTLs were detected, including ame
chromosome CE10 under well-watered and stress tomsli When the experiment was
repeated new QTLs were found on chromosome CE4,80HICE9. Epistasis between QTLs
for 8*3C was analysed by two-way analysis of variance (AN Significant interaction
(P<0.005) was detected between the QTLs on chrome<0E1 and CE9, with total variance
explained by these two chromosomal regions was 28%0 independent QTLs on
chromosome CE10 and CE4 explained 24% and 19% danee respectively. On
chromosome CE10, th&"*C QTL co-localized with QTLs for Chlorophyll Conteron

chromosome CE1 with dry biomass under stress, mmatsome CE4 with root traits like dry
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weight, root length under stress and tuber weiglieu recovery conditions. On chromosome
CE9 thes™C QTL was detected in between QTLs for shoot fesight under stress and
plant height under recovery. Under stress, a QTUiwmkage group CE1 for Chlorophyll
Fluorescence explained 20% of the phenotypic vanatThree dependent QTLs were
detected for Chlorophyll Content. One major QTL wasand on chromosome CE10 for
Chlorophyll Content at different time points duritfte stress period, along with two other
QTLs on chromosome CE2 and CE4.

Root length and root dry weight had QTLs co-lodatizon chromosome CE4 under stress.
Under recovery however QTLs for root dry and freskight and root length were found on
chromosome CE5. Two independent QTLs were detdotedry biomass under stress on
chromosome CE5 and CE1 capturing 24% and 15% ofqtipeic variation respectively. Dry

biomass QTLs co-localized with other traits on chosome CE5 and on CE1 witfC.

Discussion

Genetic variation of parameters under stress and i@very

We screened a diploid potato mapping population dosught tolerance and recovery

potential. Most of the drought tolerance traits quantitative and difficult to measure in a
large number of plants and segregating lines. ldibe genetic part of the phenotypic
variation is often masked by the environmentaledéhces acting on the trait, which in turn
makes it difficult to manage the trial and perforelevant measurements in a particular
window of time. In the present study we measuratu@ber of growth, physiological and

yield parameters in the CxE diploid potato mapppapulation. There was significant

variation for drought response among the progernly elear treatment effects and interaction
between treatment and genotypes under water stedsrecovery conditions. Progeny
showed extreme performances for all the traits wbempared to the parents indicating
transgressive segregation. The most plausible causposed for transgression is

accumulation of complementary alleles at multigdei linherited from two parents in the

progeny (Tanksley, 1993). Moderate to high heriiighbivas observed for shoot fresh weight,

tuber number, tuber weight, plant height asidC content under stress and recovery
conditions. Heritability estimates provide the kBador selection on the phenotypic

performance. Therefore, direct or indirect selectimsed on these traits may be helpful to

improve drought resistance and recovery potentigbitato.
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Table 2 Population mean values of the traits under comindl drought treatments, analysis of variancelfertitaits under stress and well

watered condition and relative reduction and hitlitees of the traits under drought condition.

Two Way ANOVA (P values) Relative Heritability
Trait Year Control Drought Genotype (G) Treatment (T) G*T Reduction (%) (%)
Number of main stem 2008 4.30 4.13 < 0.00p NS NS 4.03 4.7
2009 3.46 3.12 <0.001 NS NS 9.83 59.5
Shoot dry weight (g) 2008 21.03 12.34 <0.001 <0.001 <0.001 41132 70.1
2009 17.51 10.3¢6 <0.001 <0.001 <0.001 40.83 61.2
Shoot fresh weight (g) 2008 259.30 102.50 < 0.001 <0.001 <0.001 60.47 79.8
2009 270.11 113.20 <0.001 <0.001 <0.q01 54.09 56.5
Plant height (Cm) 2008 137.30 98.2113 <0.001 <0.0p1 <0.001 28.42 64.0
2009 137.93 98.88 <0.001 <0.001 NS 2831 49.3
Tuber number 2008 7.17 3.21 < 0.001L <0.001 0.002 55.23 13.2
2009 2.60 1.04 0.014 0.003 0.0p1 60/00 70.6
Tuber weight (g) 2008 33.79 5.53 < 0.001 <0.001 <0.001 83.65 269
2009 10.16 1.06 <0.00L <0.001 <0.001 89|57 65.1
o°C ( %o0) 2008 -31.61 -30.28 < 0.001 <0.001 0.032 421 2 58.
2009 -30.48 -29.78 0.034 <0.001 NS 2129 22.6
RWC (%) 2008 83.95 58.73 0.00¢4 <0.001 NS 30/04 36.8
Root dry weight (@) 2009 1.36 1.07 <0.00 0.012 NS 2132 41.5
Root length (Cm) 2009 30.62 24.84 <0.001 <0.001 0.011 18.88 45.1
Root: shoot ratio 2009 0.07 0.11 <0.001 <0.001 NS -43,50 42.3
Number of stolons 2009 5.84 4.09 <0.001L <0.001 NS 29,97 5p.3
Dry biomass (g) 2009 18.87 11.43 <0.001 <0.001 <0.001 3943 60.0
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Table 3 Pearson coefficient of correlations among thegnander drought stress at significance levelsrffigant at K 0.05; **
Significant at R 0.01; *** Significant at B 0.001

Trait 513C Nrmain  PM RDW R: S wt SDW SFW Tuber wt  Dry biomass  Nr main Nr Pl ht
stems stems tubers

Nr stolons 0.400 * -

PM -0.003 0.005 -

RDW 0.473*** 0.319 -0.277 -

R: S wt 0.109 0.057 -0.022 0.247 -

SDW 0.370* 0.26 -0.337 0.814** -0.34 -

SFW 0.264 0.08 -0.307 0.669*** -0.358*  0.873*** -

Tuber wt 0.187 0.444* 0.012 0.17 -0.077 0.187 -8.07 -

Dry biomass 0.385* 0.27 -0.337 0.844** -0.292 0/8% 0.868*** 0.188 -

Nr main stem 0.031 0.144 0.196 -0.314 -0.302 -0.138 0.048 0.1 -0.156 -

Nr tuber 0.244 0.542**  0.025 0.188 -0.141 0.246 04Y. 0.935** 0.244 0.177 -

Pl ht 0.525%** 0.148 0.024  0.518* 0.125 0.353 0123  0.156 0.373 -0.193 0.157 -

Root length 0.284 -0.048 -0.206 0.628*** 0.443** 368 0.265 -0.117 0.369* -0.410* -0.21 0.395*

Traits were Number of stolons (Nr stolons), Plaatumty (PM), root dry weight (RDW), root to shatay weight ratio (R:S wt), shoot dry weight

(SDW), shoot fresh weight (SFW), shoot to root kan@tio (S:R length), tuber weight (Tuber wt), rhamnof main stem (Nr main stem), number of
tubers (Nr tubers) and plant height (PI ht).
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QTL analysis of Physiological and growth parameters

The central objective of this study was to identTL regions underlying important
physiological and growth parameters under wat@sstand recovery treatments. We found
multi-year as well as multi-treatment QTLs for dgbtiresponse and recovery potential. We
identified several QTLs for carbon isotope discriation under well- watered and water
stress conditions. The results indicate that foenagnic regions are involved i&'C
variation. As would be expected from the completureof a trait representing the ratio of
two major processes, carbon assimilation (A) amdspiration (T), the control &3°C is
strongly polygenic in potato. Any gene(s) that efffeeither A or stomatal conductance (gs)
can have an effect o°C. No single, large-effect QTL was identified, a@@Ls breaking
the strong correlation between A and T have notbgsin discovered in potato. Moreover,
temperature and relative humidity have a significanpact on T, influencing QTL detection
for §*C. Understanding the inheritance &fC is crucial for the development of cultivars
with high WUE via selecting high*>C lines. Several studies have demonstrated thatigen
variation ind"*C can be attributed to nuclear factors, and QTESRC have been reported in
many species including Arabidopsis (Juengfeal, 2005; Masleet al, 2005), tomato (Martin
et al, 1989), rice (Laz&t al, 2006; Takaet al, 2006), soybean (Specét al, 2001), cotton
(Sarangeet al, 2004) and barley (Handleyf al, 1994; Teulatt al, 2002).

We found a highly significant positive correlatidretweend**C and plant height under
drought. Variation in development and plant heighs been shown to affet°C across
different plant species. Plant height and floweridgte could strongly influence vyield
dependent variation i6M°C (Lazaet al, 2006; Ehdaiest al, 1991; Hall, 1994; Mckagt al,
2003). Phenology and stature also affect plant tiraavchange biomass and water use under
drought, particularly when drought is terminal (Racds et al, 2002). However, the
physiological basis for the relationship betw&&iC and plant height is unclear. In addition, a
significant positive correlation was found betwe&éiC and dry biomass of the foliage of the
plant, in agreement with studies from Jefferies &tatkerron (1994) and Jefferies (1995a)
who found a positive correlation between dry maperduction and**C in two main crop
cultivars of potato.

Carbon isotope compositioB*{C) as a selection criterion for drought toleramogrovement
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has been largely documented in cereals, wheresitblegn argued that molecular markers
linked to genetic factors controlling/°C could enhance selection in breeding programmes
(Condonet al, 2004). The recent release and success of twotwhéavars with high WUE
namely Rees and Drysdale for production in rainfdtkat growing regions of Australia
demonstrate that it is effective to breed for watse-efficient cultivars by selecting f6t°C
(Richards, 2006). The major advantage of usii§ over instantaneous measurements is that
sampling is fast and easy with minimal tissue desion. Sampling can thus be performed in
a short time window, which is more preferable foeduling programs. It is also possible to
measure gas exchange parameters directly, whictdwgive more detailed information on
the assimilation and transpiration. However, thesasurements are time-consuming, and not

practically applicable in a large population.

Leaf RWC may be used for indirect selection forugjiat resistance (Chandraselaral,
2000). RWC is a measure of plant water status, hwingpresents also variation in water
potential, turgor potential and osmotic adjustm&WC is closely related with cell volume; it
may more closely reflect the balance between waipply to the leaf and transpiration rate
(Schonfeldet al, 1988). This influences the ability of plant tacoger from the stress and
consequently affects yield and yield stability [&yl and Ludlow, 1996). This parameter can
also be easily determined, and therefore be apfdiedse in large populations. Significant
decreases in RWC upon water stress were observeur istudy. This result confirms earlier
findings in potatoes (Jefferies and Mackerron, 1980 et al, 2005). However, no QTLs

were detected for RWC under well-watered and wsttess conditions.
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Figure 5 Location of the QTLs on the C x E integrated nfaply the linkage groups (chromosomes)
with QTLs are shown. The number on the left sidiadésgenetic distance in centiMorgans (cM),
marker designations are given on the right sidd.<re shown at the right side in vertical barfwit
trait names in different colors for different tnewints (Green: well watered, Red: Stress, and Blue:
Recovery).The solid vertical bar shows the 1-LOnwval and the dotted line 2-LOD intervals.

Several studies have reported on a genotype depedéerease of fluorescence quantum
yield (Fv/Fm) in potato under drought and smallrdeses were associated with drought
tolerance, at least in early maturing varietiesn\dar Mescht A., 1999). Ranaét al. (1997)
showed clone-specific variation in CF in droughpesed potato with a high association with
tuber yield. In the current study drought stregeci¢d chlorophyll fluorescence parameters.
The decrease in Fv/Fm may result from photoinlohitunder stress (Baker and Horton
1987). A decline in Fo could reflect damage to taguy processes external to P680 (reaction
center of PSII), such as impairment of photoprotegbrocesses that facilitate the dissipation
of excess energy with the leaf (Angelopoulous gt1#96). A reduction of Fv/Fm represents
either a reversible photoprotective downregulatomrreversible inactivation of PSIl (Baker
and Bowyer 1994; Long et al., 1994). Our resultgseated significant differences in
chlorophyll fluorescence parameters between geestgnd treatments. Although interaction
between genotype and treatment was observed inexperiment, the results were not

consistent at different time points. Schafleitretral, (2007) showed that there were no

69



Chapter 4

significant differences in CF between potato cloaed treatments in a field trial but the same
clones in the greenhouse showed significant difflegeunder stress, demonstrating the
environmental impact on CF measurements. We fonadas severity of the stress increased
the heritability of Fv/Fm was decreased. In agragmeth Jefferies (1992) and st et al.
(1994) our results also indicated that as sevefitthe stress increased the Fv/Fm decreased
as shown in Figure 3. Hence, CF provides rapidcatdrs and a method for the study of
changes in photosynthetic capacity of the potatoegponse to water stress. In the present
drought response study, an Fv/Fm QTL was deteatechmmosome CE1, which is adjacent
to QTLs for dry biomass arid°C under stress. Whether there is a causal rel&iilphetween

these QTLs remains to be established.

Chlorophyll is one of the major chloroplast compatiseassociated with photosynthesis, and
relative chlorophyll content has a positive relasibip with photosynthetic rate in barley (Li
et al, 2006). Whether a higher chlorophyll content (8&y green trait) contributes to yield
under drought conditions is still under debate (®I1998). Many studies in cereals indicate
that the stay green trait is associated with impdoyield and transpiration efficiency under
water limited conditions (Borrekt al, 2000; Haussmanat al, 2002; Vermaet al, 2004).
Therefore maintaining higher chlorophyll content fo longer period may be one of the
strategies for increasing crop production, paréidylunder water limited conditions. Saranga
et al, (2001) detected different chlorophyll content @Tunder well-watered and dry
conditions in cotton. In the CxE population, theras substantial decrease in Chlorophyll
Content as the severity of water stress increasSigd4). Three independent genomic regions
were associated with CC, which may contribute t@rowed chlorophyll stability under
drought. One QTL co-localized on chromosome CE1€hwi°C, which also relates to
photosynthesis. Other QTLs co-localized on chromas&E2 with plant height under stress
and on chromosome CE4 with number of stems andt sligaveight under stress, suggesting

a relationship of chlorophyll content with growtrameters of plant.
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Table 4 Main characteristics of QTLs with a LOD score >thRthe traits under well
watered, water stressed and recovery conditions.

Linkage LOD Interval % variation
Name of the trait Year Treatment group score (cM) explained
Number of stem 2008 Stress 4 4.3 54-64 19.2
2009 Recovery 4 5.07 47-55 15
Plant height 2008 Stress 2 7.05 77-102 21.9
7 6.5 59-71 30.9
2008 Recovery 5 4.83 34-48 26.2
2009 Stress 7 6.57 93-98 18.3
2009 Recovery 9 8.8 38-45 56.7
5 6.09 26-40 6.9
Shoot fresh weight 2008 Stress 5 11.34 26-48 42.3
9 7.74 16-30 24.6
2008 Recovery 5 14.37 26-40 57.9
2009 Stress 5 51 47-60 21.6
2009 Recovery 5 14.95 26-43 60.6
Shoot dry weight 2008 Stress 4 4.99 59-71 22.4
2008 Recovery 5 8.7 35-48 28.8
2 4.98 55-65 10.8
2009 Stress 5 4.6 54-62 20.2
2009 Recovery 5 7.89 26-44 35.3
Tuber number 2008 Stress 5 10.7 26-39 40.8
2008 Recovery 5 15.74 26-39 58.3
2009 Stress 5 6.05 20-39 25.9
2009 Recovery 5 14.6 32-39 51.1
Tuber weight 2008 Well watered 5 16.4 26-39 66.7
2008 Stress 5 10.48 20-39 40.2
2008 Recovery 5 13.19 26-39 40.7
4 4.96 23-35 9.1
2009 Stress 5 7.7 20-33 28.8
2009 Recovery 5 15.12 33-39 52.3
§°C 2008 well watered 10 5.2 63-74 22.8
Stress 10 5.62 47-58 24.3
2009 well watered 4 4.8 14-21 20.7
2009 Stress 4 51 14-22 18.9
9 4.55 34-40 12.7
1 4.1 15-37 15.7
Root fresh weight 2009 Recovery 5 6.54 26-48 35.3
Root dry weight 2009 Stress 4 5.62 0-18 24.7
6 5.35 77-87 17.8
2009 Recovery 5 8.26 26-43 33.3
Root length 2009 Stress 4 4.48 25-36 19.2
2009 Recovery 5 8.09 26-35 36.3
CF 2009 Stress 1 4.57 54-63 19.7
CC3day 2009 Stress 2 7.21 89-102 16.4
10 6.95 64-75 15.4
4 5.47 47-58 12.2
CC8day 2009 Stress 10 4.76 82-95 20.8
Dry biomass 2009 Stress 5 6.81 51-62 23.9
1 4.5 29-47 15.3
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Association of QTLs of different traits

Tuber yield cannot be assessed properly in the stalges of plant growth within selection
processes of a breeding programme. However, plogscal and agronomical or
morphological parameters measured in the drougbasstd plants may affect tuber formation
and bulking at a later stage, and may thus beectliat tuber yield performance. Tuber yield
was determined by total tuber weight per plantolm study tuber dry matter content was
highly correlated with root and shoot fresh weightsot length ands**C under stress
conditions. Genetic factors which control plantrbass (shoot, root fresh and dry weights)
and 8°C may affect tuber weight and therefore, tuberdyievhich would be reflected by
localization of QTLs for these traits in the saneagmic regions.

Time to plant maturity and tuberization are relapéysiological traits, which are controlled
by genetic factors as well as day length. In thesent study time to plant maturity and
tuberization are also significantly correlated wsttoot and root dry matter content but only
under well-watered conditions and after alleviatadrstress. Many researchers (Betgal,
1996; Schafer-Pregit al, 1998; Simkoet al, 1999) identified major QTLs for plant maturity
on linkage group V in independent mapping poputetiddn chromosome CE5 we also found
stable QTLs for plant biomass, dry matter contentan stress, plant height, tuber number and
tuber weight under recovery. The genetic effectgewmostly stable over years in a
greenhouse environment. These findings suggesyéma(s) with pleiotropic effects on plant
growth, tuberization, plant maturity and tuber gliake located on potato chromosome 5.

On chromosome 10, a QTL 8t°C co-localized with a QTL for Cholorophyll Contemtder
stress as assessed with SPAD meter readings umndss.sSSPAD meter reading is a good
indicator of chlorophyll stability, leaf N and Ru#o content. These parameters help to
evaluate photosynthetic processes, which in tuxe lpssible effects on inter cellular €O
concentration ({ and 8°C. Several QTLs fors**C overlap with the QTLs for other

physiological traits and or for yield components.

QTLs for root dry weight or root dry mass and rtestgth were colocalized with independent
QTLs for&™C under water stress on chromosome CE4, togettieras@TL for tuber weight
under recovery condition. This co-localization off3 is in agreement with previous

research showing that tuber yield, reduction ofmsttal conductance, photosynthesis and leaf
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area significantly correlate to root dry mass unsater deficit conditions. Consequently, root
mass or traits associated with root dry mass cdddused as a selection criterion for
enhancing tolerance of potato to drought (Iwama82Q.ahlou and Ledent, 2005). The
measurement of the root system is tedious andusdis and thus focusing on shoot or other
physiological traits highly correlated with rootitis and their QTL co-localization may be
another possibility of assessing root traits inctife We found that root dry mass and root
length highly correlated with plant height and shivesh and dry masses under water deficit
and recovery conditions. Hence, the co-localiza@ilis for root dry mass and root length
on chromosome CE4 and CE5 with other physiologacal growth traits may be of further
interest for indirect selection criterion for rdodits.

In this study, all these associated traits and tt@ilocalized regions are of interest in terms
of plant breeding as they control both importamiugyht-adaptive traits and yield components.
Confirmation of the influence of these genomic oegi by refining the map or observing
similar effects in different populations could hétpelucidate biological processes underlying

complex traits such as yield or yield stability.

QTL x E interaction

Variations in climatic conditions are expected tvé significant influence o™C values
(Merahet al, 2001). This was the case in the present studjeir2008 trial #°C QTL was
detected on chromosome CE10. While in the 2009 thie new QTLs were detected on
chromosome CE1, CE4 and CE9 and the QTL on Chromedd® was not detected. The fact
that the different QTLs were identified f6r°C in successive years suggests that QTL X
Environment interactions influenced the expressadntrait. Documented differences in
environmental conditions between the two years wbserved in the greenhouse particularly
in terms of temperature and relative humidity. Vneét al, (1973) showed increasing
discrimination by 1.2%. per °C rise in temperatufBhe basis of the biochemical
discrimination against’C in C3 plants lies with the primary carboxylatienzyme ribulose-
1,5-bisphosphate (RuP2) carboxylase. At a fixed iambCQ concentration,5**C is
negatively associated with the intercellular Zgncentration (Ci). At any moment in time,
the Ci is also negatively correlated with leaf gjaination rate (Halet al.,1994; Farquhar and
Richards, 1984). Under water limitations, leaf #p@ination efficiency is the major

determinant of long term plant WUE. Under drougiriditions a typical response of plants is
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simultaneous decrease in photosynthesis and tratispi due to altered leaf conductance
(Farquharet al, 1982). If the supply function (leaf conductandecreases at a faster rate
under stress than the demand function (photosysdhekis effect should be measurable as
either an increase in carbon isotope compositiosaorespondingly as decrease in carbon
isotope discrimination. In the present study arrease iné values was observed under
drought stress. In the 2009 trial severity of ditugias higher mainly because of higher
temperatures and lower relative humidity when camegbdo the previous year. We speculate
that the53C QTL on chromosome CE10 specific for the 2008 tsainainly representing the
demand function (photosynthesis) which in turn @alized with QTL for chlorophyll
content which is a good indicator of leaf N and Rab content. In the 2009 trail, the higher
average temperatures and greater vapour pressiicg dethe air may have acted more on
stomatal conductance resulting in highigfC. The §*°C QTLs that were detected on
chromosome CE4, CE1, and CE9 may therefore repgreseply functions. Previous reports
in wheat and rice documented that variation in terajre, vapour pressure, stomatal
aperture and leaf conductance were identified agndrvariation in5'*C and thereby water
use efficiency (Condoret al, 1992; Dingkuhnet al, 1991; Kondoet al, 2004). Further
studies are needed to understand precisely howetatyoe, humidity or vapour pressure,
light intensity and other environmental factors tetyute to expression of WUE at different
stages in potato plant development, to dissectstfi@ trait in more detail in different
components and to confirm whether the QTL iderdifie this study are stably expressed in

other environments.

QTLs and their implications

QTLs identified by genetic dissection of complexadcters such as drought tolerance can be
used in marker assisted breeding which may ultiipatgorove selection efficiency for yield,
reduce problems associated with genotype x enviemninteractions, and facilitate
combining different tolerance traits into a singjenotype. For any trait to be used as an
indirect selection criterion in breeding programs,measurement should be easy, rapid and
non-invasive. Such an indirect measurement shoane la high genetic correlation with the
trait that is being selected for and it should havegh heritability. In our study physiological
parameters like RWC, chlorophyll conteBt>C, and chlorophyll florescence provide rapid

indicators of drought stress, and methods for teysof the response to water stress of
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potato. These physiological parameters as welllast growth and yield parameters had
moderate to high heritabilities and may be of iesérto breeders. From our initial QTL
studies, response of a potato plant to water sappgars to be strongly quantitative and
controlled by many genetic factors rather than & feci of large effect. The strong
multigenic nature of the traits and the transgkessiariation observed in our mapping
population suggest that even lines that do not febres have high trait value for WUE, tuber
number or tuber weight might still contribute favable alleles. Related wild species might
similarly have unique alleles that would be valeafdr improvement of potato for drought
tolerance. This study constitutes the first knowkedf genetic determinism of important
physiological and growth parameters under droutyass and recovery potential in potato. To
confirm whether the QTLs identified in this studg &tably expressed in other environments
multiple location field trials are necessary aslwaslanalysis of these traits at variable growth
stages in potato. Further efforts of QTL mappinghis population will focus on trait x QTL
interactions. Sequence data from individual QTL #anking regions can be compared to the
forthcoming genome sequence of the heterozygousidifine RH (RH 89-039-16) and the
doubled monoploid DM1-3 516R44 (DM) potato genoraguence vjww.potatogenome.net)

to determine the putative candidate genes undegriyiaught and recovery-specific QTLs.

Supplementary material

Table S1Population mean values of the traits recoverytitneat, analysis of variance for the
traits under stress and recovery condition andivelaeduction and broad sense heritabilities
of the traits under recovery condition.

Table S2Population mean values of the traits ChloropHgliescence (Fv/Fm) and
Chlorophyll content measured at series of time fgailuring stress and recovery period,
analysis of variance for the traits under streskranovery condition and relative reduction
and broad sense heritabilities of the traits ustierss and recovery condition.

Table S3Coefficient of correlations for the traits undegliwvatered condition (harvested at
the end of stress period) *Significant at @.05; ** Significant at R 0.01; *** Significant at
P<0.001

Table S4Pearson coefficient of correlations for the traftt®r recovery *Significant at<P
0.05; ** Significant at R 0.01; *** Significant at B 0.001
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Chapter 5

Abstract

Potato is a very important food crop grown in maayts of the world but unfortunately it is
sensitive to drought. Drought tolerant potato wegewould help to ameliorate the adverse
affect of drought on potato yield. Drought tolerarmwever is a genetically complex trait
that involves multiple genes and pathways. Breedorgdrought tolerance therefore is a
challenge, even more in a crop like potato thataterozygous, tetraploid and outcrossing.
Gene expression studies have shown that the exgmesishundreds up to even thousands of
genes are altered in response to drought stressun@lerstand the variation in drought
tolerance found within a segregating potato poputaa genome-wide transcriptome analysis
was performed. For many genes, variation in expessould be explained by expression
quantitative trait loci (eQTL). In total 24,571 sificant eQTLs could be detected under
normal growth and water stress conditions. 67%hef duantitatively controlled transcripts
were qualified agis eQTL’s, against 23% dfans-eQTL’s under normal growth conditions.
Interestingly the number dfrans eQTLs strongly increased under stress conditiard a
revealed genomic regions which were identified atspots for transcriptional regulation.
Several thousands of eQTLs associated with largagtigpic variation were detected, but
trans acting eQTLs had small phenotypic effect$ €R.2). Based on gene ontology, eQTLs
were classified based on sequence homology withkmelwn drought responsive genes such
as transcription factors, signaling molecules, regenes, chaperones and transporters. A
subset of identified eQTLs co-localized with phemid trait QTLs measured under drought.
To our knowledge, this is the first global eQTL maqy study under control and water stress
response in potato. It reveals that the genetid¢rabof transcript level in potato is highly
variable and complex in response to drought. Th@ach yielded information that leads to
the genome-wide identification of putative candédgenes involved in drought tolerance
their distribution, regulation and identificationf @utative candidate genes underlying
phenotypic trait QTLs for drought response.

Key words:eQTL, drought, genome-wide, potato, transcriptomadilpng
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Introduction

Genetic variation underlying differences in traisicievels contributes considerably to
phenotypic differences and divergence between speand their ability to cope with stress
conditions in nearly all organisms studied (Whitghand Crawford 2006). Drought tolerance
is a genetically complex adaptation of plants tweaske conditions that involves multiple
genes and pathways (Shinozaki and Yamaguchi-Shina2@07). Several studies have
focused on the molecular response of plants torgatess using the model plakitabidopsis
thaliana (Ingram and Bartels 1996; Shinozaki and Yamag&thinozaki 1997). Gene
expression studies have shown that expressionslefehundreds up to even thousands of
genes are altered in response to drought stregariCat al 2002; Talame et al 2007; Zhou et
al 2007).

Three basic types of transcriptional changes canraa response to drought stress. A plant
suffers the effect of drought physiologically thgbudecreased hydraulic conductance and
loss of cell turgor resulting in reduced photoswtith activity, growth and development (Lu
and Neumann 1999; O'Toole and Cruz 1980). The pé#afatpts the expression of genes
encoding the proteins that function in these mdialpyocesses to the changing conditions
(Bray 2002). Secondly, the cellular disequilibri@oight about by disrupting normal
metabolism causes the accumulation of reactive exygtermediates resulting in changes in
transcription in defense pathways (Mittler 2002Rajulu and Bartels 2002). A third effect
is transcriptional changes that bestow the abtlityendure dehydration through a physio-
chemical change in cell structure or water potéribrgram and Bartels 1996; Tripathy et al
2000). These alterations in expression levels amptex and varying widely depending on
the magnitude and duration of the drought stresar{ie et al 2007). Such complexity makes
understanding the genetic mechanisms of drougatante a major challenge.

Improvements in quantitative trait loci (QTL) mapg@i methodology have led to increased
understanding of the genetic complexity and locatwithin plant genomes of genetic
determinants of traits conferring drought tolerafié@ampos et al 2004; Tuberosa and Salvi
2006). However, despite considerable efforts in @dpping the underlying molecular basis

of most quantitative traits remains unknown.

Rapid advances in the field of molecular biologydamenomics methodologies

(transcriptomics, metabolomics, and proteomics)ehi@d to the availability of approaches
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that can help to better identify and understandhtitere of genes, metabolites or proteins and
their networks underlying quantitative traits oferest. One of the more successfully used
approaches is transcriptome profiling using miarags. Several studies of gene expression
profiling using cDNA or oligo microarray technolodyas advanced our basic understanding
of gene regulatory networks that are active duthmgy exposure of plants to drought stress
(Seki et al 2001; Chen et al 2002; Kawaguchi e2()4; Swindell 2006; Ma and Bohnert
2007, Zhou et al 2007; Drame et al 2007, Vasquezifieo et al 2008).

Another level of integration is added to these geeavide expression analyses by including
genetic information to the expression data as destin the concept of “genetical genomics”
(Jansen and Nap 2001). In this concept, variatiogene expression or metabolite content is
associated with marker information in mapping papahs. Within a population, variation in
MRNA transcript abundance can be treated as aahkeitrait that is subjected to statistical

genetic analysis and can lead to the identificatiba so-called expression QTL (eQTL).

Expression variation of a gene can either derisenfsequence variation that lies within or in
the close proximity of the genei¢ eQTL) or indirectly from a distant location on thenome
(trans eQTL). Genes underlyingans eQTLs are assumed to encode trans acting fadkers |
transcription factors that control the expressiérihe target and potentially the correlated
expression of several functionally related genespré&ssion QTL studies are gaining
importance in plant genetics because they represembtential approach to shortcut the
tedious process of positional cloning, especially fienes underlying quantitative traits
(Hansen et al 2008). Several large scale expregsaditing studies have shown the potential
of the methodology to generate the information megu to construct a robust and
comprehensive sequence based genetic framework(Wagt et al 2007; Luo et al 2007;
Potokina et al 2008), and provide data for eQTLyamathat is directly coupled to candidate
gene identification (Shi et al 2007, Druka et a0 Furthermore, the eQTL datasets can be
potentially used to explore complex networks betwgenes and which may significantly

lead to unravel the complexity underlying spedificlogical phenomena (Jansen et al 2009).
Potato is the third most important food crop in therld after rice and wheat but its

production is hampered by drought stress in mastvigig regions. Several wild species of

potato growing in its centers of origin in South-Amnca have been adapted to harsh
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environments at high altitudes above 3,000 meteosesea level and are regularly exposed
to water-scarce conditions (Schafleitner et al 200ecently high quality expression
profiling platforms have been established for po{@loosterman et al. 2008), and Vasquez-
Robinet et al (2008) successfully employed miciagsrto capture transcriptional changes in
drought response in two Andean potato genotypesreftre, the tools are available for a
genetical genomics approach in potato to elucidatees and networks that underlay QTLs
for drought tolerance traits.

In this study, the concept of eQTL mapping was iadpto a diploid potato population that
had previously been used for QTL mapping of phygimal and morphological traits for
drought response (Chapters 3 and 4). Populatioe-exgression profiles were generated and
analyzed in order to i) determine the general chang gene expression in response to water
stress, ii) to asses and report on the genome gauetic architecture of transcript-level
variation under optimal and water deficit condigan) to determine the transcriptome-wide
expression pattern of genotypes and of the posdfoeQTLs and iv) to identify candidate

genes underlying phenotypic QTLs for drought tatesa

Material and methods

Plant materials and drought treatment

Tubers of a core set of 94 CxE progeny and thererga were planted in pots under
greenhouse conditions. CxE is a diploid potato nrappopulation of nearly 250 genotypes
was developed from a cross between C and E. Clone & hybrid betweers. phurga
P1225696.1 and. tuberosum dihaploid USW42. Clone E is the result of a crossMeen
clone C and th&. vernei-Stuberosum backcross clone VH34211 (Celis-Gamboa 2002). Eight
replications were maintained under completely ramded design. Irrigation was withheld
for 6 replications starting from the stolen iniitat stage. Two replications were maintained as
controls with optimal irrigation until the end dfe experiment. Leaf samples were collected
for RNA isolation after 4 at which first wilting syptoms were observed (early response) and

9 (late response) days of drought stress.

RNA isolation

Approximately 0.5g of frozen leaf tissue was grounda fine powder in liquid nitrogen.
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Aliquot of 5mg of grounded leaf tissue was used RNA extraction. RNA was isolated
using the KingFisher Flex system and the MagMAS6 Total RNA Isolation Kit according
to the manufacturer’s instructions. The extract@dARsolutions were treated with DNase |,
(Amplification Grade —Invitrogen) and quantified ingg a NanoDrop ND-100
spectrophotometer (Thermo scientific). RNA quahtas visualized with 1% agarose gel

electrophoresis and samples were stored at -808uge.

Microarray hybridization

200ng of total RNA was used to synthesize cRNA ating to the Agilent two-color
microarray-based gene expression analysis protdt@.non-stressed samples were labelled
with the Cy3 dye and stress RNA samples labellgd thie Cy5 dye. Labeling efficiency was
estimated spectrophotometrically using the NanoIM&p100 (Thermo scientific). Control
(Cy3) and stress (Cy5) labelled cRNA of the sameogyge was hybridized to the potato
oligo array based on the Agilent 60-mer oligonutiten platform (Kloosterman et al. 2008)
and washed following manufacturer’s protocol (Agiléechnologies). Hybridized slides were

scanned using the Agilent G2505B scanner usingttended dynamic range setting.

Satistical analysis and data mining

Microarray images were imported into Agilent Featixtraction software (V.9.1.3.1) and
normalized using the standard two-color protocaffebent data sets were extracted for all
hybridizations and were imported in GeneMaths (¥8.1). for visualization and further
analysis. Transcript levels of 22,192 and 25,94iquen potato features passed the
significance and filtering test in control and stedata sets. Data were treated in three
different sets: Control samples (non-normalized3)Cgtress samples (non-normalized) (Cy5)
and control to stress (Cy3/Cy5) ratios (normalizéa)r control and stress data sets, filtering
was applied to remove consistently lowly expresgedes and relevant expression was
considered when raw intensities were a factor ab@ve background in at least 20 genotypes
of the 94 individuals and parental lines. Using St software (12 edition) quantile
normalization was carried out across all arrays foe control and stress samples
independently. After quantile normalization, exgies values were logl0 transformed.
Previously calculated log ratio’s (control to sgewere filtered to contain only those features

that are present in either cy3 or cy5 filtered cais.
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eQTL analysis

Large scale eQTL analysis was performed using tpeogram MetaNetwork (Fu et al 2007).
Potato is an outcrossing species and thereforeatepgenetic maps for both parents have to
be used in the analysis. Genetic maps used inrthlysas were based on the genetic maps
presented by Anithakumari et al. (2010) (ChapterG)nome-wide 1,000x permutation test
was performed to identify the log p threshold cgpanding to a genome-wide false discovery
rate of 5% ¢ < 0.05). The genome wide log p threshold was 8dt&al in C and E parental
maps, respectively.

The potato 60-mer oligonucelotides present on tleaarray were derived from assembled
EST unigene sets (Kloosterman et al 2008). Unigszspuences were blasted against the

released potato genome databaseny.potatogenome.neiand significant hits with potato

scaffolds allowed the mapping of array feature lo@ genome. The majority of the large
genome scaffolds have been anchored to the physiapl of potato and were assigned to
their respective chromosomes. Using the mappingrimition, identified eQTL’s can be
classified as either cis- or trans-acting dependingvhether their genetic position coincides
with the physical position of the gene itself ot.rla current study, as we are in initial stages
of anchoring genetic markers to genome sequencd]iffezentiatedtrans QTLs when the
physical location of gene is present on differémbmmosome. For gene sequences that cannot
unequivocally be assigned to any genome scaffoldeside on scaffolds that were not

anchored to the physical map, no classificatioriccbe made.

Results

A pilot experiment was carried out to understanel thriation in transcriptional changes in
early and late response to drought stress usingntbearray. Three progeny plants of CxE
were selected depending on their phenotypic resp@mifting) to water stress at 4 and 9 days
after stress (DAS) initiation and differentiallypessed genes were monitored and analyzed.
Several hundred to thousands of genes were ditialgrexpressed (induced and repressed)
under stress (Supplementary Tablel). The numbeliffefrentially expressed genes varied
significantly between genotypes. Genotypes shovigdteh variation at 4 DAS than at 9 DAS.
Though a higher number of genes were differentialpressed after 9 DAS, the difference
between individual genotypes was lower at that tpomt. Therefore the early time point (4

DAS) was chosen for genome-wide transcriptionafilong.
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Table 1 Summary of eQTLs detected on parental maps undiwwatered and water stress
conditions.

Control Stress
C E C E

Total eQTLS 8672 9384 8801 12163
Unique in each map 6420 7132 6514 9876
Common between parental maps 2253 2287
Unique in each treatment 5893 8766
Common between control and stress 9912
Total of distinct eQTLS 24571

Number of eQTLs detected and their genomic distribution

To determine the effect of genetic factors involiethe regulation of expression in response
to well-watered and drought stress conditions, ney@ged genome-wide gene expression in
the parents and progeny of the CxE population. magrity of transcripts within the potato
genome in well watered and drought stressed plexigbited heritable variation in gene
expression that is attributed to genomic regiossalized by an eQTL. A total of 18,044 and
20,964 eQTLs were detected under well-watered aatémstress conditions respectively.
After separation of common and unique eQTLs, altofa24,571 distinct eQTLs were
detected and the number of eQTLs detected percriphsaried from 0 to 3. Out of 24,571
expression QTLs 24% of eQTLs were specific to nimaess conditions, 36% specific to
drought-stressed plants and 40% of the eQTLs wetected under both conditions (Table 1).

The positions of the eQTLs were well distributedoas the potato genome.

Cisvs Trans eQTLs

To detect the position of genes and their eQTLes,sékquence of the differentially expressed
genes was anchored to the potato genome physigaivinare possible. Under well-watered
condition for 67% of the eQTLs the position ovedad with the position of the gene itself
and was thus classified agig-acting eQTL. In the same manner, identified geresveng
eQTLs in genome positions other than their physmap position (different chromosome)
were classified asrans-acting (Table 2). The number eQTLs were spreadostinevenly
across the 12 chromosomes of potato with a slightiher number on chromosome 1. The
significance and magnitude ofs-eQTLs varied from chromosome to chromosome anid the

distribution based on log p values is presentedrigure 1. Under drought conditiortss
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eQTLs were more or less equally distributed ovércltomosomes butrans eQTLs were
non-uniformly distributed across the chromosomat the majority of eQTLs localized on
chromosome 5 and 2 (43% and 14% respectively) €T8pl The majority of individual
eQTLs accounted for only a small proportion of thesociated transcript estimated
phenotypic variation (8. Around 52% of eQTL had an estimated phenotyffiece R that
was lower than 0.2 for each transcript (Figure Za3-eQTLs typically explain more of the
observed differential expression thians-acting eQTLs (Figures 2b and 2c). For example,
3,885 (34%)cis eQTLs explained phenotypic variation between 1%2@round 580 (5%)
cis eQTLs explained variation above 70% whereasréms eQTLs a large number (86%) of
eQTLs explains observed variation between 10-20iu(E 2c). A minor number of genes
with multiple QTLs showed bothis andtrans eQTLs, and the physical position of 3,898
genes were unknown.

Table 2 Genome-wide eQTL analysis and eQTL distributiodarmwell-watered conditions

C map (Threshold log p 3.4)] E map (Threshold log p 3.1)
Chromosome  cis ‘ trans ‘ unknown cis | trans ‘ unknown Total
1 804 521 108 609 146 50 2238
2 528 168 66 642 363 73 1840
3 661 68 60 564 237 82 1672
4 462 140 73 678 181 91 1625
5 468 235 72 525 359 86 1745
6 497 90 67 387 85 42 1168
7 605 141 81 301 36 20 1184
8 461 99 76 260 55 50 1001
9 352 90 50 598 325 104 1519
10 389 44 67 599 194 115 1408
11 494 61 67 344 208 52 1226
12 309 127 59 597 235 91 1418
Total 6030 1784 846 6104 2424 856 18044

eQTL analysis of major drought-responsive genes

A number of eQTLs were detected for known and wk#racterized drought responsive
genes such as genes encoding members of transeriféictor gene families, signaling

molecules, late embryogenesis abundant proteires, $t@ock proteins, genes involved in
protection of cell damage like redox genes suchpa®xidases, catalases, super oxide
dismutase, and genes involved in the drought ifdeidiormone ABA pathway. The eQTLs

for transcription factors and signaling moleculesravwell distributed across the genome
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(Figure 3a), whereas the eQTLs related to the pioytnone ABA pathway were detected
only on chromosome 2, 5, 10 and 11. Genes with eXBisociated with redox functions were
detected on all chromosomes except chromosome drOalF above-mentioned groups the
majority of eQTLs clustered on chromosome 5 (Figdag A most remarkable observation is
that more than 90% of these eQTLs &ems eQTLs, so transcript variation was detected on
chromosome 5 but the physical positions of the gemere found to be on other
chromosomes in the genome. In fact, the genes avatirtbuted across all other chromosomes
as illustrated in Figure 3b. The highest percentd@8o) of genes whose expression was
mapped on chromosome 5 were physically located lmontosome 1 and the lowest

percentage was on chromosome 10 and 12 (6%).
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Figure 1 Genome wide distribution of stress eQTLs with logapues. Number of eQTLs for each
log p category (different colors) are indicatedhia columns.

eQTL analysis of differentially expressed genes (Control/Stress)

The stress specific response of genes was analygeazhiculating the expression ratio of

control to stress (control/stress). A total of Bk Yenes were considered to be differentially
expressed which accounted for 61.7% of all genesgmt on the oligo array. From these,
4,393 eQTLs were detected and distributed acroslwéxchromosomes as shown in Figure 4.

Remarkably, a disproportionally large number of é@TLs (3,119 eQTLsS; 71%) wenans-
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acting. The control/stress ratio eQTLs were groupéal functional categories based on their
ontology (Table 4). The functional class RNA praieg, regulation of transcription had a
high number of eQTLs. The majority of eQTLs belathde signaling, protein degradation
and cell wall, cell wall proteins, cell divisionrfational classes. More than half of the genes
could not be functionally annotated.

Table 3Genome-wide eQTL analysis and their distributiondrought stress.

C map (Threshold log p 35| E map (Threshold log p 3.2)
Chromosome cis ‘ trans ‘ unknown cis ‘ trans ‘ unknown Total

1 648 206 96 543 117 50 1660
2 461 67 58 704 935 144 2369
3 628 136 74 502 189 94 1623
4 423 95 71 644 364 125 1722
5 541 1041 156 663 1978 213 4592
6 459 40 67 349 126 44 1085
7 570 106 94 289 42 31 1132
8 429 56 96 269 48 70 968

9 335 185 72 595 317 123 1627
10 354 53 84 551 116 111 1269
11 498 151 91 343 253 75 1411
12 270 39 51 641 399 106 1506

Total 5616 2175 1010 6093 4884 1186 20964

Trans-eQTLs reveal transcriptional Hotspots

Mapping of differentially expressed genes reveakgeral genomic hotspots firans eQTLS

as shown in Figure 4. These hotspots were detecsealy on chromosome 1 and 12 (C-map)
and 2, 4, 5 and 12 (E-map). Under control cond#tie@TLs were distributed evenly across
all chromosomes, but under water stress condittol@ge number of eQTLs were detected
on chromosome 5. In total 4,592 genes which haviati@n in expression were mapped on
the genetic map of chromosome 5 and more than 68% twans eQTLs (Table 3). Hence
this chromosome was considered to be an eQTL hiptgpawl possibly a hotspot for

transcriptional regulation under drought stress.

Co-localization of eQTLswith phenotypic trait QTLs for drought response
Several drought responsive phenotype QTLs umilertro and greenhouse conditions have
previously been identified in the CxE populatioh@pters 3 and 4). A cluster of phenotypic

traits colocalized on chromosome 4 and 5. We exathivhich eQTLs co-localized with
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major phenotypic trait QTLs and detected severaldneds of eQTLs co-localizing within
phenotypic trait QTL intervals under drought coimis. Table 5 presents QTL regions with
each 10 eQTLs mapping to the same region, alonb thié % of expression variance
explained by each eQTL. Several interesting putatiandidate genes were detected among
these eQTLs. The eQTL for a gene that was annotaitdd a putative function in the
photosystem Il light reaction colocalized with tr@TL of chlorophyll florescence (Fv/Fm)
on chromosome 1, along with other genes involvedrought response such as heat shock
proteins and signaling proteins with known indueggression under stress conditions.

On chromosome 4, around 500 eQTLs colocalized phgmotypic QTLs such as root length,
613C, number of branches, root dry weight measureteiuwater stress conditions, which
covered almost half of the chromosome. Some ofetle€3TL genes belong to the putative
functional classes of signaling, transcription éastof multiple gene families such as AP2,
MYB, NAC, WRKY and genes involved in carbohydratetabolism.

Under water deficit conditions a considerably highember of eQTLs were detected on
chromosome 5 in comparison to control conditionke Tmajority of growth and vyield
phenotypic QTLs observed under water deficit armbvery conditions were associated with
a region on chromosome 5 known to control plantuni@t Nearly 1,600 eQTLs colocalized
with yield and growth trait QTLs. These eQTL gengsresent diverse functional classes such
as amino acid, carbohydrate and lipid metabolisamsport, signaling, redox, hormones and
secondary metabolism.

Phenotypic QTLs for chlorophyll content astiC were located on chromosome 10 and at the
same position we found eQTLs for genes involvedarbon partitioning, signaling receptor
kinase, transcriptions factors and hormone and ipetabolism (Table 5). Co-localization of
eQTLs was detected for traits such as plant heiglot, dry weight, shoot fresh weight on
other chromosomes as well (data not shown).

The CxE population was evaluated previously undevitro conditions for PEG induced
water stress (Chapter 3). Several QTLs were detaateer control and under PEG induced
stress on chromosome 2. In total 685 eQTLs wetexctbrl on chromosome 2 that colocalized
with the cluster of QTLs measured undearvitro conditions (Chapter 2). Some of these

interesting eQTLs are presented in Table 5.
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Figure 2. Distribution of estimated phenotypic effecflfor all eQTLs. A distribution of Rvalues
for all 20,964 eQTLs is shown in intervals of Oamth minimum R of 0.12 and a maximum of 0.97.
The two pie graphs (b and c) illustrate the disttitn of % variation explained kgis (b, total 11,386)
andtrans (c, total 7059). The color scale to the right gadés the color categories for % explained
variance.

Discussion

Transcript expression is in many ways an extraanyiphenotype with special attributes that
can be of particular importance for genetic studidse primary potential of genome-wide
gene expression genetics is the total number @§ tf@ariation in transcript abundance) that
can be assayed simultaneously. In the current studyunravel the complexity of transcript
abundance in potato in relation to the early respdo drought. The metabolic changes that
occur in plants in response to dehydration stressl@scribed in several reviews (Bray 2002;
Ramanjulu and Bartels 2002; Zhu 2002). The largmbar of drought- or dehydration-

induced transcriptome changes underscores theudtifiin understanding the global context
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of the drought stress response. As a first stepuricavel the complexity of potato
transcriptome changes under drought, we perforngghame wide eQTL analysis. A total of
20,968 eQTLs were detected under stress of whizb68eQTLs were specific to stress

treatment.
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Figure 3 a) eQTL distribution of important drought respoggmes b) Distribution of gene locations
of trans eQTLs on chromosome 5.

For differentially expressed genes (control vs sstrexpression levels) a relatively low
number of eQTLs (4,393) were detected when compardte number of eQTLs identified in

the control and water stress data sets. Interdgtitige majority of eQTLs for genes induced
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or repressed by drought wiians-acting and most of them accumulated on chromosyme

5 and 12. The majority of differentially expressgehes showed a quantitative expression
profile with complex inheritance patterns. Thisbescause in general genes can be regulated
by several independent factors, which may resudttnans eQTL. Because of the multiplicity

of regulators and often observed epistasis, ¢&ais eQTL is expected to have a relatively
small effect as confirmed by our results (Figurg.2h addition, compared to the local
regulation ofcis eQTLs, the variation in the expressionti@ns regulated genes is indirectly
also determined by the expression variation of@n@ore regulators. As a result the detected
number oftrans eQTLs relative to the number ofs eQTLs drops when the stringency for
detection is increased (Doss et al 2005).
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Figure 4 Genome wide eQTL distributions of differentiallypeessed genes between control and
stress on parental genetic maps of C (upper) athaier)
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In data sets of control and stress separately,demetified 24, 571 significant eQTLs with a
genome-wide false discovery rate of 580<0.05) affecting the expression of 18,568 genes.
Among the genes with variation, 89% have only oQd le while the rest have two to three
eQTLs; hence we have a higher number of eQTLs tpames. This also implies that
genotypic differences in expression are often nyaddtermined by a single factor. When
comparing the location of the eQTL to that of treng itself in potato, under well watered
conditions 67% of the observed eQTLs wergand 23% werdrans. The majority of the
genotypic expression differences may thereforedierthined by differences within the gene
or its regulatory regions itself. Genetic variatimnthe promoter region is the most likely
underlying reason for thes#s eQTLs. Under drought stress however the numberaob
eQTLs detected increased to 34% amleQTLs accounted for 55%. Several large scale
microarray studies on plant eQTLs have been puddish different plant species such as
Arabidopsis (DeCook 2006, Keurentjes et al 2007st/é¢ al 2007) maize (Schadt et al 2003;
Shi et al 2007) wheat (Jordan et al 2007) poplareéd et al 2006) eucalyptus (Kirst et al
2004) and barley ( Potokina et al 2008 ). Thesdissureport varying numbers afk vstrans
eQTLs. In one study one third of eQTLs wereeQTLs (West et al 2007) and in another it
was 50%trans eQTLs and 50%is eQTLs (Keurentjes et al 2007). A study with a bwgrl
population found an intermediate value for numbfecis andtrans eQTLs when compared
with studies in Arabidopsis (Potokina et al 2008yerall the proportion and number b
andtrans eQTLs identified in an experiment depends on miaejors such as the inherent
genetic architecture of the population under stilkg, number of lines used, the degrees of
replication and the external conditions or treatih{étansen et al 2008). Across the different
studies the number of eQTLs identified and thejnicance varies dramatically. In all these

studies a complex inheritance is consistently olexkfor thousands of transcript traits.

It is important to realize that sequence polymapts have been shown to influence the
efficiency of hybridization between probe and targe arrays, causing Single Feature
Polymorphism (SFP) (Rostoks et al 2005). These $8&R<ause a difference in the estimated
transcript abundance of a specific gene (Luo €204l7). The differences as found on the
arrays are then not expression differences, but DMAations in the region of probe
hybridization. This is most likely only a complioag factor for thecis eQTLs, as the effect

on the expression levels is caused by the gen#. ike potato is highly heterozygous,
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variation in gene expression may also occur asast of different hybridization specificity,

making it even more complex in potato than in ogpcies.

Table 4 List of functional classes of differentially expeed gene (control/stress) eQTLs

Functional class cis | trans | Unknown Total
Amino acid metabolism. 19 42 5 66
Cell wall.cell wall proteins, division , organisari 28 131 6 165
Development. lea/storage 12 21 3 36
DNA.synthesis/chromatin structure-histone, repaispecific 10 52 3 65
Hormone metabolism. 25 62 5 92
Lipid metabolism. 17 63 5 85
CHO metabolism 16 41 3 60
Metal handling 7 7 1 15
Misc.cytochrome P450 14 22 6 42
Misc. other 34 101 8 143
Nucleotide metabolism. 7 21 1 29
Mitochondrial electron transfer and PS light reacticalvin cycle 9 44 4 57
Protein. degradation 21 177 11 209
Protein. postranslational modification 16 10 8 127
Protein. synthesis.targeting 14 59 4 77
Redox 9 26 1 36
RNA. process, regulation of transcription 55 26 15 337
Secondary metabolism 24 62 9 95
Signalling 36 109 11 156
Stress. abiotic 13 68 2 83
Stress. biotic 16 20 9 45
Transport 43 90 8 141
Not assigned.unknown 49 2090 24 2163

cis QTLs and trans QTL difference in R?

In the present studyis andtrans eQTLs are associated with different distributiaisR?,

which indicates thatis QTLs generally have a stronger effect on expresditierences than

trans QTLs. This was also observed in several otherissu@lVest et al 2007, Wayne et al
2004, Hughes et al 2006). A probable explanationttics observation is that the transcript
abundance of most genes is regulated by multipteofs at multiple levels, like the
expression levels of transcription factors, thetgpasslational regulation of these factors, the
cellular environment, and the genetic variatiomagulatory regions of the target gene itself.
Polymorphism in any one of these regulatory levetsy be functionally limited to only a
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small change in transcript accumulatidinans QTL genes are more likely to be regulated at
multiple levels thartis QTL genes, explaining the lower averagef& trans QTLs vscis
QTLs. Yet natural mutations in transcription fastazan still generate large expression
differences in genes regulatedtians by the transcription factor, so higtf Rre not exclusive
for cis QTLs. Polymorphisms in the promoter region of aegean make the difference
between expression or silencing and underlie agtets QTL with high R, but may also
have a more modulating effect for instance in &fficy of binding of transcription factors
(resulting in lower B). The polymorphism underlying a strotrgns-eQTL does have greater
potential to be pleiotropic than@s-eQTL. Large-effect mutations in pleiotropic geraes
more likely to be deleterious than mutations inslé@sterconnected genes (Wright 1977;
Turellil988; Wagner 2000; Jeong et al 2001; Yule2(®4). There may be an evolutionary
fitness limitation on the potential genetic effe¢tpolymorphisms that generatieans-eQTL

hotspots.

Stress response

Among the eQTLs that were detected only under drowgnditions, a large number of
transcription factors and signaling molecules weeatified that share homology with known
genes previously studied in other species, prosmge clues about putative regulatory and
signaling pathways that might be involved in theudjht response and drought tolerance in
potato. These eQTLs were well distributed acrosgtitato genome (Figure 3a and b).
Expression QTLs for genes involved in biosynthesigd signaling of the stress hormone ABA
as well as ABA activated genes were identified bromosome 2, 5, 10 and 11 (Figure 3).
The eQTLs for ABA biosynthesis genes weretedins-regulated, whereas signaling, ABA
induced and response-regulating genes waseacting. The involvement of ABA in
mediating drought stress has been extensivelyesluéBA plays a critical role in regulating
growth and plant water status through guard cbb$ mediate stomatal closure. In addition,
genes that encode enzymes and other proteins gwvafvcellular dehydration tolerance are
induced (Zhu 2002). Early work showed that ABA @t as a long distance water stress
signal in sensing incoming soil drying (Davis arfthAg 1991). ABA produced in dehydrated
roots is transported via xylem and regulates stalmapening and leaf growth in shoots.
Considerable progress has been made in the laatlelen identifying ABA dependent and
independent pathways (Zhu 2002; Shinozaki and Yastagshinozaki 2007). Thus in many
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ways ABA plays a pivotal role in whole plant respes to drought stress. Hence, ABA
relatedcis eQTLs in our dataset may directly serve to idengibtato genes important for
ABA mediated drought stress tolerance, whergass eQTLs can help to identify the
regulatory network of the ABA drought response pat in potato. In addition, the eQTLs
related to the ABA-dependent drought response mathmay be linked to metabolic changes,

adding yet another functional level to the genes.

Heat Shock Proteins (HSP) are a group of protdéiasis induced in plants subjected to water
deficit (Joshi and Nguyen 1996; Vierling 1991). Hf6iAction as molecular chaperones that
assist in protein folding and prevent protein deraton (Zhu et al 1993). During stress HSP
are necessary to protect proteins against aggoegatid denaturation. Like the small HSP,
LEA proteins are mainly low molecular weight (10kB@) proteins that are involved in
protecting higher plants from damage especiallyindgudrought (Hong-Bo et al 2005).
Several genes with homology to HSP and LEA variedjene expression within the CxE
population. Interestingly several of the identifie@TLs for those genes colocalized with
phenotypic QTLs for drought response traits, legvimom for speculation on a role of these
chaperones in response to water stress in potdttabaling them as putative candidate genes
for drought tolerance.

Drought affects root hydraulic conductivity which finainly regulated by abundance and/or
activity of water channel proteins (aquaporins).uagorins are channel-forming membrane
proteins with the extraordinary ability to combiaénigh flux with high specificity for water
(Javot and Maurel 2002). Transcript profiles of esal aquaporins were identified in our
study. These putative genes may be interestindguitiner study as candidates for drought
tolerance; overexpression of an aquaporin (PIPhg de rice and tobacco plants conferred
drought tolerance (Lian et al 2004; Yu et al 200&ater deficit may also cause changes in
post-transcriptional regulation of aquaporins. Ampran activity has been shown to be
regulated by phosphorylation, divalent cations ahtl (Luu and Maurel 2005). Also it is
known that ABA modulates the expression of somed#ifes in roots and leaves (Suga et al
2002; jang et al 2004; Zhu et al 2005).

eQTL Hotspots
As mentioned before, variation in the expressionddferentially expressed genes was
captured on particular genomic positions of theafmogenome (Figure 4). In addition, under
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stress conditions the majority of eQTLs accumutatechromosome 5 (Table 3, Figure 1).
Potato chromosome 5 is known to control plant nigtuand affects a large number of
phenotypic traits. The observed eQTL hotspot domseler not coincide with the plant
maturity locus. Further genetic dissection of emahs eQTL hotspot is needed to understand
the biological function of such hotspots. Thesespots may reflect local gene-dense regions,
in contrast to cold spots, which may reflect lowngealensity regions such as centromers.
Alternatively, hotspots may contain master regukatsuch as transcription factors (gene
controlling expression of many other genes). Initamld the hotspot on chromosome 5 in
particular has a disproportionally high percentafjdrans-acting QTLs. The hotspot on
chromosome 5 may contain key regulators of stnedgeed changes. During drought stress
and indeed other stresses, the plant needs to aglapbwth, physiology and metabolism in
order to survive the adverse conditions. A genorndeweprogramming is necessary. It is not
unlikely that some of the key transcription factaisat affect metabolic routes and
biosynthetic pathways may present at the locatanthe eQTL hotspots. Obviously these
hotspots deserve extra attention for abiotic strieésrance research, and may provide

switches for adaptation to adverse conditions efgbtato plants.

Co-localization of Phenotype QTLs and eQTLs

Phenotypic traits related to abiotic stress havevem to be quantitative and genetically
complex, with multiple underlying genes and intéicaats among the loci as well as with
environmental parameters. Several interesting petatandidate genes are detected in our
study with their eQTLs co-localizing with phenotgprait QTLs (Table 5). One such example
is an eQTL on chromosome 1 of a gene encoding topystem Il reaction center W protein
which has a putative function in the photosynthdiglist reaction. This eQTL co-localized
with a QTL for the chlorophyll fluorescence paraerdtv/Fm. Drought induces a decrease in
photosynthetic activity, which has been associatéidl photo damage of PSII reaction centers
(He et al 2005). Chlorophyll fluorescence is widatcepted as an indication of the energetic
behavior of PSII (Dau 1994). The potential quantifiiciency of PSII (Fv/Fm) is used as a
reliable indicator to evaluate the metabolic imha@ of photosynthesis and yield
performance across genotypes under water defiaitlitons. Our results suggest that the
photosystem Il reaction center W gene may playla irophotosynthetic activity and affect

the Fv/Fm parameter under drought.
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Table 5 List of colocalized eQTLs with phenotypic trait Q8(10 eQTLs from each linkage group are presented)

% variation | QTL type (physical
Chromosome Phenotypic trait QTL QTLmk log p explained location of gene) Gene id on array Functional class
PotSNP481 4.7 17.9 trans (9) MICRO.1149.C2 PSrigglution.photosystem [1.PSII polypeptide subunits
PotSNP392 15.1 50.8 cis MICRO.5413.C2 lipid metasbalipid degradation.Carnitine racemase
PotSNP392 3.3 12.6 trans (2) MICRO.6010.C2 UDPagyltransferase family 1 protein
PotSNP481 5.6 21.% cis SSBNOO3NO09u.scf not assignkdown
1 Chlorophyll PotSNP392 9.7 35.9 cis bf_mxIfxxxx_0057g04.t3m.scf RNA.regulation of transcription.MADS box transcigpt factor
florescence PotSNP392 4.2 16.2 trans (8) MICRO.5912.C2 RNA legtnn of transcription.General Transcription
PotSNP392 15 50.6 -- MICRO.919.C1 Signalling. G-pirct
PotSNP481 12.5 43.9 cis MICRO.11727.C1 not assign&down
PotSNP392 4 152 cis MICRO.12105.C1 Stress.alhetit.shock protein
PotSNP481 49 18.7 cis STMIF10TV RNA . regulatiorirahscription.C2C2(Zn) DOF zinc finger family
POCI_30301 18.2 57.8 cis CSTB30E7TH stress.abhetat
PotSNP569 17.2 56.1 cis MICRO.327.C1 TF.APETALERYlene-responsive element binding protein
Tuber wt recovery PotSNP1072 17.4 56 -- STMGE18TV not assigned.unknow
Root length PotSNP1072 17.1 555 - STMGI8OTV not assigned.amkn
4 root dry weight POCI_30301 16.8 54.7 cis MICRO.5064.C1 TF-NAC donteanscription factor family
81°c PotSNP391 13.3 46.2 cis ACDA00306B06.T3m.scf stagdstic.drought/salt
number of branches | PotSNP391 13.2 46 trans (1) MICRO.171.C2 protebtraaslational modification
Chlorophyll content PotSNP609 13.2 46 cis MICRO.14759.C1 protein.degian.ubiquitin.E3.SCF.FBOX
PotSNP569 13 45.8 trans (5) MICRO.2200.C3 not assiginknown
PotSNP815 13.2 45.8 trans (1) cSTD9O1TH not asdignknown
Mando 22.6 66.9 cis BF_TUBSXXXX_0036H03_T3M.SCF ot assigned.unknown
StPholb 21.8 66. cis MICRO.16058.C1 RNA.regafatf transcription.unclassified
Tuber weight stress Sti032 2119 66.1 cis bf_arrayR078f11.t7m.scf not assigned.unknown
Tuber number stress Mando 17.7 57.1 cis MICRO.127B0 Late blight resistance protein homolog R1B-17
5 Tuber nr Recovery StPholb 169 5.5 cis bf_swstx@R52e03.t3m.scf not assigned.unknown
Tuber wt recovery StPholb 12)5 454 cis MICRO.785.C cell wall.cell wall proteins.RGP
Root length Sti032 12.4 451 cis MICRO.9523.C1 retthdoredoxin
Shoot dry wt recovery StPholb 12|13 449 cis MICR85.Z6 not assigned.unknown
plant ht recovery StPholb 1145 4216 cis MICRO.763.C stress.abiotic.Heat shock protein 90
StPholb 11.4 42.4 cis MICRO.9765.C1 stress.bietieptors-Tospovirus resistance protein E
10 PotSNP776 31.7 78.5 cis MICRO.9387.C2 RNA.regoedf transcription.Global transcription factoogp
Chlorophyll content PotSNP27 294 758 cis MICRO29C1 RNA.regulation of transcription.putative D¥dading protein
8°C PotSNP605 28.4 745 cis POAB769TP not assignkdawn
hormone metabolism.gibberelin.induced-regulategansive-
PotSNP605 29.1 75.5 cis MICRO.11873.C1 activated
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StLin8 16.8 56.7| cis MICRO.4223.C1 major CHO meteimn.degradation.sucrose.invertases.cell wall
PotSNP53 17.2 55.6 cis MICRO.7298.C1 transporharacids
PotSNP776 17.1 55.5 cis MICRO.280.C2 lipid meliabmPhospholipid synthesis
PotSNP776 17.1 55.5 cis MICRO.5814.C1 Co-faatordtamine metabolism
PotSNP776 17 55.8 trans (3) POCAC91TV signalteegeptor kinases.DUF 26
PotSNP776 16.8 54.Y cis SDBNO002G04u.scf developiate embryogenesis abundant

In vitro PotSNP986 49.9 91.8 cis MICRO.10921.C1 not assigoezshtology
PotSNP792 49.4 91.8 cis MICRO.11641.C1 not assigmknown
PotSNP986 38.9 84.9 cis STMHK73TV DNA.repair

Fresh biomass control PotSNP18 38.5 8n.6 - MICREBEC7 not assigned.unknown

Dry biomass control PotSNP56 37(11 83.5 trans (8) CRID.5912.C1 RNA.regulation of transcription.Gendianscription

2(1) Dry biomass stress PotSNP893 29.4 7.9 cis MICRDC2 redox.glutaredoxins

shoot fresh weight

stress PotSNP56 27.5 73.4 cis bf_stolxxxx_0042c03.t3m.scf TF-bHLH,Basic Helix-Loop-Helix family
PotSNP986 26.6 72.2 cis POCAE94TV nucleotide b@dtsm.synthesis.pyrimidine.dihydroorotase
PotSNP56 24 68.4 -- STMHZ36TV signalling.calcium
PotSNP893 20.8 63 cis MICRO.16545.C1 Recepterdirine-threonine protein kinase

In vitro PotSNP838 88.4 98.7 cis cSTB2J20TH transport. métal@nsporters at the envelope membrane
PotSNP567 49.3 91.1 cis MICRO.6230.C2 secondataloolism.wax
PotSNP567 47.5 90.2 cis MICRO.12870.C2 not assigmknown

Fresh biomass

recovery Stio24 39.7 87.1 cis MICRO.16695.C1 netgreed.unknown

Plant height control PotSNP838 384 846 cis bfpexex_0030b01.t3m.scf not assigned.unknown

2(2) Shoot fresh weight

recovery PotSNP838 36.1 82.Y cis MICRO.12327.C1 proteinifigid
PotSNP838 36.1 82.Y cis MICRO.7159.C1 transpatAgsium
PotSNP838 35.3 82 cis MICRO.17393.C1 not assigioeshtology
PotSNP838 34.1 80.9 cis MICRO.8097.C2 proteirirposlational modification (protein kinase)
PotSNP838 32.8 79.6 cis MICRO.15171.C1 CONSTAIKS&zinc finger protein
Sti024 29.3 77.4 cis MICRO.10417.C1 Zinc ion lirgdprotein
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Regulation of gene expression influences or cositnedny of the biological processes in a
cell or organism, such as progression through #ikoycle, metabolic and physiological
balance and responses and adaptations to the emérd. Development is based on the
cellular capacity for differential gene regulatiamd is often controlled by transcription
factors acting as switches between regulatory descgscott 2000). In addition, alterations in
the expression of genes coding for transcriptisagllators are emerging as a major source
of the diversity and changes that underlie evoiutf@arroll 2000). In the present study,
eQTLs of transcription factor genes of members oftiple gene families co-localized with a
cluster of phenotypic trait QTLs on chromosome darmwater stress conditions. Several of
those genes belong to AP2 and NAC domain transmnigactor families. Several studies
reported that AP2 domain proteins control the esgioe of amongst others abiotic stress
responsive genes, ethylene-responsive genes ird/olvethylene, salicylic acid and jasmonic
acid responses and disease resistance (Liu et9; akuma et al 2002; Gutterson and
Reuber 2004; Karaba et al, 2007). The plant speblAC transcription factors play diverse
roles in plant development and stress responset-&ymession of NAC genes as well as
AP2 transcription factors in Arabidopsis, brassical rice showed significant increase in
drought resistance (Hegedus et al 2003; Lu et @¥2Bakashima et al 2007). Hence, eQTL
genes of transcription factors may be importantegefor drought response and drought
tolerance in potato and particular members of tHaselies may be identified as candidate

genes by further analysis of our datasets.

In the current study several hundreds of eQTLsocadlzed with phenotypic trait QTLS,
making it difficult to identify a causal relationphbetween genes and the phenotypic traits.
Though eQTL analysis is potentially a powerful aygmh for the identification of genes
underlying particular biological phenotypes (Chénale2010; Kliebenstein et al 2006), for the
approach to be applicable to a specific trait,atéon in the observed and measured phenotype
of the trait is required to visualize the biolodio@anifestation of variation in the expression
of causal genes. In order to be able to pinpoictiadidate gene for a specific trait, the
variation in expression of a gene in the drougkpoase should correlate with the drought
response phenotypic trait. In addition both thesehigenes and their eQTLs should co-
localize with the phenotypic QTL, which means irégulated ircis. If these criteria are not

met it is difficult to identify genes underlyingdhrait of interest. A fundamental issue in
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quantitative genetics is how the genotype detersiihe quantitative trait phenotype (Mackay
2001). A study of transcriptional variation mayyahswer part of this question. Determining
the actual biological relationship between trarmcievel variation and phenotype may also
require protein and metabolite data that in tuflrueance trait phenotypes further downstream.
Integration of all these datasets is still highbmplex but may be very rewarding (Jansen et
al 2009).

Prospective

Genome wide identification of genes regulated byudht conditions has many benefits.
Firstly, it provides a more comprehensive undeditan of the transcriptional response to
drought. Secondly, it provides novel candidate geti@t can be the subject of further
research. Thirdly, it aids in the identification r@gulatory networks based ois- andtrans-
acting QTLs that can serve as a basis for novet feeeding strategies and crop engineering.
The current study demonstrates that the genetitraaof transcript levels is highly variable
and multifaceted. Based on gene ontology, a numbe@TLs were detected for genes which
have homology to very well known drought respongeees such as transcription factors of
multiple families, signaling molecules, redox gendsaperones and transporters. This eQTL
approach led to the genome-wide identification ofapive candidate genes involved in
drought tolerance, their distribution and regulatias well as identification of putative
candidate genes underlying phenotypic trait QTUs dmught response. However, due to
complexity of the required statistical analyseiming both large number of tests and a large
number of eQTL, we have only touched the surfacehef information contained in the
transcriptome dataset combined with the phenotypliaig. Processes like epistasis will be
investigated in a subsequent effort. Knowledgenaf msight in regulation and interaction of
genes contributing to specific phenotypes is oftenited. Further analyses will be focusing
on construction of regulatory networks which mayroa down the number of candidate

genes in an eQTL interval and to select the bexlidate gene.
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Introduction

Drought is one of the most common abiotic stresisaslimits crop growth and productivity
worldwide and its effects on crop plants can rafrgen minor reductions in yield to the
destruction of crops leading to famine (Hetheringi®98). Research into the plant response
to water stress is becoming increasingly importaatmost climate change scenarios suggest
an increase in aridity in many areas of the gldbeti{ et al 1999). This increase in arid land
and the world’s growing population will have dirdotpact on water resources and water
availability. The response to drought at the whabnt and crop level is complex because it
reflects the integration of stress effects andoasps at all underlying levels of organization
over space and time (Bray 1997). Breeding actwitiave led to some yield increase in
drought environments mainly in cereal crop plameanwhile, fundamental research has
provided significant gains in the understandinghe& physiological and molecular responses
of plants to water deficits, but there still issage gap between yields in optimal, sub-optimal
and stress conditions. Minimizing the yield gap amtreasing yield stability under different
stress conditions is of strategic importance fadfgecurity in the near future.

Potato is the most important non-cereal food croghe world and cultivated worldwide
under various environmental conditions. Besidead@nportant in human diet, potatoes are
also used as animal feed and as raw material f@rakindustrial purposes. This versatile
crop is sensitive to water stress. This thesisrdeess the initial efforts made in dissection of
drought tolerance in potato by genetic and genoramzoaches using a diploid mapping

population.

Molecular markers

An important requirement for genetic dissectionao€omplex trait like drought is a good
guality genetic map. Single nucleotide polymorplaqi8NPs) are used as molecular markers
for a variety of tasks in crop improvement inclugliquantitative trait loci (QTL) discovery,
assessment of genetic diversity, association aisadysl marker assisted selection. SNPs have
two main advantages over other molecular markérsy tare the most abundant form of
genetic variation within genomes (Zhu et al 20@8)J a wide array of technologies have now
been developed for high-throughput SNP analysis.

The initial phase of the potato SNP discovery eéfttescribed in Chapter 2 resulted in the

identification of over 7000 reliable SNPs from palEST databases that met the criteria for
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high-throughput genotyping on the Illumina Goldet&alatform. The 384 SNPs that we
assembled on a GoldenGate SNP genotyping array ussé in the two diploid mapping
populations CxE and SHXRH and we achieved an 8®ayasuccess rate. In total 165 and
185 polymorphic markers (for CxE and SHxRH respety) were successfully mapped on
genetic linkage maps (Chapter 2). Another array wis8 SNPs from the same potato SNP
database was used to further populate the genegic Aitotal of 343 polymorphic markers
were added on the CE genetic map. Using 163 mathkatsvere heterozygous in both parents
an integrated map was constructed (Figure 1). th boays 10-11% of SNPs failed to give a
result in the standard GoldenGate assay. In Ch@ptex discussed the possible explanations
for SNP assay failures, such as SNPs in the priarget sequence and presence of introns in
the SNP amplified regions. With the availability tie genome sequence of doubled
monoploid potato DM1-3 516R44 (DM) and of the RHE&®-16 clone, it was possible to
examine the SNP marker loci for paralogs and inspanning sequences using BLAST
analysis www.potatogenome.net) (Dr. H. van Eck, Wageningen UR Plant Breedingspeal

communication). From the 384 SNP array 279 SNP esemps had a unique hit on the DM
scaffolds. However 105 SNPs had on average 2.5Tties reason for two or more hits could
be either the presence of multiple paralogs, aonmg within the SNP locus. Based on the
similarity between the query length of 101 basepéar less) and the sequence match a
distinction between paralogs and intron spanningdcbe suggested. When the intron/exon
boundary was between 28 and 73bp from either endhefquery sequence the SNP
amplification was concluded to be intron spanniMthen the query sequence and the match
differed less than 14bp the duplicates were comdud be paralogs. From the 105 SNPs with
multiple hits, about half were concluded to havieans in the SNP amplified locus, and the
other half most likely had paralogous sequencesrfgring with the SNP assays. The
possibility of screening potential markers for thasefulness in marker assays is one more
example of the many ways in which the potato genssgence can enhance and improve
genetic research. In total 732 SNP marker loci wargue in the potato genome sequence
many of these SNP markers not only served as larkdnman the genetic map but also as
putative genes that may underlie quantitativegr@hapter 3). In addition these SNP markers
are now utilized as anchors in the potato physicab.
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General Discussion

QTL analysis

Molecular markers can be used to explore germpldsough segregation and association
mapping and identify useful alleles in both cultec and wild relatives. Most of the data
available on drought tolerance are based on segwagaapping and QTL analysis. During
the last decade, the application of QTL analysi ra@vided unprecedented opportunities to
identify chromosome regions regulating the phygjadal, morphological and developmental
changes observed during plant growth in water ingitconditions. Particular attention has
been paid to: i) genetic variation of osmotic atient (Teulat et al 1998; Robin et al 2003);
i) genetic basis of phenological traits such as stay-green phenotype (Sanchez et al 2002;
Verma et al 2004); iii) the ability of roots to dajp deep soil moisture to meet evapo-
transpirational demand (Nguyen et al 2004); iv) lihetation of water use by reduction of
leaf area and shortening of growth period (Anyid Bierzog 2004); v) isotope discrimination
(Saranga et al 2004; Juenger et al 2005); vi) ithaédtion of non-stomatal water loss from
leaves through the cuticle (Lafitte and Courtoi®2)0and vii) the response of leaf elongation

rate to soil moisture and evaporative demand (Reyghed al 2003).

Drought tolerance of genotypes can be assessece\®ras parameters, namely yield or
biomass under drought, biomass under drought ascemage of yield (biomass) in control
(relative yield) and drought susceptibility inddxgcher 1978). We evaluated the potato CxE
mapping population for drought response undeaiitro and greenhouse conditions (Chapters
3 and 4). Several physiological traits as well@st,rshoot and yield parameters were studied
under control and stress conditions. In additior, estimated the relative reduction for all
measured traits to study the severity of stressceff Many significant multi-year, multi-
treatment QTLs were detected. However, the QTLgsHerestimated relative reduction traits
were below the threshold levels. This may be dudhéopresence of more random variation
resulting from the estimation of relative reductioraits when compared to absolute
measurements taken under stress and control comsliti

Many of the QTLs for growth traits measured bothtlie greenhouse and vitro were
specific to either of the growth conditions. Obsbuthe large difference between growing
plantsin vitro and in pots in the greenhouse has a large effecthe genetic factors
determining growth under both well-watered and wdgdicit conditions. In addition several

studies show that in many species shoot cultuedf issquite stressful for the plants (De Klerk
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2007; Van Staden et al 2006; Desjardins et al 2089)tro plants grow under unnatural
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Figure 2 Co-localization of QTLs fronin vitro (open bars) and QTLs from greenhouse (solid/filads). Only
the linkage groups (chromosomes) with co-locali@dd.s are shown. The left side ruler is the gendistance
in centiMorgans (cM); marker designations are gieanthe left side of the linkage group, QTLs areveh at

the right side in vertical bars with trait names.

conditions: plantlets are wounded first, they reeesugar from the nutrient medium as a
replacement of photosynthesis in the leaves, andrvimalance is disturbed by the very high
humidity in the tissue culture containers. Henhbej vitro plants do not go through the same
developmental changes as greenhouse or field gptavrts. Therefore, depending on growth
conditions there may be a different genetic regutadf traits. In addition, the method for

inducing water stress in both environments is ckifi Thein vitro plants experienced a
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constant osmotic stress through PEG treatmentgewhrl the greenhouse plants the pot soll
was completely dried down.

Despite these differences significant QTLs thatewdetected for plant height, shoot dry
weight, fresh biomass for plants grown in the gheerse were also found when the
population was growm vitro (Figure 2). These QTLs may be less affected byrenmental
influences, and we may expect that some of thesésQ®ill be relevant under field
conditions as well. This also suggests thatithgitro system may be used for a first and
preliminary selection in breeding programmes facsiic performance-related traits.
Identification and measurement of secondary ti@ssociated with yield provides a guide to
specific mechanisms that contribute to final yiefdler drought. Water depletion patterns and
canopy temperatures are indicative of root expiomnatwater extraction capacity and
transpiration characteristics, and chlorophyll eomtis a measure of functional stay-green
(Baker et al 2004). Some secondary traits suchhatopynthetic rate are indicative of plant
growth. Ideally secondary traits should be coreslawith yield under stress, highly heritable,
easy to measure and stable over time and loc&ieveral studies have addressed yield under
drought stress as a function of single physioldgicats in attempts to understand which
metabolic processes or morpho-physiological trate crucial in ensuring high vyield
performance under a wide range of environmentsalsf studied several physiological traits
such as leaf relative water content (RWC), chlowtipfiuorescence (Fv/Fm), chlorophyll
content (SPAD meter reading) and carbon isotoperiditnation ¢°C) under stress
conditions (Chapter 4). Significant QTLs were detdcfor these parameters that provide
rapid indicators of drought stress and can be asethethods for studying the response to
water stress of potato.

It is important to note that QTk Environment interaction (year 2008 and 2009 expenits)
does exist for these traits. We found QTLXE intéoacfor the traits**C and we speculated
that the function o6*°C was genetically split into a stomatal and nomrsttal component
(Chapter 4). The QTL proposed for the stomatal camept on chromosome 10 was mapped
on a SNP and CAPs marker within a gene annotatetheaxarbon partitioning enzyme
invertase. In the absence of stress, sucrose dedviey invertases into hexoses is the source
for starch accumulation in tubers. Water deficitilmts photosynthesis by closing the stomata
and thereby the photosynthetic flux decreases,nditton associated with loss of invertase

activity and a depletion of starch and sugarsmk sissues (Zinselmeier et al 1995). Thereby
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more sugar accumulates in source tissues, whid¢hrmleads to the feedback inhibition of
photosynthesis. Th&"*C trait depends on several factors including carpariitioning and
transport. Carbon portioning between photosynthiyic active source tissues and
photosynthetically less active or inactive sinkstiss such as roots, tubers and fruits is
essential for plant growth and development. The k&g enzymes (invertase and sucrose
synthase) involved in sucrose metabolism are vaportant both in phloem unloading and
for the import of sucrose into sink organs (Ho eli@91). The extracellular invertases are
well studied for role in source and sink regulatifRoitsch et al 2005). In addition
extracellular invertase was shown to be an essaatmponent of cytokinin-mediated delay
of senescence (Balibrea Lara et al 2004). Drouggthiged senescence is one of the factors
that reduces plant biomass under water limited itiomd. Delayed leaf senescence is often
associated with drought tolerance and it has bedhstudied trait in many crops (Campos et
al 2004; Jiang et al; Rivero et al 2007; Agbicodi)@. To understand more about the
essential role of carbon partitioning enzymes tavel the relationship betweé°C, source
and sink relationship and drought response we at@er focusing on invertases, sucrose
synthases and sucrose phosphate synthases irkEhedpulation for drought response. The

expression and activity of these genes and of agsdametabolites will be studied.

In general, the complexity of drought tolerance laxys the slow progress in yield
improvement in drought prone environments. Desgittéhe advanced work in quantitative
genetics for drought tolerance, the overall contidn to the breeding of drought-tolerant
cultivars has so far been marginal. Direct selaectior yield traits under water stressed
conditions is hampered by low heritability, polygenontrol, epistasis, significant genotype
by environment (GxE) interactions, and QTLXE intdi@ens (Piepho 2000). An important
pitfall of most QTL studies in drought is that tparental lines have mainly been chosen
based on differences in target traits rather thartheir overall agronomic value, which is
often poor. Although this approach maximizes thespgality of identifying QTLs for the
target traits, it doesn’t guarantee any real pregie terms of field performance (Tuberosa
and Salvi 2006). In the current study we usedpéoal mapping population mainly because
both drought and cultivated potato genetics areptexnin nature. The CXE population has
other advantages. It has been well characterizadtigally for several quality traits. It also

has the wild relativeS phurga as a parent, which is likely to harbor intereststgess
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tolerance allelesSCxE shares a parent in its pedigree with the cRH&9-039-16for which

the complete genome sequence will be available Sbdip://www.potatogenome.ngt/

allowing optimal exploitation of genome sequendermation. In addition it segregates for
drought response. Dissection of the genetics alighbresponse in this population especially
with theintegration of genomics approaches helps to zooamia the gene level (Chapter 5),
and once the candidate genes for particular teaiégsidentified, allelic variation for these

genes can be exploited in tetraploid potato cuisiveith high agronomic value.

Genomics approaches

The tools of genomics offer a means to produce cehgnsive datasets on changes in gene
expression, protein profiles and metabolites ipoese to drought for further understanding
of the genetic basis of drought tolerance in croBggulation of gene expression at the level
of transcription influences or controls many of thelogical processes in a cell or organism,
such as progression through the cell cycle, meakeoid physiological balance and the
adaptive response to environmental changes. Thetigearchitecture of transcript-level
variation for the drought response was captureth@ndiploid potato population CxE and
mapped as expression QTLs (eQTLs) (Chapter 5)d&ntify whether the genetic variation
responsible for eQTLs isis- or transregulated, we anchored the genes to the genome
sequence of potato. Initial results from our stuelyealed that genome-wide distributions of
eQTLs allowed the identification of regulatory tsptots for drought response. Based on gene
ontology, a number of eQTLs were detected for génesvn to be involved in drought signal
transduction and drought-induced transcriptionglulation, and for redox genes, chaperones
and transporters. Although interesting results va&ined by examining co-localization of
eQTLs and phenotypic QTLs, we have only studieddpdayer of the information contained
in the transcriptome dataset combined with the ptyging data and there is more
information that can be mined from this datasesusequent efforts. For instance, ian
silico BSA-QTL analysis can be performed. Kloostermanale{2010) demonstrated the
identification of genes by a pooling strategy: ggpes with contrasting phenotypes for a
specific trait were pooled, and transcriptome asialyas performed on the pooled samples.
Expression differences observed between the poelexpected to be most likely linked to
the selection criteria of the genotypes in the pabiich is the trait effect. BSA-QTL analysis

is done on pools of genotypes selected for theepsspecific alleles/haplotypes of markers
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specifying a target QTL. Differences in expresslmtween these pools in transcriptome
analysis will reveal the genes underlying the QWith the dataset presented and discussed
in Chapter 5, it is possible to do a BSA-QTL anadyer all interesting QTLs by pooling the
data for genotypes selected for the presence oflifferent QTL marker haplotypes. This
would give additional information on genes specifyithe QTL effect. In addition, further
analyses will be focusing on construction of retarfanetworks which may narrow down the
number of candidate genes in an eQTL interval andelect the best candidate gene. In
addition processes like epistasis will be inveséidan a subsequent effort.

Several interesting genes with putative functiomgranscription factors such as AP2, NAC,
MYB, MYC and B-Zip genes were colocalized with pbgmpic QTLs. The genes from the
AP2/ERF transcription factor family were well chetexized for their involvement in abiotic
stress. The twdArabidopsis genesHARDY (HRD) and SHINE (SHN) belonging to AP2
family were well studied irabidopsis and rice for drought and salt tolerance (Karabal et
2007 and Dixit 2008). Both genes confer enhancedght stress tolerance to Arabidopsis
and rice. The effect of over-expression of HRD gene in rice is especially interesting as it
has no yield (biomass) penalty under well-water@uddions eitherHRD expression both in
rice and Arabidopsis results in an increased rgstesn, whileSHN over-expression affects
leaf properties like wax deposition. We are cutlsercharacterizing the consequences of
expression of these interesting genes in potatiat®oultivar Desiree was used for transgenic
studies withHRD and SHN genes under the control of different promotersa(@d@35S,
pRD29A and pAKT1 promoters fdRD and pCaMV35S, pRD29A, pSsuAra promoters for
SHN). Initial results show better performance of selv@emnsgenic plants when compared to
non-transformed Desiree plants under water stresdittons (data not shown). Experiments

are continuing for detailed phenotype and expresaialysis.

Recent progress in functional genomics employingogee-wide strategies is widening our
knowledge for better understanding of genetic cexifiks. The successful exploitation of
genomics to enhance drought tolerance will only pessible within a coherent,
interdisciplinary context that enables integratedlgsis of several levels of regulation, with
the potential to gain a thorough understandingheffactors limiting potato yield in drought-

prone environments. In potato further emphasi®eded on following research areas:
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1) High throughput precision phenotyping for drought tolerance

The importance of characterizing and understandimg plant phenotype can not be
overemphasized. Especially when dissecting comfpéets into genetic parameters through a
QTL mapping approach, it is often useful if notesd&l to be able to dissect the phenotype
into parameters which are more heritable and cambasured under normal and stress
conditions. To unravel the genetic basis of complaits, genotypic information is associated
with the corresponding phenotypic data. Despite gdhpectacular progress in DNA marker
assays and sequencing technologies during thedpaatle, the implementation of accurate,
high-throughput phenotyping for drought toleranegts remains a major challenge as part of
plant genomics and genetic (quantitative/populagenetics) studies on drought tolerance.
There is a need for high throughput precision phgriog that would allow the researcher to
obtain detailed information of plant characteristibat collectively provide reliable estimates
of trait phenotypes for many of the underlying ggpes that comprise a typical plant
breeding population. The ideal precision phenotypraits should be easily adaptable to field
conditions, as drought tolerance that impacts foeetip yield can only be assessed reliably in
multi-location field trials. An ideal phenotyping@ahnique should also enable to measure
dynamic traits such as biomass accumulation irtiogldo drought tolerance. These traits are
often only measured once, and ignoring their dyeamaiture and progress in time entails a
tremendous loss of information regarding the amslg$ gene networks that are active at
different phases of plant development but may irhpad harvest yield, and their interaction
with environmental stresses.

Precision phenotyping might be useful in effecteeploitation of the potential benefits
deriving from QTL discovery. In addition, when géneand genomics approaches are
integrated, precision phenotyping would possiblgl#e identification of only few candidate
genes related to a trait. Dissection of complextstranto individual gene functions will
enhance our understanding of the physiology anetgeregulation of the genes and alleles

that contribute to drought tolerance.

2) Importance of other omics
With the ever decreasing costs on sequencing témiies, it may be affordable in the near
future to sequence the full genomes or parts ofjr®me from the different offspring plants

or from association panels. This would greatly hedpn understanding genetic organization
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and regulation at transcript level. However, geaosequence information alone is
insufficient to reveal how genes function in deyefental/regulatory pathways and the
biochemical kinetics of plants to adapt under sgssand consequently to determine the exact
responsive mechanism. To investigate this, morepcehensive approaches that include
guantitative and qualitative analyses of gene esgpo@ products are necessary not only at the
transcriptome level but also at proteome and mébatm levels.

Several studies in recent years have shown thahbokeimics research can be an invaluable
tool for generating information of use in many @sé areas. Metabolomics information can
assist in the establishment of a deeper understgnafi the complex interactive nature of
plant metabolomic networks and their responsesiwr@mental and genetic change. It will
provide unique insights into the fundamental natafeplant phenotypes in relation to
development, physiology, tissue identity, resistanbiodiversity and other processes
(Shinozaki and Sakakibae®09; Keurentjes 2009).

Proteomics is also becoming a powerful tool to y®lbiochemical pathways and the
complex response of plant to environmental stimimi.particular, comparative proteomic
investigations of plants before and after spedfiinteractive stresses will allow us to obtain
information on how tolerance mechanisms are adojpted plants (Timperio et al 2008). In
addition, proteomics also provides an essentiak llmetween the transcriptome and
metabolome (Cook et al 2004; Gray and Heath 2@@#)plementing genomics research.
Systematic analyses of data from different omias iaxportant for integrative biology. For
thorough understanding of biological function oargl response to stress it is necessary to
integrate omics data at various levels. Despitecttalenges, scientists are making progress
in identifying, extracting and interpreting biologl insights from omics datasets. For
example, transcriptomics and metabolomics dataintagrated to analyse the central plant
metabolism of thé\rabidopsis by biochemical networks and epistasis (Rowe €08i8). In

the future more emphasis will be on integratiommwiics along with modeling predictions and
this will lead towards a system biology insight,ighhwill paint a complete picture of the

plant response at several levels leading to it fphenotype.
3) Association mapping

Most quantitative approaches used to study compkiis such as drought tolerance have

been conducted in a limited number of mapping pafpuris, which harbor a very small part
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of the existing allelic variation. This identifiemly a fraction of the loci involved in the
control of the traits. There is need to be abladd multiple alleles to genetic analyses to get
insights into the broad genetic architecture oftdraAn association mapping (linkage
disequilibrium mapping) approach is well suited flois because it scrutinizes the results of
thousands of generations of recombination and seteSyvanen, 2005). Association
mapping is increasingly being adopted as a gensitiod complementary to traditional QTL
mapping. The main advantages of association mapgiegexploitation of allelic diversity
from a collection of various more or less relatadticars and breeding materials, and
providing generic results. In addition, a higherpmiag resolution may be reached as many
more meiotic recombination events are sampled coedp#o a bi-parental segregating
mapping population. Application of association magp also has more advantages
particularly in crops that are limited to no mohar one generation per year (Flint-Garcia et
al 2003; Gaut and Long 2003). Association mappiag leen successfully applied for quality
traits in tetraploid potato (D’hoop et al 2010).ryeecently association mapping was also
used to dissect the genetic basis of drought-adaptaits and grain yield in a collection of
189 elite durum wheat accessions evaluated in i&cements highly differing in water
availability (Maccaferri et al 2010). In view ofdladvantages and applications of association
mapping, it's worthwhile to apply it in potato tesdect drought tolerance. It should be noted
that in an association mapping population, multglleles of the genes underlying traits can
contribute to that trait. This often results inatelely minor effects exerted by many identified
QTLs. Therefore, it is even more necessary to dissemplex drought traits into individual
genetic parameters, and to use precision phengygirihese traits for better analysis and
understanding. Along with the evaluation of drougblerance of the diploid mapping
population CXE we included several commercial fatia cultivars namely Bintje, Bildstar,
Biogold, Desiree, Mona Lisa, Mondial, Mozart, NiapPremiere and Russet Burbank. The
cultivars displayed a lot of genetic variation faaits related to drought tolerance, indicating
that even in commercial germplasm, ample genetiatan for drought tolerance is available

that can be explored and possibly utilized witreasociation mapping approach.
4) Interaction between drought and other abiotic and biotic stresses

Water deficit is caused not only by a simple latkvater in the soil, but also by other stresses

like low temperature or salinity that limit watevadlability for the plant; thus it is not
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surprising that the responses to these variouss&seinvolve many shared molecular
components. For example, at molecular level 40%h@fgenes that are induced by salinity or
drought are also induced by cold stress (Shinozalli Yamaguchi-Schinozaki 2007). Some
responses or mechanisms may have opposing effecsr Wifferent stresses. Therefore
tackling tolerance to one stress may lead to seitgito another. For example, closing the
stomata helps to minimize transpiration to decrehseloss of water and maintain turgor
under water deficit conditions, which has a favégadfect on water use efficiency. However,
plants can avoid heat stress by increasing stormataluctance, and consequently cooling of
the leaf and canopy through transpiration. Theseham@sms of stomatal control may be
conflicting when drought and high temperature sti@scur simultaneously. Another example
is the osmo-protectant proline which may be accabedl under osmotic stress to adjust
osmotic potential, but has a toxic effect undert lsé@ss. Proline accumulation may therefore
not be an appropriate tolerance mechanism in teltitions when heat and drought stress
are combined (Rizhsky et al 2004; Salekdeh et @920

Abiotic and biotic stress response pathways may mieract. Abugamar et al (2009) have
shown that the ABA responsive MYB transcriptiontéacSIAIM1 modulates ABA responses,
thereby integrating the plant response to pathogensvell as abiotic stresses. Similarly,
several transcription factors from the NAC familgve been shown to be up-regulated
following pathogen infection, as well as under &bicstresses (including drought), and
crosstalk between pathogen defense and abiotgsgb@hways is also mediated by members
of the AP2 transcription factor family (Yoshiokadashinozaki 2009). Interestingly, we
found MYB, NAC and AP2 transcription factors to lo@alize with phenotypic QTLs as
described in Chapter 5, making these genes putadirgets for studying the interaction
between drought and biotic stress resistance mt@ot

Although the simplified approach of studying iselhstresses has considerably increased our
knowledge of tolerance mechanisms, interaction &etw multiple stresses and stress
combinations should be studied to make even margress in identifying traits and genes

that are relevant to the field conditions.
5) Therole of small RNAs and epigenetics in drought stress

Stress induced changes in epigenetic processeshleaveshown to regulate stress responsive

gene expression and plant development under géssnusamy and Zhu 2009). In addition,
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functional analyses have demonstrated that seypdsiat miRNAs play vital roles in plant
resistance to abiotic as well as biotic stressesv@guchi et al 2004; Sunkar et al 2007).
silico identification of miR395, miR398 and miR399 hongues in diverse plant species
suggest that these miIRNAs are conserved acrossespéionservation of these mRNAs
implies that they have conserved biological funtiioAppropriate manipulation of miRNA
target genes should help to overcome posttranskdtigene silencing (Sunkar et al 2006,
2007; Aung et al 2006; Bari et al 2006). Small RN#&l epigenetic changes add one more
level of regulation in determining the actual bmital relationship between transcript level
variation and phenotype. Therefore, it is crucialunderstand small RNA-guided stress
regulatorynetworks and epigenetic variation and this migledpce new tools for the genetic

improvemenbf plant stress tolerance.

In summary, the results presented in this theswige valuable results for screening and
evaluation for drought tolerance in potato. Chroomoal regions responsible for regulation of
drought response were identified by QTL mappinge Tdpplication and advantages of
integration of genetic and genomics approaches riavel the molecular components
underlying interesting drought response traits wlmonstrated. Further exploration of the
data collected in this thesis and additional foeaspecific traits, QTLs and associated genes
will allow identification of genes and alleles thesin be exploited in cultivated potato to

improve drought tolerance of this important foodper
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Chapter2

SNP markers with their putative functions, sequsrateng with their database ID’s (TC numbers) ovated in table and can be

downloaded from below link.

http://www.springerlink.com/content/p0r401x113112i78upplementals/

Chapter 4

Table S1. Population mean values of the traits recovemgtinent, analysis of variance for the traits und@ss and recovery condition
and relative reduction and broad sense heritadslivif the traits under recovery condition.

Recovery Two Way ANOVA (P values) Relative Heritability
Trait Y ear Mean Genotype (G) Treatment (T) G*T Reduction (%) (%)
Number of main stem 2008 3.9 <0.001 NS NS 32 654
2009 2.7 <0.001 NS NS =75 47.4
Shoot dry weight (9) 2008 14.2 <0.001 <0.00 NS 32,6 82.1
2009 27.4 <0.001 <0.0001  <0.001 1.1 41.1
Shoot fresh weight (g) 2008 145.1 <0.001 <0.001 <0.001 44.0 8b.4
2009 298.8 <0.001 <0.001 <0.001 14.5 60.7
Plant height (Cm) 2008 107.0 <0.001 <0.001 0.018 22.1 68.3
2009 149.6 <0.001 <0.001 NS 15.5 54.7
Tuber number 2008 2.7 <0.001 NS NS 532 81.1
2009 5.4 <0.001 <0.001 <0.001 47.1 85.8
Tuber weight (g) 2008 6.4 <0.001 0.019 0.011 81.1 87.9
2009 33.2 <0.001 <0.001  <0.001 73.6 .7
Root dry weight (g) 2009 1.9 <0.001 0.01p 0.04 16.2 64.6
Root length (Cm) 2009 33.5 <0.001 <0.00 NS 18.0 50.4
Root:shoot ratio 2009 0.1 <0.001 <0.001 0.001 104 44 .4
Number of stolons 2009 8.1 <0.001 <0.001 0.002 7.8 66.1
Dry biomass (g) 2009 29.4 <0.001 <0.001 <0.001 1.7 41.6
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Table S2. Population mean values of the traits Chloropfighescence (Fv/Fm) and Chlorophyll content measatedifferent time points
during stress and recovery period, analysis ofavae for the traits under stress and recovery tondand relative reduction and broad
sense heritabilities of the traits under stressrandvery condition.

Time Mean Values Two Way ANOVA (P values) Relative Heritability
Trait Genotype (G)  Treatment (T) G*T Reduction (%) (%)
Chlorophyll florescence (CF) 1DAS 0.8 NS NS NS 0.00 96,2
4DAS 0.782 <0.001 <0.001 <0.001 2.25 36.2
8DAS 0.78 NS <0.001 NS 2.50 32.7
17DAS 0.747 <0.001 <0.001 <0.001 6.63 14.8
1DAR 0.77 0.028 0.04 0.01 3.75 22.2
4DAR 0.78 NS 0.034 NS 2.50 3317
8DAR 0.79 NS 0.04 NS 1.25 7{0
16DAR 0.81 <0.001 <0.001 NS -1.25 14.1
Chlorophyll content (CC) 3DAS 35.31 <0.001 NS NS -1.03 70.8
7DAS 34.60 <0.001 <0.001 NS 1.34 47.4
13DAS 33.45 <0.001 0.028 NS 4.13 48.3
17DAS 32.31 0.006 <0.001 NS 8.47 37.2

DAS: days after stress; DAR: days after recovery
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Table S3. Coefficient of correlations for the traits unaegll watered condition (harvested at the end @&sstiperiod) *Significant at<P
0.05; ** Significant at R 0.01; *** Significant at B 0.001

Traits 613C Nr stolons PM RDW RFW R: S dry wt SDW SFW Tuber Nr stems Nrtubers Pl ht
Nr stolons -0.140

PM -0.287 -0.211 -

RDW 0.268 0.486* -0.370 -

RFW 0.138 0.453* -0.515* 0.762*** -

R: S dry wt 0.149 0.364 -0.07 0.723%** 0.5623** -

SDW 0.257 0.376 -0.468* 0.785*** 0.5579* 0.1633 -

SFW 0.045 0.442* -0.437* 0.659*** 0.54** 0.0818 gea*** -

Tuber wt 0.339 0.505* -0.031 0.236 0.2297 -0.0355 .3809 0.3699 -

Nr stems -0.377 -0.1042 0.228 -0.4434* -0.1768 2064 -0.3651 -0.0839 -0.2174 -

Nr tubers 0.265 0.543* 0.085 0.2247 0.2615 0.0175 0.303 0.2757 0.8006*** -0.1501 -

Pl ht 0.326 -0.401* -0.157 0.2092 0.1146 0.1817 980 -0.0693 -0.2515 -0.3952* -0.2358 -
Root length 0.040 0.031 -0.172 0.5384** 0.275 0.32 0.5534** 0.5176** -0.1087 -0.3638 -0.2189 0.308

Traits were Number of stolons (Nr stolons), Plaatumity (PM), root dry weight (RDW), root to shaddy weight ratio (R:S dry wt), shoot dry weight (&) shoot fresh weight (SFW), tuber
weight (Tuber wt), number of main stem (Nr stemsimber of tubers (Nr tubers) and plant height (Pl h

Table S4. Pearson coefficient of correlations for the gaifter recovery *Significant atF0.05; ** Significant at R 0.01; *** Significant
at P< 0.001

Traits Nr tubers Nr stolons PM RDW RFW R: Sdrywt SDW SFW Tuber wt Nr stems Pl ht
Nr stolons 0.279 -

PM 0.485*** 0.021 -

RDW 0.051 0.437*** -0.354**

RFW 0.000 0.454%*= -0.372** 0.975%= -

R:S dry wt 0.176 0.443%*= -0.147 0.780%** 0.779%= -

SDW -0.099 0.247* -0.378** 0.731%** 0.672%* 0.174 -

SFW -0.190 0.297* -0.496*** 0.722%** 0.678** 0.288 0.863*+ -

Tuber wt 0.774%* 0.072 0.419%** -0.102 -0.165 001 -0.168 -0.28*3 -

Nr stems 0.030 0.572% 0.005 0.117 0.161 0.115 80.0 0.176 -0.230* -

Pl ht -0.405*** 0.087 -0.421%* 0.306* 0.326** 0.13 0.321* 0.444%* -0.469*** -0.004 -
Root length -0.114 0.056 -0.224 0.474%* 0.416*** 33+ 0.489*** 0.548*** -0.079 -0.138 0.358**

Traits were Number of stolons (Nr stolons), Plaatumity (PM), root dry weight (RDW), root to shadray weight ratio (R:S dry wt), shoot dry weight (& shoot fresh weight (SFW), tuber
weight (Tuber wt), number of main stems (Nr stemsjnber of tubers (Nr tubers) and plant heighthgpl
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Chapter 5

S Table Differentially expressed genes of genotypes whlabwed different phenotypic response to waterstres
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Genotype

Early response (4 DAS)

Late response (9 DAS)

wilting symptom

Nr of genes

wilting symptom ‘ Nr of genes

CEO17
CEO84
CE782

+

265
1992
3742

- 5182
+ 4612
+ 6483




Summary

Summary

Drought is the most important cause of crop and yield loss around the world. Breeding for
drought tolerance is not straightforward, as drought is a complex trait. A better understanding
of the expression of drought traits, the genes underlying the traits and the way these genes
interact will significantly increase the success of breeding for drought tolerance.

Potato is an important food crop, yet it is relatively susceptible to drought. As a first step
towards identifying the genetic basis for drought tolerance in potato, we make use of diploid
potato populations that have been geneticaly well characterized (CxE, SHXRH). The CxE
population was extensively evaluated for drought tolerance in vitro and for two successive
years (2008, 2009) under greenhouse conditions and the data were used for QTL mapping.

For optimal QTL mapping, we expanded the CxE and SHxXRH genetic maps with 499 SNP
markers (two arrays 384 and 768SNP arrays respectively, enriched for putative stress
tolerance candidate genes). The SNPs were discovered in public EST databases using
QualitySNP software and detected with the Illumina GoldenGate assay. About 300 SNPs
served as bridge markers between the CxE and SHXRH maps. This will enable us to make use
of the extensive genetic and sequence information of the SHXRH population and the RH
genome sequence. With the availability of the potato genome sequence of the doubled
monoploid DM1-3 516R44 (DM) (www.potatogenome.net), it was possible to further

examine the SNP marker loci for paralogs and intron spanning sequences. In total 732 SNP
marker loci were found to be unigue in the potato genome sequence. Many of these SNP
markers not only served as landmarks on the genetic map but may also as putative genes
underlying quantitative traits. In addition the validated SNP markers are now utilized as
anchorsin the potato physical map.

We investigated the possibility of screening potato for relevant drought traits in in vitro
cultures and evaluated the CXE population for the response to PEG-induced water deficit
stress and recovery potential after stress. Significant genetic variation was observed for the
response to drought and for recovery potential. Several shoot and root growth traits were
measured. In this study the genetic variation and heritability estimates were high to very high
for the measured traits under control and recovery condition. In total 23 QTLs were detected
in plants under control, stress and recovery treatments. Interesting putative candidate genes

that may underly stress response QTLs were identified.
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The drought tolerance evaluation of the CxE population in pots in the greenhouse included
traits like leaf Relative Water Content, 3°C as a measure of Water Use Efficiency,
Chlorophyll Fluorescence, Chlorophyll Content, shoot and root biomass and tuber yield. The
progeny displayed a wide contrast for drought tolerance, with individuals surviving and
recovering completely after 3 weeks of drought, and others completely wilted beyond
recovery. Most of the traits had high heritabilities. QTLs effective in multiple treatments and
years were detected for tuber number, tuber weight, plant height, shoot fresh and dry weight.
Other QTLs were found to be dependent on the environment: QTL x Environment interaction
was found for leaf 313C under drought conditions and we speculate that the function of §°C

was genetically split into a stomatal and non-stomatal component.

Many of the QTLs for growth traits measured both in the greenhouse and in in vitro cultures
were specific to either of the growth conditions. Yet significant QTLs that were detected for
plant height, shoot dry weight, fresh biomass for plants grown in the greenhouse were also
found when the population was grown in vitro. These QTLs may be less affected by
environmental influences, and we may therefore expect that some of these QTLs will be
relevant under field conditions as well. This also suggests that the in vitro system may be used
for preliminary selection in breeding programmes for specific performance-related traits.

The genetic architecture of transcript-level variation for drought response was captured in the
potato population CXE and mapped as expression QTLs (eQTLs). We anchored the
differentially expressed genes to the genome sequence of potato, and this enabled us to
determine whether the transcription of these genes (the eQTLS) isin cisor in trans regul ated.

The combined use of genome-wide detection of eQTLsin combination with genome sequence
information for gene location has enables us to detect regulatory hot spots for drought
response in the CxE population. Based on gene ontology annotation, a number of eQTLSs were
detected for genes known to be involved in drought signal transduction and drought-induced
transcriptional regulation, and for redox genes. Examination of co-localization of eQTLs and
phenotypic QTLs identified several interesting eQTLs for genes that may be involved in
specifying the phenotypic QTL, for instance, the eQTL for a gene that was annotated with a
putative function in the photosystem Il light reaction colocalized with trait QTL of
chlorophyll florescence (Fv/Fm) on chromosome 1, aong with other genes involved in
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drought response such as heat shock proteins and signaling proteins with known induced
expression under stress conditions. On chromosome 10, eQTLSs for genes involved in carbon
partitioning, signaling receptor kinases, transcription factors and hormone and lipid
metabolism were colocalized with phenotypic QTLs for chlorophyll content and stomatal
component of §3C. As we have only touched the surface of the information contained in the
transcriptome dataset combined with the phenotyping data, continued efforts on mining the
dataset and in depth analysis will most likely reveal more putative candidate genes for QTL
effects.

This thesis constitutes the first knowledge of in vitro and greenhouse screening for drought
tolerance in potato and has led to the description of important traits for screening and
selection in breeding for drought tolerance. The QTLs identified in this thesis may be
interesting targets for potato breeding to improve drought tolerance of the potato crop.
Furthermore, our results illustrate the power of application of integrated genetic and genomics

approaches to unravel the molecular components underlying abiotic stress tolerance traits.
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Samenvatting

Droogte is de belangrijkste oorzaak van wereldwijgewas- en opbrengstverliezen.
Veredelen voor droogtetolerantie is echter nietveadig, want droogte is een complexe
eigenschap. De kans van slagen van een veredéimiggge voor droogtetolerantie zal
toenemen bij een beter begrip van de expressie erlganschappen betrokken bij de
droogterespons van planten, van de genen die vevardelijk zijn voor de eigenschappen en

de manier waarop deze genen elkaar beinvioeden.

Aardappel is een belangrijk voedselgewas, maarishetlatief gevoelig voor droogte. Dit
proefschrift beschrijft de eerste stappen om deetirhe basis voor droogtolerantie in
aardappel op te helderen. Daarvoor hebben we debgemaakt van diploide
karteringspopulaties die genetisch goed zijn gekeseerd (CxXE, SHxRH). De CxE
populatie is uitgebreid getest voor droogtetoleeantowel in vitro als gedurende twee
opeenvolgende jaren in de kas, en de verzameldevgeg zijn gebruikt voor het in kaart
brengen van zgn. Quantitative Trait Loci (QTL).

Om een optimale QTL kartering te kunnen uitvoergnae bestaande genetische kaarten van
de CxE en SHxRH populaties uitgebreid met 499 8idlicleotide Polymorphism (SNP)
merkers (gebruikmakend van 384 en 768 Goldengate 3Mays die verrijkt zijn met
kandidaatgenen voor stress tolerantie). De SNP apgrespoord in publieke databases met
behulp van het computerprorgamma QualitySNP, eretgetkerd in de populaties met de
illumina GoldenGate assay. Ongeveer 300 SNP meukersen als brugmerkers tussen de
kaarten van CxE en SHxRH. Dit maakt het mogelijk ggbruik te maken van de uitgebreide
genetische en sequentie informatie van de SHxRHilptp en van de sequentie van het RH
genoom. Met het beschikbaar komen van de aardggpelomsequentie van de verdubbelde
haploid SM1-3 516R44 (DM)www.potatogenome.ngetverd het ook mogelijk om de SNP
loci te onderzoeken op de aanwezigheid van paralegeaanwezigheid van intronen in de

geamplificeerde fragmenten. Er werden in toaal 3BP merkers gevonden die uniek waren
in het genoom van de DM aardappel. Veel van dezekere dienen niet alleen als
markeringen op de genetische kaart maar ook als elijlg kandidaatgenen die
verantwoordelijk kunnen zijn voor kwantitatieve engchappen. Daarnaast worden de
gevalideerde SNP merkers nu ook gebruikt om deekgsikaart van aardappel (RH) te

verankeren.
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Wij hebben ook onderzocht of het mogelijk is omdaapelplanten in vitro te screenen voor
relevante droogte-eigenschappen. Hiertoe is deomsspan de CXxE populatie op PEG-
geinduceerde stress als gevolg van watertekortroockd, en ook de mate van herstel na
droogtestress, waarbij verschillende scheut- entelgenschappen werden gemeten. Er
werd significante genetische variatie gevonden bettekking tot de droogterespons en de
mate van herstel. De genetische variatie en matevarerving was met name hoog tot zeer
hoog voor de gemeten verschillen tussen controldrengte-behandelde planten. In totaal
zZijn 23 QTLs gedetecteerd voor verschillende eigeagpen in zowel de controle, droogte-
behandelde en herstellende planten. Voor enkele game QTLs zijn mogelijke
kandidaatgenen geindentificeerd.

Tijdens de evaluatie van droogtetolerantie van gE @opulatie in potten in de kas zijn een
aantal eigenschappen gemeten waaronder: relatiaterivoeveelheid van het blad (Relative
Water Content, RWC)$13C als maat voor efficient watergebruik (Water Wd&ciency,
WUE), chlorofyl fluorescentie, chlorofyl hoeveeltgi scheut- en wortelbiomassa, en
knolopbrengst. Het nakomelingschap was sterk csteir@and voor tolerantie voor droogte,
waarbij een aantal individuen de droogteperiode @amveken overleefden en volledig
herstelden, en andere individuen aan het eind eadirabgteperiode volledig verwelkt waren
en niet meer herstelden. De meeste gemeten eiggsain hadden een hoge vererfbaarheid.
QTLs voor aantallen knollen, knolgewicht, plantlengversgewicht en drooggewicht van de
scheut werden gevonden in beide jaren en in zowrgtale planten als planten onder. Andere
QTLs waren juist sterk afhankelijk van de omgeviIL x Omgeving interactie werd
gevonden voo613C van het blad in droogte gestresste planterfubaie vand13C bestaat
genetisch mogelijk uit twee componenten een staneaéa een niet-stomataire component,

die een verschillende rol spelen in de beide jaren.

Veel van de QTLs voor groei-eigenschappen die zinwede kasexperimenten in potten en in
vitro werden gedetecteerd waren specifiek vooneénbeide experimentele omstandigheden.
Desalniettemin werden enkele significante QTLs vetantlengte, drooggewicht van de
scheut, en versgewicht van de scheut zowel in d®xerimenten als in het in vitro
experiment gedetecteerd. Deze QTLs lijken minddramielijk van de experimentele

condities en de omgeving, en daarom zouden dezes @idgelijk ook relevant kunnen zijn
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onder veldcondities. Dit resultaat laat ook ziem idavitro cultures mogelijk ook kunnen
worden gebruikt voor voorselectie in veredelinggpamma’s voor specifieke eigenschappen

die gerelateerd zijn aan de prestaties van de.plant

De genetische verschillen in de respons van plaopedroogte stress worden in belangrijke
mate bepaald door verschillen in expressie vanrgddeze expressieverschillen zijn gemeten
in de CxE aardappelpopulatie, en genetisch gekdrtde expressie-QTLs (eQTLs). De genen
waarvan de expressieverschillen zijn bepaald zigt behulp van de genoom sequentie van
aardappel verankerd op de genetische kaart, estdlit ons in staat aan te geven of de
differentiéle expressie van deze genen (de eQTLs)si of in trans gereguleerd wordt. Door
combinatie van genoom-brede identificatie van eQdésombineerd met informatie over de
fysieke locatie van deze genen zijn zgn. hotspatsaansturing van genen voor de droogte-
respons gedetecteerd. Bovendien zijn aantal eQHidegtificeerd voor genen waarvan
bekend is dat ze betrokken zijn bij signaal trastduen bij transcriptionele regulatie na
droogtestress, en voor genen betrokken bij redoggssen. Op grond van co-localisatie van
de bijbehorende eQTLs en van QTLs voor fenotyissigenschappen konden verschillende
interessante genen worden aangewezen die mogelijkkien zijn bij het effect van deze
QTL. Zo viel een eQTL voor een gen geannoteerceats gen coderend voor een eiwit dat
deel uitmaakt van de lichtreactie van het fotogytélesamen met een QTL voor de chlorofyl
fluorescentie parameter Fv/Fm (capaciteit van fottdsese) op chromosoom 1. Op deze
locatie werden ook eQTLs gevonden voor andere géesmokken bij de droogte respons,
zoals heat shock eiwitten, en eiwitten betrokken dignaaloverdracht onder stress
omstandigheden. Op chromosoom 10 werden eQTLs vgenen betrokken bij
koolstofverdeling over de plant en hormoon en watmetabolisme, en genen coderen voor
signaal receptor kinases en transcriptiefactoredezelfde locatie gevonden als fenotypische
QTLs voor chlorofylhoeveelheden in de bladeren @orvle stomataire component \&B8C.
Een uitgebreidere analyse van de dataset met exgvesschillen en eQTLs in combinatie
met de fenotypische informatie en QTLs zal hoogataehijnlik nog meer mogelijke

kandidaatgenen voor aan droogtetolerantie geretlesgenschappen opleveren.

Dit proefschrift beschrijft voor het eerst een aligeide analyse van droogtetolerantie in

aardappel in in vitro cultures en in planten inkds. Dit heeft geleid tot een beschrijving van
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belangrijke eigenschappen voor screening en selectr droogtetolerantie in de veredeling.
De QTLs die zijn geidentificeerd in dit proefschiktinnen gebruikt worden als speerpunten
in de aardappelveredeling ten behoeve van verbgtetn droogtetolerantie in dit gewas.
Onze resultaten laten ook de meerwaarde zien vana@@pak waarin genetische en
“genomics” methoden worden geintegreerd om de mtde@e mechanismen op te helderen

die ten grondslag liggen aan eigenschappen diealggh tot tolerantie voor abiotische stress.
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1) Start-up phase date
»  First presentation of your project
Genetic dissection of drought tolerance in potato Jun 01, 2007
»  Writing or rewriting a project proposal
Genetic dissection of drought tolerance in potato Mar-Jun 2007
»  Writing areview or book chapter
»  MSccourses
> Laboratory use of isotopes
Subtotal Start-up Phase 7,5 credits*
2) Scientific Exposure date
» EPSPhD student days
EPS Ph.D. student day 2007, Wageningen University Sep 13, 2007
EPS Ph.D. student day 2009, Leiden University Feb 26, 2009
» EPStheme symposia
EPS Theme symposia "Genome plastisity”, Leidenvérsity Dec 07, 2007
EPS Theme symposia "Metabolism and adaptationsstémiam University Feb 18, 2009
EPS Theme symposia "Metabolism and adaptation&ghdUniversity Feb 19, 2010
EPS Theme symposia“"Genome plastisity”, Wageningenetsity Dec 10, 2010
EPS Theme symposia "Metabolism and adaptationstjelagen University Feb 10, 2011
» NWO Lunteren daysand other National Platforms
ALW meetings Experimental Plant Sciences Apr 07-08, 2008
ALW meetings Experimental Plant Sciences Apr 06-07, 2009
ALW meetings Experimental Plant Sciences Apr 19-20, 2010
»  Seminars (series), workshops and symposia
Flying seminar by Prof. Dr. Jim Carrington, "Diviication of small RNA pathways in plants” Mar 26, 2007
Flying seminar by Prof. Dr. Adreas Graner, "CompaeaGenomics of Barley & Rice:Promises kept anddieg” May 10, 2007
Seminar by Dr. Anne Osbourn, John Innes Centre (OKg evolution of metabolic diversity in plants" Sep 12, 2007
Seminar by Prof.dr. R. Scott Poethig, "Regulatibpt@ase change in plants by miRNAs and trans-adiR§lAs" Sep 21, 2007
Seminar by Professor Jaakkko Kangasjarvi, UnivedditHelsinki (Finland), "ROS and stomatal regudati Mar 13, 2008
Seminar by Prof. Jian-Kang Zhu, University of aalifia (USA), "Mechanism and function of active DNA
demethylation in Arabidopsis" Nov 03, 2008
Lecture by Pamela Hines Senior Editor of Sciencashihgton (USA), "Science from an Editor’s viewjeSce
organization, tips about being an author and aeefetc. " Nov 06, 2008
Seminar by Prof.dr. Sjef Smeekens Utrecht Universitolecular Plant Physiology "Sweet connections —
Reprogramming metabolism in response to stress" Nov 27, 2008
Seminar by Dr. Keatinge general director of AVRDC Jun 18, 2009
Seminar by Dr. Wallace Cowling, "Association magpi®vercome the paradox of modern plant breeding" Jun 26, 2009
Seminar by Prof. Fenny Dane, Auburn university (JJSAnravelling drought and cold tolerance mechisisn
watermelon and Citrus" Sep 22, 2009
Seminar by Dr. Justin Borevitz, University of Clgca(USA), "Genetics of adaptaion: from model orgamto model
ecosystem" Jan 12, 2010
Seminar by Dr. Christiane Gebhardt, Max Planck Godo(Germany), "The molecular basis of quantitatiggs in
potato" Feb 05, 2010
Seminar by Prof. Kazuto lwama, Hokkaido Univergitggpan), "Varietal difference in potato root systemd its
implications in Drought tolerance" Feb 22, 2010
Seminar by Dr. Heribert Hirt, University of Vienfaustria), "Engineering protein kinase signallirascades for
improving stress tolerance in plants" Sep 08, 2010
Seminar by Dr. Adam Price, university of UberdeeK), "Studying the genetics of root growth in fice Sep 17, 2010
»  Workshops
Research day Plant breeding dpt WUR Sep 27, 2007
Research day Plant breeding dpt WUR Jun 17, 2008
Research day Plant breeding dpt WUR Mar 03, 2009
QTL MAS WICC Wageningen Apr 20-21, 2009
Research day Plant breeding dpt WUR Feb 08, 2010
»  Symposia
Plant Roots: From genes to ecosystems Radboud tditivBlijmegen Oct 23, 2008
Statistical genetics Biometris Dpt, WUR Nov 05, 2008
Advances in Life-science technologies, CBSG, Wauge, Netherlands Nov 25, 2010
»  Seminar plus
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Seminar by Prof. Jian-Kang Zhu, University of aalifia (USA), "Mechanism and function of active DNA
demethylation in Arabidopsis"

Seminar by Prof. Kazuto lwama, Hokkaido Univergitggpan), "Varietal difference in potato root systemd its
implications in Drought tolerance"

Nov 03, 2008

Feb 22, 2010

» International symposia and congr esses
Molecular maaping & Marker assisted selection Bnpd Vienna (Austria) Feb 03-06, 2008
The 5th solaneceae genome workshop SOL 2008 Col@Ggrenany) Oct 12-16, 2008
Abiotic stress tolerance in plants Vienna (Austria) Feb 08-11, 2009
Inter drought Ill Shanghai (China) Oct 11-16, 2009
The 6th solaneceae genome workshop SOL 2009 Nelw Dedlia) Nov 08-13, 2009
Gordon conference (Switzerland) Jun 13-18, 2010

»  Presentations
Molecular maaping & Marker assisted selection enf8 Vienna austria - Oral Feb 03-06, 2008
ALW meetings Experimental Plant Sciences Lunterea Netherlands - Poster Apr 07-08, 2008
Research day Plant breeding WICC wageningen - Oral Jun 17, 2008
17th triennial conference of the european associdtir Potato research. Brasov, Romania - Poster Jul 06-10, 2008
The 5th solaneceae genome workshop SOL 2008 Coldgmaany - Oral Oct 12-16, 2008
STW-INCAS meeting - Oral Nov 27, 2008
Abiotic stress tolerance in plants Vienna AustriRoster Feb 08-11, 2009
STW-INCAS meeting - Oral Jun 11, 2009
CNR-IBAF Porano ltaly- Oral Sep 03, 2009
Inter drought lll - Poster Oct 11-16, 2009
The 6th solaneceae genome workshop SOL 2009 Nelw Delia - Oral Nov 08-13, 2009
ICRISAT India - Oral Nov 24, 2009
Department of crop physiology, university of aghiatal sciences, Bangalore, India - Oral Dec 08, 2009
STW-INCAS meeting - Oral Jan 19, 2010
Gordon conference - poster Jun 13-18, 2010
STW-INCAS meeting - Oral Oct 07, 2010

» |ABinterview Feb 17, 2011

»  Excursions
McCain, Hoofddorp, The Netherland Sep 15, 2008
Syngenta,Enkhuizen, The Netherland Sep 25, 2008
C. Meijer, Rilland,The Netherland Jul 14, 2009
DLF - Tripolium, Moerstraten, The Netherland Jul 14, 2009
Visit to ICRISAT, Hyderabad, India Nov 23-26, 2009

Subtotal Scientific Exposure 36,8 credits*

3) In-Depth Studies date

» EPScoursesor other PhD cour ses
Natural variation in Plants WUR Aug 26-29, 2008
System biology course: Statistical analysis of ~aniata Dec 08-11, 2008

» Journal club
Participated in literaure discussion group 'Plargegling' 2007-2010

»  Individual research training

Aug 28-Sep06,

Carbon Isotope analysis, CNR-IBAF Porano, ltaly 2009
Subtotal I n-Depth Studies 8,9 credits*
4) Personal development date
»  Skill training courses
Scientific Writing (CENTA), WUR 2008
PhD competence assesment Jun 04, 2009
EPS career day (ExPectationS) Nov 19, 2010
»  Organisation of PhD studentsday, course or conference
Sep 2008 -Oct
Organized biweekly Phd colloguiums at plant bregdiWUR 2009
Organized international food tasting evening ahplaeeding department Jun 24, 2010
Organized plantbreeding department one day outing Sep 16, 2010
»  Membership of Board, Committee or PhD council
Member of EPS PhD Council 2009-2011
Subtotal Personal Development 6,8 credits®
TOTAL NUMBER OF CREDIT POINTS* 60

Herewith the Graduate School declares that the ¢amdidate has complied with the educational remeregs set by the Educational Committee
of EPS which comprises of a minimum total of 30 BXfedits

* A credit represents a normative study load of 28 hours of study

152







Thesislayout: By the author

Cover page design: Deepu Kumar, Managing Director
Pro Corporate Services and Events Pvt. Ltd.
No. 60, 5th C Main, 2nd Block, RT Nagar,
Bangalore - 560032, India
WWW.eventpro.co.in
deepu@marketingpro.co.in

Printing: Wohrmann Print Service, Zutphen, The Netherlands



1)

2)

3)

4)
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6)
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8)

PROPOSITIONS

SNP markers derived from ESTs not only serve as landmarks on genetic maps but also
as candidate genes underlying quantitative traits (This thesis)

Co-localization of QTLs under different growth conditions such as greenhouse and in-
vitro makes the in vitro system areliable aternative for preliminary selectionin a
breeding program for specific drought tolerance-related traits (This thesis)

Genome-wide eQTL analysis opens multiple avenues for network analyses that will
lead to identification of molecular components underlying abiotic stress tolerance
traits (Thisthesis)

Comparative studies on stress-responsive epigenomes together with ~omics provide
the missing link in our understanding of stress adaptations in plants

Thereis no magical singletrait to evaluate drought tolerance asit is as complicated
and difficult to plant biology as cancer isto mammalian biology

To explore the genetic basis of complex traits in quantitative genetics the same
emphasis should be put on high-throughput precision phenotyping platforms as has
been put on high-throughput sequencing technologies and marker assays.

Adaptation to Dutch culture and integration into a multi-cultural society is an
additiona pleasure in doing a PhD in Wageningen UR Plant Breeding.

Socia discrimination is part of human nature; It can be taken out of language
dictionaries but it will always be there in one or the other way.

Propositions belonging to the thesis, entitled:
“Genetic Dissection of Drought Tolerance in Potato”
Anithakumari Arabikothanuru Muniyappa

Wageningen, 4™ March 2011



