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Abstract

Cultivated S. tuberosum is relatively drought intolerant compared to other staple crops, however, it is

highly efficient in its water use. In this study the CxE diploid S. tuberosum  population is screened for
drought tolerance. Genes ele  mentary to successful adaptation to drought are identified through state

of the art genetical genomics tools. This study indicates that drought adaptation in the CxE population

involves the circadian clock through the genes EARLY FLOWERING 4, CONSTANS, flavin -binding Kelch
repeat F-box, and presumably COR27 . Drought tolerance coincided with elevated expression of a
Abscisic acid and environmental stress -inducible dehydrin TAS14 , a manganese superoxide dismutase
and various heat shock proteins. Important transcription factors are the nuclear factor Y complex and

two homeobox -leucine zipper transcription factors. The early drought response in CxE involves an area

on chromosome 5 which strongly links to a nuclear factor Y subunit C. Nearly all important

down stream drought responsive genes are united through this potential master regulator of the

drought response. This study implies that the nuclear factor Y complex is vital for the genome wide
reprogramming that is essential to survive the adverse conditions induced by drought.
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1. Introduction

1.1. Research target

The aim of this research was to find genes and genetic pathways underlying drought tolerance in

potato. Through a genetical genomics approach, candidate genes for drought tolerance were

identified. Different statistical, g enetical and bioinformatical methodologies were applied to select and
narrow down to these candidate genes. These include statistical regression approaches combined with

genetic information, correlation, clustering, and inference of co -regulated genes into  gene regulatory
networks.

1.2 Research relevance

The 21 % century will mark the end of an era of exponential growth in many areas of society as the

human race advances towards the boundaries of earthés resou
resources will culminate in a broad range of challenges affecting many aspects of society. For

instance, as emerging markets evolve, their consumption of commodities also grows. The largest

share of the growing population is living in emerging markets and satisfying their increased demand of

commodities will require new technologies. This can be achieved by accessing untapped natural

resources but more importantly by more efficient use of resources to sustain this ever growing and

increasingly affluent world populati on.

A clear feature of historical growth has been an increase in food production exceeding the population

growth rate, which assists the progress of increased affluence. However, this trend slowed down in

recent years, and by 2025 it is estimated that ther e will be a significant gap between population,
affluence, and food production ! Important drivers for this gap are increased meat consumption, bio

fuel production and slowed  -down growth of agricultural output 2 New methods to increase agricultural
output are therefore part of the solution. Addressing the problem is essential for the future, especially
bearing in mind that individuals living in poverty spend up to 50% of their budget on food
commodities.

Markets will invest in producing more to satisfy demand as prices rise. Abiotic stress is the main

limiting factor in realizing higher yields in food production of staple crops and growth in agricultural
productions, decreasing yields by more than 65% on average compared to potential yields . In
particul ar perioddés drought can |l ead to significant yield
devastation in 2007 and 2012 i n major staple crop producing countries. Furthermore drought is
believed to increase in the near and long term future in many important food production areas as

shown in figure 1 *. The prediction is based on histo rical data simulated with different models. It
capitalizes on the Palmer Drought Severity Index which is proven to be a well performing long term

predictor of drought °. Expansion of knowledge of biological mechanisms by which plants adapt to

drought can assist in real  izing a more stable and improved yield. As mechanisms for stress adaptation

show large overlap between salt, drought, heat and cold stress, new insights in drought tolerance

could benefit breeding for more salt tolerant crops and vice versa. It is expected that 30% of the
arable land will suffer from severe salinization stress in the next 25 years putting further pressure on

food production ©.
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2000-2009

Potato has been on the agenda as food for the future

due to its beneficial aspects for third world countries.

For one the high productivity compared to grains in
terms of calories per hectare is noteworthy. More
importantly is the increased nutritional production in
terms of calories produced per unit of water supplied

to the crop 8. Although potato is the 4 " Jargest staple
crop it is not traded worldwide and tends to be
produced and consumed locally. The price is
theref ore dependent on local production costs and is
thus less affected by price shocks. This makes potato

a viable candidate for ensuring food security in the
future, especially for impoverished areas of the
world that can be seriously affected by price shocks.
Although cultivated potato is highly efficient in terms

of energy production per unit of water, its yield
output is sensitive to drought, partly due to a root ”
system close to the surface that is prone to DRY CONDITION WET

accelerated dehydration . Another factor is the poor U R T N R
abllity of potato to recover from drought "*. The CxE Figure 1Global forecast of the Palmer Drought Severit
d|p_|0|fj potato Cros_s_ in-this study eleb'ts_ genetl.c Ingex (PDSI) using multiple models based gn historicy
variation for the ability to recover . This provides a data (19082006)". Color scale indicates drought

basis to further study the underlying mechanisms seveity ranging from arid (purple/red) to wet

through geneti ¢, genomic and phenotypic data that (green/blue)

was extensively collected by Anithakumari 10,

1.3  Prior research in drought tolerance

Unfavourable environmental conditions generally lead to similar kinds of cellular damage in plants and

these trigger a general stress response. For example, the decrease in transpiration slows down growth
and drought and salt stress both lower the availability of water for chemical reactions and lead to
decreased cell turgor . Furthermore the lack of water destabilizes proteins by reduced hydrophilic
interaction on the outer surface and impairs enzymes from per forming their cellular tasks.
Subsequently drought and salt stress also have overlap with heat and cold stress which destabilizes
proteins.

To adapt to drought stress plants have various mechanisms including, dehydration avoidance by

decreasing time to f lower and shorten life cycle, dehydration postponement by deeper roots to
maximize water uptake , and dehydration tolerance by adjusting the osmotic balance. The first two
adaptation methods result in a significant yield reduction under well -watered conditi ons'? and are

therefore not suitable for most arable areas where drought is the exception and not the rule.

The main focus of drought tolerance research has been dehydration tolerance. For example the
production of osmolytes to achieve osmotic adjustment to water scarcity is of interest as this generally

does not lead to a significant decrease in vyield but enhance productivity under drought
significantly *3.Strategies to unravel and identify molecular mechanisms of dehydration tolerance is

therefore of great interest. Dehydration tole rance has been associated with many different biological
pathways each with their own small contribution making drought tolerance a highly complex trait,

schematically depicted in  figure 2.
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Figure 2 Abiotic stress triggers a multitude of plant responses from perception to signal transduction until final gene
activation resulting in adaptation.

Generally dehydration tolerance consists of both biochemical as well as physiological adaptation
mechanisms. These are  based on activation of genes that offer direct protection as well regulation of
genes that affect gene expression patterns and signal transduction !°. Genes that offer direct
protection can be beneficial even if a single gene is overexpressed. This therefore provide s an
entrance for trait improvement through introgression of drought tolerance genes into elite lines 16-17-18
From a breeding perspective it is also important to gain more fundamental knowledge of how plants

respon d to drought and by which mechanism the drought tolerance genes are regulated. Drought
comes in many different severities and is perceived more severe in different developmental stage s in
terms of the resulting crop yield An optimal mechanism underlying drought tolerance that offers
flexibility to drought with limited penalty on yield when water is plentiful should be one of the long
term goals in achieving increased productivity

19

Molecular and genetical genomics studies have helped to unravel parts of the abiotic stress response

in plants 2°. For complex traits such as intensively studied diseases in humans genetical genomics
studies have proven to be an effective tool for increasing our understanding of complex traits 2l and to
identify novel causal genes %,



Abiotic stress qualifies as a genetically complex traitasit is builtup of many small contributing effects
leading to increased or decreased tolerance. In this study the expression profiles of a segregating

potato population is analysed and compared under drought and well -watered conditions . Gathered
transcript ome data was used for analysis of differential expression, regression analysis, clustering, and
expression quantitative trait loci (eQTL) analysis in relationship to phenotypic traits. Traits that are
associated to increased drought tolerance were identified by integrating gene expression, eQTL and
QTL data. Additional effort was made to improve gene annotations and further dissect the previously

detected regulatory hotspot on chromosome 5 while considering the possible role of the maturity
locus.

Furthermore , an attempt was made to infer a gene regulatory network based on the dat a, and find
regulatory links and important transcription factors. Different methodologies exist to reconstruct
biological networks, from relatively simple correlations in e xpression patterns, mutual information
algorithms such as Context Likelihood Relatedness (CLR) and ARACN E? to more complex conditional
probability theories using Bayesian networks which can identify direction and thus causality. Each is

increasingly more informative about the network but also require s robust datasets and more
sophisticated algorithms, computational power and t hought out experimental design. The individuals
in the segregating population have subtle perturbations in gene expression profiles that allows for
gene regulatory network reconstruction 24 The combination of genetic and expression data has in

other studies led to improved network reconstruction % Using Pearson correlation s to construct a
network carries the risk of creating many networks that explain the data equal ly well , as the number
of genes (~20000) is orders of magnitude larger than the sample size (94). Furthermore expression
based networks can be reconstructed more accurately by including metabolic, protein, post -
translational modification, and epigenetic da ta. As an exploratory approach a first step in network
reconstruction in non  -model species was made in this thesis to test the applicabili ty with data that is
more closely related to agricultural practice than a model species.



2. Dataassembly, quality control and microarray annotation

2.1 Material and methods

2.1.1 Data assembly and experimental setup
The CxE backcross population used in this study consists of approximately 250 genotypes obtained by

a cross between clones C (USW5337) and E (77.2102.37) 26 A total of 94 genotypes in eight replicates
were planted in a greenhouse setting at Wageningen UR Plant Breeding in two successive years  in a
completely randomized design ®. For six replications irrigation was withheld for three weeks. Of the se

six replicates three replicates were measured for phenotypic traits in a destructive manner and three
replicates were maintained to allow recovery by restoring irrigation.

Phenotypic data is therefore available for untreated plants (reference) , drought treated plants at the
end of the drought treatment and drought treated plants after recovery. Phenotypic data of control
plants at the drought recovery period is not available. Phenotypes were collected in two years in which
drought treatment was initiate d when stolons started to form and stopped after three weeks 0 An
overview of the different measured phenotypic traits is givenin table 1.

Table1 Phenotypic traits that were measured under irrigated condition (control), drought stressed condition, and recovery
after drought stress.

Trait

Tuber weight

Tuber number

Number of stolons

Shoot fresh weight

Shoot dry weight

Root fresh weight

Root dry weight

Root length

Plant height

Number of branches

Relative Water Content

Wilting 4 days after stress initiation
Wilting 6 days after stregsitiation
Wilting 10 days after stress initiation
Wilting 8 hours after restoring irrigatior
Carbonisotopediscrimination
Chlorophyll content




Four days after stress initiation leaf RNA of growing young leaves was collected from a single replicate
and stored in liquid nitrogen 27 This time point was ¢ hosen from the earlier observation that genotypic
differences in gene expression were most profound during early stages of drought when first wilting

symptoms become apparent  °. Leaf RNA was subsequently isolated from the leaf with the
KingFisher Flex syst e m96atota RNA liselatiov &igakbADNBse treated to eliminate

DNA contamination. Isolated RNA was then labeled with cyanine, cy3 for control samples and ¢ y5 for
drought stressed samples. Samples from identical genotypes were hybridized to the Agilent POCI
4x44K potato oligo microarray and analyzed using the Agilent G250B scanner, for which further details
can be found in  the thesis of Anithakumari °,

2.1. 2 Expressiond atapre -processing

Raw cy3 and cy5 data was obtained from Anithakumari ° which was assessed for quality with Agilent
Feature Extraction software (V.9.1.3.1). Within array dye normalization was not performed prior to
between array quantile normalization . Quality control included visual inspection for irregularities in cy 3

and cy5 signals and  visualization of signal outliers with the cy3/cy5 spatial distribution per slide.
Median non -background corrected signal s were filtered for significant expression above background.

Significant expression for either cy3 or cy5 was cons idered when probe expression levels exceeded
three times the average cy3 or cy5 background level over all microarrays in at least 20 genotypes in
either the cy3 or cy5 dataset . Filtering resulted in a dataset of 25,966 probes with significant
expression .

Quantile normalization was carried out on the combined dataset of cy3 and cy5 signals over all arrays
with GenStat (15th edition). Quantile normalized signals were used to create a new log ratio dataset

that included features that are significantly  express ed in either of control, drought or in both
experiments . After normalization data was arsinh transformed (base = 2) with R version 2.15.2 %,
Furth er statistical inspect ion was performed  with M A% and volcano plots %° as well as statistical quality

control with the R package limma 3. Data was log transformed and then further preprocessed using

variance stabilization normalization ~ (VSN) 2.

2.1. 3 Chip annotation compilation

The chip annotation  is based on Expressed Sequence Tag (EST) sequences obtained through the POCI
Annotation Tool at http://jpgrc -35.ipk -gatersleben.de/pls/htmidb_pgrc/f2p=194:1 % from which the

microarray probes  were derived. Sequences were blasted in Blast2GO with the blastx  algorithm
comparing nucleotide sequences in six frames against the broad NCBI non -redundant protein

sequence database . Blast expect value threshold was set at 0.001 for blast hits with a maximum of 20
hits to retain for subsequ ent Gene Ontology (GO) mapping

Gene Ontology 3* terms were mapped to blast hits with the Blast2GO GO -Mapping function.  Terms
were annotated to probes with the annotation function with settings: E -Value -Hit-Filter of 1.0E-6,
minimal mean similarity of 55%, GO weight of 5 and a HSP-Hit Coverage Cutoff of 0. Further GO -
terms were mapped with InterProScan integrated in Blast2GO. InterProScan assigned GO terms were
merged to previous mapped annotations. Anno tation was further improved using the ANNEX % function
in Blast2GO. Enzyme  commission numbers (EC) were mapped to GO terms using the Blast2GO GO-
Enzyme Code-Mapping function manually accessible at

http://www.geneontology.org/external2go/ec2go



http://pgrc-35.ipk-gatersleben.de/pls/htmldb_pgrc/f?p=194:1
http://www.geneontology.org/external2go/ec2go

Additionally p robe sequences were blasted against the Potato Genome Sequence Consortium (PGSC)
reference Solanum tuberosum  Group Phureja DM1 -3 Genome Annotation gene fasta v3.4, available
via http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml . A potato genome  nucleoti de BLAST
database was created with linux -x64 NCBI BLAST+ version 2.2.27 % using masking to remove
repeated or low complexity DNA regions. The BLAST+ blastn algorithm was used with following
settings: num_alignments '5' -dust 'yes' -num_descriptions '5' -num_threads '4' -outfmt '10'. Gene
identifiers were  assign ed to microarray probes based on the blast h it with the minimal e  -value at ae-
value cutoff 0.001.

The most recent Solanum tuberosum PGSC annotation with GO terms was obtained from
ftp://ftp.gramene.org/pub/gramene/CU RRENT_RELEASE/data/ontology/go/ and merged with the GO
annotation mined through Blast2GO. Duplicate GO terms were removed for the GO microarray
annotation that was used as reference for further analysis . An additional probe to GO identifier list was
made wi t h t he webt ool ¥0fava@isblei wia u thivp://www.agbase.msstate.edu/cgi -
bin/tools/AutoSlim.cgi that contains a limited set of 100 GO terms functional in plants.

Physical positioning of microarray probes was obtained by blasting micr oarray and marker sequences
via the web blast application for potato against the PGSC superscaffolds v3 at
yh.genomics.org.cn/potato/search.jspy . Scaffold IDs with start and end location in base pair  were
anchored to a physical base pair position , courtesy of Jan de Boer. In total 79. 8% of the microarray
probes could be assigned a physical genomic location. Markers that were used for eQTL and
phenotypic QTL study ° had physical locations  assigned in a similar manner .

2.2 Results & discussion

2.2.1 Statistical Quality A ssurance

2.2.1.1 Microarray Quality Control

The q uality control report obtained through Agilent Feature Extraction Software show ed microarrays
that ha d unexpected spatial pattern s both detectable by eye as well as by the spatial distribution of

outliers on the array , see figure 3. Probes are randomized over the array making overrepresentation
of single biological processes highly unlikely for closely positioned probes . These spots are therefore
expected to originate from a technical or experimental source such as poor microarray quality ,
contam inations in the RNA preparation a  nd hybridization steps , or limitations in imaging of hybridized
samples %, Interestingly these spots were not picked up by the built in quality control of the
microarray reader , i.e. by assigning bad flags. Some arrays had up to 20 probes with bad quality
signal s (bad flags) resulting in missing values , however the amount of missing valu es showed no
relationship with  unusual spot s or the presence of contamination s.

Figure 3a clearly shows that cyanine dye hybridization occurred with a contamination leading to a false
signal for the underlying probes. Other important quality decreasing factors were present sucha s a
color gradient as seen in figure 3b. This may be induced by poor mixing of the cyanine hybridization
mixture, measuring slides under an angle, ozone damage to the cy5 signal or wash buffer
contaminants that dried on the surface of the microarray 39 Some microarrays  also display ed abnormal
small red or green circles (figure 3c).
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Figure 3 Visual inspection of hybridizations. Hybridization of the cy3 and cy5 dye to an contaminan t (a), a color
gradient  from green below to red at the top (b), and green spots in
combination with a contamination (c).

The spatial distribution of outliers on the array shows
pattern formation in nearly all microarrays. This indicates

a non -natural source of variation that can produce false
signals. Extreme examples of this situation can be
detected by eye  with visual abnormalities depicted in
figure 3. Nearly a Il microarray quality control reports have
some abnormalities in outlier distribution which seem
inherent to the microarray quality or experimental setup .

Arrays with extremely poor quality such figure 3c/5¢c were

repeated and repeated data was included in the final 94 +

2 parental line dataset. Sub -optimal microarray slides

such as figure 3a and figure 3b were included for further

statistical analysis . In fi gure 5 the Agilent spatial

distribution from the Agilent quality report is given . The

overall percentage of .pr.obes that ha d a false signal was Figure 4 Close up of the cy3 spot at the upper left
assumed to be sufficiently low as compared to the corner of figure 3c

increase in statistical power obtained by the good quality

sign als to justify the tradeoff.

Although the preferred situation would be to also repeat these slides, the choice was made to retain

data from these slides rather than discard them although this inherently increases the amount of

technical variation for some probes within the dataset. The assumption was made that the overall
increase in statistical power is greater than the increase in noise induced by a small percentage of

incorrect probe signals. Finally probes that had a bad flag signal assigned by the Agi lent G250B
scanner were treated as missing values.














































































































































































