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Overview of R/qtl

Theaim of R/qtl is to provideanextensible,interactiveQTL mappingenvironmentfor thesophisticateduser. We
hopethatthis environmentwill allow theuserto focuson modellingandexploratorydataanalysis,andberelievedof
tediousdatamanipulation.A key componentof R/qtl is codefor theunderlyinghiddenMarkov model(HMM) engine,
which is requiredfor theproperallowanceof missinggenotypedatain interval mappingandits extensions.

We choseto implementthis QTL mappingenvironmentasan add-onpackagefor R, anopen-sourceimplemen-
tationof theS language(describedbelow), for two reasons.First, we maysave considerableprogrammingeffort by
takingadvantageof theextensivestatisticalandgraphicalcapabilitiesof R.Second,theuserwill benefitby performing
QTL analyseswithin a generalstatisticalpackage,in thatQTL mappinganddataexplorationmaytakeplaceside-by-
side.Wealsoconsideredtheuseof Matlab,but choseR because(a) it is free,(b) wehopeto eventuallytakeadvantage
of its powerful modelling language,and(c) the structureanddelivery of add-onpackages,with documentation,is
somewhatmoreslick.

R/qtl is very early in its development.Codefor theHMM engine,with possibleallowancefor genotypingerrors,
is available for the backcross,intercrossand four-way cross;extensionsfor other typesof crossesshouldnot be
difficult. R/qtl alsoincludesfunctionsfor theestimationof a geneticmapfor a givenmarker order, estimationof the
recombinationfractionsbetweenall pairsof markers,andcalculationof theerrorLOD scoresintroducedby Lincoln
andLander(1992).

Only two QTL mappingproceduresarecurrentlyavailable:standardinterval mapping(LanderandBotstein1989)
andavariationsuitablefor aquantitativephenotypefor whichsomeindividuals’ trait valuesareundefined(suchasthe
survival time following an infection,with someindividualsfailing to die). In thenearfuture,we will implementthe
useof covariatesin interval mapping,multiple interval mapping(Kao et al. 1999),andthepseudomarkeralgorithms
(SenandChurchill 2001).We expectto releasea relatively completeversionof R/qtl by June,2002.

Overview of R

R is an open-sourceimplementationof the S language.It is muchlike the commercialproductS-PLUS,but is
entirely free. (Accessto the sourcecodeis valuablenot just for developingextensionsto R, but alsofor improving
one’s skills in statisticalprogrammingthroughthestudyof well-written code.)Therearesomeminor differencesin
syntaxandgraphics,andsomemajordifferencesin memoryusage,betweenR andS-PLUS.Thefollowing description
of R is taken from the R Projecthomepage(http://www.R-project.org ). Seealso the Comprehensive R
Archive,whereonemayobtainR andits extensions(http://cran.r-project.org ).

R is ‘GNU S’—A freely availablelanguageandenvironmentfor statisticalcomputingandgraphics.R
is similar to theaward-winningS system,which wasdevelopedat Bell Laboratoriesby JohnChambers
et al. It providesa wide variety of statisticalandgraphicaltechniques(linear andnonlinearmodelling,
statisticaltests,timeseriesanalysis,classification,clustering,. . . ).

R is designedasatruecomputerlanguagewith control-flow constructionsfor iterationandalternation,and
it allows usersto addadditionalfunctionalityby definingnew functions. For computationallyintensive
tasks,C, C++ andFortrancodecanbelinkedandcalledat run time.

License

R/qtl (andR) arereleasedundertheGNU PublicLicense.This meansthey areentirely free,their sourcecodeis
freelyavailable,andany softwarewhich incorporatesany portionof themmustalsobesubjectto theseterms.
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Current R/qtl functions

Sample data fake.4way Simulateddatafor a4-waycrossexperiment
fake.bc Simulateddatafor abackcrossexperiment
fake.f2 Simulateddatafor anF� intercrossexperiment
listeria Intercrossdataon Listeriamonocytogenessusceptibility
hyper Backcrossdataonsalt-inducedhypertension

Input/output read.cross Readdatafor aQTL experiment
read.cross.karl Readdatafor aQTL experimentin Karl Broman’s format
read.cross.gary Readdatafor aQTL experimentin GaryChurchill’s format
read.cross.csv Readdatafor aQTL experimentin comma-delimitedformat
read.cross.mm Readdatafor aQTL experimentin Mapmaker format
write.cross Write datafor a QTL experimentto a file
write.cross.csv Write datain comma-delimitedformat
write.cross.mm Write datain Mapmaker format

Simulation sim.cross SimulateaQTL experiment
sim.map Simulateageneticmap
drop.qtlgeno RemoveQTL genotypesfrom simulateddata

Summaries summary.cross Print summaryof QTL experiment
plot.cross Plot variousfeaturesof acrossobject
plot.missing Plotgrid of missinggenotypes
nind Numberof individuals
nchr Numberof chromosomes
nphe Numberof phenotypes
nmar Numberof markersperchromosome
totmar Totalnumberof markers
geno.table Createtableof genotypedistributions

Data manipulation clean Remove intermediatecalculationsfrom a cross
pull.chr Pull out a subsetof chromosomesfrom a cross
pull.map Pull out thegeneticmapfrom across
drop.markers Removea list of markers
drop.nullmarkers Removemarkerswithoutdata
replace.map Replacethegeneticmapof a cross

HMM engine calc.genoprob Calculateconditionalgenotypeprobabilities
sim.geno Simulategenotypesgivenobservedmarkerdata
argmax.geno Reconstructunderlyinggenotypes

Interval mapping scanone Genomescanwith singleQTL model
scanone.perm Permutationtestfor genomescanwith singleQTL model
summary.scanone Print summaryof thescanoneoutput
plot.scanone Plotoutputfor asingleQTL scan
vbscan Genomescanfor trait with someundefinedvalues
vbscan.perm Permutationtestfor trait with someundefinedvalues

Genetic mapping est.map Estimategeneticmaps
est.rf Estimatepairwiserecombinationfractions
plot.map Plotgeneticmap(s)
plot.rf Plot recombinationfractions

Genotyping errors calc.errorlod CalculateLincoln & Lander(1992)errorLOD scores
find.errors Compareobservedgenotypesto resultsof argmax.geno
plot.errorlod Plotgrid of errorLOD values
plot.errors Plot theresultsof find.errors
top.errorlod List genotypeswith highesterrorLOD values
plot.geno Plotgenotypeswith indicationof likely errors
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Example 1

Use of the R/qtl packagerequiresconsiderableknowledgeof the R language/environment. We hopethat the
examplespresentedherewill be understandablewithout any prior knowledgeof R or Splus,especiallybecausewe
neglect to explain thesyntaxof R. Severalbooks,aswell assomefreedocuments,areavailableto assisttheuserin
learningR; seetheR projectwebsitescitedabove. We assumeherethattheuseris runninga versionof theWindows
operatingsystem.

1. To startR, double-clickits icon.

2. To exit, type:

q()

Click yesor no to saveor discardyourwork.

3. View theobjectsin yourworkspace:

ls()

4. View theavailablelibraries/packages:

library()

5. View thefunctions/datain theR/qtl package:

library(help=qtl)

6. LoadtheR/qtl package:

library(qtl)

7. Oneof themostdifficult stepsin theuseof any statisticalsoftwareis theimport of data.In R/qtl, onemayuse
the function read.cross to import dataon a QTL mappingexperiment.Severaldifferentdataformatsare
allowed.We’ll skipover thishere,but let usseehow to view thedocumentationontheread.cross function.

One way to view the help file: click (in the menubar) Help � R language(html) � Packages� qtl �
read.cross.

Alternatively, typeoneof thefollowing:

help(read.cross)
?read.cross

The html versionof the help files are somewhat easierto read,andallow useof hotlinks betweendifferent
functions.Typing thefollowing will maketheabovetext commandsopenthehtml versionof thehelpfiles.

options(htmlhelp=TRUE)

8. Getaccessto somesampledata.Thisdatais takenfrom Boyartchuketal. (NatGenet27:259-260,2001),andis
kindly providedby Victor BoyartchukandBill Dietrich.

data(listeria)

9. Checkthatit is now in yourworkspace:

ls()

10. Getsummaryinformationon thiscross:

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

plot(listeria)

In theupperleft, blackpixelsindicatemissinggenotypedata;graypixelsarepartially missinggenotypes(e.g.,
a genotypemaybe known to beeitherAA or AB, but not which). Note that somemarkershave no genotype
data.In theupperright, thegeneticmapof themarkersis shown. In thelowerleft, ahistogramof thephenotype
is shown. The phenotypehereis the survival time of a mouse(in hours) following infection with Listeria
monocytogenes. Individualswith asurvival timeof 264hoursarethosethatrecoveredfrom theinfection.

12. TheWindowsversionof R hasaslick methodfor recordinggraphs,sothatonemaypageupanddown through
aseriesof plots.To initiate this,click (on themenubar)History � Recording.

13. View thecomponentsof theaboveplot individually.

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

14. Let usbriefly discusstherathercomplex datastructurethatR/qtl usesfor QTL mappingexperiments.Thismay
beratherdull or confusing;youmight wantto skip to thenext item.

First, theseobjectshave a “class,” which indicatesthat it correspondsto 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 components,onecontainingthe genotypedataandgeneticmapsandthe other
containingthephenotypedata.

names(listeria)

The phenotypedatais simply a matrix with rows correspondingto individualsandcolumnscorrespondingto
phenotypes.

listeria$pheno

Thegenotypedatais split into a numberof components,oneperchromosome.Eachcomponentcontainsthe
genotypedataandthegeneticmapfor thecorrespondingchromosome.

names(listeria$geno)
names(listeria$geno[[3]])

15. Recallthatsomemarkershadnogenotypedata.It mightbebestto simply removethese:

listeria <- drop.nullmarkers(listeria)
plot.missing(listeria)

16. Re-estimatethegeneticmap(keepingtheorderof markersfixed),andplot theoriginal mapagainstthenewly
estimatedone.

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

At this point we requirethat the marker orderbe known. Eventuallywe would like to include facilities for
determiningmarkerorder, or at leastfor investigatingchangesin markerorder, but we considerthis to bea low
priority item.

17. We mayalsoestimatethemapallowing for thepresenceof genotypingerrors.

newmap2 <- est.map(listeria,error.prob=0.01)
plot(newmap,newmap2)

18. If wewish,we mayreplacethegeneticmapwithin the listeria objectwith thenewly estimatedone:

listeria <- replace.map(listeria,newmap)
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19. Estimaterecombinationfractionsbetweenall pairsof loci, andplot them.This alsocalculatesa LOD scorefor
thetestof H �������
	��� . Theplot of therecombinationfractionscanbeeitherwith recombinationfractionsin
theupperpartandLOD scoresbelow, or with just recombinationfractionsor just LOD scores.Notethatwhite
indicatesa smallrecombinationfractionor a big LOD score,while redindicatesa largerecombinationfraction
or a smallLOD 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 beenmisplaced(suchasbeingplacedon the
wrongchromosome).

20. We now turn to the identificationof genotypingerrors. In thefollowing, we calculatetheerrorLOD scoresof
Lincoln andLander(1992).A LOD scoreis calculatedfor eachindividualateachmarker; largescoresindicate
likely genotypingerrors.

Thecoreof R/qtl is asetof functionswhichmakeuseof thehiddenMarkov model(HMM) technologyto calcu-
lateQTL genotypeprobabilitiesconditionalon theobservedmarkerdata,to calculatethemostlikely sequence
of genotypesgiventheobservedmarker data,andto simulatefrom the joint genotypedistribution, conditional
on theobservedmarker data.This is donein a quitegeneralway, with possibleallowancefor thepresenceof
genotypingerrors.Of course,we assumeno crossover interference.Thefunctioncalc.genoprob performs
thefirst of these;thevaluesareusedin thecalculationof 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 maynow make variousplotsandreceive othersummaryinformationregardingwhich genotypesarelikely
in error.

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

Nothinghereis particularlycompelling.

21. The following display the actualgenotypedata,onechromosomeat a time, with possiblegenotypingerrors
flaggedby redsquares.Of course,it’s difficult to look at toomany 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.

22. We now, finally, getto interval mapping.We re-calculatetheQTL genotypeprobabilities(at 1 cM steps,going
5 cM pasttheterminalmarkers),andthendoa genomescanby interval mapping.

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

We get a warningmessage;at oneposition in the genome,the EM algorithmdid not converge to within the
specifiedtolerancewithin the specifiedmaximumnumberof iterations. Use the function args to seethe
argumentsto the scanone function. (This is usefulto get quick thoughextremelybrief informationabouta
function.) Runscanone againwith a largervaluefor maxit , andnotethat the warningmessageno longer
appears.

args(scanone)
out <- scanone(listeria,maxit=5000)
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Thefollowing givesplotsof theLOD curvesandsummariesof thepeakLOD oneachchromosome.

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

NotetheNAs in theBB meansfor theX chromosome;in anintercross,theX chromosomeis eithernot segre-
gating,or is segregatinglikea backcross.

More importantly, note that somethingvery strangeis going on with chromosome3, in a large gapbetween
markers. Recall thedistribution of this phenotype;around30%of the mice hada survival time of 264hours,
indicatingthat they hadrecoveredfrom the infection andfailed to die. Interval mapping,in the presenceof
limited genotypeinformation,is choking.

23. Thepaperdescribingthesedata(Boyartchuketal. 2001)usedamodifiedform of interval mapping,appropriate
for this type of phenotype.A two-partmodelwasconsidered,assuminga singleQTL. A mousewith QTL
genotype� hasprobability ��� of surviving theinfection. If themousedies,its survival time (or perhapsits log
survival time) follows a normaldistribution with mean��� andSD � (independentof genotype).A LOD score
is formedto testthehypothesisH ����������� and ������� .
The function vbscan performsthis analysis. (“vb” standsfor Victor Boyartchuk;a moreappropriatename
didn’t cometo mind,andsofor now it is namedfor thescientistwhopresenteduswith thedata.)Theargument
upper indicatesthatthemaximumphenotypeis to beconsideredastheundefinedvalue.

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)

24. For this model,we alsocalculateseparateLOD scorestestingthehypothesesH ��������� � andH � �!�����"� . We
canplot all threeLOD curvesplottedtogether.

plot(out2,out2[,-3],out2[,-(3:4)] ,chr= c(1,5, 13))

Notethatthepeakonchromosome1 is duelargely to differencesin themeans,thepeakonchromsome5 is due
largely to differencesin theproportions,andthepeakon chromosome13 is dueto differencesin both.

25. Note that becausethis model fits threeadditionalparameters,the 5% genome-wideLOD thresholdwill be
considerablyhigher. Permutationtestsareusefulfor estimatinganappropriateLOD threshold,but youprobably
won’t wantto sit andwait for 1000permutationreplicates.

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

26. Repeattheanalysisusingthelog survival time asthephenotype.

listeria$pheno <- cbind(listeria$pheno,log.surv=log(li steria $phen o[,1] ))
out3 <- vbscan(listeria, pheno.col=2, upper=TRUE)
summary(out3)
summary(out3,threshold=4)
plot(out2,out3,chr=c(1,5,13))

27. Youmaywish to removeall intermediatecalculationsfrom the listeria data:

listeria <- clean(listeria)

28. Youmayalsowish to cleanout yourworkspace.

ls()
rm(list=ls())
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Example 2

1. Getaccessto a secondsetof sampledata.This datais takenfrom Sugiyamaet al. (Genomics71:70-77,2001),
andis kindly providedby Bev PaigenandGaryChurchill.

data(hyper)
summary(hyper)
plot(hyper)

2. Notetheoddpatterof missingdata;wemaymakethismissingdataplot with theindividualsorderedaccording
to thevalueof theirphenotype.

plot.missing(hyper)
plot.missing(hyper,reorder=TRUE)

Weseethat,for mostmarkers,only individualswith extremephenotypesweregenotyped.At many markers(in
regionsof interest),markersweretypedonly on recombinantindividuals.

3. Re-estimatethegeneticmap.

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

We seesomemapexpansion,especiallyon chromosomes6, 13 and18. It is questionablewhetherwe should
replacethemapor not. Keepin mind that thepreviousmaplocationsarefrom theMIT maps,basedon a very
limited numberof meioses.

4. Estimateall pairwiserecombinationfractions.

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

Notethat thegrayvaluesaremissing;onemarker is not typedat any individuals.Therearesomevery strange
patternsin therecombinationfractions,but this is dueto thefactthatsomemarkersweretypedonly on recom-
binantindividuals.

For example,on chr 6, the 9th marker shows a high recombinationfraction with all other markers on the
chromosome,but a plot of the missingdatashows that this marker was typedonly on a selectednumberof
individuals(thoseshowing recombinationeventsacrosstheinterval).

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 chr 4.

plot.errorlod(hyper)
plot.errorlod(hyper,4)

6. Plot thegenotypesfor thesepossibleerrors.

plot.geno(hyper,4)
plot.geno(hyper,4,c(101:110,211:2 20),m in.sep =3)

Wehaven’t figuredouthow bestto indicatetheindividualnumbersin thisplot yet. Thefirst tenindividualshere
are101-110;thesecondtenare211-220.Notethetight apparentdoublecrossovers.
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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. Performa few repsof a permutationtest.

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