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Abstract

Background: Genetic resistance to barley leaf rust caused by Puccinia hordei involves both R genes and quantitative trait
loci. The R genes provide higher but less durable resistance than the quantitative trait loci. Consequently, exploring
quantitative or partial resistance has become a favorable alternative for controlling disease. Four quantitative trait loci for
partial resistance to leaf rust have been identified in the doubled haploid Steptoe (St)/Morex (Mx) mapping population.
Further investigations are required to study the molecular mechanisms underpinning partial resistance and ultimately
identify the causal genes.

Methodology/Principal Findings: We explored partial resistance to barley leaf rust using a genetical genomics approach.
We recorded RNA transcript abundance corresponding to each probe on a 15K Agilent custom barley microarray in
seedlings from St and Mx and 144 doubled haploid lines of the St/Mx population. A total of 1154 and 1037 genes were,
respectively, identified as being P. hordei-responsive among the St and Mx and differentially expressed between P. hordei-
infected St and Mx. Normalized ratios from 72 distant-pair hybridisations were used to map the genetic determinants of
variation in transcript abundance by expression quantitative trait locus (eQTL) mapping generating 15685 eQTL from 9557
genes. Correlation analysis identified 128 genes that were correlated with resistance, of which 89 had eQTL co-locating with
the phenotypic quantitative trait loci (pQTL). Transcript abundance in the parents and conservation of synteny with rice
allowed us to prioritise six genes as candidates for Rphq11, the pQTL of largest effect, and highlight one, a phospholipid
hydroperoxide glutathione peroxidase (HvPHGPx) for detailed analysis.

Conclusions/Significance: The eQTL approach yielded information that led to the identification of strong candidate genes
underlying pQTL for resistance to leaf rust in barley and on the general pathogen response pathway. The dataset will
facilitate a systems appraisal of this host-pathogen interaction and, potentially, for other traits measured in this population.
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Introduction

Barley leaf rust caused by Puccinia horder is a model for
investigating basal disease resistance, also known as quantitative
or partial resistance. P. horde: invades barley leaves during the
entire growing season. Genetic resistance to leaf rust is common
but complex, involving both major genes and quantitative trait loci
(QTL). To date, 19 major race-specific leaf rust resistance genes (R
genes named Rphl to Rphl9) have been identified [1,2]. While
these R genes provide high levels of resistance, they are only
effective against pathogen strains carrying the cognate Avr genes.
The effectiveness of R genes is limited as resistance may be quickly
overcome due to loss-of-function mutations in Avr genes of the
pathogen. Consequently, exploring quantitative or partial resis-
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tance has become a favorable alternative for controlling disease
[3].

To understand the molecular basis of partial resistance, genomic
regions should be identified that contain partial resistance loci.
Using five different barley mapping populations, Marcel and co-
workers [4] identified a total of 19 phenotypic QTL (pQTL) for
partial resistance. Fourteen were found to be effective during the
seedling stage, and were detected by pQTL analysis of the latency
period exhibited by the rust fungus on seedling leaves. Four of
these segregated in the doubled haploid Steptoe/Morex (St/Mx)
reference mapping population. Each parent contributed the
resistance allele for two of the pQTL. However, pQTL mapping
alone is not sufficient to provide insight into the molecular
mechanisms underpinning partial resistance which requires the
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molecular isolation of the causal genes. Unfortunately this is both
cumbersome and time-consuming, especially if the phenotypic
effects of each pQTL are relatively small.

‘Genetical genomics’ [5] provides an opportunity to elucidate
the molecular processes underpinning pQTL without prior and
lengthy development of pQTL isolines. This systems approach
investigates the genetic determinants of transcript abundance by
determining mRINA levels in the individuals of a segregating
population, and analysing the observed data genetically as a
quantitative trait [5]. Importantly the abundance of thousands of
mRNA transcripts can be assessed simultaneously by microarray
analysis in a single experiment.

The loci controlling transcript abundance have been termed
expression QTL (eQTL) [6]. eQTL that map to the same genetic
location as the gene whose transcript is being measured generally
indicate the presence of a cis-acting regulatory polymorphism in
the gene (czs-eQTL). eQTL that map distant to the location of the
gene being assayed most likely identify the location of #rans-acting
regulators (trans-eQ’TL) that may control the expression of a
number of genes elsewhere in the genome. eQTL analysis may
therefore help to reveal networks of genes under common
regulatory control. eQTL analysis also provides the possibility of
correlating observed variation in the abundance of mRNA
transcripts with variation observed in simple or complex
phenotypes and is potentially an efficient route towards unraveling
the molecular basis of phenotypic diversity [7,8]. Importantly,
several recent studies have shown that variation in transcript
abundance is the cause of variation in phenotypes that include
disease resistance [9], insect resistance, glucosinolate biosynthesis
and activation [10-13], phosphate sensing [14], flowering time,
circadian rhythm and plant development [15-18].

Many microarray studies that have been performed on crop and
model plants address changes in the transcriptome during
development or under biotic and abiotic stress conditions. In
barley, the Affymetrix Barleyl GeneChip [19] has been employed
for various studies analysing grain protein accumulation [20],
senescence [21] and expression patterns during barley develop-
ment [22]. The most common use has been the investigation of
host-pathogen interactions involving contrasting wildtypes and
mutants, and near isogenic lines exposed to infection by pathogens
such as powdery mildew (Blumeria graminis), stem rust (Puccinia
graminis) and head blight (Fusarium graminearum) [23-27,11]. No
published microarray studies have been performed on barley leaf
rust caused by Puccinia hordet.

Genome-wide analyses of transcript abundance have also been
performed by eQTL mapping in Arabidopsis [28,29] and barley
[30]. While these provide a detailed picture of transcript-level
variation in the tissues studied, attempts to identify direct
relationships between transcript abundance variation and pheno-
types have been less successful. One notable exception was Druka
et al. [31] who showed a very strong correlation between transcript
abundance at both Rpgl and Rpg4/5 loci with resistance to the
wheat stem rust pathogen Puccinia graminis f. sp. tritict in barley.

In this study, we conducted an experiment to characterise
quantitative resistance to the barley leaf rust pathogen P. hordei in
the S¢/Mx population, and identify a small number of candidate
genes underpinning the pQTL using a systems strategy combining
genetical genomics with genetic mapping of partial resistance. We
developed an Agilent barley custom microarray that we used to
assess transcript abundance in 144 DH lines of the St/Mx
population challenged with P. hordei. The genotypic and
phenotypic datasets were generated previously by Rostoks et al.
[32] and Marcel et al. [4] respectively. Correlations between
transcript abundance and resistance levels, combined with genetic
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positional information of eQ'TL and pQTL allowed us to prioritise
a small number of candidate genes for further study.

Results

Fungal Development across the Time Points Post
Inoculation

Previous studies indicated that both St and Mx have similar
levels of resistance, both containing resistance and susceptibility
alleles at pQTL [4]. Our microscopic investigation of the timing of
pathogen development on the two parents revealed no observable
differences. Urediospore germination occurred within 10 hpi on
leaf surfaces by producing a germ tube that grew towards the
stoma on which it formed an appressorium (Figure 1A). By 10 hpi,
a penetration peg had entered the stoma and had formed a
torpedo-shaped substomatal vesicle in the substomatal space. At
this stage haustorial mother cells (HMCs) were clearly visible but
haustoria were not yet formed (Figure 1B). At 18 hpi, 61% of
infection units had penetrated the host cells and developed
haustoria from the tips of HMG s, indicating colonisation. At
24 hpi 85% of the infection units had formed at least one
haustorium (Figure 1D). Thereafter, infection hyphae extended
inter-cellularly to attack neighbouring mesophyll cells by forming
new HMCs and intracellular haustoria, ultimately followed by
pustule formation and completion of the life cycle (images not
shown). As studies with other biotrophic pathosystems have shown
that expression divergence between compatible and incompatible
interactions occurs during membrane-to-membrane contact after
cell wall (as opposed to stoma) penetration and during early
haustorial development [23,43], we chose 18 hpi for tissue
sampling. Niks [44] observed that partial resistance of barley to
P. horder is associated with a substantial amount of failed
haustorium formation at about 24 hours after inoculation.

Analysis of Ph-Responsive (Induced/Suppressed) Genes
Comparisons between Ph-infected and mock-inoculated controls
were made to identify Ph-responsive genes. Respectively, 935 and

Figure 1. Micrographs viewed under epi-fluorescence micros-
copy after staining with Uvitex, showing development of AP.
hordei at different time points post inoculation. A: overview of
germinating urediospores on barley leaves 10 hpi, green spots are inert
spores of lycopodium; B, C and D: close-up images showing infection
units at10, 18 and 24 hpi, respectively. Solid arrows indicate haustorial
mother cells, dotted arrows haustoria. Scale bar=50 um.
doi:10.1371/journal.pone.0008598.g001
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844 probes detected significant transcript abundance changes from
St and Mx with 698 up-regulated and 237 down-regulated for ¢,
and 603 up-regulated and 241 down-regulated for Mx (Figure S1).
In total, 1154 probes recorded differential transcript abundance
and were considered to represent Ph-responsive genes. Of the 1154
probes, 625 indicated significant Ph-responsive gene expression in
St as well as in Mx and showed the same manner of regulation (up
or down) in response to Ph-infection in both parental lines. Table
S3 shows the complete list of differentially expressed genes with
their expression levels, corresponding p-values and putative
functional annotation based on HarvEST:Barley (http://harvest.
ucr.edu/). The putative function of each gene was examined and
grouped into the twelve major categories shown in Figure S2.
Genes in the defense responsive categories were predominantly
up-regulated, whereas genes involved in cell wall structure and
light harvesting were mostly down-regulated (Figure S2, and Table
S3). Gene ontology enrichment analysis using the web-based tool
GOEAST (see Materials and Methods) revealed that the Ph-
responsive genes were significantly enriched ($<<0.05) for those
classified as controlling response to stimulus (including two sub-
branches of response to biotic stimulus and stress), cell wall
organization, protein transport, L-phenylalanine catabolic process
and glucan metabolic process (Table S2). Not unexpectedly, this
confirms that many Ph-responsive genes are functionally associated
with defense and that at 18 hpi the defense response has clearly
been initiated.

Analysis of Differential Expression between Parental
Lines

Comparison of transcript abundance between the two Ph-
infected parental lines identified 1037 probes reporting signifi-
cantly differentially expressed genes (Table S4). A similar number
of genes showed higher transcript abundance in $¢ (514) as in Mx
(523). Of the 1037 probes, 206 were also Ph-responsive genes (61
from S, 52 from Mx and 93 from both parental lines) (Figure S1).

eQTL Analysis

Maximizing informative comparisons for eQTL
analysis. We adopted an optimal distant pair design [36] to
maximize the informative comparisons for eQTL analysis from
the minimum number of microarrays. Genetic distances between
the 144 DH lines in the St/Mx population were analyzed using
SNP genotypic data. We derived 72 pairs that maximized the
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overall genetic difference. Figure 2 shows the informative number
of comparisons across the whole genome. Using this distant-pair
design, the informative pairs increased from an average of 36 out
of 72 pairs in random pairing to an overall average of 50 with the
highest number of informative pairs (64, 57, 64, and 66) at the four
QTL regions Rphql4, 11, 15 and & respectively, where extra
weight was given in the distant pair analysis.

As transcript abundance variation in a segregating population
may be detected for genes that are not differentially expressed
between the parental lines (due to transgressive segregation), we
carried out regression analysis of transcript abundance represented
by all of the 15208 probes on the microarray against all 466 SNP
markers. In total, 9557 probes (62.8%) detected significant
(»p<<0.001) associations between transcript abundance and one to
six SNP markers at distinct genomic regions. This corresponds to a
total of 15685 eQTL. Of these 9557 probes, 916 represented Ph-
responsive genes. Summaries of the numbers and proportions of
eQTL with respect to their LOD scores, and partitioning into
classes discussed above, are displayed in Figure 3 and Table 1.

Analysis of eQTL from genes with known map
positions. Of the 9557 genes that were described by one or
more eQTL, 253 had previously been mapped using coding
sequence SNPs [32] and 1066 as transcript-derived markers
(TDMs) [45,30]. This represented a total of 1256 uniquely
mapped genes as 63 of these were mapped as both SNPs and
TDMs. These 1256 genes/probes revealed 1623 significant
eQTL. Plotting the position of eQ)TL-associated markers against
the position of their corresponding genes revealed significant
eQTL-by-gene association across the genome (Figure 4). It has
been reported previously that high LZOD eQTL are frequently
located close to their corresponding genes [46,47,28,30]. We
therefore analysed the relationship between eQTL LOD scores and
their correspondence with structural gene locations in more detail.
We superimposed the LOD scores of individual eQTL onto the
distances observed between the location of the previously mapped
SNPs and TDMs and their corresponding eQTL (Figure 5). We
observed that as eQTL LOD scores increase, a higher frequency
co-locate with their corresponding SNP or TDM locus.
Ultimately, eQTL with LOD>10 were all (for SNP-mapped
genes) or nearly all (93%, TDM-mapped genes) detected within
10 cM of their corresponding genes (Figure 5). Of the 7% (z.e. 40
eQTL) that were more than 10 ¢cM away from their corresponding
TDMs, 28 were located within 25 ¢M on the same chromosome,
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Figure 2. Number of informative comparisons across the barley genome based on a distant-pair design (see text) with extra weight
given to four pQTL regions (shown as grey blocks). The solid horizontal line at 36 represents the average number of informative comparisons

when samples were randomly paired.
doi:10.1371/journal.pone.0008598.g002
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Figure 3. Numbers and proportions of eQTL with different LOD
scores. A total of 15685 significant eQTL (p<<0.001) was detected with
LOD scores ranging from 2.4 to 55.7.
doi:10.1371/journal.pone.0008598.g003

and 12 were further than 25 cM or on different chromosomes
(Figure 4).

Analysis of eQTL for the Ph-responsive
Comparisons between Ph-infected treatments and mock controls
identified 1154 genes that were Ph-responsive in at least one of the
two parents. Of these, 916 had one or more significant eQTL,
yielding a total of 1780 eQTL for Ph-responsive genes (Table 1
and Table S5). To investigate if the eQ'TL for Ph-responsive genes
were randomly distributed across the genome, or clustered as
eQTL hot spots, we calculated the density of eQTL per cM across
the genome using 10 cM sliding window analysis (Figure 6). Three
regions had a high eQTL density centering around SNP markers
2_1057 (98 cM on Chr. 1H), 1_0571 (18 ¢cM on Chr. 3H) and
2_0023 (153 cM on Chr. 3H), ecach having over 12 eQTL per cM,
in contrast to 1.2 if the 1780 eQTL were evenly distributed along
the 1533 cM genetic linkage map. These three 10cM intervals
harboured 127, 134 and 151 eQTL for Ph-responsive genes. The
same regions contained 11, 17 and 23 genes that were previously
mapped by SNPs and TDMs [30,32] corresponding to eQTL/
gene ratios of 11.5, 7.9 and 6.6 respectively as compared to 0.64
(1780 eQTL vs 2776 genes in total) on average. The three regions
were therefore named as eQTL hotspots 1, 2 and 3 respectively.
To investigate if the members of each eQTL hotspot shared a

genes.
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common biological function (e.g. metabolic pathways or similar
gene ontology functional annotation), the Ph-responsive genes
located within each hotspot were separately subjected to GO
enrichment analysis. Hotspot 1 was overrepresented by genes that
are involved in GO term ‘response to stimulus’, and all of its sub-
categories and a few GO terms in ‘metabolic process’. Hotspot 2
was over represented by genes with GO classifications ‘cellular
process and localization’, ‘response to stimulus’ and ‘metabolic
process’ (Table S2). No GO classes of genes were found to be
significantly overrepresented for hotspot 3. None of the eQTL
hotspots co-located with known pQTL for Ph-resistance.

pQTL for Partial Resistance and Correlations between

Transcript Abundance and Rust Resistance

Four pQTL for leaf rust resistance at the seedling stage have
previously been identified in St/Mx and named Rphg8, 11, 14, and
15 [4]. We re-analysed the phenotypic resistance data of Marcel e
al. [4] using the same model that we used for eQTL analysis after
converting the RLP50S phenotypic scores into ratios calculated for
cach of the distant pairs. This provided a phenotypic data set that
was consistent with the transcript abundance data set. We found
that the SNP marker 1_0649 (142 c¢cM on Chr. 2H) was associated
most strongly with rust resistance (R?=35.3%) (resistance allele
derived from Sf). We then tested for further associations with a two
marker model, testing each other marker together with the marker
1_0649 from Chr. 2H. This identified the following four SNPs:
21032 (14 cM on Chr. 6H, R*=12.0%), 1_1513 (106 cM Chr.
4H, R°=10.1%), 2_1174 (13 cM Chr. 1H, R*=7.6%) and
1_0431 (91 cM Chr.7H, R’= 11.7%) as most significant
(»p<<0.005) with the resistance alleles being derived from St for
pQTL at 2_1032 and Mx for the other three. Multiple regression
analysis indicated that these five pQTL, together, accounted for a
total of 62% of the phenotypic variance. Four of these five markers
(1_0649, 21032, 2_1174 and 1_0431) were located within the
pQTL regions previously identified as Rphqll, 15, 14 and 8
respectively. The SNP marker 1_1513 on Chr. 4H, indicated a
pQTL not previously reported in the St/Mx population, being
marginally below the significance threshold (T.C. Marcel,
unpublished data). As this locus corresponds with the location of
Rphq19, a pQTL previously detected in the Oregon Wolf Barley
(OWB) DH population, we refer to this pQTL as Rphql9.

We next performed correlation analysis between the transcript
abundance ratios recorded at each probe and resistance score ratios
from corresponding sample pairs. We identified 128 probes on the
microarray that reported transcript abundance ratios that were
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Table 1. Number of significant eQTL (p<<0.001) and genes in different groups.

Number of Overall Ph-responsive SNP-mapped TDM-mapped
eQTL/gene genes eQTL genes eQTL genes eQTL genes eQTL
0 5651 0 238 0 - - - -

1 5103 5103 361 361 135 135 653 653
2 3074 6148 314 628 73 146 296 592
3 1122 3366 184 552 36 108 84 252

4 227 908 48 192 8 32 29 116

5 26 130 7 35 1 5 4 20

6 5 30 2 12 0 0 0 0
total 9557 15685 916 1780 253 426 1066 1633
doi:10.1371/journal.pone.0008598.t001
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eQTL location gene location eQTL location gene location
Unigene#{f SNP_ Chr. cM | Chr. cM Unigene#{f SNP _ Chr. cM | Chr. cM
1 16599 | 2.0502 1H 4 3H 175 7 20765 | 2.0920 3H 196 | 5H 45
2 6781 1.1267 1H 100 | 3H 133 8 11213 | 1.0046 4H 86 5H 56
3 15402 | 1.0625 2H 206 | 7H 108 9 12083 | 1.0058 5H 77 6H 55
4 26527 | 2 0115 3H 111 | 4H 153 10 4350 | 1.1092 5H 215 | 2H 142
5 19223 | 2.0944 3H 169 | 3H 226 11 21295 | 1.0055 7H 101 | 6H 158
6 1579 | 2 0085 3H 191 | 6H 3 12 4267 | 1 0055 7H 101 | 5H 140
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Figure 4. Overview of eQTL mapping results for genes previously mapped by SNP and TDM markers. The x-axis shows the locations of eQTL
associated with transcript abundance from the current experiment. The y-axis shows the location of genes mapped previously as SNPs (253 genes, [29]),
TDMs (1066 genes, [31]) or both (63 genes). The 1256 previously mapped genes correspond to 1623 eQTL in the present study. eQTL corresponding to SNP-
and TDM- mapped genes are displayed in blue and green respectively. eQTL with LOD score>10 and <10 are distinguished as circles or dots. Circles and
dots on the diagonal represent correspondence between the locations observed in the current study with previous work [29,31]. Circles or dots off the
diagonal represent trans-eQTL. While all eQTL and their corresponding SNP-mapped genes were on the diagonal, 12 eQTL with LOD>10 (highlighted as
numbered and red-filled green circles) when compared to TDM-mapped genes were located at distinctly different (>25cM away) positions.

doi:10.1371/journal.pone.0008598.g004

significantly correlated with rust resistance (p=0.001). Six of these
were previously classified as Ph-responsive. We then made positional
comparisons between the eQ'TL associated with these probes and the
aforementioned five pQTL for rust resistance. Of the 128-probe
transcript abundance datasets, four revealed no significant eQTL and
thirty-five had eQTL that were located outside the five resistance
pQTL regions. Twenty-five of the latter were located within one of
the three eQQ'T'L hotspots from the Ph-responsive genes. Based on this
locational information, these 39 probes were not considered further.
The remaining 89 probes revealed 95 significant eQTL (2 eQTL
were detected for 6) located in the five pQTL regions with 1, 54, 4
and 26 being within the confidence intervals of the four previously
reported pQTL Rphgl4 (Chr. 4H), Rphqll (Chr. 2H), Rphqld
(Chr.6H) and Rphg8 (Chr. 7H) respectively, and 10 within a 10 cM
interval around Rphg19 (Table S6). eQTL for the 22 genes that were
most significantly correlated with resistance (p<<10~* all mapped to
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Rphql1. In this report we therefore focus further analysis only on this
pQTL.

Candidate Genes for Rphq11

To identify the most promising candidate genes for Rphql1, we
first analyzed conservation of synteny in the region surrounding
Rphgll with the rice genome sequence. The objective was to
determine if the genes represented by these 54 probes were likely
to be physically co-located in this region. A BLASTN search for
rice homologues of the consensus EST sequences represented by
the 54 probes identified 31 that were located at a conserved
syntenic position corresponding to 27-30 Mb on rice chromosome
4. Seventeen were located elsewhere in the rice genome and six
(unigenes 17168, 18410, 15816, 17152, 3199, and 20160) revealed
no significant rice homologs (£ value of <le-10). Of the 31 genes
located at conserved syntenic positions, 25 were detected as cis-
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eQTL with LOD>10, supporting their physical and genetic co-
location with Rphgll (Table 2).

We then examined the abundance of transcripts measured by
these 54 probes for differential expression between St and Mx
infected with P. hordei. Sixteen (marked with asterisks in Table 2)
showed significant differential expression (fold change>2,
FDR<0.05) between the two parents. Nine of these had rice
homologues at a conserved syntenic position. We also compared the
sign of the correlation coeflicients between transcript abundance
and resistance score ratios of the sample pairs, with the manner of
regulation (up- or down-regulation in response to Ph-infection).
Since the resistance allele is contributed by St for the locus of
Rphql 1, genes with positive correlations would reflect up-regulation
in response to Ph-infection irrespective of statistical significance, and
their transcripts should be more abundant in St than in Ax (and vice
versa for genes with negative correlations). Twenty-two probes fit
these criteria, whereas 32 showed an inconsistency between sign of
correlations and manner of regulation (i.e. positive correlations
associated with down-regulation, or vice versa). The genes represent-
ed by these 32 probes, from an eQTL analysis strategy, were
therefore not considered candidates for Rphll. Six genes (bold,
Table 2) fulfilled all the necessary characteristics of a rust resistance
candidate eQTL (gene) for Rphgll.

Discussion

eQTL analysis is potentially a powerful approach for the
identification of genes underlying particular biological phenotypes

[7,8]. For the approach to be applicable to a specific trait,
variation in the observed and measured phenotype of the trait is
required to be the biological manifestation of variation in the
expression of causal gene(s). In this study, to be detected directly by
eQTL analysis, the causal genes responsible for partial resistance
to Puccinia horder would have to fulfill the following criteria. Firstly,
transcript abundance in inoculated leaves would correlate
positively or negatively with partial resistance. Secondly, both
the causal gene and its eQTL would co-localize with pQTL, which
means it is regulated in ¢is-. Thirdly, the causal gene would exhibit
differential transcript abundance between two parental lines
(either in non-inoculated or inoculated tissue). Only genes fulfilling
each of these criteria would potentially be candidates for partial
resistance. The eQTL strategy would not be valid in cases where
the causal polymorphisms for a trait fail to change transcript levels
[47]. For example, the eQTL approach would have failed to
identify the recently cloned wheat gene [r54, which confers
durable resistance to multiple diseases, including leaf rust, stripe
rust and powdery mildew [48]. 1734 encodes an ABC transporter
with resistant and susceptible alleles having no polymorphism
within 2kb 5" of the gene, and only three polymorphisms in the
coding region that are proposed to affect protein structure and
substrate specificity. No expression differences are observed
between resistant and susceptible lines and expression of Lr34
does not depend on the presence of pathogens. Currently, we do
not know whether partial resistance of barley to leaf rust has any
connection with transcript abundance. However, in a species with
a large and unsequenced genome such as barley, eQTL analysis
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Figure 6. eQTL density for Ph-responsive genes across the genome. x-axis, eQTL genomic location on chromosomes. y-axis, eQTL density
calculated on a 10 ¢M sliding window. Chromosomal regions corresponding to the three most significant peaks are named as eQTL hotspots 1, 2 and
3 from left to right. The five pQTL regions were indicated by the grey blocks.

doi:10.1371/journal.pone.0008598.g006

@ PLoS ONE | www.plosone.org

6 January 2010 | Volume 5 | Issue 1 | 8598



An eQTL Analysis in Barley

Z'Ldld urodonbp 915101 01599 - - L¥EE 50 90-381£5°S 250 09z  £001°C 1°022£¥65050 D017 ZvZIINIDINN
uja104d passaidxa 1L5159 SEF00L 1/5€L6 99676 [4E=774 6015296 90-356861°S  1S0— 981 6¥90 | 1°028£6%050 D01 L09Z1INIDINN
uiajoud Ajiwpy aspiaysubiyjAyiaw r+80S r+98S 9550801 £8+€901 €L5£99 ECl¥vell 90-3¢6/60v  1S0— L1/c ¥120™1 10v18¥D6v0s0 D07 0£6€LINIDINN
Z'ldld unodonbp  vZI8510H6S bt/ F69E8F  T69/F0/80S  064SFYELEE 09511 +0£0SS EEVB+1SC8E 90-395090°% 1s0 971 2001 ¢ 1'022/¥bv0s0™ D07 SCZLINIDINN
uta3o4d buipuiq apnoapnu
12A3/35D43IS301Y} YOI-|MOD 6101 F6EE9L 1S8+10/S1 688+9¢8¢C! 1£5%89911 8891 +098¢€1 £96=+C1/01 90-3€8€9€°L £5°0 89¢ 61901 10Z1/¥6v0s07D01 LZ09INIDINN
uolbai
#2350 Ul 011 u12304d YdL-1y 1 /43S 69+5/8 9r+1801 S9FE/LLL SLL+8LEL VL5158 656511 90-3C1991°L  ¥S0— L€l ¥120 | 1°089£t65050™ D01 £S5/0Z3NADINN
9sbWadbJ aulias /85E581 SS+TE91 8450101 6C+0EL £€x/L5C1 1S¥+169 £0-39950C°L 850 £ve 61901 Z0£69¥650s07 D017 9%91 LINIDINN
aspuabAxoip
-€ ajipinjboxo-guiuaburipu 89F6VS 90C+v€TC SE6+565€  S00L+8/t0L *6VTFV61E 891 ¥ 0K6C1 206€180000 6£0— vEl 9£60 | 1'4616¥65050" D07 ZLZLLANIDINN
Z utaoid bunpAIdD aspd1D dpJ S15901 91588 £ 8F6€ */¥06 LF6E ¥€8991000°0 344 [ N 1°06£8464050 70017 0S9€ZINIDINN
urj04d buipuiq ujnpow|p> El+EE 878 81+091 61+9/C *0L¥2L 0S¥6/C 90-38€£08v 1S0— s9C »120° 1 1'0918v6v0s0™ D07 v1863INIDINN
aseuny
uiayoud ay1-101d3231 YYMSO 6S+6CC 6E£F9VC [4==74} 8CFV6L 8V FEET 8TF€0C 77e0ol0oL000 8¢'0 0S  S/vO L 705015640507 D01 88/SCANIDINN
JojeAnde uondudsues SF0T 756 ZLF6lL LFLL LLF1T LTFvS £958%80000 ¥¥'0— STC 6960 L 1'0L58767050 D01 €91¥LINIDINN
passaidxa
ur104d Ajiwey uniuay dvd 878+ 9LlvYy 808+9SL€ 08€+6809 €E9F Ty S88FC0LE 901 + €795 1989/90000 6€0— 09L  6¥90° L T'01L99%6%050™ D01 68€9CANIDINN
aseuaboipAysp
- plosais-eydje-G-oxo-¢ [4 4] 96+9CPL 8€+908L £6+8C8L 0LL¥8/SL ¥/15800C €90S/€0000  L¥'0— £1T 6960 L T°05£8%6%0507 D01 €6/ LINIDINN
urar04d uosodsues vLF 156 Ob¥£09 6LFV8EL 9/78001 £7F S8y 6vFL18 8EEVYT0000  TH0— ThL  SIY0TL 70985¥6¥0S0 D01 1806 LINIDINN
ura104d 1|-¢/LOWH 88Y+ L9/ LLY+0LL9 LLy+p6ELL S08+8€86 0v+5599 LLTLFO0ESLL 1280610000 €V'0— 9Ll vlzo L €069.¥D7050 D01 0/6CaINIDINN
ui04d passaldxa YbT796 977698 SEF0S0L LSF¥86 8ET 106 857868 S0-35769ST  Lb0— S8l vlzo L 1'0258¥6¥0s0 D01 2/€0ZINIDINN
sdnoib
[As02A|6 Buliisysues) Ssesdjsueny SLFGEL €36C1L 9+t JAEA44 L150SL [4ESIX4 90-397906°'L  €5°0— L'z 6¥90 L 1'0S£9%6%050™ D01 9$8CLINIDINN
urajoud passaidxs reEFSLe 8T+T9l 0679€6 SS+1T6 *LT+09L 0S¥LL8 9TOLELOOO'0 tv'0— +'TE 9€60 L L'0SE6¥BFOSO DO L800L3IN3IDINN
aseun| urzjoad €6 LEL 8L+ 18V LS+L661 €0L+69CL *€6+LLS vOL+C6EL LLZLELLOOO'O t¥°0— 1'£Z 6960 L L'0v88t6+0SO DO1 £9/SLIN3DINN
€1 swAzos| asejoipAy
leuiuuzy-|AxoqJed uninbign 6S+¥8SL T9FLESL  8LT+8SYE  PELFLLLE *8LLTP6EL SLLT66LT 90-36/tTS'8 0S'0— 89E 9€60 L €06L9¥6+0S0 D01 CTSSLINIDINN
J0sand>aid
L @sepisodny-T-eydje 0T+€9% 9€+1¥9€ SSFSLEL zs+9zeL *09+ €0V £8FTLLL  90-3T6T6E’L €S°0— ¥'LE LOOL T L'08TL¥BYOSO DO 9St¥ LANIDINN
Josandaid
LL urjoud jejuadeld LLFE6L LZL+volLL Ly+60t 6E+-961 *88+6L6 vexSTy 90-39864°C Zso €LT SLVO L L'0L6SYBY0SO DO Y¥9L3IN3IDINN
asepixosad
auoiyien|b sapixosadoipAy
pidijoydsoyd  /91L7ZE€BL  TOLFE96L oV +6€L €85¥9L *8S T P6ET 9/1760LL 80-36886E'r 6S0 80F 690 L T 0969%6+0SO DO €SYTINIDINN
1 1bydy 03 Buipuodsaiiod Auajuhs ayj ul pajedo| sanbojowoy ad11 Yiim anbojowoy ac11 3noyiim sauab
1SHpPow  15-pajdajul Xp/-Pow  Xpy/-pa3dajul 15 XW anjead 4 dol dNS
uojjejouuy  UOIBJUI-Yd 03 dsuodsay  uolddJUI-yd 03 dsuodsay payajul-y4 adue)sisaa 110° anbojowoy ad1y al auabiun

Y3im uoneja110d

‘| 1bydy 1e pe13319p 11D Yum sauab S Y3 Jo siskleue suab siepipue) g s|qel

January 2010 | Volume 5 | Issue 1 | 8598

@ PLoS ONE | www.plosone.org




An eQTL Analysis in Barley

‘7 Jonquyuy

uisdAnowAy>-uisijngns ujaioid 861 +5291 S0v+ 1667 651 FE0EL L9EF 08T §595/£C€ 8TEFSIYT 6908090000 6£0— LY 6960 | 1098261050707 £8EEINIDINN
AHAvw

aspupy aylj-103dadai [poIdAp 901 +T¥9 £715529 Y6 +59L P6FESS ZL1598S £87F91S 1092950000 0’0 4T 9560 | 1'052216£0s070017 £89913INIDINN

z u04d 3if-L NGO 1Y &SN Y4 095£95€ LE15£8LT 21 +9L6€ LLZxL0by Sly>v6ly £5819¥0000 0v'0— L's 2001 ¢ 1'0815#b620s0™D017 L6EZINIDINN
Z-V§ 10300}

uonpIul UoND[SUDL} 210AIDYND 981 +5691 001 +860C 9SFrILL 0971661 LSL¥g6CC LYZF0EET Z15020000  Tv'0— v'E  6¥90 | L'ovzzebziso 01 L8SZINIDINN
uia01d

Hodsupi) aupIqUIBWSUDI} LvEFE0LT ocv+veclc 65C+610C 26C+8291 S6v+£€69C 19C+8€LL 616010000 ¥v¥'0— £s SLp01L 1'090v2b1 1507207 8¢CSCINIDINN
urajoud buuipuod

uipwop pajpiossp-jpjaw AApay S/lxs€ce £9x€//C Er+18¢l 6LLFE0LL BEEFLEST LOL 9591 $0-35¢62L8  SY0O— Y4 6790 L v'06¥226€050 D01 0LSZLINADINN

aspupy ufpjosd 091 +6€/1 Zll/8¢Cl LLL=1/6 se€xses 2010911 £95Ce/ S091¥95°€ 70 149 /b0 L 1°0€£9561050 D07 C95SINIDINN

uiajoud passaidxa £95045 £6+5C5 0£¥0v6 SS¥r88 *PSF06€ 6015£68 1£66¥€000°0 4] 0€  /L00lC 1'0¥%0268050 D01 26t6LINIDINN

uondisap oN 0792l vZ+vEl £9¥€0S I +29¢ *SCF0LL 25+09¢ $0-31099§°CT  L¥'0— 6CC v120™1 punoj sjiy oN 091L0ZINIOINN

S4d 209%Sl1y £095 940V r+0C r+92 *ELTF806€ 86%561 90-3€165°€ zs0 Lvy  L001°C 1'09£656¥0s0 D07 $1993INIDINN

S4d 9LL=+9c/l £9+5651 vIFLLE 9+8C€ *6SLFELSL ST+vLE 90-3CLLLL’L 1224 60t 2001 ¢ 1096566050 D017 S¥8/INIDINN

LH suoisly  QLLL=1l0¥0L €LY+TTL9  90EFV/LSLL  9l0L=+LLT6 YLFS9EL SEELF6650L €/1¥860000 8E0— I'L 6960 L 1'060816%050" D01 €SCZANADINN

uondudsap oN OLF6L €TFELT SFYS £TF991 LEFLET 8TFELL 6708960000 8€°0 L'yl Sv0 L punoj sy oN 918SLINIDINN
T 9seldjsuenjouiwe

a1e|Ax0f|6-auluele 0SEF+€EE0T 6LFVL8L 8ETFBLLL 0€T+8/91 LST+88¢€L S8FTO0EL £086760000 8€0— ST 9860 L 1'0£5£06€0SO D01 GSZSANIDINN
uiazoid Ajwey

8/9150) 4DV pazlisioeieysun LETL+1¥808 995+ 1TCL 9€TF6LLL €91¥C0€L EV8FELVL €695+85TL 6790710000 €¥'0— LT 6¥90 L 1'0££81601507 D01 £9/6INIDINN

uonduosap oN [4X&=r4VAS 6CC+8Y0€ 80€FECSY €61 F¥9LE 79TFT9LT 08ZF€19€ S0-39v/L9€L  S¥0— L'le S/v0 L punoy suy oN 0L¥8LINIDINN
uizoud

pasnpui-aleydsoyd ayi|-L-iyd 908+89/¢€ 688 L¥¥9 ¥6S+918L €9€+180C *ELLFILLI 0EEF VYT €1t89000°0 6€0 8L  SLVO L 10102562050 D01 L¥LTLINIDINN
J0sund9id 6 uiroud

Z1-ul Jo 4adueyua/10ssaiddns 00LF0¢gC LyFTULL €LEFSSLS LOTFEL99 *6CFSTT 0EY+6LLS SO-3LLLLOE  Z¥'0— L1E  L00L T L'0LEESBEDSO DO 91983INIDINN

uondudsap oN 8G+SLT €€¥891 9C+S8C SEF6LT *0C+16 LT+661 90-3/¥CLY'6  0S°0— L'€T 6¥90 L punoj siiy oN 89LZLINIDINN

11bydy o3 Buipuodsaiiod Auajulks ay3 apisino pajed0| sanbojowoy 3di1 Yiim 1o anbojowoy 3311 JnoYIIM sauab

ufa104d passaidxa (VAR 444 8viF9l€C 69C+500€ 9STFTE6C 617+80/1 6ZEFVIVT 96962£0000 60— 08  S/¥0 L 10019¥b¥0s0™ D017 0/€LLINIDINN

@ snoj buamoy SS¥b/8 LEF6/9 95+089 £95LTS £45T65 69F6/LV £0S6¥2000°0 [44% $8  L00L T 1'0£2£t650507 D017 811ZZANIDINN

ujaj04d a3j1j 4oyvjnbai yimoib vy +18C 9T+S0€ 9L F¥6C rFSHE 26+99C 9TFTEE $0-366/2€6  vE0O— vZ o £001°C €0£59%6v050D01 £801ZINIDINN
aspuly

uja104d Juapuadap-winiojpd YoL+LThl 8S1+€801L 80LFvLLL 66+C18 961 +£56 £9¥8/ $0-36958Y°9 540 0y S/¥0 L 1'00€£650507 0017 8090ZINIDINN

asoupy aujsobuyyds 8EF 79 8%6CS LSF0K0L EEFELLL STFEVS 96 /101 $0-38286°L  8Y'0— £6C  S/¥0 L 1008565050201 90SZLINIDINN

T'ldld unodonbp 0866 /€SSt T88VF9/8SE  TS9EF08T9E  TELEFHY6TT 8/99FE9VLE 0£1S+8b/4T $0-3596t1°L 6v0 /1L Z00L"¢ 1'0z2£t650s0 D01 SEZLINIDINN

Z'Ldld utodonbp 02991 SL¥811 £x4C £%8 £1588 %91 90-39/¥6/°S 250 6°0C £001°¢C 1°022L¥bv0s0™ D017 ZECLINADINN

1$-pow  )s-pajdsjul Xp/-Ppow  Xpy-paidajul 15 xXW anjead 4 aol dNS
uolnejoUUY  UOIDdJUl-Yd 03 dsuodsay  uolddjul-yd 03 asuodsay paiajul-d aduejsisal 110° anbojowoy a1y ail auabiun

YiIm uonea.i10d

qu0) *Z 9|qel

@ PLoS ONE | www.plosone.org

January 2010 | Volume 5 | Issue 1 | 8598



An eQTL Analysis in Barley

offers an opportunity to identify genes that are closely linked to
pQTL and that can be linked directly to fully sequenced model
S enomes. Differentially expressed positional candidates merit
3 g y exp p .
£ N further investigation. Moreover, genome-wide eQTL analysis also
SN g 8 Y
S 2 rovides a valuable dataset that can be used to investigate other
s 3 Y g pro i - 2 ! g
§ ‘% 3 2 '§ traits assessed in the same population, even if they are not
g 5 B g S explicitly related to the tissue sampled for analysis.
) = ) . .
£ T8¢ Based on a microscopic assessment of the development of leaf
< 2 20 = rust infection over time in the barley cultivars Steptoe and Morex,
Yy P
c © we selected 18 hpi as an appropriate sampling time for a genetical
s N P pprop phing g
e |2 enomics experiment that aimed to identify genes involved in
824 3 @ g P Ly 8
(¥ |m 0w ) artial resistance to leaf rust. This timepoint corresponds to the
Elg (3 840N p p P !
ZlE|8 & % 8 stage when plant cell walls are being penetrated and haustoria
o L .
° formation is being initiated and has previously been revealed to be
- & . . . . . . .
o |9 2 crucial in barley accessions with partial resistance to P. horder [44].
2l Y p
S1e+4 ¥ o 8 Caldo and co-workers [23] performed a time course analysis of
slg|ld ¥y P y
o | @ E g tl g 2 interactions between barley and powdery mildew (Blumeria graminis
=48 K& 3 f dei), and found th i fil he first 16 hpi
g . Sp. hordez), and found that expression profiles over the first pi
c ™ 8 were similar between incompatible and compatible reactions but
S|, |2 g p p
b 3 - diverged after this timepoint. This timing corresponds with the
3 (3T |1 2 ® 2 S P S P ..
€12 IX h b b Y well-established kinetics of haustorium formation by B. gramunis f.
- ) [ =} (= . . .
£|E|R R AR g sp. horder [23]. At haustorium formation fungal effector molecules
e lx|. k] are presumably delivered into host cells to suppress defense-related
o |3 N = transcriptional responses [23,24,49]. In this study, the intermedi-
A5 (D - p P ot Ys |
§_ €42 R & ate partial resistance phenotype of both parental lines prevented
HoT A . .
] -.g E Yy U3 g such a comparison. However, as 18 hpi corresponded to the
— Aand < . . . .
« ~ N e= formation of the first haustoria by the pathogen, we judged that it
=g Y p g Judg
c: § would represent a good choice for assessing the divergence of
N Y- transcript abundance between lines that exhibit varying levels of
H Y« & E 2 partial resistance in the population.
v |8 § hd gxl g g We used Agilent microarray technology to measure transcript
A MmN Y S| 858 abundance. The two-channel feature allows pairs of RNA samples
S 2 to be co-hybridised onto a single array after labeling with different
< < &S Y! g y g !
] P g g fluorophores, thus, greatly reducing the impact of technical
R 2\ Q | S8 variation. We also used a distant pair design [36] which optimized
< |x |8 :r\l g g % 2 < the use of genetic diversity among individuals within the mapping
TIf|s 286 28 £ population. In assembling the sample-pair matrix, we gave extra
se - - . . . . , .
25 © weight to markers linked to previously identified pQT'L for partial
= 2 g P y p p
A LI | 7, 8 resistance to leaf rust [4]. This increased the statistical power for
= N M N % o % E ] P
£ 3|8 s 8 5|¢%2¢g 3 detecting ¢QTL at these regions by maximizing the number of
s|8S S8 5| g28 3 infc ivi i i Fi 2). Th hout th lysi
c S|§S8 88| 22 ] informative pair comparisons (Figure 2). Throughout the analysis
[ d = B = © 9 S . . . .1
2¢|d|s S sSs| gl 2 £ we used normalized transcript abundance ratios of co-hybridised
= oF a P !
R Ey £ g 2 3 samples recorded on the same spot rather than their absolute
é S| . § § < § % é s E signal intensity, which reduced the bias derived from spot and
3 % $-3 array effects [36]. We also used the same design in the experiment
«n S o f . . . .
[a) $23g, for tissue sampling b owing paired samples in the same trays
Ol v~ ©o =| 35ws g plhng by gr g P P ray
S IR '% 258 which saved using checks in each tray. These combined
£ o =
o N o| 58 '§ - g approaches allowed us to generate a very robust dataset that was
© 5 2 : o .
Ele |8 8§ 8 <8 -(g“ % 5 suitable for genetic investigation. It should be noted that the
S ° )
Clg |2 2 2| 28 "é_"é“g custom Agilent array was developed from the 22K Barleyl
855 C8% Affymetrix GeneChip [19] which has only partial coverage of the
22 o ! p Yy p g
o ~ . PR =iy barley genome. Therefore potentially interesting genes may not
3 S 5 9 -2 . .
§1 S R ELE £ gg present on the array and thus could have been missed out in the
= T O N T -]
= SR B 2,8az2 study.
S ® > 3| ScEL X . . : i
E e 3 3 ‘*3 5o é s % We identified over 1100 genes that were differentially expressed
2 g 282 . L )
g = SI 8\ £| TSEL 2 § in response to Ph-challenge in either of the parental lines. GO
v < d . . . . .
3 299 2| 8sg=23¢ enrichment analysis identified over-representation of many Ph-
s8c8¢o Y P Y
. g=2o594a responsive genes in the GO categories ‘response to stimulus’, ‘cell
o STEE oo P g g P )
S >= 32 20 ¢ wall organization’, ‘metabolic process’ and one or more subcat-
S 2822383 8 ’ pro
v o8 8 QA E=5L_-28 egories. These categories comprise many genes known to be
. a S ¥ 8 R eSS .28 S g g P y g .
N o Dol ceslsh involved in defense responses including defense-related transcrip-
v = D — . . . . . .
% g é é é é SE2269 tion factors, genes involved in signal perception and transduction,
o c 222 2| orlary noid pathway. - ot (F;
= 5 2222 cqaaas hormone, phenylpropanoid pathway, and oxidative burst (Figure

S2). Their patterns of regulation in response to Ph-infection are
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mostly in agreement with findings observed in other plant-
pathosystems, such as up-regulation of genes coding for WRKY
transcription factors, PR proteins and PALs, and down-regulation
of genes involved in auxin signaling and light harvesting [50-54].
In a few cases, we did find contradictory patterns of regulation for
genes annotated with the similar functions. For example, three PR
genes were unexpectedly down-regulated. While we have no
explanation for this latter observation, overall the Ph-responsive
genes identified fit well into the generalized group of ‘host response
to pathogen infection’ genes observed across different host-
pathogen interactions [55,56]. This suggests that the 18 hpi is
representative of barley response to early Ph-infection, and
appropriately chosen as the sampling timepoint for our genetical
genomics experiment.

The relative density of eQTL across the genome showed that
three regions were significantly enriched with eQTL for Ph-
responsive genes (hotspots 1, 2 and 3 respectively) and could
therefore represent the location of master regulators (trans-eQTL)
that control the expression of networks of functionally related
genes (Figure 6). However, as the observed eQTL density was
calculated on genetic distance, high densities could result from
genetically diverse and poorly recombining but gene rich regions
such as the genetic centromeres. This however does not appear to
be the case for the three regions with the highest eQ'T'L density as
they are located outside the centromeres and correspond to
regions exhibiting relatively high recombination rates of 0.3-
3.1 Mb/cM, 0.1 Mb/cM and 0.3 Mb/cM [57]. Furthermore, the
three regions also had over ten times as many eQTL as compared
to the genome average. The excessive number of eQTL in these
regions may therefore have biological significance in this plant
pathogen interaction. Gene ontology enrichment analyses revealed
that eQTL hotspots 1 and 2 comprise genes forming conspicuous
functional categories related to ‘response to stimulus’ and
‘localization’ respectively (p<<0.05). These genes may therefore
be components of a gene network or pathway controlled by a
common upstream master regulator or #rans-eQTL. Kliebenstein et
al. [8] analyzed network eQTL for 20 well-studied gene networks
using the averaged expression value of member genes as a
measurable trait and found that network eQTL were located at
same the regions as eQQTL hotspots. We therefore speculate that
hotspots 1 and 2 represent the location of underlying network or
trans-eQTL that regulate expression of generalized defense
responsive genes. In contrast, gene ontology enrichment analysis
revealed no obvious biological process for genes whose eQTL were
located at hotspot 3.

A master regulator (frans-eQTL) at an eQTL hotspot may
function as the causal factor for a complex trait through regulation
of specific trait-relevant pathways [8]. In our study however, none
of the three eQTL hotspots co-located with any of the pQTL for
rust resistance. This is not completely unexpected. The infection
process on all lines, irrespective of their level of partial resistance,
results in the differential regulation of many genes when compared
to the mock inoculated treatment, and indicates that the pathogen
directly influences the transcriptional response of numerous plant
genes during the early phases of the interaction. This overall
general response may be so strong that in a simple comparison (e.g.
between resistant and susceptible lines) it would mask the
differentially expressed genes that are actually responsible for the
resistance phenotype. Genetic analysis can separate out these
general effects from those responsible for the phenotype as eQTL
should by necessity co-locate with pQTL. As the threshold we
adopted for detection of Ph-responsive genes was stringent (fold
change>2, FDR<0.05), it is likely that we would mostly detect
highly differentially regulated genes involved in general defense

@ PLoS ONE | www.plosone.org
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responses. Individual components of the general defense response
most often have incremental, rather than determinative, roles in
the outcome of an interaction with a pathogen [58]. The
observation that none of the eQTL hotspots overlapped with
pOTL suggests that genes responsible for natural variation in
partial resistance to Pk in this population are not trans-eQTL that
control general defense responses. This conclusion is supported by
the fact that many attempts to identify genes for disease resistance
have ended up with those involved in signal transduction pathways
[59,60] or physiological or cellular functions [48,61] rather than
defense genes per se [62,63].

eQTL were distributed across the barley genetic map and
varied in magnitude and significance. Over 2500 genes had eQTL
with LOD>10. We discounted the possibility that sequence
polymorphisms between the probe and target were the cause of
the observed high-LOD eQTL. While sequence polymorphisms
have been shown to influence the efficiency of hybridisation
between probe and target on 25-mer oligo Affymetrix arrays,
generating Single Feature Polymorphisms (SFPs) [64,45], the
hybridisation dynamics of 60-mer oligos is relatively insensitive to
SNPs [65,66]. Therefore, we believe high LOD scores reflect
extreme transcription level polymorphisms caused by variation in
cis-acting elements. In eQTL studies with sequenced species like
Arabidopsis, c¢is- and tran- eQTL can be determined by positional
comparison of eQTL with corresponding gene. For unsequenced
species such as barley, determining c¢is- or trans-eQTL is not so
straightforward and is a limitation of our analysis. However,
setting a threshold LOD score for declaring c¢is-eQTL is both
arbitrary and experiment dependent. We only found for TDM-
mapped genes some exceptions (7%) to the rule that LOD>10
eQTLs are located within 10 cM from the location of the
corresponding genes. TDMs are based on transcript abundance
differences and as 5% of TDMs may represent duplicate genes
[30] this discrepancy is likely to be of true biological origin
reflecting, for example, gene duplication or homologous tran-
scripts from paralogous loci that are differentially expressed
between tissues (.e. infected leaf vs. germinated embryo). We
therefore considered LOD>10 as a reasonable threshold for
predicting the genetic map position of genes underlying cis-eQTL
for the size and type of population we used in this study. Several
other eQTL studies have shown that high LOD eQTL mainly
reflect differentially cis-regulated allelic transcripts while #ans-
eQTL exhibit a less significant genetic effect [67,46,47,28]. It is
noteworthy that both Potokina et al. [30,68] and the work we
describe here used the same St/Mx population but different
biological materials (germinating embryos compared to Ph-
infected leaves) and different microarray platforms (Affymetrix
vs. Agilent). That 93% of the common TDM’s and LOD>10
eQTL mapped to the same genetic positions suggests that in
different biological tissues, observed allelic transcript level
differences tend to be conserved. Potokina ef al. [68] investigated
the phenomenon of limited pleiotropy in the S¢/Mx population
using a highly selected set of 2081genes that showed the highest
LOD scores for eQTL in two different tissue samples (germinating
embryo and young leaf). They observed that for approximately
half (1083) of these genes, cis-regulatory variation was consistent
among both tissues, and for the remaining 998 genes ¢us-regulation
was tissue-specific (e.g. a gene was only expressed in one tissue).
Thirty-four genes were identified where the direction of the cis-
effect was reversed in the different tissues. In C. elegans, Li et al. [69]
discovered that 8% ¢is-eQTL showed eQTL-by-environment
interaction as opposed to 59% for #rans-eQTL. One obvious
outcome of these observations is that for cis-regulated genes, eQTL
datasets obtained from one particular experiment (e.g. set of
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conditions, tissue or treatment) may be of considerable value for
transcript abundance-based candidate gene identification for other
traits that segregate in the same genetic material but are not
necessarily measured in the same tissues/times. Supporting this
idea is the recent report by Druka et al. [31] who demonstrated
that Rpgl, the causal gene for barley stem rust resistance in the St/
Mx population, could be successfully predicted based on transcript
abundance data generated from uninfected germinating embryos.

Converting the resistance scores into ratios for each distant pair
prior to performing eQTL and correlation analysis proved to be a
highly robust approach. It allowed us to reproduce the
identification of four previously discovered pQTL [4] and the
Rphq19 locus reported in a different population. It also allowed us
to identify 95 eQTL co-located with at least one of the five pQTL
from 89 genes that were correlated in transcript abundance with
rust resistance. Notably, a subset of 54 eQTL co-located with
Rphql1, the pQTL of the largest resistance effect. eQTL for the 22
genes that were most strongly correlated with rust resistance
(|7|=0.47, p<10~% exclusively mapped to Rphgll. As the
biological samples used for eQTL analysis were not the same
plants used for disease evaluation we may have reduced the power
of the correlation analysis which would result in a reduction of the
number of significantly correlated genes The 128 genes we
identified may therefore be an underestimate. The observation
that so many genes are correlated with rust resistance and their
eQTL co-localize with pQTL is not entirely unexpected. For
genes located within the pQTL regions, this correlation is almost
certainly the result of their physical linkage to the causal gene and
their regulation in c¢is-. Subsequent analysis of putative function
and genetic distance from the pQTL peak can exclude many of
these eQTL as candidate genes. For genes located outside the
pQTL regions, their correlation with rust resistance may either
represent chance events or linked biological functions that operate
downstream of the causal gene(s). Notably, we observed that many
eQTL (from 25 out of 35 genes) that did not coincide with pQTL
were located at one of the three eQTL hotspots (Table S5). This
suggests that wider transcriptional reprogramming in response to
Ph-infection is under the control of ‘general response’ trans-eQTL
located at the observed eQ'TL hotspots, an explanation that would
thus account for the correlations between the transcript abun-
dance of these genes and rust resistance.

Conservation of synteny with rice allowed us to predict the
physical location of 31 of the 54 genes underlying eQTL at
Rphql1. The high LOD (>10) eQTL for 25 of these also strongly
suggested that they were physically located close to Rphqll
(Table 2). If a positional candidate is to be considered the causal
gene underlying a given phenotype directly as the result of eQTL
analysis then it must be regulated in ¢is-. While high LOD eQTL
usually suggests cis-regulation [46,47,28], due to the lack of
information on the precise physical location of genes in barley, it is
not possible to definitively resolve cis- from trans-eQQ'TL on the basis
of LOD scores alone. However, cis-regulated genes should exhibit
significantly different transcript abundances in the parental lines.
Of the 31 genes located at Rphql1, nine showed such differences
between the two parents (FC>2, FDR<0.05) but these only
showed subtle changes in transcript abundance after Ph-infection
as compared to mock controls and were not classified Ph-
responsive genes. Of course there is no requirement for the causal
gene to be responsive to Ph-infection. We know that resistance
conferred by Rphql1 is mediated by the St allele [4]. We have no
evidence to differentiate whether this is due to an increase or
decrease in the abundance of transcript from the causal gene or
not (it could be a protein functional mutation). However, if
resistance at this locus is ultimately attributed to variation in
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transcript abundance then we may logically expect that a positive
correlation would be associated with increased transcript abun-
dance and a negative correlation with decreased transcript
abundance. Applying this criterion excludes three, leaving six
genes as the promising candidates (Table 2). Of these six,
‘unigene2453’ encoding a phospholipid hydroperoxide glutathione
peroxidase (PHGPx) is perhaps the strongest candidate. Tomato
LePHGPx has been shown to function as a cyto-protector,
preventing BAX-, hydrogen peroxide-, and heat stress-induced
cell death. Moreover, stable expression of LePHGPx in tobacco
conferred protection against the fungal phytopathogen Botytis
cinerea [70]. As a result, we are currently testing the hypothesis that
‘unigene2453’ is the causal gene underlying Rphql1.

Materials and Methods

Plant Growth

Barley cultivars Steptoe ($7) and Morex (Mx) and 144 doubled
haploid (DH) lines from their segregating progeny were used
throughout. Steptoe is a high yielding broadly adapted six-row
barley cultivar and Morex is the North American six-row malting
quality standard. Distribution of resistance levels across the
progeny exhibited a typical normal distribution with ‘relative
latency period’ (RLP50S) in hours ranging from 100 to 123. Both
parents had similar levels of resistance with RLP50S of 118 for Mx
and 119 for St (referred to [4] for details). Four biological replicates
with both pathogen-infected treatment and mock-inoculated
controls were set for parental lines, while a single replicate with
pathogen-infected treatment was used for the progeny. The DH
lines were sorted into pairs based on a distant pair design [36], as
described in the next section. Paired lines with 10 seedlings each
were grown together in trays (37 39 cm) in two rows 30 cm apart.
Each tray contained three pairs. All seedlings were grown in a
glasshouse compartment. The plant growth conditions were
similar as described previously by Qi ef al. [35] with temperature
of 24°C day and 18°C night, light length of 16 hours and relative
humidity of 60%.

Distant Pair Design for Sampling and Microarray Analysis
We used a distant pair design, as proposed for two-colour
microarrays by Fu and Jansen [36] to improve the efficiency of
eQTL studies. The design uses genetic marker information to
identify pairs of individuals with maximum dissimilarity across the
mapping population. In calculating the optimal pairing, extra
weight was given to markers in regions already known to affect the
trait of interest. Briefly, the distant pair analysis was based on 466
SNP markers from Rostoks et al. [32]. From these markers a
framework set of 119 SNP markers was chosen as having no
missing data and even spacing across the genetic map. In the
confidence intervals where the four pQTL for partial resistance to
leaf rust had been previously located [4] framework markers were
given a weight of ten, while markers in other regions were given a
weight one. Following Fu and Jansen [36], a ‘simulated annealing’
algorithm [37] was used to find an optimal pairing matrix.

Pathogen Inoculation

Barley leaf rust isolate P. kordei 1.2.1, to which no R genes are
effective in either St or Mx, was used for inoculation of nine-day
old seedlings with fully developed first leaves. Leaves were laid
horizontal and gently fixed over the soil prior to inoculation.
Inoculation was performed as described by Qi et al. [35] with
minor modifications. Briefly, per plant tray, 8 mg of urediospores
of P. horde: isolate 1.2.1 amounting to a spore deposition of about
500 spores per cm?, plus 32 mg of Lycopodium spores (added as a
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carrier) were thoroughly mixed by vortexing and applied to the
adaxial sides of the seedling leaves using a settling tower
inoculation facility. Mock inoculation of parental lines was carried
out using 40 mg of Lycopodium spores only. All trays were
transferred to a dark chamber at 18°C, 100% humidity for
10 hours, before being placed in the glasshouse for infection
development.

Microscopic Investigation of Fungal Development

To identify an optimal timing of sampling for the subsequent
eQTL experiment, an exploratory experiment containing only St
and Mx was performed. Progress of pathogen development was
investigated using epi-fluorescence microscopy, according to
Rohringer et al. [38]. Segments (1-3 cm) of the infected first
leaves were excised from seedlings at 10, 18, 24, 34, 42, and
48 hours post inoculation (hpi) and collected into glass tubes
containing a lactophenol-ethanol (1:2 v/v) solution and placed in a
boiling water bath for 1.5 min. The solution was replaced by clean
lactophenol-ethanol and left at room temperature overnight. Leaf
segments were washed, first with 50% ethanol for 30 min then
with 0.05N NaOH for 30 min, and finally rinsed with water. Leaf
segments were treated with 0.1 M Tris-HCI (pH8.5) by soaking for
30 min prior to staining in a solution of 0.1% Uvitex 2B (Ciba-
Geigy) for 5 min. Samples were thoroughly rinsed with water,
soaked in 25% glycerol for 30 min and mounted onto glass slides.
Pathogen development stages were examined at different time
points under an epi-fluorescence microscope and 18 hpi was
identified as the critical time-point when direct physical interaction
was becoming established through penetration of the host cell
walls.

Leaf Sampling and RNA Isolation

At 18 hpi, pathogen-inoculated leaves from each of the 144 DH
lines were collected separately into Falcon tubes and immediately
flash frozen in liquid nitrogen and stored at —80°C until use. One
or two seedlings of each line were left uncut to ensure that the
expected disease symptoms developed 5 days after inoculation,
confirming that the inoculations were successful and samples were
suitable for analysis.

Approximately 0.5 g of frozen leaf tissue was ground to a
powder in liquid nitrogen. RNNA was isolated with 5 ml TriZol
extraction buffer (Invitrogen) as recommended by the supplier.
The extracted RNA solution was immediately treated with RNase
inhibitor SUPERase-In (Ambion) followed by digestion with
DNasel (Ambion) according to the manufacturer’s instructions.
RNA samples were purified using RNeasy Mini Kits (Qiagen) and
quantified using a NanoDrop ND-100 spectrophotometer (Nano-
Drop Technologies). The yield was typically 200 pg of total RNA/
g of wet tissue. RNA Concentrations were equilibrated to 500 ng/
ul and RNA quality was checked on an Agilent Bioanalyzer 2100
electrophoresis system (Agilent Technologies) and stored at —80°C
until use.

Barley Custom Agilent Microarray

A barley custom array was designed in-house using eArray
(Agilent http://www.chem.agilent.com; design number 015862).
The array contains a total of 15744 60-mer oligonucleotide
features including control probes and orientation markers. Of
these, 15208 barley probes are derived from unigenes of assembly
#25 used to design probesets for the 22K Barleyl Affymetrix
GeneChip [19]. Each unigene was represented by a single 60-mer
ologonucleotide probe. The unigenes included were chosen from
the 22K Barleyl Affymetrix Gene Chip by eliminating redundant
or poorly performing probe-sets identified in previous experi-
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ments. The probe identifiers and their corresponding cDNA
sequences can be found at ArrayExpress (http://www.ebl.ac.uk/
microarray-as/ae/; accession # A-MEXP-1471). The arrays were
fabricated by Agilent in 8 x15k format (http://www.chem.agilent.
com).

Microarray Processing

Total RNA was labeled by indirect incorporation of fluorescent
dyes following c¢DNA synthesis. Reverse transcription was
performed using 5 g of total RNA in a 45 pl reaction containing
50 ng/pl oligo d(I)18, 0.5 mM each dATP, dCTP, dGTP,
0.2 mM dTTP, 0.3 mM aa-dUTP, 10 mM DTT, and 400 U
Superscript II (Invitrogen) in 1x reaction buffer. Primers and
RNA were initially heated to 70°C for 10 min followed by cooling
on ice, and the entire reaction incubated for 16 h at 42°C. To
denature the remaining RNA, 15 ul of 1 M NaOH and 15 pl of
0.5 M EDTA (pH 8.0) were added and incubated for 10 min at
65°C. The reaction was neutralized with 15 ul of 1 M HCIL
Purification of cDNA was performed using MinElute columns as
recommended (Qiagen), substituting phosphate wash buffer
(4.75 mM Ky,HPO,, 0.25 mM KH,PO,, 84% EtOH) for PB
and phosphate elution buffer (3.8 mM KyoHPO,, 0.2 mM
KH,PO,) for EB. Cy-dye esters were added to 10 ul of cDNA
in a total volume of 13 pl, containing 150 mM sodium carbonate
and 1 pl of the appropriate Cy-dye (GE Healthcare) suspended in
DMSO (1/10 supplied aliquot), and incubated for 1 h at room
temperature in the dark. To the labeled ¢cDNA, 750 mM
hydroxylamine hydrochloride was added and incubated for a
further 30 min in the dark. Labeled targets for each array were
combined and diluted with 24 ul sterile water and 500 ul of PB
buffer (Qiagen) prior to MiniElute purification and elution with
2x10 ul of EB buffer. Labeling efficiency was estimated
spectrophotometrically. Samples with dye incorporation of >2—
3 pmol/pl and cDNA concentration of 40-60 ng/ul were used for
hybridisations.

Sample Hybridisation and Array Washing

Hybridisation and washing were conducted according to the
manufacturer’s protocols (Agilent, Two-Color Microarray-Based
Transcript Abundance Analysis, version 5.5). Briefly, 20 pl labeled
samples were added to 5 ul 10x blocking agent (Agilent 5188
5242) and heat denatured at 98°C for 3 min then cooled to room
temperature. 2x GE Hybridisation buffer HI-RPM (25 pl) was
added and mixed prior to hybridisation at 65°C for 17 hours at
10 rpm. Array slides were dismantled in Wash 1 buffer (Agilent,
5188-5327) and washed in Wash 1 buffer for 1 min, then washed
in Wash 2 solution (Agilent, 5188-5327) for 1 min, and
centrifuged dry. Hybridised slides were scanned using an Agilent
G2505B scanner at resolution of 5 uM at 532 nm (Cy3) and
633 nm (Cy5) wavelengths with extended dynamic range (laser
settings at 100% and 10%).

Sample Layout of Parental Lines for Co-Hybridisation on
Microarray

For Ph-responsive gene identification, RNA samples of Ph-
infected parental lines were co-hybridised with their corresponding
mock controls using 4 arrays for 4 biological replicates of each
parent. Dye-swap duplicates were performed with two replicates to
obtain dye balance (array slide 1 in Table S1). For identification of
differentially expressed genes between the two parents, RNA
samples of Ph-infected St and Mx were co-hybridised on the same
arrays with four biological replicates of which two were applied
with dye-swap (array slide 2 in Table SI).
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Deposition of Microarray Data

The raw microarray data and relevant experimental metadata,
which are MIAME (Minimum Information About a Microarray
Experiment) compliant, were stored in a local instance of the
BASE laboratory information management system (http://base.
thep.lu.se/), and from there were submitted to the ArrayExpress
microarray data archive (http://www.ebi.ac.uk/microarray-as/
ae/) at the European Bioinformatics Institute (accession numbers:
E-TABM-645 for individual DH lines of the St/Mx population
and E-TABM-747 for parental lines), by means of a custom-
written plugin for BASE.

Data Extraction, Normalisation and Significance Criteria
for Differential Expression

Microarray images were imported into Agilent Feature
Extraction (FE) (v.9.5.3) software and aligned with the appropriate
array grid template file (015862_D_F_20070525). Intensity data
and QC metrics were extracted using the manufacturer-recom-
mended FE protocol (GE2-v5_95_Feb07). Entire FE datasets for
each array were imported into GeneSpring (v.7.3) software for
further analysis. Data from each array were Lowess (LOcally
WEighted polynomial regreSSion) normalized to minimize
differences in dye incorporation efficiency in a two-channel
microarray platform [39]. For the replicated experiment with
parental lines, dye swap was taken into account prior to Lowess
normalization. Differentially expressed genes were first selected on
fold change>2 followed by a #test on log-transformed normalised
ratio data by setting the false discovery rate (FDR) to 0.05.

Gene Function Enrichment Analysis

After a list of Ph-responsive genes was obtained, the Gene
Ontology Enrichment Analysis Toolkit (http://omicslab.genetics.
ac.cn/GOEAST) [41] was used with the default settings
(hypergeometric test with multi-test adjustment of Benjamini and
Yekutieli [42] at FDR of 0.1) to analyze functional enrichment
focusing on the functional category ‘Biological Processes’.
Significantly enriched gene ontology (GO) categories containing
at least 3 genes were used for presentation.

Statistical Model for eQTL Analysis

eQTL analysis used the linear model proposed by [36]. This
relates the log ratios of transcript abundance to the (SNP) markers
on the linkage map (for each marker in turn). The model for
transcript abundance at each marker can be expressed as

(1)

where ‘y;7 is the log ratio of transcript abundance of pair §* for
gene 7, and “x;’ shows the marker allele information for the pair
at marker ‘& with x;=1, and —1 for the pairs St/Mx, Mx/St
respectively and x;=0 for the pairs St/St or Mx/Mx. The
regression coeflicient f;; shows the effect of the allele difference
at marker ‘4’ on gene 7, the intercept o should be close to zero
unless there is dye bias and ey is the residual error.

The log-normalised ratios of transcript levels of the paired lines
from each of the 15208 genes were employed, as transcript
abundance phenotypic data in the linear model and tested for
association with each of the 466 SNP markers across the 7
chromosomes independently using a threshold of p<<0.001 to
declare significant eQTL. When multiple markers on the same
chromosome detected a significant association, only the most
significant marker was selected to represent the eQTL on that
chromosome. The residuals were then tested for further eQTL. In

Vip =ik + B Xjw + eijic
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this second round test, a regression of the log ratio on all of the
markers that indicated the most significant association on each
chromosome was performed, and the residuals estimated. The
residuals were then reanalyzed using equation (1) to test for further
eQTL, either on the same or different chromosomes, in the next
round. Markers with the highest logarithm of odds ratio (LOD)
score, the corresponding p-value, the variation explained by the
eQTL (R% and the eQTL additive effect were stored as output of
the analysis.

The rust resistance trait, ‘relative latency period (RLP50S)’,
which had been used previously for the discovery of the four
pQTL Rphg8, Rphqll, Rphgl4 and Rphql5 [4], was reanalysed
using the QTL model of equation (1). The Pearson correlation
coefficient was calculated between the RLP50S ratio and the
normalised ratio of transcript abundance for each of the 15208
genes.

Supporting Information

Figure S1 Venn diagram showing number of Ph-responsive
genes and genes differentially expressed after Ph-infection. Red and
green circle represent Ph-responsive genes identified from St and
Mx respectively that are significantly (fold change>2 and
FDR<0.05) altered after Ph-infection compared to mock controls.
Blue circle represents significant (fold change>2 and FDR<0.05)
differently expressed genes between the parental lines after Ph-
infection. Venn diagram showing number of Ph-responsive genes
and genes differentially expressed after Ph-infection. Red and green
circle represent Ph-responsive genes identified from St and Mx
respectively that are significantly (fold change>2 and FDR<0.05)
altered after Ph-infection compared to mock controls. Blue circle
represents significant (fold change>2 and FDR<0.05) differently
expressed genes between the parental lines after Ph-infection.

Found at: doi:10.1371/journal.pone.0008598.5s001 (0.42 MB EPS)

Figure $2 Functional classification of the 1154 Ph-responsive
genes. Number of up (+) or down (—) regulated genes are shown in
the table attached on the right side (see Table S1 for details).

Found at: doi:10.1371/journal.pone.0008598.s002 (0.70 MB EPS)

Table S1 Microarrays performed on parental lines for identifi-
cation of Ph-responsive genes (array slide 1) and differentially
expressed genes (array slide 2).

Found at: doi:10.1371/journal.pone.0008598.s003 (0.04 MB
DOC)

Table 82 Gene ontology enrichment analysis of Ph-responsive
genes and genes with eQTL at hotspots 1 and 2.

Found at: doi:10.1371/journal.pone.0008598.s004 (0.05 MB
DOC)

Table 83 Transcript abundance of Steptoe and Morex infected
by Puccinia horde: compared with mock control.

Found at: doi:10.1371/journal.pone.0008598.s005 (0.40 MB
DOC)

Table $4 Differentially expressed genes in Ph-infected seedlings
between Steptoe and Morex.

Found at: doi:10.1371/journal.pone.0008598.s006 (0.22 MB
XLS)
Table 85 cQTL for Ph-responsive genes.

Found at: doi:10.1371/journal.pone.0008598.s007 (0.34 MB
XLS)

Table S6 eQTL for the 128 resistance-correlated genes and
positional overlapping with pQTL and Ph-responsive eQTL
hotspots.
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Found at: doi:10.1371/journal.pone.0008598.s008 (0.07 MB
XLS)
Acknowledgments

We gratefully acknowledge J. McNicol and D. Roberts for valuable
discussions concerning the experimental and custom array design and F.
Yeo, A. Gonzalez, Z. Kohutova, F. Meijer-Dekens, R. Aghnoum, M.
Macaulay and K. McLean for their kind help with sampling. We thank

References

1.

20.

21.

Mammadov JA, Zwonitzer JC, Biyashev RM, Griffey CA, Jin Y, et al. (2003)
Molecular mapping of leaf rust resistance gene RphS in barley. Crop Science 43:
388-393.

. Weerasena JS, Steffenson BJ, Falk AB (2004) Conversion of an amplified

fragment length polymorphism marker into a co-dominant marker in the
mapping of the Rphl5 gene conferring resistance to barley leaf rust, Puccinia hordei
Otth/Weerasena. Theoretical and Applied Genetics 108: 712-719.

. Niks RE, Waalther U, Jaiser H, Martinez F, Rubiales D, et al. (2000) Resistance

against barley leafl rust (Puccinia hordei) in West-European spring barley
germplasm. Agronomie 20: 769-782.

. Marcel TC, Varshney RK, Barbieri M, Jafary H, de Kock MJD, et al. (2007) A

high-density consensus map of barley to compare the distribution of QTLs for
partial resistance to Puccinia hordei and of defence gene homologues. Theoretical
and Applied Genetics 114: 487-500.

. Jansen RC, Nap JP (2001) Genetical genomics: the added value from

segregation. Trends in Genetics 17: 388-391.

Schadt EE, Monks SA, Drake TA, Lusis AJ, Che N, et al. (2003) Genetics of

gene expression surveyed in maize, mouse and man. Nature 422: 297-302.
Schadt EE, Lamb J, Yang X, Zhu J, Edwards S, et al. (2005) An integrative
genomics approach to infer causal associations between gene expression and
disease. Nature Genetics 37: 710-717.

. Kliebenstein DJ, West MAL, van Lecuwen H, Loudet O, Doerge RW, et al.

(2006) Identification of QTLs controlling gene expression networks defined a
priori. BMC Bioinformatics 7(308).

. Piffanelli P, Ramsay L, Waugh R, Benabdelmouna A, D’Hont A, et al. (2004) A

barley cultivation-associated polymorphism conveys resistance to powdery

mildew. Nature 7002: 887—-890.

. Wentzell A, Rowe HC, Hansen BG, Ticconi C, Halkier BA, et al. (2007) Linking

metabolic QTLs with network and cis-eQTLs controlling biosynthetic pathways.
PLoS Genetics 3(9): e162.

. Zhang L, Fetch T, Nirmala J, Schmierer D, Brueggeman R, et al. (2006) Rprl, a

gene required for Rpgl-dependent resistance to stem rust in barley. Theoretical
and Applied Genetics 113: 847-855.

. Kroymann J, Donnerhacke S, Schnabelrauch D, Mitchell-Olds T (2003)

Evolutionary dynamics of an Arabidopsis insect resistance quantitative trait
locus. Proceedings of the National Academy of Sciences USA 100:
14587-14592.

. Lambrix V, Reichelt M, Mitchell-Olds T, Kliebenstein DJ, Gershenzon J (2001)

The Arabidopsis epithiospecifier protein promotes the hydrolysis of glucosino-
lates to nitriles and influences Trichoplusia ni herbivory. The Plant Cell 13:
2793-2807.

Svistoonoff' S, Crefl’' A, Reymond M, Sigoillot-Claude C, Ricaud L, et al. (2007)
Root tip contact with low-phosphate media reprograms plant root architecture.
Nature Genetics 39: 792-796.

. Johanson U, West J, Lister C, Michaels S, Amasino R, et al. (2000) Molecular

analysis of FRIGIDA, a major determinant of natural variation in Arabidopsis
flowering time. Science 290: 344-347.

. Werner JD, Borevitz JO, Warthmann N, Trainer GT, Ecker JR, et al. (2005)

Quantitative trait locus mapping and DNA array hybridization identify an FL.M
deletion as a cause for natural flowering-time variation. Proceedings of the

National Academy of Sciences USA 102: 2460-2465.

. Caicedo AL, Stinchcombe JR, Olsen KM, Schmitt J, Purugganan MD (2004)

Epistatic interaction between Arabidopsis FRI and FLC flowering time genes
generates a latitudinal cline in a life history trait. Proceedings of the National

Academy of Sciences USA 101: 15670-15675.

. Clark RM, Wagler TN, Quijada P, Doebley J (2006) A distant upstream

enhancer at the maize domestication gene tbh1 has pleiotropic effects on plant
and inflorescent architecture. Nature Genetics 38: 594-597.

. Close TJ, Wanamaker SI, Caldo RA, Turner SM, Ashlock DA, et al. (2004) A

new resource for cereal genomics: 22K barley GeneChip comes of age. Plant
Physiology 134: 960-968.

Jukanti AK, Heidlebaugh NM, Parrott DL, Fischer IA, McInnerney K, et al.
(2008) Comparative transcriptome profiling of near-isogenic barley (Hordeum
vulgare) lines differing in the allelic state of a major grain protein content locus
identifies genes with possible roles in leaf senescence and nitrogen reallocation.

New Phytologist 177: 333-349.

Parrott DL, McInnerney K, Feller U, Fischer AM (2007) Steam-girdling of

barley (Hordeum vulgare) leaves leads to carbohydrate accumulation and

@ PLoS ONE | www.plosone.org

14

An eQTL Analysis in Barley

Kazuhiro Sato at the Barly Germplasm Centre of Okayama University for
providing seeds of the S¢/Mx population.

Author Contributions

Conceived and designed the experiments: XC CAH AD LR DM LC RW.
Performed the experiments: XC. Wrote the paper: XC RW. Statistical
analysis of eQTL: CAH. Pathogen infection and sampling: REN TCM,
AV. Microarray and data deposition: PH. Microarray: CB JM. Custom
array design: AD LR DM LC. Data deposition: MB IM.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

accelerated leaf senescence, facilitating transcriptomic analysis of senescence-
associated genes. New Phytologist 176: 56-69.

Druka A, Muehlbauer G, Druka I, Caldo R, Baumann U, et al. (2006) An atlas
of gene expression from seed to seed through barley development. Functional &
Integrative Genomics 6: 202-211.

Caldo RA, Nettleton D, Wise RP (2004) Interaction-dependent gene expression
in Mla-specified response to barley powdery mildew. The Plant Cell 16:
2514-2528.

Caldo RA, Nettleton D, Peng J, Wise RP (2006) Stage-specific suppression of
basal defense discriminates barley plants containing fast- and delayed-acting Mla
powdery mildew resistance alleles. Molecular Plant-Microbe Interactions 19:

939-947.

. Meng Y, Moscou MJ, Wise RP (2009) Blufensinl negatively impacts basal

defense in response to barley powdery mildew. Plant Physiology 149: 271-285.
Zhang L, Castell-Miller C, Dahl S, Steffenson B, Kleinhofs A (2008) Parallel
expression profiling of barley-stem rust interactions. Functional and Integrative
Genomics 8: 187-198.

Boddu J, Cho S, Kruger WM, Muchlbauer GJ (2006) Transcriptome analysis of
the barley—Fusarium graminearum interaction. Molecular Plant-Microbe Interac-
tions 19: 407-417.

West MAL, Kim K, Kliebenstein DJ, van Leeuwen H, Michelmore RW, et al.
(2007) Global eQTL mapping reveals the complex genetic architecture of
transcript-level variation in Arabidopsis. Genetics 175(3): 1441-1450.
Keurengjes JJB, Fu J, Terpstra IR, Garcia JM, van den Ackerveken G, et al.
(2007) Regulatory network construction in Arabidopsis by using genome-wide
gene expression quantitative trait loci. Proceedings of the National Academy of
Sciences USA 104: 1708-1713.

Potokina E, Druka A, Luo Z, Wise R, Waugh R, et al. (2008) Gene expression
quantitative trait locus analysis of 16 000 barley genes reveals a complex pattern
of genome-wide transcriptional regulation. The Plant Journal 53: 90-101.
Druka A, Potokina E, Luo Z, Bonar N, Druka I, et al. (2008) Exploiting
regulatory variation to identify genes underlying quantitative resistance to the
wheat stem rust pathogen Puccinia graminis f. sp. tritict in barley. Theoretical and
Applied Genetics 117: 261-272.

Rostoks N, Mudie S, Cardle L, Russell JR, Ramsay L, et al. (2005) SNP-based
barley integrated linkage map developed from genes responsive to abiotic stress
identifies regions of conserved synteny in barley and rice. Molecular Genetics
and Genomics 274: 515-524.

Wenzl P, Li H, Carling J, Zhou M, Raman H, et al. (2006) A high-density
consensus map of barley linking DAr'T markers to SSR, RFLP and STS loci and
agricultural traits. BMC Genomics 7: 206.

Stein N, Prasad M, Scholz U, Thiel T, Zhang H, et al. (2007) A 1,000-loci
transcript map of the barley genome: new anchoring points for integrative grass
genomics. Theoretical and Applied Genetics 114: 823-839.

. Qi X, Niks RE, Stam P, Lindhout P (1998) Identification of QTLs for partial

resistance to leaf rust (Puccinia horder) in barley. Theoretical and Applied Genetics
96: 1205-1215.

Fu J, Jansen RC (2006) Optimal design and analysis of genetic studies on gene
expression. Genetics 172: 1993-1999.

Kirkpatrick S, Gelatt CD Jr, Vecchi MP (1983) Optimization by simulated
annealing. Science 220: 671-680.

Rohringer R, Kim WK, Samborski DJ, Howes NK (1977) Calcofluor: an optical
brightener for fluorescence microscopy of fungal plant parasites in leaves.
Phytopathology 67: 808-810.

Yang YH, Dudoit S, Luu P, Lin DM, Peng V, et al. (2002) Normalization for
c¢DNA microarray data: a robust composite method addressing single and
multiple slide systematic variation. Nucleic Acids Research 30: 4el5.
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical
and powerful approach to multiple testing. Journal of the Royal Statistical
Society, Series B 57: 289-300.

Zheng Q, Wang X]J (2008) GOEAST: a web-based software toolkit for Gene
Ontology enrichment analysis. Nucleic Acids Research  36: No. suppl_2
W358-W363.

Benjamini Y, Yekutieli D (2001) The control of the false discovery rate under
dependency. Annals of Statistics 29: 1165-1188.

Halterman DA, Wei F, Wise RP (2003) Powdery mildew-induced Mla mRNAs
are alternatively spliced and contain multiple upstream open reading frames.
Plant Physiology 131: 558-567.

January 2010 | Volume 5 | Issue 1 | e8598



44.

46.

47.

48.

49.

50.

51.

56.

57.

Niks RE (1986) Failure of haustorial development as a factor in slow growth and
and development of Puccinia horder in partially resistant barley seedlings.
Physiological and Molecular Plant Pathology 28: 309-322.

. Luo ZW, Potokina E, Druka A, Wise R, Waugh R, et al. (2007) Robust, high

density genotyping from gene-expression data in species with un-sequenced
genomes. Genetics 176: 789-800.

Kliebenstein D (2009) Quantitative genomics: analyzing intraspecific variation
using global gene expression polymorphisms or eQ)TLs. Annual Review of Plant
Biology 60: 93-114.

Hansen BG, Halkier BA, Kliebenstein DJ (2008) Identifying the molecular basis
of QTLs: eQTLs add a new dimension. Trends in Plant Science 13: 72-77.
Krattinger SG, Lagudah ES, Spielmeyer W, Singh RP, Huerta-Espino J, et al.
(2009) A putative ABC transporter confers durable resistance to multiple fungal
pathogens in wheat. Science 323: 1360-1363.

Holub EB, Cooper A (2004) Matrix, reinvention in plants: how genetics is
unveiling secrets of non-host discase resistance. Trend in Plant Science 9:
211-214.

Eulgem T (2005) Regulation of the Arabidopsis defense transcriptome. Trend in
Plant Science 10: 71-78.

Arfaoui AE, El Hadrami A, Mabrouk Y, Sifi B, Boudabous A, et al. (2007)
Treatment of chickpea with Rhizobium isolates enhances the expression of
phenylpropanoid defense-related genes in response to infection by Fusarium
oxysporum f. sp. ciceris. Plant Physiology and Biochemistry 45: 470-479.

. Wang D, Pajerowska-Mukhtar K, Culler AH, Dong X (2007) Salicylic acid

inhibits pathogen growth in plants through repression of the auxin signaling
pathway. Current Biology 17: 1784-1790.

. Domingo C, Andrés F, Tharreau D, Iglesias DJ, Talén M (2009) Constitutive

expression of OsGH3.1 reduces auxin content and enhances defense response
and resistance to a fungal pathogen in rice. Molecular Plant-Microbe
Interactions 22: 201-210.

. Berger S, Papadopoulos M, Schreiber U, Kaiser W, Roitsch T (2004) Complex

regulation of gene expression, photosynthesis and sugar levels by pathogen
infection in tomato. Physiologia Plantarum 122: 419-428.

. Apel K, Hirt H (2004) Reactive oxygen species: Metabolism, oxidative stress,

and signal transduction. Annual Review of Plant Biology 55: 373-399.
Hammond-Kosack KE, Jones JDG (1996) Resistance gene-dependent plant
defense responses. The Plant Cell 8: 1773-1791.

Kiinzel G, Korzun L, Meister A (2000) Cytologically integrated physical
restriction fragment length polymorphism maps for the barley genome based on
translocation breakpoints. Genetics 154: 397-412.

@ PLoS ONE | www.plosone.org

15

58.

59.

60.

62.

63.

64.

66.

68.

69.

70.

An eQTL Analysis in Barley

Collinge DB, Jensen MK, Lyngkjaer MF, Rung J (2008) How can we exploit
functional genomics approaches for understanding the nature of plant defences?
Barley as a case study. European Journal of Plant Pathology 121: 257-266.
Glazebrook J (2005) Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annual Review of Phytopathology 43: 205-227.
Panstruga R, Schulze-Lefert P (2002) Live and let live: insights into powdery
mildew disease and resistance. Molecular Plant Pathology 3: 495-502.

. Fu D, Uauy C, Distelfeld A, Blechl A, Epstein L, et al. (2009) A kinase-START

gene confers temperature-dependent resistance to wheat stripe rust. Science 323:
1357-1360.

Field B, Jordan F, Osbourn A (2006) First encounters-Deployment of defence-
related natural products by plants. New Phytologist 172: 193-207.

van Loon LC, Rep M, Pieterse CM]J (2006) Significance of inducible defense-
related proteins in infected plants. Annual Review of Phytopathology 44:
135-162.

Rostoks N, Borevitz JO, Hedley PE, Russell J, Mudie S, et al. (2005) Single-
feature polymorphism discovery in the barley transcriptome. Genome Biology
6(6): R54.

. Hughes TR, Mao M, Jones AR, Burchard J, Marton MJ, et al. (2001) Expression

profiling using microarrays fabricated by an ink-jet oligonucleotide synthesizer.
Nature Biotechnology 19: 342-347.

Laurence J, Ducreux M, Morris WL, Prosser IM, Morris JA, et al. (2008)
Expression profiling of potato germplasm differentiated in quality traits leads to
the identification of candidate flavor and texture genes. Journal of Experimental
Botany 59: 4219-4231.

. Doerge RW (2002) Mapping and analysis of quantitative trait loci in

experimental populations. Nature Reviews Genetics 3: 43-52.

Potokina E, Druka A, Luo Z, Moscou M, Wise RP, et al. (2008) Tissue-
dependent limited pleiotropy affects gene expression in barley. The Plant Journal
56: 287-296.

Li Y, Alvarez OA, Gutteling EW, Tijsterman M, Fu J, et al. (2006) Mapping
determinants of gene expression plasticity by genetical genomics in C-eclegans.
PLoS Genetics 2(12).

Chen S, Vaghchhipawala Z, Li W, Asard H, Dickman MB (2004) Tomato
phospholipid hydroperoxide glutathione peroxidase inhibits cell death induced
by Bax and oxidative stresses in yeast and plants. Plant Physiology 135:
1630-1641.

January 2010 | Volume 5 | Issue 1 | e8598



