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Abstract

When expression profiling is performed on individuals within a segregating population, it is
possible to apply genetical mapping techniques by using the transcript abundances as quantitative
traits. This enables the dissectioof gene regulatory mechanisms on genetic scattmwever the
resulting regulatory regions, known as expression quantitative trait loci (eQTLs), can contain
hundreds of candidate genes. For QTL studlmssed on phenotypic traits, successful attempts
have been made to interpret these huge gene lists computationally by means of gene function
annotation and subsequent enrichment methods. In this project similar attempts are made on
eQTL maps. A web application is written that automates the prioritization of datate genes that
underlie eQTL regions. A validation shows that this prioritization method is able to select the
correct regulatory genes for particular target genes, where the target gene is a-shinterest and

the regulatory gene is prioritized frona gene list that underliepreferably multipleeQTL regions.
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Introduction

For most organismgeneticvariation can be found between individuals oBpecies giving rise to
differences not only in physical appearaniet also in the regulation fogene expression. Most
variationat DNA level is classified as small insertions and deletions (indels), copy number variation
(CNV) and singlewucleotide polymorphisms (SNPs) however for the dissection of genetic
architecturesand identification of quantitative traits usually SNPs are uge8NP is any location on
the genome where at least 2 different nucleotides are segregating wahpopulation.When a
phenotypicvariation is continuousvithin a population, thisrariation n question can be classified as
a quantitative trait. Theassociations of genomic regions with quantitative traits leathe discovery

of quantitative trait loci (QTLs). This is a powerful technignd has been used to gain biological
insight in ecologial and evolutionary mechanisms of pldiis

QTLsare regions on the genomehat show variability between individuals and are presumably
responsible forvariation in aquantitative trait. QTL analysis requires two parents that differ
genetically for a trait of interesand genetic markers with which distinctions can be made between
the parents. The parental lines are crossed which produces heterozygous F1 offspring. Triregoffsp
is crossed, resulting in a segregatiRg population,n order to produce a variety of phenotypes
based on the initial trait of interestSegregation within a population occurs due to splitting and
possible recombination of the chromosomes during meid3iging ecombinationgenomic regions
between chromosomesare inter-exchangd. When a causal SNP crosses over to the opposite
chromosome, together with a marker, it could have an effect on the -trhihterest. This is the
reason that a segregatingopulation is comprised of genetically divermdividuals.The eventual
analysis is a statistical method that attempts the find Aemdom associationbetween traits and
regions on the genomevith the goal ofidentifyingthe QTLsthat are causal fothe variation in
quantitativetraits[2].

Widely used populations that are useor fQTL analysis aerived fromRecombinant Inbred Lines
(Rlls). The construction o RlLstarts withcros®sof individualsirom the F2 population. Continuous
inbreeding can add more crossing over eveatsl producemore homozygous individualand is
usually done until &8 population is achievedhis could potentially lead to dmprovement of the
QTL mapping resoluti¢d]. A RIL has adwtages over normal populations; the same ptgtion can

be used indefinitely to produce genetically similar offspri@viously RIL construction is most easily
performed on organisms thataturallyprocreate through selpollination, likeA. thaliana

When expression profiling is performed on widuals within a segregating population, it is possible

to apply genetical mapping techniques by using the transcript abundances as quantitative traits. This



enables the dissection of gene regulatory mechanisms on genetic Stalenlike QTL analysis,eth
variation of quantitative traitscan be used to magxpression QTL&QTLH4]. Ths technique is
called geneticagenomics Sudies onA. thaliana RIL populationfiave proven to be able to identify
genomic loci that control variation iexpressior{5-8]. Because the quantitative traits are related to
gene expression, the resulting eQTLs are genomic redioats are caual for reguation of
expression

The genetic linkages associated with transcript abundance enable a more thorough examination of
the underlying biochemical processétowever the resolution of the mapped eQTLs depends on the
number crossovers and thenumber of genetic markers used; the lower the number of markers
used, the bigger the eQTLs will be and thus the more genes ti#ree in the eQTLsAttempting to
dissectthe molecular mechanisms that under®TLs can be a daunting job for any lab aesker
because a typical eQTL regicen contain hundreds of geneBherefor attemptshave beermade to
handle this problem by means of computational annotation of gene functiansl subsequent
statistical analysisTypically genes are annotated with GeBatology (GO) ternj8] based on their
properties The GO vocabulary consists of GO terms that cadilided in three sulontologies:
cellular component(CC), molecular function(MF) and biological proces$i@&Pihe elucidation of
molecular mechanisms underlying QTL regions preference is given BRisans because they can

be used to describe a network of molecularechanisms The Bayesian Markov Random Field
method (BMRJ10, 11]wasdeveloped topredict BP terms for genebased on sequence data and
co-expression informationThismethod has been previously utilized Bargsten el to predict BP
terms for traits of interesf12]. At the Critical Assessment Btinction Annotation (CAHAB] BMRF
proved to be a top contender when it came to theegdiction of BP terms for Humaand
Arabidopsis.

The annotéion of gene sets witlBBPterms opens the doorto statistical significancealculations
known as functional enrichment analys@@enescan be categorized based teingannotated to a
specificBPterm or not. Bycombining this categorization with a secooategorizingstrategy onthe
same genes, for instance whether a gene is inside of outside an eQTL, the association between the
two categohA Sa OFy o6S adlF GAadAaAorfte GvéhanisRombined geneil KS CA
categorization ancsubsequent FET calatibn is done foreachBPterm, enrichmentis tested for
eachBPterm. The traitof-interest will be associated with the biological process as described by the
enriched BP terms. The genes that are annotated to these BP terms areidhézed QTL candidate
genes.This gene prioritization method has been expanded by making sure that, peotiiaterest,

any enriched GO term is present in at least 50% of the identified eQTlRar@O termscannot be

annotated to more than 1% ofllagenes in the genomeé his prioritization strategy has been tested



on rice QTL dafa2] and was validated by compagnthe prioritization results with weknown
causal genes

The objective othis projectis to write a web application that integrates eQTL data with functional
annotationand to test whether the described prioritization strategy is also successful whaied

to A. thalianaeQTL data.



Material s & Methods

The software

All work was done in Ubuntul4.04r Swvhich was running in a virtuahachine The virtuaimachine

was VMware Player and ran on andlows 7 Enterprise 68it service pack 1. The application was
written in Python 2.7.6. The web framework used was Django 1.6. The database was built with
MySQL server version 5.5:00

The datasets

The datasetsthat were used to test and validate thappication, came from geneticabenamic
experiments onA. thaliana Recombinant Inbred Linpopulations The populations in question are
derived from a cross between the Arabidopsis accessions Bay@extBhadaréBay0 x Shdll4] and
Cape Verddslandsx Landsbergerecta (Cvi x Lefl5]. Gene expression was measured under a

constantenvironment and with environmental perturbations.

Bay-0 x ShaRIL population
This RIL populatiowasmapped with 69 mekers.It was specifically constructed to investigate seed

germinatiorj14]. Expression was measured wIEINA microarray experimenfsr derived lines of this
populationunder aconstant environmentind with environmental variatiorFor theenvironmental

variations bur developmental stages of seed germination were selected to be analyzed; 1:primary
dormant seeds, 2:after ripened dry seeds, 3:six hour imbibed seeds and 4:seeds at the time of radicle
protrusion. Each environmental variation waperformed on aBayO x Shasubpopulation of 41

lined16. ¢ KA & RIFGFaSdi Aa ylI YSR A yor theKn®asiRdméritsouhdar& a [ A 3
O2yaidlyid SYy@ANRYYSy( | yewimdmerlvaridtonfidagurements Y 3ES¢ T2

Cvix Ler RIL population
This RIL populatio was mapped with 144 markef$5]. This population was analysedunder a

constantenvironmenf5] and with an environmental variation by treating them with three hours of
shadg6l® ¢ KSa&as$s RFEGFasSiaa FNE yIFYSR Ay SiokkS201RI| (I o &

respectively.
The application

The database

The web apptiation is conne@d to arelational database that containgables wih information on
genes,LODscores markers and experiment§ he tables for genes, markers and experiments are
connected throud the table for LOD score$his enables the application tequest markers with a

certain LOD score for a certain trait and experiment



Parameter input

The inputof parameterscan be mandatory or optional. The mandatory parameters are a trait of
interest and a cutoff valuéor the LOD scoreWithout the mandatoryinput the application cannot
take any action. The optional parameters arelues that are set taa default when none are

specified

eQTL identification

7 = 7
[ sl s
5 sk s
A _ 5B _sCf
3 s sE .
.
2 - e -
. .
1 1 1 -
[ I B B B Ll
e ST
............ DT oy et
SRR ENEENE Blajgssgsss
nnnnnnn - o ]
2222222223523 £i8)8 8

R R R
T T T T T

T . L ]

Marker1 |— »

Marks
Markerl |— |+
e
Marker 3 j— .
Markerd |
Markers |-
v |-
arker 7 |
Mas kErBl -
arker 9| |-
tsiier 10
larker 11 p—
ker12 f— =

Genes

A

Genes Genes

Iy

arker 7,

arker 8 | -

arker %]

b 3 |
Marker 1 —/
\\‘:A
|

PN
—

:

Figurel: Schematic representation of the eQTL identification process; A: With the markers on theiscand the LO
scores on the ¥axis each red dot represents a marker with a LOD score. Thekerarare in the order as they appear
the genome. B: A LOD score cutoff, indicated by a light blue horizontal line, separates the markers based on th
scores. C: The markers are grouped together if they are next to eachrotimeethe same chromosomeD: From eac
marker group the marker with the highest LOD score is selected. E: The adjacent markers of the highest scoring
are used to create a definite marker region. F: The eQTLs are identified as the marker regions which defines re(
the genome. The genesdm these regions are taken and joined in one list.

Step 1:Markers are distributed over the genome and have a particular LOD fogues 1A) For a
particular trait, markers are selected from the database when they have a higigrstore thanhe
cutoff value that was put in (figure 1BJhis step produces a list of markers that will be used in the

next step



Step 2:The positions of the markers from step 1 are checked. Markers that are next to each other on
a chromosome & consilered as a marker region (figure 1C).

Step 3:Markers with the highest LOD scores are selected from the identifi@dken regions (figure

1D). This highest scoring marker is used as the middle point of an eQTL interval. The two adjacent
markers (if possik) form the eQTL interval boundaries (figure 1\®hen a border of the interval is
located near the beginning or end of a chromosome, the beginning or end of an eQTL interval will
respectively change to the first or last physical position of the chromosome

Step 4:Genes are requested from the data®e and pooled in one gene list (figure 1F).

Gene Ontology enrichment
Step 5:Genes are annotated witBPtermswhichwere predicted with thdBMRFAnethod[10, 11]

Step 6: GO enrichment is perfmed with FETusing a python scipy package namedi a G I G a ¢

http://docs.scipy.org/doc/scipy/reference/stats.html

Step 7:Multiple testingcorrectionis performed to control thé-alse BcoveryRate(FDR using the
BenjaminiHochberg BH)method which is done with a python scripbtainedfrom

http://pydoc.net/Python/sharepathway/0.5.0/sharepathway.correct pvalues/

Post Processing for Extra Gene prioritization

Step 8: Onceenriched GO terms have been obtaingtie resulting enriched genest is divided
amongst the eQTLfsom which they came andmongstthe GO terms for which they were enriched
This enableto makefurther restrictions on gene prioritization.

Step 9:For each GO term the number of eQTL regions in which it occurs is cotihtma the fraction

of each GO ternamong the eQTLis calculated. Only thgenes annotated with a GO term that is
presentin 50%or more of the eQTLs angrioritized. Note that 50% is the default value for this
parameter as previously used Byrgsten et 4l.2].

Step 10:The number of genes that are annotated are counted for each GO term. Only the GO terms
that were predicted for less than 1% all genesn the genomearetaken into accountNote that this

step can also be implemented directly after step 5.


http://docs.scipy.org/doc/scipy/reference/stats.html
http://pydoc.net/Python/sharepathway/0.5.0/sharepathway.correct_pvalues/

The validation
The following validation procedure has been performed on four datasets with three different LOD
score cutoff for each data set resulting in 12 separate runs.
For the véidation procedure three separate T3-pair lists are derived from three different data
sources, these will be referred to as first, second and third data source:
1. Data from AtRegNet containing 1& pairs that are used as a reference.
2. Data from the databse containing traits of interest and their corresponding lists of genes
that underlie its eQTL regions
3. Data from the prioritization procedure containing traits of interest and their corresponding
lists of genes that were prioritized.
The performance of theapplication § tested by comparing therioritized results with knownA.
thalianaTranscription Factord &3 and their direct target genes (TG$p this end a list gfaired TGs
and TFsis obtained from AGRIQ & ! (i mSvAith 84iTFsare linked t010082 TG§17-19]. This
AtRegNet version was obtained on the™d& January of 2015The relational information between
TG and THranslates into a regulatory network in whid®109direct interactions are known. Thiist
of pairwise linked T&andTFs, as supplied ¥ AGRIS in the AtRegNet documeastcompared to a
similarlist as predicted by the modeln the model data the TG is a trait of interest and the TF is

located inone of the eQTLSs.

Data classification

Data from the prediction model areomparal to knownTGTFpairs This enables the classification of
datainto a confusion matrix. When a prediction is made and it is confirmed by the reference data, it
is a true pogive (TP). When a prediction is made but it is not confirmed by the reference data, it is a
false positive (FP). When the mod#bes notpredict a TGTF relation but it is present in the
reference data, it is a false negative (FN). When the mddes notpredict a TFHT'G relatiorand itis

not present in the reference datéd is a true egative (TN).

Tablel: The Confusion Matrix

Model predictions
positive negative
positive TP FN
Reference data
negative FP TN

TheTGTF pairsvere classified as followed:
Stepl: Make a reference list of TG pairs from AtRegNéfirst data source)From this list derive

two new lists. One list containing all TGsH{iBG and one list containing all TFs+{iEB.



Sep 2: Count thetotal amount of all possible data pointBerate through all traits in the database
(second data sourcednd check if a TF gesent in its eQTL region(s). Create alTFYair if a trait is
present in the Tdist and the TF is present in the-lT$t.

Sep 3: Perform the samegroceduresas in step 2 but this time for the data from tipeioritization
procedure (third data source)

Sep 4: Compare everyf GTF pairin the list from step 3 to the referendest (first data source)lf a
relation is present irthe reference data it i€lassified as TP If a relation is not present in the
reference datat is classified as. FP

Sep 5: TheFNiscalculated by subtracting the TP fronmettotal amount of TGTF pairs thaare in the
reference list

Sep 6: The TN are calculated by subtracting the TP, FP and FN from the total number of pliSsible
TF pairghat werecountedin step 2.

Sep 7: With the classified data points in the confusion matrix the Heaad precisiorare calculated
according to formwds 1 and 2When no positives are identified in steptde denominators of
formulas 1 and 2quals zeroThese caseme not taken into consideration since they no longer have

any meaningThis loss of meaning can occur in the second and third slataces.
1) QOO —
) 01 QOQI Q¢+

Step 8:With the recall and precision the balanced F1 score is calculated (3).

©) ® ¢z

z

Statistical Significance

The significance of thgredictions was ascertained by means of random resamplirige genes that
underlie the eQTL regions for any given tr&ne thousand permutations were performed per
datasetcutoff combination

The randonresampling was done as followed:

Step 1: In order for the random resampling process to be reproducible a list of one thousand seeds
was generateds A (0 Kt Baddéngranhdini() methodand stored in a text fileEach seed is a
distinct integer of 8 digits.

Step 2:In order to keep as many thingise sameas possiblen the randomization, the randorgene
list samplesare giverthe same size as the corresponding enriched gene list.

Step 3 For any particular datasétOD scoreutoff combination dist is crated containingraits and
corresponding eQTL gene lisisom these gene listandom sample are taken as described in step

6. Note that the gene lists must contain a TF that is present in the reference.



Step4: The F1 scores calculatedor the original enriched dataset and stored for the corresponding
datasetcutoff combination. All F1 scores that result from tt@dom resamplingire compared to
this one.
Step5: For every seed, in a list of one thousand se@ge step 1)a random kt of geness extracted
from the eQTL gene Ilis{see step 3)The random gene list hagpaedefinedsize (see step 2).
Step 6 Each randomized resampling procedure consisthrefe stages:
1. First the seed isusedhy t @0 K2y Qa &SSRothe ravidom m@Rer 12 A Y
generator.
2. Secondthe gene list is shuffledza A y 3 raddorksauffl€amethod.
3. Third,the first part of theshuffled gene lists takenso that ithas a size that is equal to
the corresponding enriched gene list.
Step 7 Yeps4to8FNBY GKS aRIFGIF OfFaaAxFAoOl (A2 yNotethahB NB LIS
the list of enriched geneis step 3is substituted by a list of random gend$eF1 score is compared
to the corresponding F1 score of the original enriched dataShenew F1 scores are assigned as
beinghigher/equal odower than the original F1 score.

Sep 8 The pvalue is calculatedccording to formula 4.

(4) 00 GOa 6-Q



Results

Three sections are described; First a description about what the tool does and how it works, aecond

description ofthe results of theenrichmentand thirda description othe validation method.

The application

The toolis embedded in a wehpplication. It can receive input, request data from a database,
manipulate the requested data and display the results on a web pagghort the tool integrates
eQTL data with functional annotation and prioritization of candidate genes. The eQTL data is
requested from a database with parameters that are specified on the input screen (figufieni3).

tool can be used to identify QTL candidate genes for a giverdtr-aiterest.

eQTLaGOGO - Mozilla Firefox

eQTLaGOGO x W

€ 127.0.0.1 v C e B & A =

e Home

e Search individual trait
» Search multiple traits
e Display output data

Figure2: The starting site of the web applicatio: KA & a2 Ol fft SR a0l asS @As.
sites of the web application. The Home link will redirect the browser to this page. The other four
direct the browser to a new screen where parameters can be specified. Data can be reql

€ 127.0.0.1

» Home

e Search individual trait
» Search multiple traits
» Display output data

Mandatory input
Enter one trait : AT1G19180
Enter one LOD score cutoff : 3

Search

Semi-mandatory input

Choose a dataset : | Keurentjes_2007 =

Uncheck for normal gene expression / Check for environmental perturbation [

Optional input

For the Fisher exact test use an alpha value of (default = 0.05)

For the Benjamini-Hochberg multiple testing correction use an alpha value of (default = 0.05)

Genes with a particular GO term must be present in more than of the eQTL regions of a trait (default = 50%)

GO terms must not be predicted for more than of all genes in the genome (default = 1%)

[NB: Leaving these boxes empty will set those values to default)

Figure3:2 KSy GKS tAy]l da{SINOK AYRAGARdIZ f OGNIAGE A
can input several parameters which have been divided into three sections of input; Mandatory,iSem
mandatory and Optional. Data is retrieved and subsequently manipulated and displayed after pressing
search button. The data retrieval process and subsequent data manipulation is explained in the Mater
and Methods section. After the data has begmocessed it is displayed on a new webpage.
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Mandatory input
The parameters in the mandatory input section are a trait of interest and a LOD score cutoff value.

Without these parameters the application cannot make any request for data to the database. The
trait of interest has to be put in as a locus identifier that is consistent with the TAIR guidelines

(https://www.arabidopsis.org/subnt/locus identifier request.jsp The LOD score cutoff value can

be specified as a number bigger than zero and with or without decimals.

Semimandatory

The parameters in the semmandatory input section are a choice for a dataset from a particular
experiment and a choice between data ffnoa normal gene expression experiment and an
environmental perturbation experiment. This section is called seamdatory because data can be

requested after pressing the search button without considering this section. However they can be
changed accordingp the desired output. Initially the parameters are set to a default setting; the

different datasets are presented in a dropdown box in which they are ordered alphabetically. The

first dataset in the list will always be set as default. The option fortyfpe of dataset is set to
Gy2NXYIf 3ISyS SELINBaarzyéod [/ dNNByidteée GKS RIEGE de@lL
the Ligterink 2014 datasefhe Keurentjes_200and Snoek 2012xperimentsused derivations of

the same RIL population where&surentjes_2007erformed the experiments under normal gene

expression anénoek_2012nder environmental perturbation.

Optional input

The parameters in the optional input section grealue cutoffsfor FETand the BHmultiple testing

correction and two segrate values that are relatl to the postprocessfor extra gene prioritization

4 RSAONROGSR Ay PasiEddessmg foryERtra Gene mhigfiRz&ibd2F G KS Y G SN

and methods section.

Output
¢ KS 2dzi Lddzi 27T a {iSpresiddd (figung R6) ahddesddbeibelomNd A (0 €
A. Amentioning of the usedoptional inpug€ parameters.
B. The trait of interest, LOD score cutafilueand experiment for which a query was made
is given.The traitis a hyperlink that will open a google search page for the tra& new
tab.
C. Adesciption of the trait of interest (which iextracted fromthe database).
D. A graphical display of all markers on the genome versus their LOD scores. The markers
are on the xaxis and the LOD scores are on thaxys. The markers are imder in which

they are located o the genome for this particular dataset. The blue line is an indication

11


https://www.arabidopsis.org/submit/locus_identifier_request.jsp

of the genotype of this particular trait in this dataset. The red line indicates the LOD
score cutoff value.

E. An overview of the identified eQTLs. Each eQTL has a location on the chromosome, a
physical start/end in base pairs and a list of genes. Each list contains genes that were
annotated with a GO term that was enriched

F. A list of enriched G@&rms, GO names and the respective q values that result from the
BH multiple testing correction. The terms have an ascending order by the number in the
term. Each GO term is a hyperlink that will send the usehé¢olocation of that GO term

G. An overviewof an enriched GO term and the genes that were annotated with this GO

term. The genes are divided amongst the eQTLs in which they were found

12
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» Search multiple traits
» Display graph

» Display output data

The Fisher's exact test used an alpha value of 0.05

A The Benjamini-Hochberg multiple testing correction used an alpha value of 0.05
Each gene function is present in more than 50.0% of the eQTL regions of a trait
GO terms are not predicted for more than 1.0% of all genes in the genome

B _{ Trait LOD score cutoff Dataset

AT1G19180 3.0 Keurentjes 2007

Trait description:
JAZ1 is a nuclear-localized protein involved in jasmonate signaling. JAZ1 transcript levels rise in response to a jasmonate stimulus. JAZ1 can interact
c - with the COI1 F-box subunit of an SCF E3 ubiquitin ligase in a yeast-two-hybrid assay only in the presence of jasmonate-isoleucine (JA-ILE) or
coronatine. Application of jasmonate methyl ester to Arabidopsis roots reduces the levels of a JAZ1:GUS fusion protein, presumably by stimulating
ubiquitin-proteasome-mediated degradation. The Jas domain appears to be important for JAZ1-COI1 interactions in the presence of coronatine. Two
positive residues (R205 and R206) in the Jas domain shown to be important for coronatine -dependent COI1 binding are not required for binding
— AtMYC2.

LOD scores for Markers on the genome for trait AT1G19180 with cutoff 3.0
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Figure4: Part one of the output of a query fothe trait & ! ¢ m D m.¢phe greeh circles indicatehere a eQTLs will
be identified.

eQTLaGOGO - Mozilla Firefox

€QTLaGOGO * Yo
€ @127.0.0. v search w8 & &S
B The following QTL's were found:
Chromosome P]lsyt;';ctal P]lg'nsilcﬂl Genes with predicted functions
1 3754201 4306791 |AT1G11250 AT1G11890 AT1G12130 AT1G12140 AT1G12160 AT1G12200 AT1G12430 AT1G12610
AT2G17820 AT2G17880 AT2G17930 AT2G18550 AT2G18700 AT2G18990 AT2G19380 AT2G19790
E —_— 2 7639375 9422094 AT2G19990 AT2G20550 AT2G20560 AT2G20610 AT2G20930 AT2G21050 AT2G21200 AT2G21380
AT2G21650 AT2G21660 AT2G21680 AT2G21950 AT2G22090 AT2G22100
AT2G25910 AT2G26140 AT2G26150 AT2G26350 AT2G26820 AT2G26890 AT2G26970 AT2G27000
2 10911151 |12495301 |AT2G27010 AT2G27120 AT2G27220 AT2G27230 AT2G27600 AT2G27630 AT2G27650 AT2G27790
AT2G27880 AT2G28170 AT2G28460 AT2G28510 AT2G28660 AT2G28810 AT2G28930
- 9 15208452 | 16175701 2¥§g§g;gg :¥§8§giifg AT2G36485 AT2G36910 AT2G37280 AT2G37340 AT2G37510 AT2G37590
— The following GO terms are enriched for genes that were found in the QTLs.
Click on a GO term to go down and see for which genes and in which QTL the genes were found.
GO term GO name q value
G0:0000226 microtubule cytoskeleton organization 0.0456544
G0:0006397 mRNA processing 0.0475339
G0:0006605 protein targeting 0.0456544
F _J G0:0009606 tropism 0.0456544
G0:0016138 glycoside biosynthetic process 0.0475339
G0:0016143 S-glycoside metabolic process 0.0456544
G0:0016144 S-glycoside biosynthetic process 0.0456544
G0:0019761 glucosinolate biosynthetic process 0.0456544
G0:0048506 regulation of timing of meristematic phase transition 0.0456544
G0:0048509 regulation of meristem development 0.0456544
— G0:0048510 regulation of timing of transition from vegetative to reproductive phase 0.0456544

Figure5: Part two of the output of a query for an individual traitE: a table containing the chromosome numb
physical startend and the genes that were annotated to an enriched BP term for each identified eQTL. F:
table containing GO terms from the BP subontology that were enriched, the GO term name and the g.valu
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gototop

GO term

GO Description

G0:0009606

: "The of an or part of an organism, in response to an external source of stimulus, usually
towam or away from it." [GOC:curators, ISBN:0877795088]

Gene

Gene Description

NA

NA

Gene

Gene Description

Chaperone Dnaj-domain superfamily protein; FUNCTIONS IN: heat shock protein binding; INVOLVED IN: protein
folding; LOCATED IN: chloroplast; EXPRESSED IN: 18 plant structures; EXPRESSED DURING: 11 growth stages;
CONTAINS InterPro DOMAIN/s: Molecular chaperone, heat shock proteln Hsp40 Dnaj (InterPro:IPR015609), Heat
shock protein DnaJ, N-terminal (InterPro:IPR001623); BEST Arabid: P match is: Chaperone
Dnaj-domain superfamily protein (TAIR:AT4G36040.1); Has 19677 Blast hits to 19677 proteins in 3133 species: Archae
- 135; Bacteria - 8632; Metazoa - 3284; Fungi - 1660; Plants - 1836; Viruses - 5; Other Eukaryotes - 4125 (source: NCBI
BLink).

Encodes a PR-1-like protein homolog that is differentially expressed in r pared to ptible cultivars by
powdery mildew infection. The deduced amino acid sequence has 24 amlno uclds comprlslng the signal peptlde and
140 amino acids of the mature peptide (15 kDa). Northern blot analy of the corresp

mRNA 12 h after inoculation of resistant barley cultivars with Erysiphe graminis. Though the Genbank record for Lhe
cDNA assoclated to this gene model is called 'PR-1', the seq actually corresponds to PR-1-like. Expression of this
gene is not salicylic-acid responsive.

HSP40/Dna] peptide-binding protein; FUNCTIONS IN: unfolded protein binding: INVOLVED IN: protein folding;
LOCATED IN: cellular component unknown; EXPRESSED IN: 13 plant structures; EXPRESSED DURING: 6 growth
stages; CONTAINS InterPro DOMAIN/s: Molecular chaperone, heat shock protein, Hsp40, Dna] (InterPro:IPR015609),
HSP40/Dna] peptide-binding (InterPro:IPR008971), Chaperone Dnaj, C-terminal (InterPro:IPR002939); BEST
Arabidopsis thaliana protein match is: DNA] heat shock family protein (TAIR:AT2G20560.1); Has 11261 Blast hits to
11178 proteins in 2681 species: Archae - 101; Bacteria - 6256; Metazoa - 1091; Fungi - 651; Plants - 711; Viruses - 2;
Other Eukaryotes - 2449 (source: NCBI BLink).

DNAJ heat shock family protein; FUNCTIONS IN: unfolded protein binding, heat shock protein binding; INVOLVED IN:
protein folding; LOCATED IN: cellul k EXPRESSED IN: 10 plant structures; EXPRESSED
DURING: M germinated pollen stage, 4 anthesls C globular stage, petal differentiation and expansion stage;
CONTAINS InterPro DOMAIN/s: Molecular chaperone, heat shock protein, Hsp40, Dna] (InterPro:IPR015609),
HSP40/Dna] peptide-binding (InterPro:IPR008971), Chaperone DnaJ, C-terminal (InterPro:IPR002939), Heat shock
protein Dna], N-terminal (InterPro:IPR001623), Heat shock protein Dna]J (InterPro:IPR003095), Heat shock protein
DnaJ, conserved site (InterPro:IPR018253); BEST Arabidopsis thaliana protein match is: DNAJ heat shock family
protein (TAIR:AT4G28480.1); Has 27936 Blast hits to 27733 proteins in 3449 species: Archae - 187; Bacteria - 10270;
Metazoa - 4781; Fungi - 2609; Plants - 2869; Viruses - 17; Other Eukaryotes - 7203 (source: NCBI BLink).

Encodes LAX2 (LIKE AUXIN RESISTANT), a member of the AUX1 LAX family of auxin influx carriers. Required for the
establishment of embryonic root cell organization.

RSM1 is a member of a small sub-family of single MYB transcription factors. Analysis of ov: p lines ind
its involvement during early morphogenesis.

Gene Description

member of Heat Stress Transcription Factor (Hsf) family. Involved in to folded p ion in the

cytosol. Regulated by alternative splicing and diated decay.

GRV2 has sequence similarity to the C. elegans protein RME-8 which is Ived in end . grv2 result in
a reduction in gravitropic response in hypocotyls and shoots but do not affect root gmvllroplsm The mutants are
defective in amyloplast sedimentation.

Dof-type zinc finger DNA-binding family p FUNCTIONS IN: DNA bind pecific DNA binding
transcription factor activity; INVOLVED IN: regulation of transcription; LOCATED IN: nucleolus; EXPRESSED IN: 22
plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Zinc finger, Dof-type
(InterPro:1IPR003851); BEST Arabidopsis thaliana protein match is: TARGET OF MONOPTEROS 6
(TAIR:AT5G60200.1); Has 1531 Blast hits to 1461 proteins in 73 species: Archae - 0; Bacteria - 1; Metazoa - 1; Fungi -
8; Plants - 1087; Viruses - 0; Other Eukaryotes - 434 (source: NCBI BLink).

Chl 1 geted copper chap FUNCTIONS IN: copper ion binding, metal ion binding; INVOLVED IN:
copper lon transport, metal ion tmnsport LOCATED IN: chloroplast; EXPRESSED lN 21 plant structures; EXPRESSED
DURING: 13 growth stages; CONTAINS lnwer DOMAIN/s: Heavy metal
(InterPro:IPR006121), Copper chap )t geted, pred (lnmer IPR016578); BEST Arabidopsis
thaliana protein match is: Chloroplast-targeted copper clmpemne protein (TAIR:AT3G53530.1); Has 1827 Blast hits to
1203 proteins in 102 species: Archae - 0; Bacteria - 68; Metazoa - 145; Fungi - 15; Plants - 1082; Viruses - 0; Other
Eukaryotes - 517 (source: NCBI BLink).

Gene

Gene Description

Protein kinase superfamily protein; FUNCTIONS IN: kinase activity; INVOLVED IN: protein amino acid
phosphorylation; LOCATED IN: plasma membrane; EXPRESSED IN: 17 plant structures; EXPRESSED DURING: 7
growth stages; CONTAINS InterPro DOMAIN/s: Protein kinase, catalytic domain (InterPro:IPR000719),
Serine/threonine-protein kinase domain (InterPro:IPR002290), Serine/threonine-protein kinase-like domain
(InterPro:IPR017442), Protein kinase-like domain (InterPro:IPR011009), Serine/threonine-protein kinase, active site
(InterPro:IPR008271); BEST Arabidopsis thaliana protein match is: KCBP-interacting protein kinase
(TAIR:AT3G52890.2); Has 125358 Blast hits to 88611 p in 3507 Archae - 46; Bacteria - 15805; Metazoa
- 50208; Fungi - 14670; Plants - 20571; Viruses - 390; Olher Eukaryotes - 23668 (source: NCBI BLink).

Belongs to the family of ATP blnding cassene (ABC) transporters. Also known as AtMDR1.. Posslbly regulat.es auxin-

T by ] auxin transport in the root. Exerts nonred partially overlapy
functions with the ABC transporter encoded by AT3G28860. PGP1 mediates cellular efflux of IAA and interacts with
PIN genes that may confer an accelerated vectoral p to PGP-mediated transport. The non-polar localization of
PGP1 at root and shoot apices, where IAA grad driven port is imp d, may be req 1 to confer
directionality to auxin transport in those tissues.

pleiotropic drug resistance 5 (PDR5); FUNCTIONS IN: ATPase activity, pled to t b of
substances; INVOLVED IN: drug transmembrane transport; LOCATED IN: plasma membrane; EXPRESSED IN:
inflorescence meristem, hypocotyl, root, flower; EXPRESSED DURING: petal differentiation and expansion stage;
CONTAINS InterPro DOMAIN/s: ATPase, AAA+ type, core (InterPro:IPR003593), ABC transporter-like
(InterPro:IPR003439), Plant PDR ABC transporter associated (InterPro:IPR013581), ABC-2 type transporter
(InterPro:IPR013525); BEST Arabidopsis thaliana protein match is: pleiotropic drug resistance 9 (TAIR:AT3G53480.1);
Has 443293 Blast hits to 292406 proteins in 4063 species: Archae - 8772; Bacteria - 359449; Metazoa - 10341; Fungi -
7279; Plants - 6493; Viruses - 4; Other Eukaryotes - 50955 (source: NCBI BLink).

AT2G38120

Encodes an auxln influx transporter. AUXI1 resides at the apical p b of p hl cells and at highly
P ions of Golgi app and end in all cell types. AUX1 actlon ln the lateral root cap and/or
eplderrnal cells influences lateral root initiation and positioning.

Figure6: Part three of the output of a query for an individual traidisplaying in detail which genes

were enriched for GO:0009606 and in which eQTL they were found.
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These are the marker values for trait AT1G19180:

integer Marker LOD score Chromosome Physical Position
0 PVV4 0.795438442 1 174951
1 CRY2 1.962536886 1 1186701
2 AXR.1 1.980251701 1 1500651
3 HH.335C 2.365196334 1 3112851
4 DFE.162L 3.189058796 1 3754201
5 BH.147L 3.572577448 1 4040336
6 EC.480C 3.35766406 1 4306791
7 EC.66C 2.547040724 1 5962440
8 GD.86L 2.294790188 1 6533984
9 g2395 1.238505271 1 7301001
10 CH.160L 1.384886777 1 7858401
11 AD.121C 0.604986198 1 10164481
12 AD.106L 0.719102888 1 10426201
13 GB.112L 0.07303451 1 12182367
14 BH.106L 0.051672723 1 12507462
15 GD.97L 0.39048843 1 13432773
16 DE.93C 0.346147466 1 13780193
17 CD.108L 0.494410176 1 13910301
18 DE.85C 0.536043157 1 15550374
19 FD.59C 0.733444154 1 16787111
20 BEZ206L 0.631832315 1 18015651
21 CH.200C 1.105755779 1 19326623
22 DE.260L 1.50968386 1 20195351
25 EC.88C 1.497890116 1 20929779
24 DE.408C 1.594764666 1 22263051
2 HH.375L 1.069439466 1 23489138 L

Figure7: A (partial) list of all markers, presented by order of appeace on the genome. Each marker is displayed wit
its LOD score, chromosomal number and physical position

€QTLaGOGO x
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s Home

» Search individual trait
» Search multiple traits
 Display output data

Use this page to find out howsany OTL's are found for any given trait.
The nultiple traits can be tested all at on is a space del

Mandatory input
Enter a list of traits separated by a space: \T2G21950 AT2G22090 AT2G22100
Enter one LOD score cutoff value: 3

Search

Figure8:2 KSy GKS tAy1l a{SFNOK YdzZ 6ALX S GNIAGAE A& Of A07]
list of traits, a LOD score cutoff value and specify the dataset. The result will be a table with in each row a trait, the
number of eQTL aththe number of genes that underlie the eQTLs
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Figure9:¢ KS NB &adzf GAy 3 LI IS £20F ¢&K{SS IRNIBRI Ydrf ORWGS AN A G & T
trait the number of eQTLs that were mapped for this traind the number of genes that can be found in the eQTL
regions.

Figurelo:2 KSy G KS fAYy] @i ARLI DfeA @UAIRIZIG RS GGNRGASNI A& RAL
If a user wants to know which markers were used to identify eQKLS, t LI} 3S dzy RSNJ a5 A & LJ

RFEGlIé¢ OFy 0SS dzaSR® ! | daSipiBthaffisNiBndledibybackendfiythod oA f € L
functions during the eQTL identification process.
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