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A long-standing and fundamental question in biology is how genes influence complex
phenotypes. Combining near-isogenic line mapping with genome expression profiling
offers a unique opportunity for exploring the functional relationship between genotype
and phenotype and for generating candidate genes for future study. We used a wholegenome microarray produced with ink-jet technology to measure the relative expression
level of over 21 500 genes from an Arabidopsis thaliana near-isogenic line (NIL) and its
recurrent parent. The NIL material contained two introgressions (bottom of chromosome
II and top of chromosome III) of the Cvi-1 ecotype in a Ler-2 ecotype genome background.
Each introgression ‘captures’ a Cvi allele of a physiological quantitative trait loci (QTL) that
our previous studies have shown increases transpiration and reduces water-use efficiency
at the whole-plant level. We used a mixed model anova framework for assessing sources of
expression variability and for evaluating statistical significance in our array experiment.
We discovered 25 differentially expressed genes in the introgression at a false-discovery
rate (FDR) cut-off of 0.20 and identified new candidate genes for both QTL regions. Several
differentially expressed genes were confirmed with QRT–PCR (quantitative reverse
transcription–polymerase chain reaction) assays. In contrast, we found no statistically
significant differentially expressed genes outside of the QTL introgressions after controlling for multiple tests. We discuss these results in the context of candidate genes, cloning
QTL, and phenotypic evolution.
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Introduction

1

A major goal of modern genetics is to understand the
complex mapping of genotype to phenotype. This is an
enormous challenge as nearly all phenotypes in natural
populations are affected by many loci, the environment,
and their interactions (Falconer & Mackay 1989; Lynch
& Walsh 1998). Classic approaches for studying polygenic
traits have largely ignored the molecular, physiological,
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and developmental processes that link genotype to
organism-level phenotype and instead have focused on
statistical aspects of variability (Barton & Keightley 2002).
Genetic mapping techniques provide one way to localize
effects to particular genome locations (Lander & Schork
1994; Lynch & Walsh 1998; Flint & Mott 2001), but these
studies only rarely provide genuine biological insight
into how genotypes translate into phenotypes (Schlichting
& Pigliucci 1998). Similarly, molecular and functional
genetic approaches are seldom applied to phenotypes
at the whole-organism scale. Technological and molecular
advances of the last decade are now allowing additional
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Materials and methods

Whole-genome expression analyses

We used a randomized design with three replicates each
of a single NIL and its recurrent parent (Ler-2) in a study of
whole-rosette gene expression. The NIL material was
developed by backcrossing a recombinant inbred line (RIL)
capturing the two target QTL to Ler-2, along with selfing and
marker-assisted selection, to obtain a homozygous line
containing the two Cvi introgressions in a Ler-2 background.
The starting RIL in this case was derived from the original
Ler-2 × Cvi mapping population that was densely genotyped
with 322 molecular markers with an average intermarker
distance of 1.5 centimorgans (cM) (Alonso-Blanco et al.
1998). This dense mapping provides an ideal starting point
for NIL construction as it clearly indicates the location
of ‘unwanted’ Cvi blocks. After initial NIL construction,
plant material was again genotyped in the targeted
intervals using 17 and 21 markers near the chromosome II
and III introgressions, respectively. The chromosome II
introgression occurs from ∼17.2 to ∼19.2 Mbp and the
chromosome III introgression occurs from the left telomere
to ∼0.70 Mbp. It is important to emphasize, nevertheless,
that the particular breakpoints for these introgression have
not been fine-mapped and therefore the exact size of the
introgressions is unknown. In total, the introgression contains
at least 933 genes (chromosome II, 654; chromosome III,
279 genes). Seven hundred eighty-nine (789) of these genes
are represented with 60-mer oligos on the Agilent
Arabidopsis 2 array.
Plants were grown in small (5 cm) pots filled with a peatbased potting mix (Promix BT®). Seeds were planted into
moist soil and then cold stratified in the dark for 7 days at
4 °C. The plants germinated and grew in a growth chamber
(∼150 µmol m−2 s−1 PPFD). Photoperiod was 14 h light/
10 h dark and the temperature cycled 21/20 °C light/dark

U
N
C
O
R
R
EC
TE
D

56

of molecular approaches to identify the causal genetic
polymorphisms underlying these QTL.
Here, we report on gene expression studies comparing
mRNA abundance in rosette leaf tissue from a near-isogenic
line containing Cvi alleles at two physiological QTL to its
recurrent parent (Ler-2). These experiments are used to
locate expression level polymorphisms within the introgression elements that may be causally related to the
mapped physiological QTL. Furthermore, these data allow
an exploration of the transcriptional impact of QTL introgression at a whole-genome level (outside of the introgression elements) and may therefore be helpful in generating
hypotheses of either regulatory or downstream functional
impacts of sequence physiological QTL. Together, these
data provide new insight into the role of gene expression
in natural quantitative genetic variability.
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information to be collected at intermediate levels of
organization (e.g. transcription, translation, protein
modification/degradation, developmental interactions).
These studies are likely to provide a better understanding
of the biological processes important in the translation of
DNA to phenotype across ontogeny and environments
(Jin et al. 2001; Gibson & Mackay 2002).
An important step in this regard has been the development of tools for screening mRNA transcript abundance
at a whole-genome level (Brown & Botstein 1999). The abundance of mRNA within specific cells, tissues, or organs is
both genetically and environmentally determined and as
such can be considered a quantitative trait (Eves et al. 2002;
Schadt et al. 2003; Townsend et al. 2003; Brem & Krugylak
2005). Expression profiling and genetic mapping have documented heritable patterns of gene expression and have
provided evidence for both cis- and trans-acting regulation
of natural expression variability. In several cases, genetic
studies of natural variation coupled with gene expression
analyses have been used to identify candidate genes for
complex diseases (Aitman et al. 1999; Karp et al. 2000; Eves
et al. 2002; Schadt et al. 2003), physiological processes
(Townsend et al. 2003; Fay et al. 2004; Baxter et al. 2005), and
developmental characteristics (Wayne & McIntyre 2002;
van Driessche et al. 2005) as well as to provide the first
partitioning of genetic and environmental components of
transcriptional variance (Jin et al. 2001; Brem et al. 2002;
Oleksiak et al. 2002; Gibson et al. 2004; Morley et al. 2004;
Wayne et al. 2004; Brem & Krugylak 2005; Chesler et al.
2005; Manley et al. 2005; Story et al. 2005). These data are of
interest to ecological and evolutionary biologists, in part, as
they provide some of the first data concerning the importance
of gene expression changes in phenotypic variability and
evolution (Townsend et al. 2003; Fay et al. 2004).
We have recently identified quantitative trait loci (QTL)
controlling whole-plant physiology in Arabidopsis thaliana
using a set of recombinant inbred lines derived from genetically diverse parental ecotypes (Ler-2 × Cvi-1; Ler-2 × Col-4)
(Hausmann et al. 2005; Juenger et al. 2005). These studies
focused on integrating quantitative genetic analyses with
functional studies of physiological traits, plant performance,
and plant responses to soil-moisture deficit and drought.
We captured two δ13C (a lifetime integrated physiological
trait) QTL as near-isogenic lines (NIL) to further characterize their physiological basis and confirm their genomic
location (Juenger et al. 2005). NIL containing Cvi parental
alleles at these two δ13C QTL increase stomatal conductance (gs), decrease transpiration efficiency, and alter the
rate of water loss from detached leaves. QTL effects were
constitutive and did not respond to soil moisture variability. The gene(s) underlying these QTL may therefore play
important roles in controlling stomatal closure during
leaf dehydration as well as during gas exchange under
well-watered conditions. We are currently using a number
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RNeasy Plant kit and subsequently treated with QIAGEN
RNase-free DNase. Each sample was quantitatively
analysed using an ABgene Absolute™ one-step QRT–PCR
kit (ABgene) and the TaqMan® fluorogenic 5′-nuclease
PCR assay. Under this protocol, both the RT and PCR are
performed in the same reaction mix in a single assay tube.
Gene-specific PCR products were measured in realtime with an Applied Biosystems 7900 Sequence Detection
System (Applied Biosystems). Primers and probes for each
gene were designed using Primer Express® (Applied Biosystems) with FAM and nonfluorescent quencher probe
labelling. Primers sequences used for AT2G42500 were:
forward, 5′ TGCCCTGATACCAATTACCTGTTT; reverse,
5′ GACTAACAGCGTAACAGTTTCAACA; and probe, CCACGGTCCACATAGTC. Primer sequences used for AT2G42590
were: forward, 5′ GGTTTGGCTTTGAATTTCTCTGTCT;
reverse, 5′ CCTGCTTAGCAAGGTGACATG; and probe,
CCTTTCAGGTGCGTTCAT. Primer sequences for AT3G1480
were: forward, 5′GCGTTAAGGCTCTAGATTCTGTTGA;
reverse, 5′ CCCTTGCTGCAATGTTCTACTTG′; and probe,
CCTGCCTCACATTCCGT. Primer sequences used for
AT2G42590 were: forward, 5′ GGTTTGGCTTTGAATTTCTCTGTCT; reverse, 5′ CCTGCTTAGCAAGGTGACATG;
and probe, CCTTTCAGGTGCGTTCAT. Primer sequences
for AT3G1460 were: forward, 5′GACGGATCAACTGAAGCTTTTCTTG; reverse, 5′ GGCTGATCTGCATACATAACACGTA; and probe, TCCACAGCTCAAGAACA. Primer
sequences for AT3G02220 were: forward, 5′ GTCAGAAGTGTACAAAGCGAAATGTT; reverse, 5′ GCACACACCTTTTGCTCCTT; and probe, ACAACCAGGGCATAACT.
The relative amount of mRNA generated from each
assay was determined on the basis of the threshold cycle
(CT) value for each reaction reflecting the number of
PCR cycles needed to identify a target gene. The ACTIN2
gene was used as an endogenous control to normalize the
quantity of RNA used in particular reactions. The primers
for ACTIN2 were: forward, TCCGTTTTGAATCTTCCTCAATCTCA; reverse, TTGAATATCATCAGCCTCAGCCATT;
probe, CTTTCTTTCCAAGCTCATAAAA. The CT value
for ACTIN2 was subtracted from that of each target gene to
obtain ∆CT values, which were used in subsequent statistical analyses. The relative quantitative value of mRNA was
expressed as 2–∆∆CT, where ∆∆CT is the difference between
the CT values of the genetic lines (using the line with lower
transcript abundance as the calibrator). We also evaluated
the eukaryotic 18S rRNA gene as an endogenous control
in experiments — these analyses gave identical results to
the ACTIN2 gene. We therefore present only the analyses
based on ACTIN2 standardization.
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with a constant RH of 50%. The position of experimental
plants within the growth chamber was randomly shuffled
every other day over the course of the experiment. After 20
days, the rosette of each plant was harvested and flash frozen on liquid N2. Total RNA was extracted from each using
a Plant RNeasy® Plant kit (QIAGEN). The tissue used for
RNA extraction excluded root material, but included apical
meristem, rosette leaves, and remaining cotyledons. RNA
extractions were checked for quality and quantified using
a 2100 Bioanalyzer instrument (Agilent Technologies).
cRNA was synthesized from 400 ng of each total RNA
sample with Cy3 or Cy5-CTP using the Agilent Technologies Low input Linear Amplification kit according to the
manufacturer’s recommendations. Our experiments
utilize the Agilent Arabidopsis-2 Oligo Array representing
21 500 genes and covering approximately 80% of the
Arabidopsis thaliana genome. These arrays are based on the
ink-jet ‘printing’ of 60-base oligo probes developed from
the ATH1 version 3 database of The Institute for Genomic
Research (TIGR) (Coughlan et al. 2004). Samples were
hybridized to microarrays in a series of replicated dyeswaps involving 27 arrays. The design was unbalanced
due to the number of arrays available for the experiment as
well as the amount of resource expended on particular biological samples. In standard microarray notation, our
design was as follows: N17,L1, N1,L1, N1→L1, N1,L2,
N1,L2, Ν2,L1, N2→L2, N2,L2, N2,L2, N3,L1,
N3,L1, N3,L2, N3→L2, L2,L3, L1,L2, where N1–N3
correspond to three biological replicates of the NIL and L1–
L3 correspond to three biological replicates of the recurrent
parent (Ler-2). One-microgram cRNA samples were fragmented and hybridizations were performed using the
formamide-based buffer of Hughes et al. (2001) with the
exception that an Agilent Surehyb microarray hybridization
chamber and accessories were used (final hybridization
volume of 500 µL) for 18 h at 42 °C. Microarray images
were obtained by scanning each slide with an Agilent DNA
microarray scanner. Mean intensity values (nonbackground
subtracted) for each spot were used in all subsequent analyses.

QRT–PCR confirmation of differentially expressed genes

Quantitative reverse transcription–polymerase chain reactions
(QRT–PCR) were used to confirm differential expression of
five candidate genes identified through the whole-genome
array analysis. Here, we report results for AT2G42500
(serine-threonine protein phosphatase PP2A-3 catalytic
subunit), AT2G42590 [14-3-3 protein (GF14 mu)], AT3G01480
(peptidyl-prolyl cis-trans isomerase), AT3G01460 (PHD
finger family protein/methyl-CpG binding domaincontaining protein), and AT3G02220 (expressed protein).
Fifteen replicate plants each of Ler-2 and the NIL were
grown in a second experiment as described above. Total RNA
was extracted from each replicate plant using a QIAGEN

Confirming probe sequences in introgression element
Our study makes use of the Arabidopsis-2 array developed
from Col-4 sequence and relies on hybridizing Ler-2 and

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Statistical analysis

U
N
C
O
R
R
EC
TE
D

Our experiment generated expression data for two classes
of genes, those occurring within or those occurring outside
of the NIL introgression elements. Genes occurring within
the element may exhibit differential expression as a result
of (i) sequence polymorphisms between Ler-2 and Cvi
that generate true difference in mRNA abundance or
(ii) mismatches in the probe sequences and subsequent
differential hybridization. In contrast, genes occurring
outside the introgression element should only differ in
transcript abundance as a secondary (trans- or downstream)
response of polymorphisms within the introgression
element. Given this structure, we split our expression
analyses into the corresponding two classes of genes
and analysed each separately. The data for each set
were imported into the r software environment (www.
R-project.org) and analysed using an anova-based framework
with the r/maanova package (Kerr et al. 2000; Kerr &
Churchill 2001; Wolfinger et al. 2001; Churchill 2002). The
data exhibited intensity-dependent biases and therefore
log(2) transformed data were further corrected with a global
lowess transformation. The overall expression variability
was decomposed using the general anova:

indexed by i and j. The genetic line and plant indices, k, m
are determined by values of i and j. The plant term is
nested within genetic line. Terms for array, plant, and error
were considered random effects and variance components
were estimated separately for each gene using methods
described in Little et al. 1996). We calculated three Fstatistics (F1, F3, FS) corresponding to contrast of the (LG)kg
term for each gene as implemented in r/maanova. Each of
these tests makes a different assumption about the error
variance for each gene (F1 — unique gene error; F3 — common
error across genes; FS — shrinkage-based estimate of each
error term). We focus our attention on FS as it has been
shown to be a relatively robust test statistic (Cui et al. 2005).
We evaluated statistical significance of the genetic line
term with distribution free significance levels obtained
through random permutations of the data. We shuffled
biological samples to generate the distribution of the
test statistic under the null hypothesis of no differential
expression between the NIL and recurrent parent. In the
case of the genes occurring within the introgression, we
performed 10 000 permutations of the data. Shuffling of
the larger data set was restricted to 500 permutations due
to computational limitations. False-discovery rates (FDR)
were calculated from permutation-based P values using
the q-value software implemented in the r statistical
package (Story & Tibshirani 2003). Normalized mRNA
data (∆CT values) from the QRT–PCR experiment were
analysed using a mixed-model anova with Proc Mixed
in SAS (Little et al. 1996). For QRT–PCR analyses, we fit
models incorporating biological replicates and one-step
reaction replication as random effects and genetic line as
a fixed effect. In this case, the ‘biological replicate’ term is
comprised of both true environmental variation in transcript
abundance among plants as well as variation generated in
the RNA extraction process.

yij = µ + Ai + Dj + (AD)ij + Gg(ij) + (DG)jg + (LG)kg +
Pm(ij) + εijkgm

where yij is the logarithmic intensity on array i in dye
channel j. The data for each gene were decomposed into
an overall mean, µ; the ‘global’ effects of Ai, Dj, and (AD)ij
which were used to normalize for variation in arrays (A)
and dyes (D); the gene effect Gg accounting for the average
signal for gene g across arrays, dyes, and treatments; genespecific dye effects (DG)jg; ‘line’-specific expression (LG)kg
of gene g; a replicate plant effect Pm(ij); and measurement
error, εijkgm. In this case, ‘line’ corresponds to either the NIL
or recurrent parent genetic material. Array and dye are
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Cvi-1 cRNA to the array probes. It is possible that some of
the differential expression observed in the introgression
element, where cRNA sequences may differ, is driven by
sequence/probe mismatch in Cvi-1 or Ler-2 that alters
hybridization dynamics. To explore this possibility, we
developed primers to amplify and sequence the array probes
for a set of chromosome III genes within the introgression.
Genomic amplified products spanning each probe were
cleaned using an ExoSAP-IT® (Amersham Biosciences)
procedure and subsequently single pass cycle-sequenced
using BigDye® chemistry and an Applied Biosystems
3730 capillary sequencer. Col-4, Ler-2, and Cvi-1 sequences
were aligned using sequencher™ (Gene Codes Corp.)
and mismatches were scored relative to the Col-4
reference.

Results

Microarray analyses

The three F-statistics were computed for each gene and
their null distributions were generated with permutations.
At a nominal permutation significance level of 0.05, the F1,
F3, and FS tests detected 84, 65, and 85 genes, respectively,
for genes occurring within the Cvi introgression elements.
The volcano plot of these F-tests is shown in Fig. 1. The
distribution of FS-test P-values for these genes is presented
in Fig. 2 and exhibits a relatively uniform distribution with
a small peak of low P-values. We used an FDR method to
obtain a gene list controlling for multiple tests. In this case,
we detected 25 differentially expressed genes at an FDR of
0.20 (Table 1). We found no genes differentially expressed
at a standard Bonferroni cut-off (corrected α = 0.05/
789 = 0.00006).

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Fig. 1 Volcano plots representing the results from F-tests for
introgression (top) and remaining genome (bottom) region analyses. Each scatterplot is the –log10-transformed P-values (nominal
permutation) from the gene specific F-tests vs. the log2 fold change.
The horizontal line represents the significance threshold of the
F1 test. The green dots are the genes selected by the F3 test and the
orange dots by the FS test. Flagged genes are indicated by a black
circle.

For genes occurring outside of the introgression, a nominal
permutation significance level of P < 0.05 identified 454,
88, and 464 genes for the F1, F3, and FS tests, respectively.
The volcano plot of these F-tests is shown in Fig. 1. The
distribution of P-values for these genes is also presented
in Fig. 2. In this case, the P-value distribution is skewed
with an excess of high P-values and a deficiency of low Pvalues. This is an unexpected P-value distribution and FDR
methods for controlling multiple tests will perform
poorly in this case (Yang 2004). We found no significant
differentially expressed genes from this panel when using

Fig. 2 Nominal permutation P-value distributions for introgression element genes (top panel) and genes from the remaining
genomic locations (bottom). A uniform P-value distribution is
expected under the null hypothesis of no differentially expressed
genes. The peak of low P-values in the introgression analysis is
indicated of a number of differentially expressed genes.

any reasonable FDR threshold or a simple Bonferroni
correction method (corrected α = 0.05/20 715 =0.000002).
Nonetheless, we present a list of genes occurring outside
the introgression with ‘suggestive’ expression differences
(Table 2).
We detected no consistent pattern of either ‘up’ or
‘down’ regulation of gene expression between the NIL or
Ler-2 (Fig. 3). In general, expression differences were
larger for genes within (cis) rather than outside (trans) of
the introgression element. The genomic location of the set
of differentially expressed genes is presented in Fig. 4.

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Table 1 The top differentially expressed genes deemed significant at the nominal permutation P-value < 0.05 for genes occurring within
the introgression element. Q-values from false-discovery rate tests provide a direct means of assessing confidence in the gene list in the face
of multiple testing
Description

P-value

Q-value

AT2G44200
AT2G43970
AT2G44850
AT3G01720
AT2G41760
AT2G42500
AT2G44530
AT2G45830
AT2G46530
AT2G43240
AT2G46440
AT3G02180
AT2G43950
AT2G41710

expressed protein
La domain-containing protein
expressed protein
expressed protein
expressed protein
protein phosphatase 2A (PP2A)
putative phosphoribosyl pyrophosphate synthetase
expressed protein
transcriptional factor B3 family protein/auxin-responsive factor AUX/IAA-related
nucleotide-sugar transporter family protein
cyclic nucleotide-regulated ion channel, putative
expressed protein, twisted leaves mutant
expressed protein
ovule development protein, putative, similar to ovule development protein
AINTEGUMENTA
expressed protein
putative aspartyl protease
hypothetical protein
U5 small nuclear ribonucleoprotein helicase, putative
14-3-3 protein GF14 mu (grf9)
intracellular protein transport protein USO1-related, similar to
Intracellular protein transport protein
GDP dissociation inhibitor
Ras-related GTP-binding protein (ARA-4)
thiol methyltransferase, putative
S-adenosylmethionine decarboxylase
putative protein kinase
hypothetical protein
ribosomal protein L2 family protein
casein kinase II beta chain
expressed protein
chloroplast chaperonin 10
mitochondrial import inner membrane translocase subunit
UBX domain-containing protein
expressed protein
expressed protein
5-enolpyruvylshikimate-3-phosphate (EPSP) synthase
strictosidine synthase-related
isopentenyl diphosphate:dimethylallyl diphosphate isomerase (IPP2)
expressed protein
unknown protein
cyclic nucleotide-regulated ion channel (CNGC3)
unknown protein
zinc finger (C2H2 type) family protein
6,7-dimethyl-8-ribityllumazine synthase precursor
U1 small nuclear ribonucleoprotein 70 kDa, putative
hypothetical protein, weak similarity to kynurenine formamidase
putative inositol polyphosphate 5-phosphatase
3-methyl-2-oxobutanoate hydroxy-methyl-transferase
expressed protein
putative D-ribulose-5-phosphate 3-epimerase
putative auxin-independent growth promoter
Meiosis protein mei2, putative
expressed protein
nuclear associated protein-related/NAP-related

0
0.00025
0.00038
0.00038
0.00063
0.00063
0.00114
0.0015
0.00175
0.00199
0.00199
0.00225
0.00275
0.00301

0
0.06832
0.06832
0.06832
0.07591
0.07591
0.11685
0.13007
0.13007
0.13007
0.13007
0.1348
0.14101
0.14101

0.00314
0.00314
0.00389
0.00402
0.00413
0.00413

0.14101
0.14101
0.14846
0.14846
0.14846
0.14846

0.0049
0.00604
0.00629
0.00654
0.00667
0.00753
0.00766
0.00792
0.00864
0.00913
0.00952
0.01099
0.01099
0.01111
0.01209
0.01257
0.01283
0.01461
0.01497
0.01497
0.01522
0.01601
0.01686
0.01784
0.01941
0.01953
0.02156
0.02243
0.02346
0.02409
0.02833
0.02868
0.03022

0.16781
0.1916
0.1916
0.1916
0.1916
0.20315
0.20315
0.20315
0.21407
0.21868
0.22059
0.2349
0.2349
0.2349
0.24827
0.24925
0.24925
0.26674
0.26674
0.26674
0.26674
0.27384
0.28183
0.29138
0.3051
0.3051
0.32965
0.33574
0.34408
0.34624
0.39632
0.39632
0.40142
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AT2G44230
AT3G02740
AT3G01430
AT2G42270
AT2G42590
AT2G46180
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AT2G44100
AT2G43130
AT2G43920
AT3G02470
AT2G43850
AT2G45370
AT2G44065
AT2G44680
AT2G47950
AT2G44650
AT2G42210
AT2G43210
AT2G47960
AT2G42670
AT2G45300
AT2G41290
AT3G02780
AT2G45620
AT2G42320
AT2G46430
AT3G02220
AT3G02790
AT2G44050
AT2G43370
AT3G02410
AT2G43900
AT2G46110
AT2G45930
AT3G01850
AT3G02250
AT2G42890
AT2G45530
AT3G02710

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Table 1 Continued
Description

P-value

Q-value

AT3G02400
AT2G44210
AT2G45120
AT2G44450
AT3G01500
AT2G46410
AT3G02540
AT3G02070
AT3G02460
AT2G44820
AT2G41900
AT3G01190
AT3G02090
AT2G46650
AT2G44260
AT2G48090
AT2G43700
AT3G02300
AT3G01090
AT2G46330
AT2G41620
AT2G45510
AT2G43780
AT3G03150
AT3G01330
AT3G01460
AT3G02340
AT2G45960
AT2G45290
AT2G43340
AT3G01920

hypothetical protein
expressed protein
putative C2H2-type zinc finger protein
glycosyl hydrolase family 1
carbonic anhydrase, chloroplast precursor
myb-related protein CAPRICE (CPC)
ubiquitin family protein
OTU-like cysteine protease family protein
putative plant adhesion molecule
hypothetical protein
putative CCCH-type zinc finger protein
peroxidase 27 (PER27) (P27)
putative mitochondrial processing peptidase
putative cytochrome b5
expressed protein
expressed protein
lectin protein kinase family protein
regulator of chromosome condensation (RCC1) protein
Snf1-related protein kinase KIN10 (AKIN10)
arabinogalactan-protein (AGP16)
nucleoporin interacting component family protein
cytochrome p450, putative
hypothetical protein
expressed protein
transcription factor, putative/E2F-like repressor E2L2
PHD finger family protein/methyl-CpG binding domain-containing protein
RING zinc-finger protein, putative
plasma membrane intrinsic protein 1B (PIP1B)/aquaporin PIP1.2 (PIP1.2)
putative transketolase precursor
expressed protein
yrdC family protein

0.03033
0.03072
0.03135
0.03243
0.03307
0.03393
0.03457
0.03516
0.03555
0.03591
0.03616
0.03745
0.03794
0.03855
0.03868
0.03868
0.04057
0.04082
0.0427
0.04297
0.04347
0.04386
0.04559
0.0461
0.04672
0.04672
0.04725
0.04815
0.04852
0.04901
0.04927

0.40142
0.40142
0.40224
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.40283
0.41319
0.41319
0.42023
0.42023
0.42023
0.42023
0.42146
0.42146
0.42146
0.42146
0.42146
0.42146
0.42146
0.42146
0.42146
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QRT–PCR confirmation

We used TaqMan-based QRT–PCR to confirm the
differential expression of a small set of candidate genes. In
each case, 15 replicate plants and three replicate one-step
reactions per RNA were analysed to yield highly accurate
estimates of transcript abundance. Overall, four of five
candidate genes were confirmed as differentially expressed
(Table 3). Interestingly, the false positive (AT3G01460)
exhibited unusually strong dye–gene interaction in the
microarray experiment. These complexities may have led
to poor estimation of its expression pattern in the array
analysis (Kerr & Churchill 2001). We found little amongreaction but considerable among-biological replicate
differences in transcript abundance. On average, replicate
plants explained approximately 63% of the total random
variance in transcript abundance. In contrast, replicate
reactions on average explained less than 10% of the random
variance. The TaqMan assay allowed highly reliable estimation
of transcript abundance given adequate biological replication
(Fig. 5). Expression differences ranged from approximately
three- to fivefold (Fig. 6) between Ler-2 and Cvi. In each

case, transcript abundances were higher in Ler-2 and in the
expected direction as determined through microarray analysis.
We found that the expression differences estimated through
QRT–PCR were generally larger (∼38%) than those estimated
directly from our microarray studies.

Probe sequencing

We sequenced amplicons covering 24 array probe
locations on chromosome 3 in Cvi and Ler-2 to explore the
potential of probe/target mismatches. Overall, we found
0.42%, 1.11%, and 1.29% sequence divergence between
Col-4 and Ler-2, Col-4 and Cvi, and Cvi and Ler-2, respectively
(estimated through 11 934 bases sequenced). Table 4 lists
the number of mismatches detected between Cvi or Ler-2
sequences and the microarray probe. No probe polymorphisms were detected in 13 of 24 sequenced probes. In
nine probes, only a small number of SNP mismatches or
single base pair deletions were detected. A major lesion
involving a large (53 bp) insertion was detected in the
Ler-2 sequence of the AT3G01720 probe. This deletion likely
results in differential hybridization of target to array probe.
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Table 2 The top differentially expressed genes significant at the nominal permutation P-value < 0.005 for genes occurring outside of the
introgression element. These genes did not meet a significance threshold associated with control for multiple testing. As such, these genes
should only be considered suggestive hypotheses until further confirmation
Descriptions

P-value

AT3G26720
AT1G70850
AT1G66860
AT1G07530
AT4G04630
AT3G51600
AT5G05550
AT1G77060

glycosyl hydrolase family 38 protein
Bet v I allergen family protein, similar to Csf-2 (Cucumis sativus)
expressed protein, similar to Hypothetical protein RP404
scarecrow-like transcription factor 14 (SCL14)
expressed protein
lipid transfer protein 5 mRNA, complete cds
expressed protein
mutase family protein, similar to carboxyvinyl-carboxyphosphonate
phosphorylmutase GB:O49290 from (Arabidopsis thaliana)
laccase, putative/diphenol oxidase
expressed protein
zinc finger (C3HC4-type RING finger) family protein
expressed protein
glycoside hydrolase family 28 protein/polygalacturonase (pectinase) family protein
putative pathogenesis-related protein whose transcript level is induced in response
to ozone and pathogenic Pseudomonas
Mutant leaves have a reduced capacity for cold acclimation, appear water-soaked,
leak electrolytes, and accumulate reactive oxygen species constitutively
expressed protein
molybdopterin synthase small subunit (cnx7) mRNA, complete
F-box family protein
cox19 family protein
fumarylacetoacetase, putative
expressed protein
F-box family protein/WD-40 repeat family protein
SPX (SYG1/Pho81/XPR1) domain-containing protein
structural maintenance of chromosomes (SMC) family protein
zinc finger protein-related
co-chaperone grpE protein
expressed protein
MAGE-8 antigen-related
expressed protein
expressed protein, contains similarity to GPI-anchored protein
major intrinsic family protein/MIP family protein
DNA binding protein GT-1
Bet v I allergen family protein
expressed protein
expressed protein, identical to cDNA endonuclease III homologue (nth1 gene)
proline-rich family protein
LIM domain-containing protein
expressed protein
expressed protein
leucine-rich repeat family protein
expressed protein
2-dehydro-3-deoxyphosphoheptonate aldolase, putative/3-deoxyD-arabino-heptulosonate 7-phosphate synthase, putative/DAHP synthetase, putative

0.00011
0.00024
0.00028
0.00031
0.00034
0.00049
0.00050
0.00053

AT2G30210
AT4G20020
AT3G58030
AT1G08040
AT5G17200
AT4G00860
AT5G67590
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AT5G62090
AT4G10100
AT1G55030
AT1G66590
AT1G12050
AT5G57270
AT3G52030
AT4G22990
AT5G15920
AT1G05890
AT5G55200
AT1G77145
AT1G34770
AT1G64690
AT5G56170
AT3G04090
AT1G13450
AT1G70880
AT1G68500
AT2G31440
AT3G49840
AT3G55770
AT4G28760
AT5G53930
AT1G69545
AT2G26070
AT1G22410
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Gene

Discussion

We combined whole-genome gene expression analyses
with near-isogenic line mapping to further our studies
of two physiological QTL in Arabidopsis thaliana. We
compared mRNA abundance of a NIL and its recurrent
parent at over 21 500 genes with an ink-jet printed platform.

0.00058
0.00077
0.00092
0.00121
0.00140
0.00147
0.00159

0.00171
0.00227
0.00244
0.00245
0.00253
0.00265
0.00307
0.00311
0.00317
0.00325
0.00361
0.00370
0.00377
0.00382
0.00394
0.00395
0.00417
0.00417
0.00426
0.00441
0.00444
0.00457
0.00465
0.00482
0.00484
0.00484
0.00491

We discovered 25 differentially expressed genes within the
introgressions at a false-discovery rate (FDR) cut-off of
0.20 and identified new candidate genes for both QTL
regions. Under a relatively strict FDR threshold, 3.2% of
the introgression genes were differentially expressed
between Cvi and Ler-2. Extrapolating to the entire genome,
we anticipate at least 816 ‘genetically’ based differentially
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& Nordborg 2003). Unfortunately, it may be difficult to distinguish between true gene expression differences and
hybridization polymorphisms when applying genetically
diverse samples to the existing model system arrays
(Borevitz & Nordborg 2003; Ronald et al. 2005). We used
the Agilent Arabidopsis-2 array developed from Col-4
sequence and hybridized Ler-2 and Cvi cRNA to the array
probes. We sequenced 24 probes to explore the impact of
sequence diversity on hybridization characteristics and
detected very few polymorphisms within the sampled
probes. Detailed experimental validation studies by
Hughes et al. (2001) have shown this level of heterogeneity
to be inconsequential for target/probe hybridization
dynamics in 60-mer inkjet oligo arrays. On the other hand,
we did detect one major insertion polymorphism (53-bp
insertion) (AT3G01720) that likely resulted in a false detection in our microarray study. Borevitz et al. (2003) found
that ∼4% of Affymetrix GeneChip features exhibited
detectable sequence polymorphisms and that ∼1–2% of
genes were deleted between two Arabidopsis accessions
(Ler and Col). These experiments focused on the hybridization of ecotype genomic DNA to RNA expression chip
25-mer probes to specifically detect hybridization polymorphisms. Importantly, the detection of a ‘single feature’
polymorphism does not necessarily translate into substantially altered hybridization dynamics. This will depend
on the degree of probe/target mismatch, hybridization
dynamics, and the magnitude of true differential expression. In particular, gene expression false-positives due
to hybridization polymorphisms may be less important
when using long oligo probes. Given the known sequence
divergence of Arabidopsis ecotypes (see Nordborg et al.
2005) 60-mer oligo arrays, when used with care, should be
valuable for further studies of natural variation in gene
expression.
A major challenge for all full genome analyses is
the large number of expected false-positives resulting
from extensive multiple testing (Rice 1989; Benjamini &
Hochberg 1995; Story & Tibshirani 2003). We utilized an
array with ∼21 500 elements and an expectation of ∼1000
false-positives when setting α = 0.05. One method to control for multiple-testing is the false-discovery rate (FDR).
Instead of controlling the chance of any false positives
(as in family wise error rate methods), the FDR controls the
expected proportion of false positives. A FDR threshold
is determined from the observed P-values and the expectation of a uniform distribution under the null hypothesis
of no differential expression. One limitation of the general
approach, however, is the assumption that P-values of null
tests will be uniformly distributed in the range of [0, 1]. In
particular, this expectation relies on the assumption that
each test is independent (Benjamini & Hochberg 1995). The
degree of expression dependence is, of course, unknown
and likely to vary with organism, stage of development,

Fig. 3 Relative expression plots for genes significant at the
nominal permutation threshold of P < 0.05 for the introgression
element (top panel) and remaining genomic locations (bottom
panel) for the microarray study.

expressed genes between these two ecotypes. This is
surely an underestimate given the relatively low power of
our microarray experiment and the limited scope of our
survey (e.g. single tissue type, controlled environmental
conditions, two ecotype accessions). These results suggest
considerable standing genetic variation in gene expression
in A. thaliana.
Microarray resources are exciting new tools for model
systems and functional genomics studies. Most array
resources have been developed from the sequences of single ‘wild-type’ or reference strains. However, researchers
are generally interested in utilizing these resources more
broadly in studies incorporating diverse genetic backgrounds (e.g. natural genetic variability, mutagenized
lines, alternative wild-type strains) or in some cases across
ecotype or species boundaries (Jackson et al. 2002; Borevitz

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Fig. 4 The genomic location of the differentially expressed genes presented in Tables 1 and 2.

and tissue type sampled (e.g. Schmid et al. 2005). In particular, some dependence is expected if trans differences are
regulated by one or few transcription factors within the
introgressed region in our study.

The FDR approach is likely to be inappropriate in
analyses with unusual P-value distributions. For example,
in our experiment the P-value distribution for genes occurring outside of the QTL introgression is skewed with too

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Variance components
At3g02220

At3g01460

At3g01480

At2g42500

At2g42590

Plant (genetic line)
Reactions (plant)
Error

0.4565**
0.0000NS
0.2266***

0.4304**
0.0004NS
0.2180***

0.6419**
0.0000NS
0.2425***

0.1381**
0.06211*
0.0603***

0.1291**
0.0512*
0.0476***

Fixed effect

F-value

F-value

F-value

F-value

F-value

Genetic line

74.38***

1.37NS

29.88***

130.39***

140.07***

*corresponds to P < 0.01; **corresponds to P < 0.005; ***corresponds to P < 0.0001; NS, not
significant.

PR
O
O
F

Random effects

Table 3 Mixed-model anova testing for
the effect of biological replicates nested
within genetic line (Ler-2 or NIL), replicate
reactions nested within RNA extracted from
each biological replicate, and genetic line
for each of five tested mRNA

FPO

few low and too many high P-values (Fig. 3). A number of
mechanisms could generate this distribution including
dependence among the test statistics (correlated patterns
of gene expression), an inadequate statistical model
(hidden structure not modelled in the analysis), substantial
cross hybridization on the array, or experimental errors
(e.g. sample or array mislabelling). It is virtually impossible
to distinguish whether the observed pattern is an inherent

result of the biological data or an artefact of the experiment or analysis. Regardless, it is clear that the signal
of differential expression is weak for genes occurring
outside of the introgression element compared to those
occurring within the QTL interval. Interestingly, other
studies using NIL or congenic mapping and expression
studies have also detected few differentially expressed
genes outside of introgression elements (Aitman et al. 1999;

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2005.02774.x
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Fig. 5 Quantitative RT–PCR amplification
plots for replicate Ler-2 and NIL samples for
AT3G02220 showing clear separation of CT
values for Ler-2 and Cvi.
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Table 4 Results of probe sequencing and mismatches between
Ler-2, Cvi, and the Col-4 60-mer probe. Genes notated by * are
identified in Table 1 as significantly differentially expressed as
determined by a nominal P-value threshold of P < 0.05
Mismatches from Col-4 probe

Fig. 6 ∆∆CT values for gene expression of candidates identified
through microarrays studies. Each bar represents the relative
amount of mRNA for each gene relative to the line with lower
transcript abundance ± 1 SE (N = 15, Ler-2; N = 16, NIL).

Eaves et al. 2000; Karp 2000; Baxter et al. 2005). Several QTL
studies exploring gene expression variability have often
detected cis-acting QTL as transcription polymorphisms
(Brem et al. 2002; Schadt et al. 2003). These data suggest
trans-acting expression variability may be rarer in natural
populations (although see Cavalieri et al. 2000; Morley et al.
2004; Wayne et al. 2004; Chesler et al. 2005; Yvert et al.
2005).
The QTL regions studied here affect patterns of carbon
isotope discrimination (an outcome of varying stomatal
regulation of photosynthesis), instantaneous stomatal
conductance, whole-plant transpiration efficiency, and
patterns of water loss (Hausmann et al. 2005; Juenger et al.
in press). These results suggest that genes underlying the
observed physiological effects may play important roles in
controlling stomate closure. Our gene expression experiments identify a number of candidate genes that may be
involved in guard cell signal transduction or physiological
processes related to gas exchange and carbon fixation. For
example, a protein phosphatase (PP2A) catalytic subunit
was confirmed as differentially expressed with QRT–PCR
(∼3.5-fold under-expressed in Cvi compared to Ler-2).
Several studies suggest PP2As act as negative regulators of
ABA signalling and play an important role in the regulation of anion channels, guard cell signalling, and stomata
closure (Pei et al. 1997; Kwak et al. 2002). Similarly, QRT–
PCR confirmed differential expression of a 14-3-3 proteinsignalling regulator. It has been shown that 14-3-3 proteins
bind directly to and activate the plasma membrane ATPase
pump which drives stomatal opening in blue light (Kinoshita
& Shimazaki 1999). Other studies suggest a role of 14-3-3
proteins in regulating a diversity of ion channels and
pumps (Boer 2002). Carbonic anhydrase (CA) exhibited an
approximately twofold increase in expression compared to
Ler-2. CA is involved in the conversion of atmospheric CO2

AT3G02250*
AT3G02280
AT3G02400*
AT3G02410*
AT3G02460*
AT3G02470*
AT3G02540*
AT3G02660
AT3G02740*
AT3G02790*
AT3G03000

U
N
C
O
R
R
EC
TE
D

15
16

AT3G01100
AT3G01220
AT3G01330*
AT3G01430*
AT3G01440
AT3G01470
AT3G01480
AT3G01500*
AT3G01720*
AT3G02070*
AT3G02090*
AT3G02180*
AT3G02220*

Ler-2

17

18
19

Cvi
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F

Gene

1 bp
1 bp
none
none
none
none
none
none
53-bp insertion
none
none
none
none
none
none
none
none
none
none
none
none
none
no data
none

1 bp
none
none
none
none
none
2 bp
none
none
none
none
none
1 bp, 2 single
base deletions
2 bp
1 bp
none
2 bp
1 bp
none
no data
none
none
1 bp
none

to HCO3- and may play an important role in the internal
conductance of CO2 from the stomata interior to chloroplasts and sites of carbon fixation (Badger & Price 1994).
As the study QTL impact the diffusion of CO2 and water
through stomata, it is possible that the induction of CA
expression in the NIL is related to the observed QTL
effects. Finally, we identified a number of differentially
expressed metabolic enzymes (e.g. S-adenosylmethionine
decarboxylase), transcription factors (e.g. transcriptional
factor B3 family protein/auxin-responsive factor AUX/
IAA-related), ion channel proteins (e.g. cyclic nucleotideregulated ion channel), and unknown ‘expressed proteins’
(four of the top five differentially expressed genes). None
of the FDR significant genes were found to be commonly
regulated by water-deficit treatments or highly expressed
in guard cells as determined in previous microarray experiments with Arabidopsis (Bray 2004; Leonhardt et al. 2004).
Additional QRT–PCR confirmation and functional studies
are needed to more fully understand the biological significance of these candidate genes and to explore additional
loci from our gene lists.
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