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root cropwhichis widelygrownin manypartsof sub+SaharaAfrica, with Nigeriabeingthe
highestproducerwith anannualproductionof over54.8million tonnesof tuberousroots[2].
More than 50%0f Nigeria'spopulationeatscassavatleastoncein aday[3]. It servessafam-
inereservecropin the country.Cassavaervessaprimary food sourceandincomegenera-
tion for morethan 1 billion people[4,5] including the pooreston the continent.lt is alsoused
asanimalfeedandindustrial raw materialsuchasstarchandbiofuel production [6].

However theyield of cassavin the African continenthasstagnatedanostlydueto abiotic
andbiotic stressesAmongthe major pestof cassavasassavgreenmite (CGM) hasbeen
calledthe mostdestructivepestof cassavdt hasbeenreportedto causehe greatesyieldlosses
in the Americasand Africa [7], especiallyn the seasonallgry regionsof the lowlandtropics.
High CGM populationscausedareductionof 80%root yield, 50%stemyield and leafweight,
45%dry matterin theleavesstemsandroots[8].

In recentyearscassavaroducersspraypesticideso control CGM. Theuseof pesticides
areexpensiveharmful to the usersand mayalsodisrupt naturalenemiedike . andpest
outbreakd7]. Theseproblemshavenecessitatedn alternativeeco-friendlyCGM control
method.Thesemeasuresf control againstCGM includecultural practicedor examplesarly
plantingto avoidexposinghe vulnerablguvenilestages$o asignificantpart of thedry season,
biologicalcontrol usingnaturalpredatordike DelLeon[9], andhost
plantresistanc¢10]. Theuseof resistantultivarshasbeenthe mostsuccessfulayof dealing
with the destructiveeffectof CGM in farmers'fields.This approacmot only reducesield
lossedut alsodecreasethe levelsof pestinoculumin the farming systemandthusamore sus-
tainableapproach.

Cloneswith pubescenteavesstaygreenability (SG)andenhancedeafretention(LR) offer
higherlevelsof resistancéo CGM thanglabrouscloneq11,12].Earlierstudieshavedetailed
the preferencef . , thenaturalpredatoragainsiCGM, for pubescentersuglabrous
cassavaultivarsinfectedwith . [13]. It hasbeenstudiedthatleaftrichomesrelease
volatileorganiccompoundghat attractthe naturalenemief the herbivoreq14], this, there-
fore, providesshelterfor thepredatorymite (. ) andenhancesheability of the predator
to find the prey (CGM).

Most studieson CGM havefocusedn conventionabreeding[15,16]but progresshas
beenslowdueto the heterozygousatureof the crop, its long growing cycle lackof suitable
donorswith resistancets low seedyield perpollination, andthe limited funding for research
onthiscrop[1,17].Theuseof molecularmarkersoffersacapableool for facilitatingconven-
tional plantbreedingapproacheso develophigh yieldingand pest/disease-resistanltivars
[18]. Identifying molecularmarkersthat arelinked to QTL or genescontrolling resistancéo
CGM wouldfacilitateselectiorfor this trait, which haslow heritability [11]. PreviousQTL
mappingstudieshavereportedafewQTL associate@ith cassavgreenmite. Two SSRmark-
ers,NS109%and NS346wereidentified by Chopernaetal.[19] havebeenassociatedith
CGM resistanceNzuki etal.[20] alsofound two QTL for CGM resistancégCGMc5Arand
gCGMc10Ar)on chromosomed andX respectivelyfFurthermore Ezenwakatal.[11] iden-
tified QTL andcandidategenedinked to CGM, LP andLR on chromosome3 from ageneti-
callydiversepopulationpanel.ldentification and utilization of newgenedor CGM resistance
isamajor objectiveof cassavhreedingprogramsto enhancepestresistancanddurability.

Biparentalpopulationsoffer greatopportunitiesfor dissectingcomplextraitsin plantsand
improving crop breeding.The main limitation of usingbiparentalpopulationis thatduring
the populationdevelopmentit haslimited time for recombinationeventgo occurallowing
thelocalizationof QTL in largechromosomategions[21,22].Information identified by QTL
mappingin abiparentalpopulationcould beusefulfor incorporatinggenesnto improvedcul-
tivarsthroughmarker-assistedelection MAS), map-basedloning of thetaggedyenesand
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for abetterunderstandingof the geneticof complextraits [23]. Commonlyusedbiparental
populationsfor QTL mappingmaybeproducedfrom the heterozygou&, hybrids,suchask,
backcrospopulation,doubledhaploidlines,andrecombinantinbred line populationg[24].

Therearefour widelyusedmethodsfor detectingQTL, which aresingle-markemnalysis,
intervalmappingby maximumlikelihood,intervalmappingby regressionand composite
intervalmapping.In this study,the single-markernalysisvasusedfor detectingQTL in a
biparentalpopulation.Thesingle-markemanalysisnethodis usedto detectaQTL neara
markerby studyingthe single-genetienarkersoneat atime anddoesnot requireacomplete
moleculardinkagemap[24].

The objectivesf this studywereto validatethe stabilityof CGM resistancgenedoundin
previouslypublishedresultsto identify newgenegor CGM resistancén bi-parentalmapping
populationand estimatethe heritability of thetrait. In addition to unravellingthe geneticof
CGM resistancethis paperalsoreportson the significanceof breedingfor CGM resistancéor
the developmenbf superiorgenotypeshat maygreatlyimprovecassavaroductivity in Nigeria.

Materials and methods

Development of the mapping population

Generation of seedlings. Themappingpopulationwasdevelopedy crossingwo parents
with differentresponseto CGM; TMEB778is the femaleparentand TMEB419is the male
parent. TMEB778sresistanto CGM andhighyielding.In contrast, TMEB419is verysuscep-
tibleto CGM. Thesdwo parentcultivarswerechoserfor the evaluatiorbecausef their com-
mercialrelevancén Nigeria.Theyarealsowidelydeployedn breedingprogramsto develop
newsuperiorgenotypesvith highyield, pestanddiseaseesistancelueto the goodend-user
qualitiesof their roots.

Pairwisecrossingblocksfor TMEB778and TMEB419parentswereestablishea@tthe Inter-
nationallnstitute of Tropical Agriculture (IITA), Ibadan,Nigeria.At flowering(approximately
6 monthsafterplanting) the femaleflowersfrom TMEB778werecoveredwith pollination
bagsearlyaround8 amto 10am.The maleflowersfrom TMEB419with maturepollenwere
taggedaroundlla.m. collectedandhandpollination wasdonel2pmto 3pmin theday.The
pollinatedflowersweretaggedandbaggedvith pollination bagsto protectthemfrom bees
carryingforeignpollen;the bagsvereremovedadaylater.Seedsnaturedin 70to 90days
afterpollination. The maturefruits werecarefullyharvestedplacedn labelledpollination bags
andwereleft to shattematurally.

Establishment of the seedling and clonal evaluation trial. Harvestedr, botanicalseeds
wereallowedatwobmonth dormancyperiod beforebeingsowedn nurseriesn February
2014underscreerhouseconditionsatlITA Ibadan.Theseedsveresowedn traysfilled with
sterilizedsoil with amixture of loamyandsandysoilin aratio of 2:1,respectivelyn thescreen
house Seedgerminatedquickly at optimal soil temperature¢30to 35ECand moisture
regimesTheywereirrigatedtwicedaily,in the morning andeveningThe seedstartedgermi-
natingfrom 10to 12daysafterplantingandweretransplantedvhentheyattained15to 20cm
height.After two monthsin the nursery,F; seedlingsveretransplantedo awell-prepared
field wheretheyweregrownandevaluatedHarvestingwasdoneat 12 monthsafterplanting
in April 2015 afterwhichtheywereclonedto generatetleastlOstemcuttingsper seedling
for clonalevaluation.

Experimental sites

Threelocations(Umudike,Igbariamand Otobi) in Nigeriawereselectedstrial sitesfor the
clonalstagesvaluationof the population.Umudike (with annualrainfall of 2200mm; altitude
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120m; meanannualtemperatureof 22to 31ECgoordinates7°24'E,5°29' N; Dystric Luvisol
soils;humid forest);Igbariam(with annualrainfall of 1800mm; altitude 150m; meanannual
temperatureof 24to 32ECgoordinates7°31'E, 5°56' N; Dystric Luvisolsoils;forest-savanna
transition);and Otobi (with annualrainfall of 1500mm; altitude 319m; meanannualtempera-
ture of 24to 35ECgoordinates’®20' E,8%41'N; Ferric Luvisolsoils;southernGuineasavanna)
in Nigeria.

Field layout and experimental design

A total of onehundredandnine F; progenywereclonedin May 2015 werelaid out assingle-
row plotsof ten plantswith 1m x 1m spacingThe maleparent,femaleparent,andastandard
check(IITA TMS 30572)servedasthe checkor control usingarandomizedncompleteblock
design.Thetrial wasevaluatedn 2015/201&nd 2016/201 ¢roppingseasonslheclonaltrials
wereharvesteat 12 monthsafterplanting.

Fertilizer application

A compoundfertilizer (NPK 15:15:15yvasappliedat the rateof 600kg ha-". Fertilizerwas
appliedat 8 weeksafterplantingusingthering method,aroundthe plantsto input the fertiliz-
ersafterplanting. Thetrial wasweededhreetimesduring the first 4 months.Weedwascon-
trolled traditionally by hand/hoeweeding.

Agronomic data
Thetraits evaluatedvereasfollows:

A. Cassav&reenMite Severitf CGMS)wasevaluatedhtthevisualrating of the damage
causedy cassavgreenmite on ascaleof 1to 5 (S1AFig). Symptomgatedfrom 1 = highly
resistantno symptomsobserved? = resistantmoderatedamageno reductionin leafsize,
scattereathlorotic spotson youngleaves3 = moderatelyresistantseverehlorotic symp-
toms,slightreductionin leafsize 4 = susceptibleseverehlorotic symptomsandsevere
reductionin leafsizeof youngshoot,5 = highly susceptibleyeryseverechlorosis extensive
defoliation,candlesticlappearancef youngshoots.

B. LeafPubescencf P)wascharacterizedisuallyfor the degreeof hairinesson theyoung
leafwith 0= glabrous3 = little pubescencéy = moderatepubescencand?7 = high pubes-
cenceg(S1BFig).

C. StayGreen(SG)wasscoredvisuallybasedn al+3scoringscalevhere:1 = poor (<50%of
theleavesarelive andgreen)2 = moderatelygood(50+74%of the leavesrelive and
green)3=verygood( 75% of theleavesrelive andgreen) Leaflongevitywasassessed
by scoringfor SG(S1CFig).

All thetraits wereevaluatediuring the peakof the dry seasorfJanuary)t six monthsafter
planting.

DNA extraction and SNP genotyping

TheDNA extractionwasperformedusingthe DNeasyPlantMini Kit (Qiagen)with slight
modifications.Theyoungfreshleavesamplevereharvestedrom the apicalpart of the cas-
savaglantin thefield. About 3x5tenderleavesyweighingabout100mg+900mg, wereinserted
in thewell-labellecextractiontubesarrangedn alabelledd6-wellboxandplacedon iceto
maintain DNA integrity. Fromthefield, the leafsamplesveretransferredto the NRCRI
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moleculadaboratoryandstoredin a-80°CfreezerBeforethe commencemenof the extrac-
tion processthe storedsamplesverelyophilizedfor 24to 48 hours.With the useof aTissuely-
serrunning with a1X speecat 1500strokes/minrate,the samplesveregroundto afine
powder.GenomicDNA wasextractedand quantifiedusinga NanoDrop1000(Thermo Scien-
tific) while the molecularweightwasassessedith agaroseelelectrophoresis.

Genotyping-by-segencingwasperformedat the Institute of GenomicDiversity,Cornell
University,asdescribedn [25]. Therare-cuttingrestrictionenzyme |, whichrecognizes
thesequenc€TGCAG,wasused.Two barcodedibraries,eachconsistingof amultiplex of
94differentDNAs from the F, progeny wereeachsequencedn onelaneof anlllumina
HiSeq2000Parentsveresequencedt two timeshighercoverageomparedwith the F;sto
determinealleleorigin in alargenumberof SNPshatsegregateth the F; progeny Following
sequencinghereadswerefiltered for qualityand processedsingthe TASSELpipeline
(www.maizegenetics.net/&e).This pipelineassignseadsto individualsusingthe barcode
sequenceandtrims themto 60bp. Tags(i.e.,uniquereads)wverealignedto version4.1of the
cassaveeferencggenomgwww.phytozome.org/casavaynd SNPswverecalledby the TASSEL
pluginatbt2Vcf.°

Severdfilters wereusedto curatethe resultingSNPdatabeforesinglemarkeranalysis.
First,a Chi-squareggoodness-of-fitestwasperformedto checkfor conformanceo the
expectedjenotypidrequencie®f eitheral:1ratio (from loci segregatingsAa X aa)or 1:2:1
(from Aa X Aa).Locithatsignificantlydeviatedrom the expectedatio ( value 0.05)were
removedfrom further analysisAlsoremovedwereloci with morethan20%missingdata
acrosghe genotypedndividualsaswerethosewith identicalrecombinationinformation.

Phenotypic data analysis

The effectof the genotypelocation,year,genotypeby year,genotypeby location,locationby
year,genotypeby locationby yearinteractionsweredeterminedfor eachtrait in ananalysif
variancef ANOVA) usingthe standardinear model:

Tuiptr o+ % +

where  isthe phenotypicobservationgyisthemean g istheeffectof theyear, the
blockeffect, thecloneeffect theinteractionbetweercloneby environment,and
theresidual Besidesa best-fitlinear mixed modelfor eachtrait wasidentified through Bayes-
ianinformation criterion andusedto generatehe bestlinearunbiasedoredictors(BLUPs)for
eachindividual. Phenotypianeanbestlinear unbiasedprediction (BLUP)wasestimatedcton-
sideringtherandomeffectswhich representsn estimateof the total geneticvalue(EGV) for
eachindividual. To calculatehe predictorerror varianceg(PEV),the BLUPswerede-regressed
usingthe equation:

BLUP
de regressed BLUP ~ 1

PEV
2

[n
i

WherePEVisthe predictionerror variancefor eachcloneande? isthe clonalvariance
component26]. The de-regresseBLUPswereusedfor the single-markeanalysigo help
reducenoisevariation. The mixedmodelwascomputedusingthe R package [27]. The
genotypiceffectsvereconsideredandom,while blockswithin environmentavereregarded
asfixed effectsBroad-sensheritability (H?) for thetraits werecalculatecdusingthe formula

- Wheres” and ¢® arethevariancecomponentsor the genotypeeffectandthe resid-
ualerror, respectivelypn aplot basis.
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Thephenotypiccorrelationswerecalculateetweertraits usingtrait meansof the clones
andthis wasperformedusingPearson'sorrelationcoefficient.

Mapping of QTL

A total of 42,204SNPmarkerswith MAF  0.05wereusedfor single-markeianalysisTo
identify significantQTL, the singlemarkeranalysisvasperformedusingthe generalizedinear
model(GLM) implementedn the TASSEL5.0[28]. Genome-widesignificancga = 5%)for
declaringa QTL wasdeterminedusinga permutationtest(1000replications)for eachtrait.

GLM wasusedto calculate-values for associatingachmarkerwith the traits evaluated
usingTASSEL5.0[28].

Thestatisticaformulafor theGLMis = + [29]

Wherey isthevectorof the phenotypicobservations, isthe known designmatrix, isa
vectorcontainingthe fixed effectgenetiomarkerinformation),and isthevectorof random
residuesManhattanplotsweregeneratedisingthe R packageigman([30].

Candidate genes identification approach

The QTL peakswverescannedor potentialcandidategenesunderlyingthe studiedtraits based
on the geneontologiesand predictedfunctions.The geneontologyannotationwasdoneusing
Panther(http:/go.Pantherdb.org/)Thesesequencewerealignedagainsthe cassav&'6 refer-
encegenomeassemblyisingtheintersectfunction from bedtoolq31].

Results
Phenotypic evaluation of the mapping population

Descriptivestatisticof phenotypicdataobtainedfor two growingseason2015/201&nd
2016/201n thethreelocations;gbariam,Otobi andUmudike arepresentedn Tablel.The
meanof CGM severitywas2.12(on ascaleof 1+5)acrossll the genotypegvaluatedn the
threelocations.Otobi hadthe highestmeanCGM severity(2.24)while Umudike hasthe low-
estmeanCGM severityof 1.80.The highestmeanfor leafpubescencé_P) andstaygreen(SG)
wererecordedin Igbariamwhile the lowestmeanwasfound in Otobi. Thisimpliesthatthe
moretheleafpubescenaind staygreenability the lessthe severityof CGM.

Variabilitiesfor the traits evaluatedor the two growingseasons thethreelocationswere
estimatedyy the coefficientof variation (CV), rangedfrom 22.30%or SGto 73.23%or LP.
Broad-senséeritability estimategH?) rangedfrom 0.24to 0.32 Heritability estimatesvere
highestfor CGMSand SG(0.32)andthe leastheritabletrait wasLP (0.24).

Distribution and correlation analysis between traits in the mapping population. The
phenotypiccorrelationamongthe differenttraits evaluatedn threelocationsin two yearss
presentedn (Fig 1). ResultshowedhattheLP (P 0.001y =-0.81)andSG(P 0.001y =

Table 1. Descriptive statistics (mean + standard error of the mean (SEM), coefficient of variation (CV) and broad-sense heritability estimates (H?) for phenotypic
data across locations and years.

Igbariam Otobi Umudike Pooled
Traits Mean + SEM Ccv H? Mean + SEM (' H? Mean + SEM cv H? Mean + SEM Ccv H?
CGMS 2.31+ 0.09 41.44 |0.45 | 2.24+0.06 30.30 |0.32 | 1.80+0.07 4157 |0.42 |2.12+0.04 39.28 |0.32
LP 4.43+0.25 62.39 |0.21 |3.78+0.09 2730 |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 3411 |0.42 |2.48+0.03 2230 |0.32

CGMS cassavgreenmite severityl P,leafpubescence& G, staygreen

https://da.org/10.1371durnal.pon®231008.t001
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-0.74)weresignificantlyand negativelycorrelatedvith CGMS.A significantlypositiveresult
betweerLPandSG(r = 0.80).Theresultsalsoshowedhat plantswith severeCGM hadgla-
brousto little leafpubescenand poor staygreen.

Generallymostof the genotypesendto beresistanto CGM, high leafpubescencand
outstandingstaygreenability (Fig 1).

Analysis of variance for phenotypic traits. ThecombinedANOVA of all traitsfor the
threelocationsacrosgwo yearsshowedasignificantdifference(P < 0.001P < 0.01and
P < 0.05)for thelocationeffect(Table2). Thisindicateshe presencef substantiaknviron-
mentalvariance Genotypeby locationinteractionwassignificant(P < 0.05)for CGMSand
LP.Genotypeeffectwasonly significant(P < 0.05)for CGMSandLP.Genotypéeby location
by yearinteractionswerenot significantfor all thetraits. Apart from SG,all othertraitswere
significantfor CGMSandLP for genotypeby yearinteractions.

Single marker analysis

Forthe combineddataset293significantSNPmarkerswereidentified for CGM, LPand SG.
Singlemarkeranalysisdentified 95,71,and 127significantmarkersfor cassavgreenmite
resistancdeafpubescencand staygreenrespectivelyThe mostsignificantSNPmarker

CGMS6 LP6 SG6
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Fig 1. Phenotypic distribution and correlation coefficients for cassava green mite severity and other associated traits.
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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
Genotypelocation 212 0.46
Location:Year 2 12.64
GenotypeYear 105 0.37
Genotypelocation Year 123 0.42 ns
LP Genotype 108 9.79
Location 2 813.95
Year 1 16.24
GenotypelLocation 212 6.64
Location:Year 2 20.78
GenotypeYear 105 3.11
GenotypelLocation Year 123 3.51 Ns
SG Genotype 108 0.48 ns
Location 2 3.90
Year 1 0.09 ns
Genotypelocation 212 0.41 ns
Location:Year 2 0.18 ns
GenotypeYear 105 0.20 ns
GenotypeLocation Year 123 0.18 ns

DF, degreesf freedom;MS,MeansquareF-probailities areindicated by symbols:
P<0.05
P<0.01
P<0.001pns(non-significant). CGMS,CassaaGreenMite Severity| P,LeafPubescece;SG,StayGreen.

https://abi.org/10.1371durnal.por.0231008.t0D

(S12_7962234ksa+log o (p-value)of 8.91and explained31%of observeghenotypicvaria-
tion. The contribution of anysingleSNPmarkerto the phenotypicvariationrangedfrom 18
to 31%acrosghetraits (S1Table).

Cassava green mite severity. Ninety-fivemarkersweresignificantlyassociategith
CGM resistancéS1Table).Thesignificantmarkersassociatedith thetrait mostlyconcen-
tratedatasingleregionof theleftarm sideon chromosomel 2 (Fig 2A). Thetop significant
SNPmarker(S12_79622348xplained31%of the phenotypicvarianceg(S1Table).Variance
explainedoy the significantmarkersrangedfrom 18to 31%.

Leaf pubescence. Seventy-onenarkerswerefound to besignificantlyassociatedith leaf
pubescencés1Table). Thesignificantmarkersassociatewvith this trait alsolieson chromo-
somel2(Fig 2B).Thetop significantSNPmarker(S12_7962234xplained26%0of the pheno-
typic variancg(S1Table).Varianceexplainedby the significantmarkersrangedfrom 18to
26%.

Stay green. Thestudyshowedhatonehundredandtwenty-sixmarkerswerefound to be
significantlyassociatedith staygreen(S1Table).Chromosomel2 harboursthetop signifi-
cantSNPmarker(S12_5524524ssociatewvith thetrait (Fig 2C). This markerexplained30%
of the phenotypicvariation(S1Table).Varianceexplainedoy the significantmarkersranged
from 20to 30%.

However the sameSNPon chromosomel2weresignificantlyassociatetith morethan
onetrait whenmappingacrossll clonesin the population.This couldbeasaresultof
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Fig 2. QTL associatgwith (A) cassavgreenmite resistane, (B) leafpubescencand(C) Staygreenon chromesomel2acrosghethreelocationsin two years.

https://da.org/10.

1371durnal.pon®231008.g0D

pleiotropyor closelyinked genesHere,in this study,chromosomel2hadassociationfor
CGMS,LPandSG.

Candidate genes

ThesignificantSNPamarkerswereintersectedvith the geneannotationsand33uniquegenes
wereidentifiedwithin SNPsassociatedith CGMS,LP andSGat4 + 8MB on chromosomel 2
(S2Table). Amongthesegenesnhine candidategenesighly expressedirectlink to cassava
greenmite resistanceln Table3,the nine candidategenesveresectionednto severgroups
accordingto the protein structure trichomebirefringencerelatedprotein, ethylene-respon-
sive, MYB, diseaseesistanc@rotein family, homeodomainzincfingerand pentatricopeptide
transcriptionfactorgenesThesenine candidategenesareclassesf membraneproteinsthat
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Table 3. Candidate genes associated with CGM resistance.

Gene

Zinc finger transcription factor genes
Manes.12GD7600

Manes.12G86200

Pentatricopeptide repeat family
Manes.12G681200

MYB-domain transcription factor genes
Manes.12G83100

Manes.12G82000
Disease-resistance-protein-family
Manes.12G@4100

Homeodomain transcription factor genes
Manes.12GD5600

Trichome Birefringence related protein
Manes.12G81400

Ethylene-responsive transcription factors
Manes.12G689300

Chr, chromosome

Chr

12
12

12

12
12

12

12

12

12

https://da.org/10.1371¢urnal.pon®231008.t003

Gene description Gene function
Initiation of inflorescencérichomes
Zinc-finger 8-typefamily protein
C2H2type-zinc-fingeffamily-protein

Functionin plantdefens
Pentatricogptide-repea(PPR)-supeiamily-protein

Trichomedifferentiaton
MY B-domain-protein-4
MYB-like-102

Disease-rastance
Disease-rastance-progin-(CC-NBSLRR-classfamily

Trichomedifferentiaion andleafproximodistalaxis
Homeadomain-gldrous-2

Trichomesandstemdevelopnent
Proteintrichomebirefringene-related

Increasehe numberof cellspertrichomes
Ethylene-foming-enzyne

function in multicellulartrichomedevelopmentplantgrowth,inflammatoryandimmune
responses) organisms.

Discussion

Thestudydemonstratedhe identificationof newQTL in abiparentalpopulationwith reason-
ablystrongeffecton resistancdo cassavgreenmite, leafpubescencandability to stay
green.

Host plantresistancéasbeenan effectivemethodof controlling CGM. It aimsatdevelop-
ing varietieswith certainplantattributeslike staygreenability, leafpubescencandleafreten-
tion thatenablesassavplantto suppressheinitial build-up of CGM population,prevent
CGM attackandfavoursthe colonizationof biologicalcontrol agentsuchas . The
resultof this studyshowedhat leafpubescencand staygreensignificantlywerenegatively
correlatedwith cassavgreenmite severity This meanghat genotypesvith excessivpubes-
centleavesind outstandingstaygreenability tendto beresistant/toleranto cassavgreen
mite attack.Theassociatiorof leafand shootpubescencestaygreenability, leafretentionand
cassavgreenmite havebeenreportedby Ezenwakatal.[11]. Pubescenceffersanexcellent
levelof resistanceo mitesandalsohelpshiologicalcontrol agenty . ) to
colonizetheplant[12].

The 109genotypegvaluatedshowedgoodresistancéo the pestalthoughwith adifferential
responsatthe peakof the pestpressureThreetypesof pestresponsavereobservedn the
genotype®valuatednamely (i) highly resistangenotypesd(ii) resistangenotypesnd (iii)
moderatelyresistanigenotypesBoththe highly resistantandresistanigenotypesregenerally
lowin pestsymptomswith theformer almostsymptomlessluring the peakof the pestpres-
sure.Themoderatelyresistangenotypesadseveritysymptomgatedabove? at peakof pest
pressurébut recoveredafterthe dry seasomvith the genotypeshowingfewerpestsymptoms.
The pestresponserofile of the moderatelyresistanigenotypess anindication of agoodand
efficientgenein the pestresponseattern.
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Determiningbroad-senséeritability estimatesncreasesur basicunderstandingof the
amountof geneticvarianceexpressedsa proportion of the total phenotypicvariance The
broad-senséeritability estimatedor thetraits evaluatedangedfrom 0.24to 0.32 for traits
would bemild to moderatelyheritableasreportedby [11]. Thisindicatesthatalargeamount
of theobservableariancen thetraitsis dueto non-geneticeffectsMarker-assistedelection
couldhelpto improvethe selectiorresponsef thesdow heritability traits for cassava
improvement.

Comparison of the novel QTL/genes with previously mapped QTL

Singlemarkeranalysiss agoodchoicewhenthe goalis for the detectionof aQTL linked to a
marker[32]. The presenistudyusingthis approachidentified 293significantSNPmarkerson
chromosomel2,which arelinked to CGM resistancdeafpubescencandstaygreen.

TheQTL positionidentifiedin this studywascomparedwith thoseidentifiedin previous
studieghat havebeenassociatewith resistancéo cassavgreenmite. Chopernaetal.[19] have
mappedwo SSRmarkers(NS100%nd NS346)with strongphenotypiceffect(R? of 32%to
37%)in abackcrospopulation.Additional two QTL (QCGMc5ArandqCGMc10Ar)on chro-
mosome5 and 10wereidentifiedin biparentalpopulationwith LOD of 20.1%and R? of 6.48%
andalLLOD of 20.43and R? of 4.11%respectivelypy Nzuki etal.[20]. Ezenwakaetal.[11], iden-
tified the mostsignificantSNPmarkerS8_596225% of 6.9%0n chromosome3 QTL region
in adiversepopulation,theyalsofound 17 candidategenegManes.08G05850®|an-
€s.08G04820Manes.08G04880Manes.08G03420Manes.08G04640Manes.08G041900,
Manes.08G02650Manes.08G05390Mlanes.08G06050Ranes.08G05800Wan-
€s.08G04540Manes.08G03510Manes.08G04390Manes.08G02470Rlanes.08G046700,
Manes.08G04400Manes.08G02690@)at havea strongassociatiomith genesconferring
resistancéo insects/pest® plants.ThemostsignificantmarkerS12_796223&? of 31%on
chromosomel 2identified for CGM resistancgenegManes.12077608)anes.12G086200,
Manes.12G06120Manes.12G083100lanes.12G082000anes.12G094100an-
€s.12G075600anes.12G0914Ghd Manes.12G069300) this studywasat a differentgeno-
mic locationascomparedo thoseidentifiedin previousstudiesNoneof thoseQTL hasthe
samemaplocationwith the QTL identified here,suggestinghatthesegenes/QTlarenoveland
shouldbetargetedor pyramidingviamarker-assistedreeding Sincethe mostsignificantQTL
identified hasa high phenotypicvariancethis locuscould beusefulfor QTL/genepyramiding.
In this study,the QTL associatewith CGM resistanceand LP correspondingo the mostsignif-
icantSNPmarker(S12_7962234)ereco-localizedbn chromosomel2andalsosharedacom-
mon genomicregionon theleft arm of chromosomel2. Thesecould beasaresultof beneficial
pleiotropiceffectsThis finding alsosupportedhe strongcorrelationsobservecimongthese
traits. A recentpublicationby Ezenwakatal.[11] reportedfavourablepleiotropiceffectsas
genesonferringresistancéo CGM werelinked to leafpubescencandleafretention.However,
thesedesirabldraits (leafpubescencand stay-greenjnaybeintroducedalongwith pestresis-
tanceinto susceptibl@ndglabrousvarietiesTheseQTL arenow the focusfor moredetailed
analysigo getbetterinsightsinto mechanism®f resistancéo CGM, andalsofor breedingpur-
posesThis functionalunderstandingnayalsobeimportant to identify andvalidatecandidate
genesunderlyingtheseQTL.

In this study,atotal of nine genegManes.12077600anes.12G08620Mlanes.12G061200,
Manes.12G08310Manes.12G08200Manes.12G09410Manes.12G07560Man-
€s.12G09140ind Manes.12G06930@)ereidentified ascandidategncodingcrucialtran-
scriptionfactorsassociatewith multicellulartrichome developmentinflammatoryand
immuneresponsewithin 4to 8 Mb regionof the significantmarkerson chromosomel2.The
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candidategenesdentifiedin this studyhavebeenassociatewith trichomedevelopmenin the
previousstudyof Ezenwakatal.[11] expector the diseaseesistanc@rotein genefamily
foundin this study.Thesenovelcandidategenegprovideusefulinformation to studytherele-
vantmoleculametworksof multicellulartrichomedevelopmenand pest/diseaseesponsesn
cassavd hetranscriptionfactorsarezincfinger, pentatricopeptideMY B, diseaseesistance
protein family, homeodomainfrichomebirefringencerelatedprotein and ethylene-responsive.
Zinc fingertranscriptionfactorgenesareassociatedith phytohormonedo regulatemulticellu-
lar trichomedevelopmenin I (Cucumber)[33]. In plantkingdom,responseto
environmentalconditionsand developmentalegulationof floral meristemsyasculasystems
andlateralorgansincluding trichomedevelopmenall involvehomeodomain-leucingipper
transcriptionfactorgeneg33]. Trichomebirefringence-relategrotein contributeto the syn-
thesisand depositionof secondaryvall cellulosén trichomesand stemdevelopmen{34]. This
genemayalsobeinvolvedin insects/herbivoresontrol, leaftemperatureandtranspiration
maintenancg33]. MYB-domaintranscriptionfactorgenesaMYB-like HTH regulatedloral
papillae)eafproximodistalaxisdevelopmentandtrichomedifferentiationin "

(tobacco)35]. Ethylenetresponsiveanscriptionfactorgenesareinvolvedin the stimula-
tion of epidermiscelldivisionin I, resultingin aberrantguardcellandtrichome
formation [36]. ThepentatricopeptideepeatPPR)family hasbeenfound to functionin plant
defencd20]. Giventheimportanceof cassavan Africa, breedingfor diseaseesistancés very
essentialasthe mostcommondiseaseesistancgenedelongingto the nucleotide-binding
sites(NBS)andtheleucine-richrepeat(LRR)(NBS-LRR)wasfound asoneof the candidate
genesThis genefamily functionsin inflammatoryandimmune responsesf organismg37].
No functionalresistancgeneavebeenclonedin cassavgs7]; neverthelesgienedoundin
this studyhavestronghomologywith earlierreportedgenesrom otherspecies.

Conclusion

Identification of different pestresistancgeneis critical in providing stableanddurableresis-
tanceandeffortsin this directionto identify additionalQTL to CGM resistancareexpected
to continuein the African germplasmOur resultsindicatedanewQTL regionon chromo-
somel2whichledto theidentification of nine candidategeneghat appearto beassociated
with cassavgreenmite resistancdgeafpubescencandstaygreen.TheseQTL/genesaresuit-
abletargetdor successiviine mappingandgenecloningto developgene-base@8NPmarkers.
Pyramidingthe novelQTL identifiedin this studywith earlierdiscoveredoci, suchaschro-
mosomeB, will resultin the rapid developmenbf superiorcultivarswith CGM resistancend
goodproductivity.
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S1 Fig. Pictures of the three traits evaluated. (A) CGMSsymptomsatedon ascalel to 5.
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scale.

(TIF)

S1 Table. Summary of single marker analysis with significant markers associated with
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