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SUMMARY

Genetical genomics studies uncover genome-wide genetic interactions between genes and their transcrip-

tional regulators. High-throughput measurement of gene expression in recombinant inbred line populations

has enabled investigation of the genetic architecture of variation in gene expression. This has the potential

to enrich our understanding of the molecular mechanisms affected by and underlying natural variation.

Moreover, it contributes to the systems biology of natural variation, as a substantial number of experiments

have resulted in a valuable amount of interconnectable phenotypic, molecular and genotypic data. A num-

ber of genetical genomics studies have been published for Arabidopsis thaliana, uncovering many expres-

sion quantitative trait loci (eQTLs). However, these complex data are not easily accessible to the plant

research community, leaving most of the valuable genetic interactions unexplored as cross-analysis of these

studies is a major effort. We address this problem with AraQTL (http://www.bioinformatics.nl/AraQTL/), an

easily accessible workbench and database for comparative analysis and meta-analysis of all published Ara-

bidopsis eQTL datasets. AraQTL provides a workbench for comparing, re-using and extending upon the

results of these experiments. For example, one can easily screen a physical region for specific local eQTLs

that could harbour candidate genes for phenotypic QTLs, or detect gene-by-environment interactions by

comparing eQTLs under different conditions.

Keywords: genetical genomics, expression quantitative trait loci, system genetics, gene expression, co-

expression, transcriptional regulation, Arabidopsis thaliana.

INTRODUCTION

Over the last 30 years Arabidopsis thaliana has become

the primary model plant for quantitative genetics (Koorn-

neef and Meinke, 2010; Weigel, 2012). Many different stud-

ies have generated and accumulated a large amount of

phenotypic, genotypic and high-throughput molecular data

across hundreds of different strains and ecotypes (Alonso-

Blanco and Koornneef, 2000; Keurentjes et al., 2007, 2008b;

Cao et al., 2011; Gomaa et al., 2011; Kerwin et al., 2011,

2015; Brennan et al., 2014; Joseph et al., 2014; Molenaar

and Keurentjes, 2014; Wijnen and Keurentjes, 2014; Taylor-

Teeples et al., 2015). This detailed knowledge about its

molecular, cellular and physiological processes and pheno-

types makes Arabidopsis an ideal model system for study-

ing the effects and causes of natural variation at the

system level (Keurentjes et al., 2008a,b, 2011; Alonso-

Blanco et al., 2009; Joosen et al., 2009; Keurentjes, 2009;
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Stitt et al., 2010; Terpstra et al., 2010; Chan et al., 2011;

Kerwin et al., 2011; Trontin et al., 2011; Joseph et al., 2014;

Taylor-Teeples et al., 2015). A powerful experimental

approach to this makes use of recombinant inbred lines

(RILs) derived from two parents to find quantitative trait

loci (QTLs) (Jansen and Nap, 2001; Jansen, 2003).

Expression quantitative trait loci

Quantitative trait locus studies use natural genetic varia-

tion to identify loci that underlie variation in a quantitative

trait between genotypes. At first, traits like fruit weight or

flowering time were used. Now, with the availability of

microarrays and RNA sequencing (RNA-seq), gene expres-

sion can also be used for investigation of QTLs on a gen-

ome-wide scale (Jansen and Nap, 2001; Jansen, 2003;

Rockman and Kruglyak, 2006). The resulting eQTL

(expression QTL) is a polymorphic locus associated with

variation in expression of one or more genes. Each gene

has its own eQTL profile, depending on the presence of

genetic variation in regulatory genes or elements. A poly-

morphic site in a gene’s own promoter that affects that

gene’s expression can lead to an eQTL at the location of

the gene itself, a cis-eQTL. A polymorphism in one of the

gene’s transcriptional regulators that affects this regula-

tor’s activity can give rise to an eQTL at the location of

the regulator, a trans-eQTL. In principle, these eQTLs can

be used for the construction of a gene regulatory network

(Rockman and Kruglyak, 2006; Keurentjes et al., 2007; Zhu

et al., 2008; Terpstra et al., 2010; Vignes et al., 2011) con-

necting each gene to its regulators. However, this applica-

tion is limited by the low resolution of the eQTL analysis

that typically yields eQTLs spanning large genomic

regions with often hundreds of genes. Fine-mapping an

eQTL to identify the causal gene, or even polymorphic

site, is not a trivial task.

If the same eQTL is found for several genes, a so-called

‘hot-spot’, this locus is likely to harbour a master regulator

(Breitling et al., 2008). Additionally, as the differences in

gene expression underlie many phenotypic and physiologi-

cal differences between genotypes, QTLs can be shared

between genes and other quantitative traits (Fu et al.,

2009; van Zanten et al., 2009; Burow et al., 2010; Kerwin

et al., 2011, 2015; Joosen et al., 2013b; He et al., 2014;

Jimenez-Gomez, 2014; Jensen et al., 2015a,b). Moreover

when gene expression is measured in multiple popula-

tions, plant stages, tissues or environments, the variation

in these traits can be placed in a gene-by-environment con-

text. This allows us to study why a trait displays variation

in one environment and not in another, or why a trait

shows different levels of variation within populations origi-

nating from crosses between different parental genotypes.

The eQTL approach also laid the foundation for systems

genetics, studying the interactions between traits and vari-

ous layers of cellular organization (mRNA, protein,

metabolite) by exploiting natural variation (Fu et al., 2009;

Civelek and Lusis, 2014).

To date, six original eQTL studies in RIL populations of

Arabidopsis thaliana have been published (Keurentjes

et al., 2007; West et al., 2007; Cubillos et al., 2012; Snoek

et al., 2012; Joosen et al., 2013b; Lowry et al., 2013),

together providing eight data sets of mapped eQTLs for a

large number of Arabidopsis genes. However, these rich

data sets with thousands of genetic interactions remain lar-

gely inaccessible to biologists who would like to analyse

the interactions of their genes of interest to generate new

hypotheses. Although several repositories exist that offer

online access to QTL and eQTL data for various species,

such as WormQTL (http://www.WormQTL.org) (Snoek

et al., 2013, 2014; van der Velde et al., 2014), QTLstore

(http://qtlstore.versailles.inra.fr/) (Cubillos et al., 2012), Ani-

mal QTLdb (http://www.animalgenome.org/cgi-bin/QTLdb/

index) (Hu et al., 2016) and GeneNetwork (http://www.gene

network.org) (Wu et al., 2004), a versatile analysis platform

with all Arabidopsis eQTL data was still lacking.

AraQTL

We address this problem with AraQTL (http://www.bioinfor

matics.nl/AraQTL/). AraQTL stores and combines all pub-

lished Arabidopsis eQTL data and allows for investigations

over different experiments. This greatly extends the possi-

bilities for using eQTL data in on-going and future

research. With a few clicks or a simple query, all genes

with an eQTL at a specific marker or genomic region can

be found, investigated and downloaded. Groups of genes

with correlating eQTL patterns can be extracted from sev-

eral different experiments and eQTL profiles from different

populations can be compared. Moreover the outputs are

interactively linked within AraQTL and to The Arabidopsis

Information Resource (http://www.arabidopsis.org).

Together, the ease of access to the data and possibilities

for interactive exploration will facilitate system-level inves-

tigations, as well as follow up wet-lab experiments and

importantly enable re-use of previously published data.

RESULTS

eQTL studies in AraQTL

AraQTL is a web-based workbench and database for inves-

tigation of eQTLs (Figure 1). It includes publicly available

data from the six original eQTL studies in segregating pop-

ulations of A. thaliana published to date (Table 1) (Keuren-

tjes et al., 2007; West et al., 2007; Cubillos et al., 2012;

Snoek et al., 2012; Joosen et al., 2013a,b; Lowry et al.,

2013). Together, these studies provide eight sets of

mapped eQTLs covering five different populations and are

genotyped using over 600 specific genetic markers cumula-

tively. These populations are defined by their parental eco-

types: Ler 9 Cvi, Bay 9 Sha, Cvi 9 Col, Bur 9 Col and Tsu
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9 Kas. Gene expression was measured for over 20 000 dif-

ferent transcripts in more than 1200 samples taken from

several different environments, growth stages and plant

parts, such as seeds, seedlings, whole rosettes or specific

leaves.

The first two genetical genomics studies in Arabidopsis

were published in 2007. Both Keurentjes et al. (2007) and

West et al. (2007) describe ample variation in gene expres-

sion between RILs of the Ler 9 Cvi and Bay 9 Sha popula-

tions, respectively. For many genes (about 20–70%) the

variation in gene expression could be explained (partially)

by eQTLs (Keurentjes et al., 2007; West et al., 2007). In

Keurentjes et al. (2007) the detected eQTLs were used to

construct a gene regulatory network underlying flowering

time, suggesting interesting new interactions. Both studies

were used in many follow-up investigations to learn more

about the regulation of specific genes (Terpstra et al.,

2010; Kerwin et al., 2011; Joseph et al., 2014; Li and

Kliebenstein, 2014; Burow et al., 2015; Leskow et al., 2016)

and gene expression networks underlying different traits

(Kliebenstein et al., 2006; Baginsky et al., 2010; Kerwin

et al., 2011, 2015). This was also combined with variation

of other molecular phenotypes such as protein abundance

(Baginsky et al., 2010) and metabolites (Keurentjes et al.,

2006).

In 2012 and 2013 four more eQTL studies in Arabidopsis

were published (Cubillos et al., 2012; Snoek et al., 2012;

Joosen et al., 2013b; Lowry et al., 2013). In Cubillos et al.

(2012) the variation in gene expression and eQTLs of two

populations sharing one parental strain were compared

using rosette samples, showing an only moderately con-

served eQTL landscape between the two populations. In

three studies (Snoek et al., 2012; Joosen et al., 2013a,b;

and Lowry et al., 2013) eQTLs from different environments

were compared. They showed that a large number of the

eQTLs, especially the trans-eQTLs, are dependent on the

environment and that gene-by-environment interaction is

widespread for gene expression.

Even though many different hotspots (loci) for eQTLs

are detected among and between populations, tissues and

environments have only been detected for a few of the

causal genes or regulatory sequence elements. One of the

best studied is the ERECTA locus which has many eQTLs

mapping to it in the Ler 9 Cvi population (Keurentjes et al.,

Figure 1. AraQTL homepage.

Different investigations can be started from this page. It contains several key features: ① The main search box, from which genes, markers, gene descriptions

and Gene Ontology (GO) terms can be found. Searching for a single gene shows the expression quantitative trait locus (eQTL) profile for that gene for the

selected experiment or all experiments when selected. Below this, the summary table lists datasets currently in AraQTL which consists of: ② data set selection,

③ recombinant inbred population used, ④ plant parts from which gene expression was measured, ⑤ title and link to the publication the dataset was originally

generated for, and ⑥ a link to download the dataset with the eQTL profiles in simple txt format. At the top of the page a navigation bar can be found from which

several selections can be made: ⑦ the link to the homepage, ⑧ a link to a genome-wide overview by cis/trans plot per experiment, ⑨ a link to eQTL profile cor-

relation investigation, ⑩ a link to find all eQTLs at a specific locus, ⑪ a link to help features like, About, the manual and FAQ, and ⑫ a link to a page with click-

able graphical examples of the different investigations. At ⑬ quick links to important information can be found.
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2007; van Zanten et al., 2009; Terpstra et al., 2010; Snoek

et al., 2012). Using several selection steps and enrichment

tests based on eQTLs, transcription factor-binding sites,

Gene Ontology (GO) terms and co-expression, a map

kinase signalling cascade and a group of transcription fac-

tors from the WRKY family were found to be operating

downstream of ERECTA (Terpstra et al., 2010). Another ele-

gant example of exploiting eQTL datasets to identify posi-

tional and functional candidate genes for phenotypic QTLs

was published by Jimenez-Gomez et al. (2010): combining

co-expression, eQTLs (West et al., 2007) and functional

annotation to efficiently reveal ELF3 as the causal gene for

a shade-avoidance response QTL in the Bay 9 Sha RIL

population. These examples show that combining and

using previously published eQTL data can lead to new

insights and targeted experimental setups.

Getting started using the homepage and navigation bar

The homepage of AraQTL offers an overview of the studies

and datasets currently hosted and the navigation tools for

investigation and comparison (Figure 1). The online man-

ual (http://www.bioinformatics.nl/AraQTL/?mode=manual)

provides a detailed and user-friendly description of how to

navigate through the database. The search box can be

used to find the eQTL profiles for one or more genes in

one or all experiments. Moreover, GO terms can be used

to find the eQTL profiles of all genes annotated with that

GO term. Any query term not directly linked to a gene ID

Table 1 Studies available in AraQTL

Study Population Micro-array type
eQTL and
thresholdsa Stage Environment

Keurentjes
et al. (2007)

Ler 9 Cvi, 160 RILs Qiagen AROSv1 G
3.83 (FDR 0.05)

7-day-old seedlings Petri dish, growing
conditions with 16 h
light (30 W m–2) at
20°C, 8 h dark at 15°C
and 75% relative
humidity

West
et al. (2007)

Bay 9 Sha, 211 RILs Affymetrix ATH1
GeneChip

G
2.88 (FDR 0.05)

6-week-old rosette
leaves

Growth chambers under
short-day conditions
(8 h light at 100–120
lEi, 20°C day/20°C
night)

Cubillos
et al. (2012)

Cvi 9 Col, 158 RILs
Bur 9 Col, 156 RILs
Bay 9 Sha, 157 RILs

CATMAv5 (Cvi 9
Col and Bur 9 Col),
CATMAv2 (Bay 9 Sha)

G
3 (FDR 0.05)

Rosette developmental
stage: Boyes 1.06 (Cvi
9 Col and Bur 9 Col)

Developing
seeds,10 days after
pollination (Bay 9 Sha)

Greenhouse, with
temperatures 20°C
during the day and
15°C at night; long-day
conditions (16-h days)

Snoek
et al. (2012)

Ler 9 Cvi, 120 RILs CATMAv2 G, (G9E)
3.62 (FDR 0.05)

Rosette stage, leaves
24 days after
germination

Growth chamber, under
short days (9 h light), a
light intensity of
200 lmol m�2 sec�1 at
20°C. Shade treatment
20 lmol m�2 sec�1 for
3 h

Joosen
et al. (2013b,a)

Bay 9 Sha, 165 RILs Affymetrix Arabidopsis
SNPtile array

G, G9E Seeds; bulk harvested
and after-ripened.
Germination started by
6 h imbibition.

In a climate chamber
(20°C day, 18°C night)
with 16 h of light
(35 W m�2) at a
relative humidity of
70%

Lowry
et al. (2013)

Tsu 9 Kas, 2 9 108 RILs Affymetrix Arabidopsis
SNPtile array

G, G9E
2.1 (FDR 0.1)

Rosette stage leaves
(4 weeks) for, Wet and
dry treatments.

Growth chamber, day
length: 12 h. Light
period: 23°C and 40%
humidity. Dark period:
20°C and 50%
humidity. Light
intensity:
330 lmol m�2 sec�1

eQTL, expression quantitative trait locus; RIL recombinant inbred line; FDR, false discovery rate
aeQTLs: G, genetic eQTLs; G9E, environment-specific eQTLs.
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or GO term will report the genes and GO terms with that

query term in their description. Investigation and explo-

ration of the data is divided over different functions and

pages, all interactively linked (Figure 2).

Experiments to be visualised can be pre-selected from

the experiment overview table. This table also offers some

basic information such as population used, plant tissues

and original publication. The publication titles are linked to

their PubMed pages for easy access and the data hosted in

AraQTL can be downloaded in flat text format, for instance

for further analysis with programming languages such as

R or Python.

The navigation bar provides the main form of interactiv-

ity (Figure 2) and can be used for selection of graphical

overviews, investigations and information. From left to

right: the ‘AraQTL’ button enables quick return to the home

page and search box; the ‘Experiment’ option can be used

to go to a genome-wide overview for each experiment; the

‘Correlation’ option can be used to find genes with corre-

lating eQTL profiles per experiment; the ‘Locus’ option can

be used to find all genes with an eQTL at a specific marker

or genomic coordinate; and ‘Help’ offers information about

AraQTL, a link to the Manual and ‘Frequently asked ques-

tions’. Through ‘Examples’ the main investigation options

can be selected via a visual and clickable overview, to

quickly explore the different functions of AraQTL.

Benefits of using AraQTL

AraQTL was developed to unlock the potential of eQTL

datasets for further research. The major feature which sets

AraQTL apart from other databases is that it enables

groups of genes to be selected based on a shared genetic

effect on their expression. To enable direct comparisons of

eQTLs between experiments the genetic maps of the differ-

ent populations have been integrated based on physical

marker positions. AraQTL uniquely allows researchers to

identify whether a group of genes (defined by a specific

GO term) have a shared eQTL hotspot. This is followed by

integrative tools for finding which other genes have

co-locating eQTLs and exporting those as a list to an exter-

nal analysis platform. Altogether, groups of genes with a

shared genetic architecture can be very easily investigated

within and beyond AraQTL, making it a very versatile tool

for plant scientists.

Example 1: starting an investigation with the GO term

‘Detection of visible light’. The search box can be used to

find one or more genes by ID or by name, but also to find

GO terms. When a specific GO term ID is entered, the eQTL

profiles for all genes annotated with that GO term will be

shown. When (part of) a GO term description is entered, all

genes and GO terms with that description will be displayed

in a list from which they can be selected for investigation

(one at a time). GO terms can be quickly found by clicking

‘GO terms’ at the top of the list. The experiment selection

box in the navigation bar can be used to switch between

different experiments. Multiple browser windows can be

used to compare the eQTL profiles from different

experiments.

For example, to investigate natural variation in gene

expression associated with ‘light’, the search box can be

used (Figure 3a). Clicking the ‘Query’ button results in a list

containing 45 genes and 90 GO terms (Figure 3b). A GO

term can be selected for further investigation by clicking its

GO ID. When we select the GO term GO:0009584 ‘Detection

of visible light’ (Figure 3c) the eQTL profiles of the five

genes annotated with this GO term, phytochromes PHYA

to PHYE are shown. The eQTLs from the different experi-

ments can be selected from the navigation bar. When the

experiment Snoek_Terpstra_etal_2012 is selected we can

observe that PHYB and PHYE both have a potential cis-

eQTL (an eQTL mapping close to its own genomic location;

Figure 3d). PHYE has a second eQTL on chromosome 5

which indicates trans-regulation.

Other experiments show different eQTL profiles for the

phytochromes and can be compared by opening multiple

Naviga on bar
Search box
External
Gene ID

Histogram
Legend
List
Pro le

Interac ve link

Figure 2. Contact map of AraQTL.

The legend shows the interactive links and which parts can be selected to

go further with an investigation within AraQTL (green nodes) or through

The Arabidopsis Information Resource (TAIR; grey node). Dotted grey

arrows show the links via the top navigation bar. Black arrows show con-

nections via the search box. Dark blue lines represent the connections

through the figure legend. Light blue arrows represent the links via the plot

title. Yellow arrows show the connections via the expression quantitative

trait locus (eQTL) distribution histogram. Purple arrows indicate the connec-

tions through the eQTL profile and green arrows show the connections by

the gene list below the eQTL profile figures.
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browser windows. This can be done by clicking the gene

IDs in the list below the figure, which will display the gene-

specific eQTL profiles found in all experiments in AraQTL

for a single gene. Comparing the gene-specific eQTL pro-

files of all five phytochromes we find that four, PHYB

(At2g18790), PHYC (At5g35840), PHYD (At4g16250) and

PHYE (At4g18130), have a local, potential cis-eQTL in at

least one of the experiments (Figure S1 in the Supporting

Information), while PHYA (At1g09570) only shows three

minor trans-eQTLs. Most phytochrome eQTL profiles differ

between the experiments. This suggests gene-by-environ-

ment interaction or gene-by-genotype interaction (epista-

sis) for the expression of the phytochromes and cryptic

genetic variation (CGV), i.e. variation that, under atypical

environmental conditions or specific genetic backgrounds,

generates heritable phenotypic variation and induces evo-

lution (Paaby and Rockman, 2014). Such gene-by-environ-

ment or epistatic interactions, where allelic effects are

dependent on the environment, may be important for a

range of phenotypic outcomes. AraQTL allows for the inte-

gration of environmental conditions and crosses to investi-

gate complex interactions and CGV at the level of the

transcriptome and subsequent eQTL mappings. This pro-

vides new insights into the genetic architecture of environ-

ment-dependent traits.

Gene expression variation at the eQTL loci of the phy-

tochromes can be further explored by clicking one of the

phytochrome eQTL peaks. This shows those genes with a

co-locating eQTL. When we click the potential cis-eQTL

peak of PHYB at marker BF.221L found in the Snoek_Terp-

stra_etal_2012 experiment we find 599 genes with a

co-locating eQTL [significance threshold logarithm of the

odds (LOD) > 3.1]. To exclude the potential cis-eQTLs we

can select an exclusion window in the navigation bar.

Excluding all genes at a distance of less than 5 Mb from

the eQTL leaves 376 genes. These genes have co-locating

trans-eQTLs and are potentially co-regulated. Genes with a

potential cis-eQTL at this locus, like PHYB, are probable

candidates. Further study is needed to find which genes

are regulated by PHYB; most likely there are also other

polymorphic regulators at this locus.

Example 2: genome-wide overview and exploration of an

eQTL hotspot. To get a genome-wide overview of the

(a)

(d)

(b) (c)

Figure 3. Gene Ontology (GO) term-specific expression quantitative trait locus (eQTL) profiles.

(a) Search box entry to find GO terms related to ‘light’.

(b) Top of the results page. By clicking ‘GO terms’ the list jumps to GO terms.

(c) Description and selection of GO terms, by clicking the GO ID number the eQTL profiles are shown.

(d) eQTL profiles of the selected GO term. The different experiments can be selected from the dropdown menu from the navigation bar.
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distribution of eQTLs, a cis/trans plot (Figure 4) is most

often used. The position of each eQTL peak is plotted on

the x-axis against the positions of the genes for which this

eQTL peak was found. In this plot, several patterns can be

detected. The diagonal line shows the likely cis-eQTLs,

which are those eQTLs mapping close to the position of

the gene for which they have been found. Vertical bands

(‘trans-bands’) can also be observed; these each contain

many eQTLs, which map to the same (small) genomic

region in which they themselves are not physically located.

These trans-band loci affect the expression of many genes

and are likely to contain one or more key regulators which

act on transcription either directly or indirectly through

some other phenotypes.

A default eQTL peak significance threshold per experi-

ment is provided for quick visualisation, and can be manu-

ally adjusted for further exploration. The cis/trans plot is

interactive, allowing selection of different experiments via

a drop-down menu. Moreover the individual significant

peaks (points in the cis/trans plot) can be clicked to show

the complete eQTL profile of the selected gene/peak.

Finally, the total peak count per marker is indicated in the

bar plot below the cis/trans plot. Individual bars/markers

can be clicked to obtain a figure and list with genes that

share a peak at the selected marker.

In the genome-wide overview of Snoek et al. (2012) we

can see a trans-band on chromosome 1 at marker CH.160L

(Figure 4). Hovering over the bar in the histogram shows

that 554 genes have an eQTL peak at this locus. Clicking

the bar shows the complete eQTL profiles of all genes

mapping to this locus in the ‘Locus’ window. Here we can

select those genes being regulated from this locus in trans,

by an exclusion window of 5 Mb in the navigation bar. The

645 genes with a significant trans-eQTL (LOD > 3.1) can be

explored one by one or compared with genes with a poten-

tial cis-eQTL at this locus. For further investigation the list

of 645 genes can be copied from the ‘Download gene list’

option for use in other online tools such as AgriGO (http://

bioinfo.cau.edu.cn/agriGO/) (Du et al., 2010) or AraNetv2

(http://www.inetbio.org/aranet/) (Lee et al., 2010).

AgriGO can be used, like other web-based GO enrich-

ment tools, to find the functional consequences of the

genes being affected by the eQTL. The AgriGO Singular

Enrichment Analysis (SEA) tool (Table S1) shows that the

645 genes selected are enriched for GO terms like ‘Circa-

dian rhythm’ and ‘Nitrogen compound metabolic process’;

moreover, many genes show ‘Transcription regulator activ-

ity’, possibly explaining why so many genes map to this

locus. A candidate gene for affecting the expression of all

these genes and subsequent processes is GIGANTEA (GI).

The genomic location of GI is very close to marker

CH.160L, and is involved as a master regulator in the circa-

dian rhythm process. Moreover it is involved in flowering

time and it has previously been suggested that it is

involved in expression level variation mapping to this

locus (Keurentjes et al., 2007).

AraNet can be used to place a set of genes in a proba-

bilistic functional network based on published data and

co-expression studies (Lee et al., 2010). A useful feature

here is the test for enrichment in linkages between the

selected genes compared with a random set of genes.

When significant, this is strong evidence that those genes

with co-locating eQTLs are functioning together in a path-

way or process. When the selected set of 645 genes are

further investigated using the function ‘Find new members

of a pathway’, we find these genes to be significantly

more interconnected than a random set of genes

(P < 1.8 9 10�6; Figure S2). They are therefore very likely

to operate in one or a few closely linked pathways. Using

the connections in AraNet, the relation between the genes

with co-locating trans-eQTLs can be studied (Figure S3).

Furthermore, AraNet provides a list of genes that are

strongly associated with the set of genes sharing an eQTL

locus. These strongly associated genes are candidate regu-

lators and can be further selected by their genomic posi-

tions as the location of the eQTLs is known.

Together these are the first steps to a system genetics

approach; gene expression network generation and refine-

ment, followed by annotation enrichment providing the

Figure 4. Cis/trans plot.

This page gives a genome-wide overview per experiment of all the detected

expression quantitative trait loci in the Snoek_Terpstra_etal_2012 experi-

ment. The major trans-band is located on chromosome 1.
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context for the next targeted experiment to show gene reg-

ulation and function. The first steps have been made inter-

active and will be further automated in the near future.

These examples demonstrate how eQTL data can already

be explored relatively easy to discover new groups of inter-

acting genes by using AraQTL in a web based workflow.

DISCUSSION

AraQTL is designed to improve the accessibility of Ara-

bidopsis eQTL data, serving a wide range of scientists

using Arabidopsis as a model. Storing eQTL data in one

platform in a single, unified format provides an easy way

of visually inspecting eQTL patterns. These patterns are

directly useful for analysis because they indicate whether a

gene varies in expression and which loci are likely to be

affecting its expression levels. Very often the underlying

papers do not include the eQTL profiles as supporting

information [but see Cubillos et al. (2012) in QTLstore;

http://qtlstore.versailles.inra.fr]. Furthermore, the original

publications seldom include all the required data, tools

and methods required to re-map the eQTLs, such as nor-

malised expression data and genotypes or mapping mod-

els and scripts. Having the results of these datasets, the

eQTL profiles, together in AraQTL facilitates integration

and allows for comparisons which would otherwise be

cumbersome and laborious.

Even though all eQTL sets can now be explored in a

combined way, some limitations manifest themselves

when comparing them. This mainly has to do with the dif-

ferent technologies used in these experiments to measure

gene expression. Early microarray technology used probes

spotted on a glass slide, which may lead to false positives

and false negatives (Alberts et al., 2007). The absence of a

probe prevents the interrogation for that gene and closely

related genes can cross-hybridize due to probe similarity.

Moreover, eQTLs could be mapped where transcript abun-

dance variation is misrepresented by differences in hybridi-

sation due to sequence polymorphisms. This effect is

stronger with shorter probes, as for example used on Affy-

metrix arrays, but is certainly not absent from arrays using

longer probes. Consequently, the end-user should be cau-

tious when comparing results from different populations.

Some genes may be absent from one specific population,

not because of lack of variation, but due to lack of interro-

gation or because their variation is diluted due to a non-

specific probe (false negative).

On another note, the mapping power in different popula-

tions may vary, since the number and distribution of recom-

bination sites between the RILs as well as the number of

markers used to genotype them are different between the

sets, even though the type and number of RILs used in the

current datasets is rather uniform. AraQTL hosts the eQTL

profiles as they were originally mapped, which means that

differences in specific models and mapping procedures

could give rise to some of the differences between the dif-

ferent sets of eQTLs. Non-linear relationships between

genetic and physical maps in specific crosses may also

influence the comparison of QTL localization.

Future directions

The aim of AraQTL is to make the data needed for re-map-

ping easily accessible, so eQTLs from different experi-

ments can be detected by the same method and therefore

better compared. This allows alternative models to be

explored or expression levels of different experiments to

be included in one eQTL mapping model. Genetic maps

can also be improved by including gene expression mark-

ers (West et al., 2006) or through sequencing. This will lead

to eQTLs with a higher resolution and better regulatory

prediction. In future updates of AraQTL these functions will

be implemented, yet easy access to the data already

enables an efficient start so that anyone can for further

exploit eQTL and other system genetics data.

Combining established high-throughput measurement

techniques like next generation sequencing, proteomics,

metabolomics and phenomics offers great potential for

plant sciences and quantitative genetics (Figure 5). These
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Figure 5. From natural variation to regulatory networks.

Natural variation found in mapping populations like wild isolates, recombi-

nant inbred lines and introgression lines offers a versatile resource to link

genetic variation to trait variation. Both genetic and trait variation come in

several different forms. For example, single nucleotide polymorphisms

(SNPs), indels, copy number, translocations and even epi-genetics can be

potential causal factors of trait variation. Trait variation can be measured on

many different levels – morphological, physiological, gene expression, pro-

tein and metabolites. This variation often interacts with changing environ-

mental conditions. Through quantitative trait locus mapping or genome-

wide association studies, regulatory loci and genes can be detected. By

using a genome-wide and systematic approach regulatory networks can be

constructed, followed by a system genetics approach in which all levels of

variation are combined to learn the true nature of the genetic architecture

of traits. The underlined factors are those which have been used to generate

the expression quantitative trait loci currently stored in AraQTL. The remain-

ing factors are expansion possibilities to host and connect through AraQTL.
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methods generate a wealth of data, which makes the

storage, access and especially the generation of useful

and meaningful connections within and between the dif-

ferent types of data increasingly important. Moreover,

results from different types of mapping populations can

be included. In this way the advantages of introgression

line populations, RIL populations, multi-parental mapping

panels and sets of wild isolates can be combined. With

this in mind, the next steps for AraQTL will be linking

eQTL data to polymorphisms from massive sequencing

projects of many different ecotypes (Gan et al., 2011;

Genomes Consortium. Electronic address and Genomes,

2016) and including eQTLs and single nucleotide poly-

morphisms (SNPs) obtained from RNA-seq experiments.

When stored in, and visualised from, the same platform,

the SNPs and phenotypes enable the integration of QTL

mapping and GWAS investigation, further increasing the

detection power of both methods. For example, eQTL

datasets have been successfully combined with results

from transcriptomic GWAS (Kawakatsu et al., 2016) and

allele-specific expression (Cubillos et al., 2014) RNA-seq

experiments.

New tools for investigation and visualisation will be

developed in a modular fashion for easy integration and

deployment within AraQTL. The annotation side can be

expanded beyond GO terms, for example with pathway

knowledge – as available through the Kyoto Encyclopaedia

of Genes and Genomes (KEGG) (http://www.genome.jp/ke

gg/) or with gene association networks like AraNet (Lee

et al., 2010). To further investigate the relation between

genotype and variation in phenotype, AraQTL will be

expanded with published and new classical/phenotypic

QTLs. This enables searching for the possible molecular

components underlying a QTL for a specific phenotype

and finding the possible causal genes. Combining highly

detailed molecular data, such as transcription factor-bind-

ing and histone-binding sites or protein–protein interac-

tions, will allow for even more powerful analyses.

AraQTL has been designed from the start to easily store

and share upcoming RNA-seq data and eQTLs from these

data and QTLs from metabolomics and proteomics and to

visualise and analyse these together. Comparing sets of

genes through functional enrichment will enable an even

better, more targeted, approach to candidate gene selec-

tion and network generation to link gene expression,

genetic variation and function. In the near future, tools will

be developed to investigate genetic variation in a more

systematic genome- and population-wide manner,

enabling more complete and higher-resolution system

genetics.

We believe the eQTL data in AraQTL will greatly benefit

the Arabidopsis research community, providing a rich

source of genetic interactions to plant biologists. AraQTL

will serve as a solid platform for in-depth analysis of these

interactions to help chart the Arabidopsis gene regulatory

network.

EXPERIMENTAL PROCEDURES

eQTL profiles mapped in the original papers were used for visual-
ization and investigation, except for those found in Lowry et al.
(2013) which were re-mapped from the original genotypes and
gene expression data by a single marker model using a linear
model in R. Original determined genome-wide threshold levels
may be applied to call significant eQTLs (Table 1). The thresholds
for comparing eQTLs will vary depending on the number of
genes, eQTLs and populations involved. The physical positions of
the markers were used to compare and integrate the genetic maps
of the different populations and can be obtained from the AraQTL
website.

All pairwise correlations between eQTL patterns were calculated
using the Pearson correlation coefficients between the eQTL pat-
terns of genes within an experiment using the R function ‘cor’, on
the LOD scores. Searching for genes with an eQTL at a specific
locus is implemented by selecting genes that have a LOD score
above the given threshold at the marker closest to the specified
locus. To select trans-eQTLs genes with a cis-eQTL can be
excluded based on their physical distance to this marker.

GO terms were downloaded from The Arabidopsis Information
Resource (TAIR10) and gene descriptions from Ensembl BioMart
(Kinsella et al., 2011).

AraQTL was developed using the Python Django web frame-
work. The backend runs on an Ubuntu 16.04.1 LTS Linux server,
using the Apache web server version 2.4.18 and a MySQL 5.7.13
database. The web frontend is implemented via Django templates
in HTML and Javascript, using the D3 library and Jquery. The cis/
trans plot and QTL profile plots are built upon work by Karl
Broman (Broman, 2015).
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