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Abstract

WebQTL is a website that combines data-
bases of complex traits with fast software for
mapping quantitative trait loci (QTLs) and for
searching for correlations among traits.
WebQTL also includes well-curated genotype
data for five sets of mouse recombinant inbred
(RI) lines. Thus, to identify QTLs, users need
provide only quantitative trait data from one
of the supported populations. The WebQTL
databases include both biological traits—neu-
roanatomical, pharmacological, and behavioral
traits—and microarray-based gene expression
data from BXD Rl lines. A search function finds
correlations between RN A expression and bio-
logical traits,and mapping functions find QTLs
for either type of trait. The WebQTL service is
available at http:/ /www.webqtl.org/.

Index Entries: Genetics; genetic map; quanti-
tative trait; complex trait; microarray; tran-
scriptome; software; web service.

Introduction

The genetic architecture of the brain and
behaviors is complex and involves variation at
many genes, interactions between those genes,
response to environment, gene-by-environment
interactions, and results of stochastic events. In
order to facilitate analysis of such multigenic
traits under different conditions it is essential
to use a common reference panel of isogenic
strains that can be systematically phenotyped
and analyzed in multiple ways. WebQTL is a
novel Internet resource that combines analysis
software with key data for a common panel of
over 100 recombinant inbred (RI) strains, all of
which are commercially available from The
Jackson Laboratory (Bar Harbor, ME).

RI lines are sets of inbred lines derived by
sib-mating of the progeny of a genetic cross;
each set is a permanent resource providing
unlimited individuals representing the same
setof genetic recombination events. Using these

*Address to which all correspondence and reprint requests should be sent.
E-mail: kenneth.manly@roswellpark.org
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resources, complex traits can be analyzed by
searching for statistical associations among
complex traits or searching for associations
between a trait and genotypes at known mark-
er loci. The latter searches define quantitative
trait loci (QTLs), regions expected to contain
genes controlling the trait (Broman, 2001;
Mackay, 2001; Barton and Keightley, 2002;
Doerge, 2002; Phillips and Belknap, 2002).
This combination of analysis software and data
resources enables new types of complex trait
analysis (Bystrykh et al., 2003; Chesler et al.,
2003).

Web-Based Complex Trait Analysis

Websites are a relatively recent method for
distributing computational tools for complex
traitanalysis. They offer certain advantages for
this purpose. First, they are available to any
computer with a web browser, although dif-
ferences between browsers can affect function
significantly. Second, users alwaysbenefit from
the latest revision of the software without
explicitinstallation of updates. Third, the web-
site can provide information needed for analy-
sis, such as genotypes for RI lines or map
positions for commonly used genetic markers.
Finally, analysis services canbe combined with
links to related information available on the
web. These possibilities are realized to vary-
ing degrees by currently available QTL Web
services.

QTL Café

QTL Café (Seaton et al., 1998) was the first
QTL mapping web service to be developed. It
consists of a Java applet, available at
http:/ /web.bham.ac.uk/g.g.seaton/, which
canberunin asuitable web browser. QTL Café
offers single-marker analysis of variance, sim-
pleinterval mapping by regression, and mark-
er-difference regression mapping. It supports
backcross, intercross (F2), selfed RI, and dou-
ble haploid designs.

Neuroinformatics

QTL Café requires input data in three text
files: a file with map information for marker
loci, a file with names of traits and trait values,
and a genotype file with genotypes of marker
loci. Output is in the form of graphs and tab-
ular data.

QTL Express

QTLExpress (Seatonetal.,2002) differs from
QTL Caféinthatit provides QTL analysis tools
for outbred populations (which also work for
inbred populations). The site, available at
http:/ /latte.cap.ed.ac.uk/, provides methods
forbackcross populations, F2 populations, mix-
tures of backcross and F2 populations, collec-
tions of half-sib families, and collections of
sib-pairs. The method for F2 populations is the
Haley and Knott (1992) regression method as
extended for outbred populations (Haley etal.,
1994). The method for half-sib families is that
developed by Knott, Elsen, and Haley (1996).

QTL Express reads data from text files in
three formats. The first is a genotype file that
provides the names of marker loci and sex,
pedigree, and genotype information for each
individual, including grandparentsand F1 par-
ents, if available. The second file is a map file
that provides the order and position informa-
tion for markers of each chromosome (with
sex-specific map distances, if available). The
third file provides values for quantitative traits,
fixed effects, and covariates.

The initial Web page at the QTL Express site
accepts file names for the three data files. When
these are submitted, QTL Express calculates the
genotype probabilities at each locus for each
individual and returns a page that summarizes
this information. A subsequent page then
allows the user to choose either a one- or two-
QTL model with cofactors and/or interactions
and tospecify other evaluation parameters. The
results page summarizes the evidence for QTLs
with both summary tables and graphs of vari-
ance ratios and regression coefficients.
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HAPPY

HAPPY (Mott et al., 2000; Mott and Flint,
2002), availableathttp:/ /www.well.ox.ac.uk/
happy/, is designed to map QTL in heteroge-
neous stocks, populations derived from mul-
tiple inbred lines that have interbred for many
generations. Theadvantage of this type of pop-
ulation is the potential mapping precision,
which is the result of many generations of
accumulated recombination.

HAPPY uses allele information from the
founder lines, but does not use pedigree infor-
mation for theindividualsin the mapping pop-
ulation (which, if available, would be very
complex). It requires two input text files. The
first defines the founder strains and the alle-
les they each carry at all marker loci. The sec-
ond lists the trait value and marker genotypes
for all individuals in the mapping population.

Analysis by HAPPY is a two-step process.
In the first step, HAPPY uses a multipoint
method that combines genotypes and founder
haplotypes to estimate the probability of each
founder being the ancestor of a given allele in
a progeny individual. In the second step, the
associationbetween trait values and theseallele
probabilities is evaluated, using a model that
assumes that the trait is determined by addi-
tive contributions from each of the two alleles
atalocus. The output of HAPPY is a file of tab-
ular data estimating for each interval 1) the
probability of each founder line contributing
to the genotype, 2) an estimate of the QTL con-
tribution for each founder, and 3) an F-statis-
tic evaluating the significance of the
trait-marker association in that interval.

WebQTL: Beyond QTL Mapping

Like the software described previously,
WebQTLwill search for QTLs, butitis designed
specifically to support shared mapping popu-
lations—five sets of mouse RI lines and one
advanced intercross. That is, WebQTL will
search for QTLs using traits measured in the
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CXB, AXB, BXA, BXD, or BXH sets of mouse
RI lines (Williams et al., 2001). RI lines offer
some advantages for this type of analysis. They
are shared mapping resources in the sense that
they are commercially available and, because
they are inbred, experiments done in different
laboratories are directly comparable. In addi-
tion, genotypes for RI strains at hundreds of
loci are known and publicly available. The
availability of unlimited numbers of geneti-
callyidenticalindividuals from each line offers
the chance to reduce trait sampling error.
Although the number of lines in each mouse
RI set is limited, this limitation can be over-
come by the recombinant inbred intercross
(RIX) strategy, a strategy that uses defined
hybridsby combinatorial mating of the RIlines
(Threadgill et al., 2001).

WebQTL is more than a mapping engine,
however, because it includes integrated data-
bases with both genotype and quantitative trait
data for the supported Rllines, particularly the
BXD set. These data resources are described
more fully below. Finally, WebQTL will search
for correlations between a selected or user-
defined trait and traits in one of its databases.
This featureis especially useful for finding cor-
relations between biological traits and expres-
sion of particular genes as assayed by
microarray hybridization (Chesler etal., 2003).
Figure 1 shows an example of such a search of
the database of published biological traits for
those correlated with expression of the Shh
(sonic hedgehog) gene.

The correlation with hindbrain weight is
compatible with the recent demonstration of
the effect of sonic hedgehog on neural pro-
genitor proliferation (Lai et al., 2003).

QTL Mapping

Complex trait data can be submitted by a
user or retrieved from one of the integrated
databases. Figure 2 shows an example of a
query form for retrieving data for gene expres-

Neuroinformatics
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Correlation Results

Trait (ProbeSet/101831_at) values were compared to all values in Published Phenotypes
database. The TOP 100 correlations (Pearson linear correlation coeffcient, absolute value)
are displayed below.The p-value shown is a comparison-wise error rate (CWER), uncorrected

for multiple comparisons.

Clicking on the record ID will open the published phenotype data for that publication. Click on
the correlation to see a scatter plot of the trait data. Click on the URL to see the pub med

abstract for your trait.

“ Display strain names in correlation plot

4 Display fit line in correlation plot

Record ID Phenotype Authors Year URL Correlation #Strains p Value
+ : ; Williams

1 0.81 hindbrain weight RW unpub 2000 |N/A | 0.7402 16 0.0006
acoustic startle McCaughran
response to 20 ], Bell ], Pub |

2 10371755.04 Vitz White nolde Hitsarenn 1999 Med 0.6795 23 0.0002
bursts at 100 dB |R
lavageable
bronchoalveolar
polymorphonuclear g::etzzsi;t:r k Pub

3 8430813.01 |leukocytes (PMNs) RC' Zhan 1993 -0.6719 17 0.0023

' g Med

6h after acute LY
(3h) exposure to :
2ppm ozone
acoustic startle McCaughran
response to a 110 |J, Bell J, Pub |

4 10371755.06 dB SPL, 10 kHz Hitzemann 1999 Med 0.6688 23 0.0003

Fig. I. Results of a correlation search, showing part of the list of correlations between Shh RNA levels and

behavioral and physiological traits.

sion in brain. Whether user-submitted or
retrieved from the database, WebQTLdisplays
the data in a table that can be checked for
accuracy and edited. This page then remains
open to control further analysis while results
of different procedures appear in new pages
(Fig. 3).

Often, the first step in analysis of new trait
dataissingle-marker regression acrossall chro-
mosomes. A hypothetical QTL is evaluated at
the location of each marker locus, and the sig-
nificance of that QTL is estimated from a like-
lihood ratio statistic (LRS) (Haley and Knott,
1992). For this analysis, WebQTL automatical-
ly doesa permutation test to establish genome-
widesignificance criteria for the trait (Churchill
and Doerge, 1994). By default, it returns a list
of marker loci that show greater than sugges-

Neuroinformatics

tiveassociation with the traitaccording to stan-
dard criteria (Lander and Kruglyak, 1995), but
it will also accept user-defined criteria. Local
maxima in the LRS in this list identify loci that
are most likely to be near QTLs. WebQTL pro-
vides this list within a few seconds.

Since RI lines can provide multiple trait
measurements per line, it is possible to esti-
mate trait variance for each line separately.
Variance of a trait can differ significantly
among different RI lines. When variance esti-
mates for each line are available, WebQTL uses
these to improve the accuracy of the regres-
sion, and it provides an option for their sub-
mission.

Marker regression mapping evaluates
potential QTLs only at the location of available
marker loci. Once this mapping has identified
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http://www.webqtl.ore
From Roswell Park Cancer Institute and the University of Tennessee Health Science Center

Home | Start | Login | RNA Expression and Phenotype Databases |

Introduction Searching
This page allows you to
search the recombinant Search Term  |hedgehog |
inbred phenotype
databases stored on Choose  THSC Brain mRANA U74Av2 % |info
this server. Type a Database
Eﬁ?&fﬂlgér:c;rm:‘ Search From Any Field P
database and any of ~
the other options. Click -/ Cell Level Sample Only
the search button. @ Probesel Level Sample Only
Options Both
FOR EXAMPLE, () Match Whale Word Only
ENTER ONE OF # uUse Parents/F1 Data
THESE STRINGS:

calcium-binding, ==

s100a, 98433_at. Do
not enter longer strings
of terms (calcium and
potassium), Booleans
(AND, OR). Marker

Fig. 2. Search dialog with request to retrieve data related to hedgehog from BXD brain gene expression data.

Editing and Mapping Trait Data and Editing Form

Please review Trait Information:

the trait data in

the entry boxes Trait ID: ProbeSet/101831_at [ Shh on Chr5 @ 26.95 MB |
below. Scan the Database: UTHSC Brain mRNA U74Av2

values for errors
or outliers and
edit, if necessary,
before analysis.

Mapping:

You can do multiple analyses from this window and new windows will open to display the
results. You may go to the two sections below to edil your data and set options.

After you have
f,';f: k::uy:aur: L Marker Regression LUNEIR Interval Mapping
then do multiple ) )
analyses by Marker Regression automalically Epemmm test
clicking the ;e:f&;’mms} a permutation test Bootstrap test
buttons to the
Whisie i Choose Database:
open to display UTHSC Brain mRNA U74Av2 E
the results. Your can compare your trait against Return:
the data in our database, top 100 #
When the marker comelations will be calculated Sort:
regression by correlation #
method is

Fig. 3.Window with retrieved data ready for analysis. The data itself, not visible in the figure, is in an editable
table reached by scrolling the window down.The buttons shown allow searches for correlations with other
traits and allow QTL mapping by marker regression or interval mapping.
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Fig. 4. Interval mapping of trait Shh brain RNA abundance on all mouse chromosomes. Peaks in the heavy line (LRS) show locations of a putative QTL,
and the histogram beneath it shows frequent peak location for bootstrap samples. Permutation-based significance thresholds are given by dashed lines;

the upper line corresponds to a genome-wide 5% significance threshold.
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Fig. 5.The browser shows genomic features in the vicinity of the clicked position.

chromosomes with apparent QTLs, WebQTL
provides interval mapping across single chro-
mosomes (Haley and Knott, 1992). Interval
mapping evaluates potential QTLs at regular-
ly spaced intervals and estimates the signifi-
cance at each location with an LRS, presenting
the results graphically. Local maxima in the
LRS curve identify the approximate location
of QTLs. As a part of the interval mapping pro-
cedure, WebQTL offers an optional permuta-
tion test and an optional bootstrap analysis
(Visscher et al., 1996). The permutation test
establishes genome-wide criteria for signifi-
cance (these may differ slightly from those for
marker regression). The bootstrap test evalu-
ates the reliability of the location suggested by
an LRS maximum. It finds the location of the
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maximum LRS achieved across the chosen
chromosome for 1000 bootstrap samples of the
cross progeny, and displays a histogram show-
ing the frequency at which the maximum
appears at each chromosomal location. Figure
4showsanexample of interval mapping across
the entire mouse genome, with permutation-
based significance levels and bootstrap-based
frequencies for peak location.

Positions in a WebQTL interval map are
linked to the UCSC Genome Browser (Kent et
al., 2002) to allow easy exploration of genes or
predicted genes in the region of a QTL (Fig. 5).

For example, in Fig. 4 there is a potential
QTL (not quite significant) at the proximal end
of chromosome 6. In response to a mouse click
on or under that peak, WebQTL will convert

Neuroinformatics
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the horizontal location of the click to a physi-
cal location on the chromosome and submit a
request to http://genome.ucsc.edu. A new
browser window will open, displaying a 10-
mB region of the genome centered on the posi-
tion of the mouse click.

When the first QTL has been identified for
a trait, WebQTL offers the option of searching
for a second while controlling for the effects of
the first. Loci that achieved at least a sugges-
tive LRS in a marker regression appear in a
popup menu, and that with the highest LRS
would generally be chosen to be a cofactor in
theregression. Thislocus controls for the effect
of any QTL(s) near it and may improve the
power to detect a second locus. This type of
search is done by marker regression; the cor-
responding option for interval mapping is not
yet implemented.

QTL detection and mapping with microar-
ray data involves, at two distinct levels, a sta-
tistical issue known as the “multiple testing
problem.” Thatis, QTL detection involves sta-
tistical tests of each trait at hundreds of posi-
tions in the genome, and QTL detection with
microarray datamay involve testing thousands
of traits. The permutation tests described pre-
viously account for the tests at multiple genome
positions. WebQTL does not attempt to correct
for testing multiple traits because the current
system does notallow automatic testing of mul-
tiple traits.

Data Resources

The WebQTL databases include genotype
data for RI lines derived from about 1600
microsatellite loci recently collected, checked,
and supplemented with new markers
(Williams et al., 2001). Redundant markers
were removed so that adjacent markers have
at least one recombination between them. The
number of markers is 499, 488, 756, 472, and
405, respectively, for the AXB, BXA, BXD, BXH,
and CXB sets.

Neuroinformatics

Traitdata canalsoberetrieved from the inte-
grated database, which contains data for two
types of traits. First, it contains data collected
from published literature for 274 biochemical
and behavioral traits measured in BXD Rl lines.
Second, it contains over 800,000 traits defined
by RNA abundance levels in BXD RI lines,
measured by microarray hybridization with
the Affymetrix U74Av2 GeneChip® (Lockhart
et al., 1996). These data come from two sets of
microarray measurements, one for brain
(Chesler et al., 2003) and one for hematopoi-
eticstem cells (Bystrykhetal.,2003). These data
were specifically designed for discovery of
QTLs controlling gene expression (Manly et
al.,2002; Williamsetal.,2002). Each setincludes
over 12,000 traits defined by average match-
mismatch probe differences (Affymetrix
Microarray Suite 5.0 algorithm), and almost
800,000 traits defined by individual match and
mismatch probes. Trait data can be retrieved
by searching the annotation associated with
each trait. Annotation for the Affymetrix data
includes the Affymetrix probe and probeset
identifiers and may include a gene symbol and
a short descriptive phrase (Figs. 1,2).

WebQTL includes genotypes for progeny of
a tenth-generation BXD advanced intercross
(Darvasiand Soller, 1995). These progeny were
used to create a database of three-dimension-
al brain anatomy and histology that is avail-
able for study as stored images and as a
web-accessible slide collection in the Mouse
Brain Library (Rosen et al., 2003). This cross,
therefore, is specifically designed for investi-
gation of the genetics of brain anatomy and
development. With these resources, quantita-
tive trait loci can be defined by pure bioinfor-
matics, by submitting to WebQTL traits defined
by library images from the progeny of this
Cross.

Additional phenotype or RNA abundance
data will be added to WebQTL as they become
available.
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Implementation

WebQTLiswrittenlargely in the Pythonand
C languages. In particular, the CGI scripts of
WebQTL are implemented using Python and
several open-source Python modules called by
those scripts (Numeric, PIL, PIDDLE,
HTMLgen). To improve performance, a C lan-
guage module for Python (qtl) was imple-
mented to handle computation-intensive
statistical analysis operations, such as regres-
sion, permutation, and bootstrap sampling.
This module includes both matrix-based code
for multiple regression and optimized code for
simple regression and multiple regression with
twoindependentvariables. Theintegrated trait
databaseis constructed using MySQL, an open-
source database management system. A
Python module (MySQLdb) allows Python
functions to connect with and retrieve infor-
mation from the MySQL database. Sources for
the components mentioned are:

Python;

http:/ /www.python.org/
Numeric;

http:/ /sourceforge.net/projects/numpy
PIL;

http:/ /www.pythonware.com

PIDDLE;
http:/ /piddle.sourceforge.net/
HTMLgen;
http:/ /starship.python.net/crew/
friedrich/HTMLgen/html/main.html
MySQL;
http:/ /www.mysql.com
MySQLdb;
http:/ /sourceforge.net/projects/
mysql-python
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