


root cropwhich iswidelygrownin manypartsof sub±SaharanAfrica,with Nigeriabeingthe
highestproducerwith anannualproductionof over54.8million tonnesof tuberousroots[2].
More than50%of Nigeria'spopulationeatscassavaat leastoncein aday[3]. It servesasafam-
ine reservecropin thecountry.Cassavaservesasaprimary foodsourceandincomegenera-
tion for morethan1 billion people[4,5] including thepooreston thecontinent.It isalsoused
asanimalfeedandindustrial rawmaterialsuchasstarchandbiofuelproduction[6].

However,theyieldof cassavain theAfrican continenthasstagnatedmostlydueto abiotic
andbiotic stresses.Amongthemajorpestsof cassava,cassavagreenmite (CGM) hasbeen
calledthemostdestructivepestof cassava.It hasbeenreportedto causethegreatestyieldlosses
in theAmericasandAfrica [7], especiallyin theseasonallydry regionsof thelowlandtropics.
High CGM populationscausedareductionof 80%root yield,50%stemyieldandleafweight,
45%dry matterin theleaves,stemsandroots[8].

In recentyears,cassavaproducersspraypesticidesto control CGM.Theuseof pesticides
areexpensive,harmful to theusersandmayalsodisruptnaturalenemieslike .����� andpest
outbreaks[7]. Theseproblemshavenecessitatedanalternativeeco-friendlyCGM control
method.Thesemeasuresof control againstCGM includeculturalpracticesfor exampleearly
plantingto avoidexposingthevulnerablejuvenilestagesto asignificantpartof thedry season,
biologicalcontrol usingnaturalpredatorslike ������������	 ����� DeLeon[9], andhost
plant resistance[10]. Theuseof resistantcultivarshasbeenthemostsuccessfulwayof dealing
with thedestructiveeffectof CGM in farmers'fields.Thisapproachnot only reducesyield
lossesbut alsodecreasesthelevelsof pestinoculumin thefarmingsystemandthusamoresus-
tainableapproach.

Cloneswith pubescentleaves,staygreenability (SG)andenhancedleafretention(LR)offer
higherlevelsof resistanceto CGM thanglabrousclones[11,12].Earlierstudieshavedetailed
thepreferenceof . �����, thenaturalpredatoragainstCGM,for pubescentversusglabrous
cassavacultivarsinfectedwith �. ������� [13]. It hasbeenstudiedthat leaftrichomesrelease
volatileorganiccompoundsthatattractthenaturalenemiesof theherbivores[14], this,there-
fore,providesshelterfor thepredatorymite (.�����) andenhancestheability of thepredator
to find theprey(CGM).

Moststudieson CGM havefocusedon conventionalbreeding[15,16]but progresshas
beenslowdueto theheterozygousnatureof thecrop,its longgrowingcycle,lackof suitable
donorswith resistance,its low seedyieldperpollination,andthelimited funding for research
on thiscrop[1,17].Theuseof molecularmarkersoffersacapabletool for facilitatingconven-
tional plantbreedingapproachesto develophighyieldingandpest/disease-resistantcultivars
[18]. Identifyingmolecularmarkersthatarelinked to QTL or genescontrolling resistanceto
CGM would facilitateselectionfor this trait, whichhaslow heritability [11]. PreviousQTL
mappingstudieshavereportedafewQTL associatedwith cassavagreenmite.Two SSRmark-
ers,NS1099andNS346,wereidentifiedbyChopernaetal.[19] havebeenassociatedwith
CGM resistance.Nzuki etal.[20] alsofound two QTL for CGM resistance(qCGMc5Arand
qCGMc10Ar)on chromosomesV andX respectively.Furthermore,Ezenwakaetal.[11] iden-
tified QTL andcandidategeneslinked to CGM,LPandLRon chromosome8 from ageneti-
callydiversepopulationpanel.Identificationandutilization of newgenesfor CGM resistance
isamajorobjectiveof cassavabreedingprogramsto enhancepestresistanceanddurability.

Biparentalpopulationsoffergreatopportunitiesfor dissectingcomplextraits in plantsand
improvingcropbreeding.Themain limitation of usingbiparentalpopulationis thatduring
thepopulationdevelopment,it haslimited time for recombinationeventsto occurallowing
thelocalizationof QTL in largechromosomalregions[21,22].Information identifiedbyQTL
mappingin abiparentalpopulationcouldbeusefulfor incorporatinggenesinto improvedcul-
tivarsthroughmarker-assistedselection(MAS),map-basedcloningof thetaggedgenes,and
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for abetterunderstandingof thegeneticsof complextraits [23]. Commonlyusedbiparental
populationsfor QTL mappingmaybeproducedfrom theheterozygousF1 hybrids,suchasF2,
backcrosspopulation,doubledhaploidlines,andrecombinantinbredline populations[24].

Therearefour widelyusedmethodsfor detectingQTL,whicharesingle-markeranalysis,
intervalmappingbymaximumlikelihood,intervalmappingbyregression,andcomposite
intervalmapping.In thisstudy,thesingle-markeranalysiswasusedfor detectingQTL in a
biparentalpopulation.Thesingle-markeranalysismethodisusedto detectaQTL neara
markerbystudyingthesingle-geneticmarkersoneatatime anddoesnot requireacomplete
molecularlinkagemap[24].

Theobjectivesof thisstudywereto validatethestabilityof CGM resistancegenesfound in
previouslypublishedresults,to identify newgenesfor CGM resistancein bi-parentalmapping
populationandestimatetheheritabilityof thetrait. In additionto unravellingthegeneticsof
CGM resistance,thispaperalsoreportson thesignificanceof breedingfor CGM resistancefor
thedevelopmentof superiorgenotypesthatmaygreatlyimprovecassavaproductivity in Nigeria.

Materials and methods

Development of the mapping population

Generation of seedlings. Themappingpopulationwasdevelopedbycrossingtwo parents
with differentresponsesto CGM;TMEB778is thefemaleparentandTMEB419is themale
parent.TMEB778is resistantto CGM andhighyielding.In contrast,TMEB419isverysuscep-
tible to CGM.Thesetwo parentcultivarswerechosenfor theevaluationbecauseof their com-
mercialrelevancein Nigeria.Theyarealsowidelydeployedin breedingprogramsto develop
newsuperiorgenotypeswith highyield,pestanddiseaseresistancedueto thegoodend-user
qualitiesof their roots.

Pairwisecrossingblocksfor TMEB778andTMEB419parentswereestablishedat theInter-
nationalInstituteof TropicalAgriculture(IITA), Ibadan,Nigeria.At flowering(approximately
6monthsafterplanting)thefemaleflowersfrom TMEB778werecoveredwith pollination
bagsearlyaround8amto 10am.Themaleflowersfrom TMEB419with maturepollenwere
taggedaround11a.m.,collectedandhandpollination wasdone12pm to 3 pm in theday.The
pollinatedflowersweretaggedandbaggedwith pollination bagsto protectthemfrom bees
carryingforeignpollen;thebagswereremovedadaylater.Seedsmaturedin 70to 90days
afterpollination.Thematurefruits werecarefullyharvested,placedin labelledpollination bags
andwereleft to shatternaturally.

Establishment of the seedling and clonal evaluation trial. HarvestedF1 botanicalseeds
wereallowedatwoÐmonth dormancyperiodbeforebeingsowedin nurseriesin February
2014underscreenhouseconditionsat IITA Ibadan.Theseedsweresowedin traysfilled with
sterilizedsoilwith amixture of loamyandsandysoil in aratio of 2:1,respectivelyin thescreen
house.Seedsgerminatedquicklyatoptimalsoil temperatures(30to 35ÊC)andmoisture
regimes.Theywereirrigatedtwicedaily,in themorning andevening.Theseedsstartedgermi-
natingfrom 10to 12daysafterplantingandweretransplantedwhentheyattained15to 20cm
height.After two monthsin thenursery,F1 seedlingsweretransplantedto awell-prepared
field wheretheyweregrownandevaluated.Harvestingwasdoneat12monthsafterplanting
in April 2015,afterwhichtheywereclonedto generateat least10stemcuttingsperseedling
for clonalevaluation.

Experimental sites

Threelocations(Umudike,IgbariamandOtobi) in Nigeriawereselectedastrial sitesfor the
clonalstageevaluationof thepopulation.Umudike(with annualrainfall of 2200mm; altitude
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120m; meanannualtemperatureof 22to 31ÊC;coordinates7o24'E,5o29'N; DystricLuvisol
soils;humid forest);Igbariam(with annualrainfall of 1800mm; altitude150m; meanannual
temperatureof 24to 32ÊC;coordinates7o31'E,5o56'N; DystricLuvisolsoils;forest-savanna
transition);andOtobi (with annualrainfall of 1500mm;altitude319m; meanannualtempera-
tureof 24to 35ÊC;coordinates7o20'E,8o41'N; FerricLuvisolsoils;southernGuineasavanna)
in Nigeria.

Field layout and experimental design

A totalof onehundredandnineF1 progenywereclonedin May2015,werelaid out assingle-
row plotsof tenplantswith 1m× 1mspacing.Themaleparent,femaleparent,andastandard
check(IITA TMS30572)servedasthecheckor control usingarandomizedincompleteblock
design.Thetrial wasevaluatedin 2015/2016and2016/2017croppingseasons.Theclonaltrials
wereharvestedat12monthsafterplanting.

Fertilizer application

A compoundfertilizer (NPK 15:15:15)wasappliedat therateof 600kgha−1. Fertilizerwas
appliedat8 weeksafterplantingusingthering method,aroundtheplantsto input thefertiliz-
ersafterplanting.Thetrial wasweededthreetimesduring thefirst 4 months.Weedwascon-
trolled traditionallybyhand/hoeweeding.

Agronomic data

Thetraitsevaluatedwereasfollows:

A. CassavaGreenMite Severity(CGMS)wasevaluatedat thevisualratingof thedamage
causedbycassavagreenmite on ascaleof 1 to 5 (S1AFig).Symptomsratedfrom 1= highly
resistant;no symptomsobserved,2 = resistant;moderatedamage,no reductionin leafsize,
scatteredchloroticspotson youngleaves,3= moderatelyresistant;severechloroticsymp-
toms,slightreductionin leafsize,4= susceptible;severechloroticsymptomsandsevere
reductionin leafsizeof youngshoot,5 = highlysusceptible;veryseverechlorosis,extensive
defoliation,candlestickappearanceof youngshoots.

B. LeafPubescence(LP)wascharacterizedvisuallyfor thedegreeof hairinesson theyoung
leafwith 0= glabrous,3 = little pubescence,5 = moderatepubescenceand7 = highpubes-
cence(S1BFig).

C. StayGreen(SG)wasscoredvisuallybasedon a1±3scoringscalewhere:1 = poor (<50%of
theleavesareliveandgreen);2 = moderatelygood(50±74%of theleavesareliveand
green);3 = verygood(�75% of theleavesareliveandgreen).Leaflongevitywasassessed
byscoringfor SG(S1CFig).

All thetraitswereevaluatedduring thepeakof thedry season(January)atsixmonthsafter
planting.

DNA extraction and SNP genotyping

TheDNA extractionwasperformedusingtheDNeasyPlantMini Kit (Qiagen)with slight
modifications.Theyoungfreshleavessamplewereharvestedfrom theapicalpartof thecas-
savaplant in thefield.About 3±5tenderleaves,weighingabout100mg±900mg,wereinserted
in thewell-labelledextractiontubesarrangedin alabelled96-wellboxandplacedon iceto
maintainDNA integrity.Fromthefield, theleafsamplesweretransferredto theNRCRI
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molecularlaboratoryandstoredin a-80ºCfreezer.Beforethecommencementof theextrac-
tion process,thestoredsampleswerelyophilizedfor 24to 48hours.With theuseof aTissuely-
serrunning with a1Xspeedat1500strokes/minrate,thesamplesweregroundto afine
powder.GenomicDNA wasextractedandquantifiedusingaNanoDrop1000(ThermoScien-
tific) while themolecularweightwasassessedwith agarosegelelectrophoresis.

Genotyping-by-sequencingwasperformedat theInstituteof GenomicDiversity,Cornell
University,asdescribedin [25]. Therare-cuttingrestrictionenzyme�	�I, whichrecognizes
thesequenceCTGCAG,wasused.Twobarcodedlibraries,eachconsistingof amultiplexof
94differentDNAs from theF1 progeny,wereeachsequencedon onelaneof anIllumina
HiSeq2000.Parentsweresequencedat two timeshighercoveragecomparedwith theF1sto
determinealleleorigin in alargenumberof SNPsthatsegregatedin theF1 progeny.Following
sequencing,thereadswerefilteredfor qualityandprocessedusingtheTASSELpipeline
(www.maizegenetics.net/tassel).Thispipelineassignsreadsto individualsusingthebarcode
sequencesandtrims themto 60bp.Tags(i.e.,uniquereads)werealignedto version4.1of the
cassavareferencegenome(www.phytozome.org/cassava)andSNPswerecalledby theTASSEL
plugin ªtbt2Vcf.º

Severalfilterswereusedto curatetheresultingSNPdatabeforesinglemarkeranalysis.
First,aChi-squaregoodness-of-fittestwasperformedto checkfor conformanceto the
expectedgenotypicfrequenciesof eithera1:1ratio (from loci segregatingasAaX aa)or 1:2:1
(from AaX Aa).Loci thatsignificantlydeviatedfrom theexpectedratio (��value � 0.05)were
removedfrom further analysis.Alsoremovedwereloci with morethan20%missingdata
acrossthegenotypedindividualsaswerethosewith identicalrecombinationinformation.

Phenotypic data analysis

Theeffectsof thegenotype,location,year,genotypebyyear,genotypeby location,locationby
year,genotypeby locationbyyearinteractionsweredeterminedfor eachtrait in ananalysisof
variance(ANOVA) usingthestandardlinearmodel:

� ���� ˆ m ‡ b� ‡ � �� ‡ � � ‡ b� � �� ‡ � ����

where� ���� is thephenotypicobservations,μ is themean,β� is theeffectof theyear,� �� the
blockeffect,� � thecloneeffect,β� � � � theinteractionbetweenclonebyenvironment,and� ����

theresidual.Besides,abest-fitlinearmixedmodelfor eachtrait wasidentifiedthroughBayes-
ian information criterion andusedto generatethebestlinearunbiasedpredictors(BLUPs)for
eachindividual.Phenotypicmeanbestlinearunbiasedprediction(BLUP)wasestimatedcon-
sideringtherandomeffects,whichrepresentsanestimateof thetotalgeneticvalue(EGV) for
eachindividual.To calculatethepredictorerror variance(PEV),theBLUPswerede-regressed
usingtheequation:

de � regressed BLUP ˆ
BLUP
1 � PEV

s2
i

WherePEVis thepredictionerror variancefor eachcloneandσ2
i is theclonalvariance

component[26]. Thede-regressedBLUPswereusedfor thesingle-markeranalysisto help
reducenoisevariation.ThemixedmodelwascomputedusingtheRpackage���� [27]. The
genotypiceffectswereconsideredrandom,whileblockswithin environmentswereregarded
asfixedeffects.Broad-senseheritability (H2) for thetraitswerecalculatedusingtheformula

� ˆ
s2

�

s2
� ‡s 2

�
wheres2

� ands2
� arethevariancecomponentsfor thegenotypeeffectandtheresid-

ualerror, respectively,on aplot basis.
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Thephenotypiccorrelationswerecalculatedbetweentraitsusingtrait meansof theclones
andthiswasperformedusingPearson'scorrelationcoefficient.

Mapping of QTL

A totalof 42,204SNPmarkerswith MAF � 0.05wereusedfor single-markeranalysis.To
identify significantQTL, thesinglemarkeranalysiswasperformedusingthegeneralizedlinear
model(GLM) implementedin theTASSEL5.0[28]. Genome-widesignificance(α = 5%)for
declaringaQTL wasdeterminedusingapermutationtest(1000replications)for eachtrait.

GLM wasusedto calculate�-values for associatingeachmarkerwith thetraitsevaluated
usingTASSEL5.0[28].

Thestatisticalformulafor theGLM is � = �� + � [29]
Wherey is thevectorof thephenotypicobservations,� is theknowndesignmatrix, � isa

vectorcontainingthefixedeffects(geneticmarkerinformation),and� is thevectorof random
residues.ManhattanplotsweregeneratedusingtheRpackageqqman[30].

Candidate genes identification approach

TheQTL peakswerescannedfor potentialcandidategenesunderlyingthestudiedtraitsbased
on thegeneontologiesandpredictedfunctions.Thegeneontologyannotationwasdoneusing
Panther(http:/go.Pantherdb.org/).ThesesequenceswerealignedagainstthecassavaV6 refer-
encegenomeassemblyusingtheintersectfunction from bedtools[31].

Results

Phenotypic evaluation of the mapping population

Descriptivestatisticsof phenotypicdataobtainedfor two growingseasons2015/2016and
2016/2017in thethreelocations;Igbariam,Otobi andUmudikearepresentedin Table1.The
meanof CGM severitywas2.12(on ascaleof 1±5)acrossall thegenotypesevaluatedin the
threelocations.Otobi hadthehighestmeanCGM severity(2.24)whileUmudikehasthelow-
estmeanCGM severityof 1.80.Thehighestmeanfor leafpubescence(LP)andstaygreen(SG)
wererecordedin Igbariamwhile thelowestmeanwasfound in Otobi.This impliesthat the
moretheleafpubescentandstaygreenability thelesstheseverityof CGM.

Variabilitiesfor thetraitsevaluatedfor thetwo growingseasonsin thethreelocationswere
estimatedby thecoefficientof variation(CV), rangedfrom 22.30%for SGto 73.23%for LP.
Broad-senseheritabilityestimates(H2) rangedfrom 0.24to 0.32.Heritability estimateswere
highestfor CGMSandSG(0.32)andtheleastheritabletrait wasLP(0.24).

Distribution and correlation analysis between traits in the mapping population. The
phenotypiccorrelationamongthedifferenttraitsevaluatedin threelocationsin two yearsis
presentedin (Fig1).Resultsshowedthat theLP(P� 0.001,r = -0.81)andSG(P� 0.001,r =

Table 1. Descriptive statistics (mean ± standard error of the mean (SEM), coefficient of variation (CV) and broad-sense heritability estimates (H2) for phenotypic

data across locations and years.

Igbariam Otobi Umudike Pooled

Traits Mean ± SEM CV H2 Mean ± SEM CV H2 Mean ± SEM CV H2 Mean ± SEM CV H2

CGMS 2.31± 0.09 41.44 0.45 2.24± 0.06 30.30 0.32 1.80± 0.07 41.57 0.42 2.12± 0.04 39.28 0.32

LP 4.43± 0.25 62.39 0.21 3.78± 0.09 27.30 0.17 4.23± 0.24 62.56 0.23 3.93± 0.25 73.23 0.24

SG 2.49± 0.05 20.84 0.58 2.18± 0.05 22.01 0.27 2.48± 0.06 34.11 0.42 2.48± 0.03 22.30 0.32

CGMS,cassavagreenmite severity;LP,leafpubescence; SG,staygreen

https://doi.org/10.1371/journal.pone.0231008.t001
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-0.74)weresignificantlyandnegativelycorrelatedwith CGMS.A significantlypositiveresult
betweenLPandSG(r = 0.80).Theresultsalsoshowedthatplantswith severeCGM hadgla-
brousto little leafpubescentandpoorstaygreen.

Generally,mostof thegenotypestendto beresistantto CGM,high leafpubescenceand
outstandingstaygreenability (Fig1).

Analysis of variance for phenotypic traits. ThecombinedANOVA of all traits for the
threelocationsacrosstwo yearsshowedasignificantdifference(P< 0.001,P< 0.01and
P< 0.05)for thelocationeffect(Table2).This indicatesthepresenceof substantialenviron-
mentalvariance.Genotypeby locationinteractionwassignificant(P< 0.05)for CGMSand
LP.Genotypeeffectwasonly significant(P< 0.05)for CGMSandLP.Genotypeby location
byyearinteractionswerenot significantfor all thetraits.Apart from SG,all othertraitswere
significantfor CGMSandLPfor genotypebyyearinteractions.

Single marker analysis

For thecombineddataset,293significantSNPmarkerswereidentifiedfor CGM,LPandSG.
Singlemarkeranalysisidentified95,71,and127significantmarkersfor cassavagreenmite
resistance,leafpubescenceandstaygreenrespectively.ThemostsignificantSNPmarker

Fig 1. Phenotypic distribution and correlation coefficients for cassava green mite severity and other associated traits.

https://doi.org/10.1371/journal.pone.0231008.g001
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(S12_7962234)hasa±log10(p-value)of 8.91andexplained31%of observedphenotypicvaria-
tion. Thecontribution of anysingleSNPmarkerto thephenotypicvariationrangedfrom 18
to 31%acrossthetraits(S1Table).

Cassava green mite severity. Ninety-fivemarkersweresignificantlyassociatedwith
CGM resistance(S1Table).Thesignificantmarkersassociatedwith thetrait mostlyconcen-
tratedatasingleregionof theleft armsideon chromosome12(Fig2A).Thetop significant
SNPmarker(S12_7962234)explained31%of thephenotypicvariance(S1Table).Variance
explainedby thesignificantmarkersrangedfrom 18to 31%.

Leaf pubescence. Seventy-onemarkerswerefound to besignificantlyassociatedwith leaf
pubescence(S1Table).Thesignificantmarkersassociatedwith this trait alsolieson chromo-
some12(Fig2B).Thetop significantSNPmarker(S12_7962234)explained26%of thepheno-
typicvariance(S1Table).Varianceexplainedby thesignificantmarkersrangedfrom 18to
26%.

Stay green. Thestudyshowedthatonehundredandtwenty-sixmarkerswerefound to be
significantlyassociatedwith staygreen(S1Table).Chromosome12harboursthetop signifi-
cantSNPmarker(S12_5524524)associatedwith thetrait (Fig2C).Thismarkerexplained30%
of thephenotypicvariation(S1Table).Varianceexplainedby thesignificantmarkersranged
from 20to 30%.

However,thesameSNPson chromosome12weresignificantlyassociatedwith morethan
onetrait whenmappingacrossall clonesin thepopulation.Thiscouldbeasaresultof

Table 2. Analysis of variance (ANOVA) for each trait across the three locations and two years.

Traits Source of variation Df MS Pr(>F)

CGMS Genotype 108 1.08 � �

Location 2 24.12 � � �

Year 1 21.07 � � �

Genotype:Location 212 0.46 �

Location:Year 2 12.64 � � �

Genotype:Year 105 0.37 �

Genotype:Location: Year 123 0.42 ns

LP Genotype 108 9.79 � �

Location 2 813.95 � � �

Year 1 16.24 � �

Genotype:Location 212 6.64 �

Location:Year 2 20.78 � �

Genotype:Year 105 3.11 �

Genotype:Location: Year 123 3.51 Ns

SG Genotype 108 0.48 ns

Location 2 3.90 � � �

Year 1 0.09 ns

Genotype:Location 212 0.41 ns

Location:Year 2 0.18 ns

Genotype:Year 105 0.20 ns

Genotype:Location: Year 123 0.18 ns

DF,degreesof freedom;MS,Meansquare;F-probabilitiesareindicated bysymbols:
� P<0.05
� � P<0.01
� � � P<0.001,ns(non-significant). CGMS,CassavaGreenMite Severity;LP,LeafPubescence;SG,StayGreen.

https://doi.org/10.1371/journal.pone.0231008.t002
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pleiotropyor closelylinkedgenes.Here,in thisstudy,chromosome12hadassociationsfor
CGMS,LPandSG.

Candidate genes

ThesignificantSNPsmarkerswereintersectedwith thegeneannotationsand33uniquegenes
wereidentifiedwithin SNPsassociatedwith CGMS,LPandSGat4± 8MBon chromosome12
(S2Table).Amongthesegenes,ninecandidategeneshighlyexpresseddirect link to cassava
greenmite resistance.In Table3,theninecandidategenesweresectionedinto sevengroups
accordingto theproteinstructure:trichomebirefringencerelatedprotein,ethylene-respon-
sive,MYB,diseaseresistanceprotein family,homeodomain,zincfingerandpentatricopeptide
transcriptionfactorgenes.Theseninecandidategenesareclassesof membraneproteinsthat

Fig 2. QTL associated with (A) cassavagreenmite resistance,(B) leafpubescenceand(C) Staygreenon chromosome12acrossthethreelocationsin two years.

https://doi.org/10.1371/journal.pone.0231008.g002
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function in multicellulartrichomedevelopment,plantgrowth,inflammatoryandimmune
responsesin organisms.

Discussion

Thestudydemonstratedtheidentificationof newQTL in abiparentalpopulationwith reason-
ablystrongeffectson resistanceto cassavagreenmite, leafpubescenceandability to stay
green.

Hostplant resistancehasbeenaneffectivemethodof controllingCGM.It aimsatdevelop-
ing varietieswith certainplantattributeslike staygreenability, leafpubescenceandleafreten-
tion thatenablescassavaplant to suppresstheinitial build-up of CGM population,prevent
CGM attackandfavoursthecolonizationof biologicalcontrol agentssuchas. �����. The
resultof thisstudyshowedthat leafpubescenceandstaygreensignificantlywerenegatively
correlatedwith cassavagreenmite severity.Thismeansthatgenotypeswith excessivepubes-
centleavesandoutstandingstaygreenability tendto beresistant/tolerantto cassavagreen
mite attack.Theassociationof leafandshootpubescence,staygreenability, leafretentionand
cassavagreenmite havebeenreportedbyEzenwakaetal.[11]. Pubescenceoffersanexcellent
levelof resistanceto ������
�����	 mitesandalsohelpsbiologicalcontrol agents(. �����) to
colonizetheplant [12].

The109genotypesevaluatedshowedgoodresistanceto thepestalthoughwith adifferential
responseat thepeakof thepestpressure.Threetypesof pestresponsewereobservedin the
genotypesevaluated,namely,(i) highly resistantgenotypes,(ii) resistantgenotypesand(iii)
moderatelyresistantgenotypes.Boththehighly resistantandresistantgenotypesaregenerally
low in pestsymptomswith theformeralmostsymptomlessduring thepeakof thepestpres-
sure.Themoderatelyresistantgenotypeshadseveritysymptomsratedabove2atpeakof pest
pressurebut recoveredafterthedry seasonwith thegenotypesshowingfewerpestsymptoms.
Thepestresponseprofile of themoderatelyresistantgenotypesisanindicationof agoodand
efficientgenein thepestresponsepattern.

Table 3. Candidate genes associated with CGM resistance.

Gene Chr Gene description Gene function

Zinc finger transcription factor genes Initiation of inflorescencetrichomes

Manes.12G077600 12 Zinc-finger8-typefamily protein

Manes.12G086200 12 C2H2-type-zinc-finger-family-protein

Pentatricopeptide repeat family Functionin plantdefense

Manes.12G061200 12 Pentatricopeptide-repeat-(PPR)-superfamily-protein

MYB-domain transcription factor genes Trichomedifferentiation

Manes.12G083100 12 MYB-domain-protein-4

Manes.12G082000 12 MYB-like-102

Disease-resistance-protein-family Disease-resistance

Manes.12G094100 12 Disease-resistance-protein-(CC-NBS-LRR-class)-family

Homeodomain transcription factor genes Trichomedifferentiation andleafproximodistalaxis

Manes.12G075600 12 Homeodomain-glabrous-2

Trichome Birefringence related protein Trichomesandstemdevelopment

Manes.12G091400 12 Proteintrichomebirefringence-related

Ethylene-responsive transcription factors Increasethenumberof cellspertrichomes

Manes.12G069300 12 Ethylene-forming-enzyme

Chr, chromosome.

https://doi.org/10.1371/journal.pone.0231008.t003
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Determiningbroad-senseheritabilityestimatesincreasesour basicunderstandingof the
amountof geneticvarianceexpressedasaproportion of thetotalphenotypicvariance.The
broad-senseheritabilityestimatesfor thetraitsevaluatedrangedfrom 0.24to 0.32,for traits
wouldbemild to moderatelyheritableasreportedby [11]. This indicatesthatalargeamount
of theobservablevariancein thetraits isdueto non-geneticeffects.Marker-assistedselection
couldhelpto improvetheselectionresponseof theselow heritability traits for cassava
improvement.

Comparison of the novel QTL/genes with previously mapped QTL

Singlemarkeranalysisisagoodchoicewhenthegoalis for thedetectionof aQTL linked to a
marker[32]. Thepresentstudyusingthisapproachidentified293significantSNPmarkerson
chromosome12,whicharelinked to CGM resistance,leafpubescenceandstaygreen.

TheQTL positionidentifiedin thisstudywascomparedwith thoseidentifiedin previous
studiesthathavebeenassociatedwith resistanceto cassavagreenmite.Chopernaetal.[19] have
mappedtwo SSRmarkers(NS1009andNS346),with strongphenotypiceffect(R2 of 32%to
37%)in abackcrosspopulation.Additional two QTL (qCGMc5ArandqCGMc10Ar)on chro-
mosome5and10wereidentifiedin biparentalpopulationwith LOD of 20.19andR2 of 6.48%
andaLOD of 20.43andR2 of 4.11%respectivelybyNzuki etal.[20].Ezenwakaetal.[11], iden-
tified themostsignificantSNPmarkerS8_5962253,R2 of 6.9%on chromosome8QTL region
in adiversepopulation,theyalsofound17candidategenes(Manes.08G058500,Man-
es.08G048200,Manes.08G048800, Manes.08G034200,Manes.08G046400,Manes.08G041900,
Manes.08G026500,Manes.08G053900,Manes.08G060500,Manes.08G058000,Man-
es.08G045400,Manes.08G035100, Manes.08G043900,Manes.08G024700,Manes.08G046700,
Manes.08G044000,Manes.08G026900)thathaveastrongassociationwith genesconferring
resistanceto insects/pestsin plants.ThemostsignificantmarkerS12_7962234,R2 of 31%on
chromosome12identifiedfor CGM resistancegenes(Manes.12077600,Manes.12G086200,
Manes.12G061200,Manes.12G083100,Manes.12G082000,Manes.12G094100,Man-
es.12G075600,Manes.12G091400andManes.12G069300)in thisstudywasatadifferentgeno-
mic locationascomparedto thoseidentifiedin previousstudies.Noneof thoseQTL hasthe
samemaplocationwith theQTL identifiedhere,suggestingthat thesegenes/QTLarenoveland
shouldbetargetedfor pyramidingviamarker-assistedbreeding.SincethemostsignificantQTL
identifiedhasahighphenotypicvariance,this locuscouldbeusefulfor QTL/genepyramiding.
In thisstudy,theQTL associatedwith CGM resistanceandLPcorrespondingto themostsignif-
icantSNPmarker(S12_7962234)wereco-localizedon chromosome12andalsosharedacom-
mon genomicregionon theleft armof chromosome12.Thesecouldbeasaresultof beneficial
pleiotropiceffects.Thisfinding alsosupportedthestrongcorrelationsobservedamongthese
traits.A recentpublicationbyEzenwakaetal.[11] reportedfavourablepleiotropiceffectsas
genesconferringresistanceto CGM werelinked to leafpubescenceandleafretention.However,
thesedesirabletraits(leafpubescenceandstay-green)maybeintroducedalongwith pestresis-
tanceinto susceptibleandglabrousvarieties.TheseQTL arenowthefocusfor moredetailed
analysisto getbetterinsightsinto mechanismsof resistanceto CGM,andalsofor breedingpur-
poses.Thisfunctionalunderstandingmayalsobeimportant to identify andvalidatecandidate
genesunderlyingtheseQTL.

In thisstudy,atotalof ninegenes(Manes.12077600,Manes.12G086200,Manes.12G061200,
Manes.12G083100,Manes.12G082000,Manes.12G094100,Manes.12G075600,Man-
es.12G091400andManes.12G069300)wereidentifiedascandidatesencodingcrucialtran-
scriptionfactorsassociatedwith multicellulartrichomedevelopment,inflammatoryand
immuneresponseswithin 4 to 8 Mb regionof thesignificantmarkerson chromosome12.The
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candidategenesidentifiedin thisstudyhavebeenassociatedwith trichomedevelopmentin the
previousstudyof Ezenwakaetal.[11] expectfor thediseaseresistanceproteingenefamily
found in thisstudy.Thesenovelcandidategenesprovideusefulinformation to studytherele-
vantmolecularnetworksof multicellulartrichomedevelopmentandpest/diseaseresponsesin
cassava.Thetranscriptionfactorsarezincfinger,pentatricopeptide,MYB,diseaseresistance
protein family,homeodomain,trichomebirefringencerelatedproteinandethylene-responsive.
Zinc fingertranscriptionfactorgenesareassociatedwith phytohormonesto regulatemulticellu-
lar trichomedevelopmentin  �
���	 	���!�	 (Cucumber)[33]. In plantkingdom,responsesto
environmentalconditionsanddevelopmentalregulationof floral meristems,vascularsystems
andlateralorgansincluding trichomedevelopmentall involvehomeodomain-leucinezipper
transcriptionfactorgenes[33]. Trichomebirefringence-relatedproteincontributeto thesyn-
thesisanddepositionof secondarywallcellulosein trichomesandstemdevelopment[34]. This
genemayalsobeinvolvedin insects/herbivorescontrol, leaftemperatureandtranspiration
maintenance[33]. MYB-domaintranscriptionfactorgenes,aMYB-likeHTH regulatesfloral
papillae,leafproximodistalaxisdevelopmentandtrichomedifferentiationin "�
������ �����

�� (tobacco)[35]. Ethylene±responsivetranscriptionfactorgenesareinvolvedin thestimula-
tion of epidermiscelldivision in  �
���	 	���!�	, resultingin aberrantguardcellandtrichome
formation [36]. Thepentatricopeptiderepeat(PPR)familyhasbeenfound to function in plant
defence[20]. Giventheimportanceof cassavain Africa,breedingfor diseaseresistanceisvery
essential,asthemostcommondiseaseresistancegenesbelongingto thenucleotide-binding
sites(NBS)andtheleucine-richrepeat(LRR)(NBS-LRR)wasfoundasoneof thecandidate
genes.Thisgenefamily functionsin inflammatoryandimmuneresponsesof organisms[37].
No functionalresistancegeneshavebeenclonedin cassava[37]; nevertheless,genesfound in
thisstudyhavestronghomologywith earlierreportedgenesfrom otherspecies.

Conclusion

Identificationof differentpestresistancegeneiscritical in providingstableanddurableresis-
tanceandeffortsin thisdirectionto identify additionalQTL to CGM resistanceareexpected
to continuein theAfrican germplasm.Our resultsindicatedanewQTL regionon chromo-
some12whichledto theidentificationof ninecandidategenesthatappearto beassociated
with cassavagreenmite resistance,leafpubescenceandstaygreen.TheseQTL/genesaresuit-
abletargetsfor successivefine mappingandgenecloningto developgene-basedSNPmarkers.
PyramidingthenovelQTL identifiedin thisstudywith earlierdiscoveredloci, suchaschro-
mosome8,will resultin therapiddevelopmentof superiorcultivarswith CGM resistanceand
goodproductivity.
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