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Overview of R/qtl

Theaim of R/qtl is to provide anextensible interactve QTL mappingernvironmentfor thesophisticatediser We
hopethatthis ervironmentwill allow the userto focuson modellingandexploratorydataanalysisandberelieved of
tediousdatamanipulation A key componenbf R/qtlis codefor theunderlyinghiddenMarkov model(HMM) engine,
whichis requiredfor the properallowanceof missinggenotypedatain interval mappingandits extensions.

We choseto implementthis QTL mappingervironmentasan add-onpackagegor R, an open-sourcémplemen-
tation of the S languaggdescribedelaw), for two reasonsFirst, we may save considerablgrogrammingeffort by
takingadwantageof theextensie statisticalandgraphicalcapabilitiesof R. Secondthe userwill benefitby performing
QTL analysesvithin a generaktatisticalpackagein thatQTL mappinganddataexplorationmaytake placeside-by-
side.We alsoconsideredheuseof Matlab,but choseR becausda) it is free, (b) we hopeto eventuallytake advantage
of its paowerful modelling language and (c) the structureand delivery of add-onpackageswith documentationis
somavhatmoreslick.

R/qtlis very earlyin its development.Codefor theHMM engine with possibleallowancefor genotypingerrors,
is available for the backcrossjntercrossand four-way cross; extensionsfor othertypesof crossesshouldnot be
difficult. R/gtl alsoincludesfunctionsfor the estimationof a geneticmapfor a given marker order, estimationof the
recombinatiorfractionsbetweerall pairsof markers,andcalculationof the error LOD scoresntroducedby Lincoln
andLander(1992).

Only two QTL mappingproceduresirecurrentlyavailable: standardnterval mapping(LanderandBotstein1989)
andavariationsuitablefor a quantitatve phenotypdor which someindividuals’trait valuesareundefined suchasthe
survival time following aninfection, with someindividualsfailing to die). In the nearfuture, we will implementthe
useof covariatesin interval mapping multiple interval mapping(Kao et al. 1999),andthe pseudomarér algorithms
(SenandChurchill2001). We expectto release relatively completeversionof R/qtl by June,2002.

Overview of R

R is an open-sourcémplementatiorof the S language.It is muchlike the commercialproductS-PLUS,but is
entirely free. (Accessto the sourcecodeis valuablenot just for developingextensiongo R, but alsofor improving
one’s skills in statisticalprogramminghroughthe study of well-written code.) Therearesomeminor differencesn
syntaxandgraphicsandsomemajordifferencesn memoryusagebetweerk andS-PLUS.Thefollowing description
of R is taken from the R Projecthomepagéhttp://www.R-project.org ). Seealsothe Comprehensie R
Archive,whereonemayobtainR andits extensionghttp://cran.r-project.org ).

R is ‘GNU S'—A freely availablelanguageandernvironmentfor statisticalcomputingandgraphics.R
is similar to the award-winningS system which was developedat Bell Laboratorieshy JohnChambers
etal. It providesa wide variety of statisticaland graphicaltechniqueglinear andnonlinearmodelling,
statisticaltests time seriesanalysis classificationclustering.. . .).

Ris designedsatruecomputettanguagevith control-flov constructiongor iterationandalternationand
it allows usersto addadditionalfunctionality by definingnew functions. For computationallyintensive
tasks,C, C++andFortrancodecanbelinkedandcalledat runtime.

License

R/qtl (andR) arereleasedinderthe GNU Public License.This meanghey areentirely free, their sourcecodeis
freely available,andany softwarewhichincorporatesry portionof themmustalsobe subjectto theseterms.



Current R/qgtl functions

Sampledata fake.4way Simulateddatafor a 4-way crossexperiment
fake.bc Simulateddatafor abackcrosexperiment
fake.f2 Simulateddatafor anF, intercrossexperiment
listeria Intercrosgdataon Listeriamonog/togenesusceptibility
hyper Backcrossiataon salt-inducechypertension
I nput/output read.cross Readdatafor aQTL experiment
read.cross.karl Readdatafor a QTL experimentin Karl Bromans format
read.cross.gary Readdatafor a QTL experimentin Gary Churchill's format
read.cross.csv Readdatafor aQTL experimentin comma-delimitedormat
read.cross.mm Readdatafor aQTL experimentin Mapmaler format
write.cross Write datafor a QTL experimentto afile
write.cross.csv Write datain comma-delimitedormat
write.cross.mm Write datain Mapmalerformat
Simulation sim.cross Simulatea QTL experiment
sim.map Simulatea geneticmap
drop.qtlgeno Remawe QTL genotypedrom simulateddata
Summaries summarycross Printsummaryof QTL experiment
plot.cross Plotvariousfeaturesof acrossobject
plot.missing Plotgrid of missinggenotypes
nind Numberof individuals
nchr Numberof chromosomes
nphe Numberof phenotypes
nmar Numberof markersperchromosome
totmar Total numberof markers
geno.table Createtableof genotypdlistributions
Data manipulation clean Remaoveintermediatecalculationsrom across
pull.chr Pull outa subsebf chromosomefrom across
pull.map Pull outthegeneticmapfrom across

drop.marlers
drop.nullmarlers

Remore alist of markers
Remore markerswithout data

replace.map Replacehegeneticmapof across

HMM engine calc.genoprob Calculateconditionalgenotypeprobabilities
sim.geno Simulategenotypegivenobsenedmarker data
argmax.geno Reconstructinderlyinggenotypes

Interval mapping scanone Genomescanwith singleQTL model

scanone.perm

summaryscanone

plot.scanone

Permutatiortestfor genomescanwith singleQTL model
Printsummaryof the scanoneutput
Plot outputfor asingleQTL scan

vbscan Genomescanfor trait with someundefinedvalues
vbscan.perm Permutatiortestfor trait with someundefinedvalues
Genetic mapping est.map Estimategeneticmaps
est.rf Estimatepairwiserecombinatiorfractions
plot.map Plotgeneticmap(s)
plot.rf Plotrecombinatiorfractions
Genotyping errors calc.errorlod Calculatelincoln & Lander(1992)error LOD scores
find.errors Compareobsenedgenotypedo resultsof agmax.geno
plot.errorlod Plotgrid of errorLOD values
plot.errors Plottheresultsof find.errors
top.errorlod List genotypewith highesterrorLOD values
plot.geno Plot genotypeswith indicationof likely errors




Example 1

Use of the R/qtl packagerequiresconsiderableknowledge of the R language/evironment. We hopethat the
examplespresentederewill be understandablevithout any prior knowledgeof R or Splus,especiallybecausave
neglectto explain the syntaxof R. Severalbooks,aswell assomefree documentsareavailableto assisthe userin
learningR; seethe R projectwebsitescited above. We assumeénerethatthe useris runninga versionof the Windows
operatingsystem.
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. To startR, double-clickits icon.

. To exit, type:
q0

Click yesor noto save or discardyour work.

. View theobjectsin your workspace:
Is()

. View theavailablelibraries/packages:
library()

. View thefunctions/datan the R/qtl package:
library(help=qtl)

. LoadtheR/qtl package:
library(qtl)
. Oneof the mostdifficult stepsin the useof ary statisticalsoftwareis theimport of data.In R/qtl, onemay use

thefunctionread.cross  to import dataon a QTL mappingexperiment. Several differentdataformatsare
allowed. We'll skip overthis here,butlet usseehow to view thedocumentatiomntheread.cross  function.

Oneway to view the helpfile: click (in the menubar) Help — R language(html) — Packages— qtl —
read.cross

Alternatively, type oneof thefollowing:

help(read.cross)

?read.cross

The html versionof the help files are somavhat easierto read,and allow use of hotlinks betweendifferent
functions.Typing thefollowing will make the above text command®penthe html versionof the helpfiles.

options(htmlhelp=TRUE)

. Getaccesdo somesampledata.This datais takenfrom Boyartchuketal. (NatGenet27:259-2602001),andis
kindly providedby Victor BoyartchukandBill Dietrich.

data(listeria)

. Checkthatit is now in yourworkspace:
Is()

Getsummaryinformationon this cross:

summary(listeria)
nind(listeria)
nphe(listeria)
nchr(listeria)
totmar(listeria)
nmar(listeria)
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Plota summaryof thesedata.
plot(listeria)

In theupperleft, black pixelsindicatemissinggenotypedata;gray pixelsarepartially missinggenotypege.g.,

a genotypemay be known to be either AA or AB, but not which). Note that somemarkershave no genotype
data.ln theupperright, thegeneticmapof themarkersis shavn. In thelowerleft, a histogramof the phenotype
is shavn. The phenotypehereis the survival time of a mouse(in hours)following infection with Listeria

monocytogenes. Individualswith a survival time of 264 hoursarethosethatrecoveredfrom theinfection.

TheWindows versionof R hasa slick methodfor recordinggraphs sothatonemay pageup anddown through
aseriesof plots. To initiate this, click (onthemenubar) History — Recording
View thecomponent®f theabore plot individually.

plot.missing(listeria)
plot.map(listeria)
hist(listeria$pheno,breaks=30)

Let usbriefly discusgherathercomplec datastructurethatR/qtl usesfor QTL mappingexperiments.This may
beratherdull or confusing;you might wantto skip to the next item.

First, theseobjectshave a “class; which indicatesthatit correspondso datafor an experimentalcross,and
givesthe crosstype. By having classcross |, the function plot  knows to plot the datausing the function
plot.cross

class(listeria)

Every cross objecthastwo componentspne containingthe genotypedataand geneticmapsandthe other
containingthe phenotypelata.

names(listeria)

The phenotypedatais simply a matrix with rows correspondingdo individualsand columnscorrespondindo
phenotypes.

listeria$pheno

The genotypedatais split into a numberof componentspne per chromosome Eachcomponentontainsthe
genotypedataandthe geneticmapfor the correspondinghromosome.

names(listeria$geno)

names(listeria$genol[[3]])

Recallthatsomemarkershadno genotypedata.lt mightbe bestto simply removethese:

listeria <- drop.nullmarkers(listeria)

plot.missing(listeria)

Re-estimatehe geneticmap (keepingthe orderof markersfixed), andplot the original mapagainstthe newly
estimatedne.

newmap <- est.map(listeria)
plot.map(listeria,newmap)
plot.map(listeria,newmap,horiz=TR UE)

At this point we requirethat the marker order be known. Eventuallywe would like to include facilities for
determiningmarker order, or atleastfor investigatingchangesn marker order, but we considetthisto be alow
priority item.

We may alsoestimatethe mapallowing for the presenc®f genotypingerrors.

newmap?2 <- est.map(listeria,error.prob=0.01)

plot(newmap,newmap?2)

If we wish, we mayreplacethe geneticmapwithin thelisteria objectwith the newly estimatecbne:
listeria <- replace.map(listeria,newmap)



19.

20.

21.

22.

Estimaterecombinatiorfractionsbetweenrall pairsof loci, andplot them. This alsocalculatesa LOD scorefor
thetestof Hy: » = 1/2. Theplot of the recombinatiorfractionscanbe eitherwith recombinatiorfractionsin
theupperpartandLOD scoreselow, or with justrecombinatiorfractionsor just LOD scores.Notethatwhite
indicatesa smallrecombinatiorfractionor a big LOD score while redindicatesa largerecombinatiorfraction
orasmallLOD score.

listeria <- est.rf(listeria)
names(listeria)

plot.rf(listeria)
plot.rf(listeria,c(5,13))
plot.rf(listeria,c(5,13),"rf")
plot.rf(listeria,c(5,13),"lod")

This is usedlargely asa diagnostic to identify markersthathave beenmisplacedsuchasbeingplacedon the
wrongchromosome).

We now turn to theidentificationof genotypingerrors. In the following, we calculatethe error LOD scoresof
Lincoln andLander(1992).A LOD scoreis calculatedor eachindividual ateachmarker; large scoresndicate
likely genotypingerrors.

Thecoreof R/qtlis asetof functionswhich make useof the hiddenMarkov model(HMM) technologyto calcu-
late QTL genotypeprobabilitiesconditionalon the obsened marker data,to calculatethe mostlikely sequence
of genotypegjiventhe obsened marker data,andto simulatefrom the joint genotypedistribution, conditional
on the obsered marker data. This is donein a quite generalway, with possibleallowancefor the presencef
genotypingerrors.Of coursewe assumeno crosseer interference Thefunctioncalc.genoprob ~ performs
thefirst of thesethevaluesareusedin the calculationof theerrorLOD scores.

listeria <- calc.genoprob(listeria,error.prob=0.0 1)
names(listeria$geno[[1]])
listeria <- calc.errorlod(listeria,error.prob=0.0 1)

names(listeria$geno[[1]])

We may now malke variousplots andreceie othersummaryinformationregardingwhich genotypesrelikely
in error.

plot.errorlod(listeria)
plot.errorlod(listeria,c(5,13))
top.errorlod(listeria)

Nothinghereis particularlycompelling.

The following display the actualgenotypedata,one chromosomeat a time, with possiblegenotypingerrors
flaggedby redsquaresOf coursejt’ s difficult to look attoo mary individualsat once.

plot.geno(listeria,13)
plot.geno(listeria,13,41:70)

Notethatwhite = AA, gray= AB, black= BB, green= AA or AB, andorange= AB or BB.

We now, finally, getto interval mapping.We re-calculatehe QTL genotypeprobabilities(at 1 cM stepsgoing
5 cM pasttheterminalmarkers),andthendo a genomescanby interval mapping.

listeria <- calc.genoprob(listeria,step=1,off.end =5)
out <- scanone(listeria)

We get a warning messageat one positionin the genome the EM algorithmdid not corverge to within the
specifiedtolerancewithin the specifiedmaximum numberof iterations. Use the function args to seethe
argumentso the scanone function. (This is usefulto get quick thoughextremelybrief informationabouta
function.) Runscanone againwith alargervaluefor maxit , andnotethatthe warningmessageo longer
appears.

args(scanone)
out <- scanone(listeria,maxit=5000)
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Thefollowing givesplotsof the LOD curvesandsummarie®f the peakLOD on eachchromosome.

plot(out)

plot(out,chr=3)
summary(out)
summary(out,threshold=3)

Notethe NAs in the BB meandor the X chromosomein anintercrossthe X chromosomes eithernot segre-
gating,or is sggregatinglike a backcross.

More importantly note that somethingvery strangeis going on with chromosomes, in a large gap between
markers. Recallthe distribution of this phenotypearound30% of the mice hada survival time of 264 hours,
indicatingthat they hadrecoveredfrom the infection andfailed to die. Interval mapping,in the presenceof

limited genotypéanformation,is choking.

Thepaperdescribinghesedata(Boyartchuketal. 2001)useda modifiedform of interval mapping,appropriate
for this type of phenotype.A two-partmodelwas consideredassuminga single QTL. A mousewith QTL
genotypeg hasprobability p, of surviving theinfection. If the mousedies, its survival time (or perhapsts log
survival time) follows a normaldistribution with meanu, andSD ¢ (independentf genotype).A LOD score
is formedto testthe hypothesidg: p, = p andp, = p.

The functionvbscan performsthis analysis. (“vb” standsfor Victor Boyartchuk;a more appropriatename
didn’t cometo mind, andsofor now it is namedor the scientistwho presentediswith the data.) Theargument
upper indicateshatthe maximumphenotypas to be consideredisthe undefinedvalue.

out2 <- vbscan(listeria,upper=TRUE)
plot(out2)

plot(out2,chr=c(1,5,13))
plot(out2,out,chr=c(1,5,13))
summary(out2)
summary(out2,threshold=5)

For this model,we alsocalculateseparaté. OD scoredestingthe hypotheses$l;: p, = p andHa: pg = p. We
canplot all threeLOD curvesplottedtogether
plot(out2,out2[,-3],0ut2[,-(3:4)] .chr= ¢(1,5, 13))

Notethatthe peakon chromosomd. is duelargely to differencesn themeansthepeakon chromsome is due
largely to differencesn the proportions andthe peakon chromosomeé 3 is dueto differencesn both.

Note that becausehis modelfits three additional parametersthe 5% genome-wide_OD thresholdwill be
considerabhjhigher Permutatiortestsareusefulfor estimatinganappropriatd_OD thresholdput you probably
won’t wantto sit andwait for 1000permutatiorreplicates.

perm2 <- vbscan.perm(listeria,upper=TRUE,n.p erm=2)

permz2

Repeatheanalysisusingthelog survival time asthe phenotype.

listeria$pheno <- cbind(listeria$pheno,log.surv=Ilog(li steria $pheno[,1] ))
out3 <- vbscan(listeria, pheno.col=2, upper=TRUE)

summary(out3)

summary(out3,threshold=4)

plot(out2,out3,chr=c(1,5,13))

Youmaywishto remove all intermediatecalculationdrom thelisteria data:
listeria <- clean(listeria)

Youmay alsowish to cleanout your workspace.

Is()
rm(list=Is())



Example 2

1. Getaccesdo asecondsetof sampledata. This datais takenfrom Sugiyamaet al. (Genomics71:70-77,2001),
andis kindly providedby Bev PaigenandGary Churchill.

data(hyper)
summary(hyper)
plot(hyper)
2. Notetheodd patterof missingdata;we may make this missingdataplot with theindividualsorderedaccording
to thevalueof their phenotype.
plot.missing(hyper)
plot.missing(hyper,reorder=TRUE)

We seethat,for mostmarkers,only individualswith extremephenotypesveregenotyped At mary markers(in
regionsof interest), markersweretypedonly on recombinantndividuals.

3. Re-estimatehe geneticmap.

newmap <- est.map(hyper,error.prob=0.01)
plot.map(hyper,newmap)
hyper <- replace.map(hyper,newmap)

We seesomemap expansion,especiallyon chromosomes$, 13 and18. It is questionablevhetherwe should
replacethe mapor not. Keepin mind thatthe previousmaplocationsarefrom the MIT maps,basedonavery
limited numberof meioses.

4. Estimateall pairwiserecombinatiorfractions.

hyper <- est.rf(hyper)
plot.rf(hyper)
plot.rf(hyper,c(1,4))

Notethatthe gray valuesare missing;onemarker is not typedat ary individuals. Therearesomevery strange
patternsn therecombinatiorfractions,but this is dueto the factthatsomemarkersweretypedonly onrecom-
binantindividuals.

For example, on chr 6, the 9th marker shavs a high recombinationfraction with all other markers on the
chromosomebut a plot of the missingdatashaws that this marker wastyped only on a selectechumberof
individuals(thoseshonving recombinatioreventsacrosgheintenal).

plot.rf(hyper,6)
plot.missing(hyper,6)
5. CalculatetheerrorLOD scores.

hyper <- calc.genoprob(hyper,error.prob=0.01 )
hyper <- calc.errorlod(hyper,error.prob=0.01 )
top.errorlod(hyper)

Notelikely errorsin individuals102,107and216on chr4.
plot.errorlod(hyper)
plot.errorlod(hyper,4)
6. Plotthegenotypedor thesepossibleerrors.
plot.geno(hyper,4)
plot.geno(hyper,4,c(101:110,211:2 20),m in.sep =3)
We haven't figuredout how bestto indicatetheindividual numbersn this plot yet. Thefirst tenindividualshere
arel01-110tthesecondenare211-220.Notethetight apparentioublecrosseers.



7. Performinterval mapping.

hyper <- calc.genoprob(hyper,step=1,off.end= 10)
out <- scanone(hyper)

summary(out,threshold=2)

plot(out)

plot(out,chr=c(1,4,15))

8. Performafew repsof a permutatiortest.

perm <- scanone.perm(hyper,n.perm=2)
perm



