


availabilityandqualityof waterusedfor irrigating landscapesandlawns,which isoneof the
greatestchallengestheturfgrassindustry is facing.Thus,thereisacritical needto develop
St.Augustinegrasscultivarswith improvedwateruseefficiencyto addresstheseconcerns,and
researchisneededto delineatethegeneticcontrol mechanismsof droughttolerancein
St.Augustinegrass.

Evapotranspiration(ET) isoftenusedto quantifyturfgrasswateruseby thetotalamountof
waterlostfor growthandtranspiration(waterlossfrom theleaf)plustheamountof waterlost
from thesoilsurface(evaporation)[3, 4]. Evapotranspirationratesvaryacrossdifferentturf-
grassspeciesandcultivarsandareoftenaffectedbyenvironmentalconditions,including tem-
perature,wind, solarradiation,relativehumidity, andsoilmoisture[5]. Beyondthat,turfgrass
wateruseisalsoaffectedbyplantgrowthandcanopycharacteristics.Kim andBeard(1988)
suggestedthat low waterusein well-wateredturfgrassmaybeassociatedwith (i) highcanopy
resistanceto ET,whichcombinescharacteristicssuchashighshootandleafdensityanda
morehorizontalleafandshootorientation,and(ii) low leafareacomponentsincludinganar-
row leafwidth andslowverticalleafextensionrates[6]. Turfgrassthatpossesseshighshoot
andleafdensityandasubstantialhorizontalleaforientationmayincreaseresistanceto the
watervapormovementthroughthecanopy.Lowleafareacomponentsreducetotal leafarea
andwaterlossfrom transpirationsurfaces[7]. Huang(2008)suggestedthatgrassspecieswith
low waterusemaypossessat leastoneof thecombinedcharacteristicsof slowverticalgrowth,
prostrategrowthpattern,anddensecanopy[8]. However,thegeneticarchitectureof theseleaf
morphologicalandcanopycharacteristicsisnot wellunderstoodin St.Augustinegrass.

Recently,substantialgeneticsandgenomicsinformation hasbeengeneratedin
St.Augustinegrassby takingadvantageof next-generationDNA sequencingtechnology,
whichhasallowedgeneticanalysisandQTL mappingto behigherefficient.Yu etal.(2018)
developedhigh-densitylinkagemapscontaining2871singlenucleotidepolymorphism(SNP)
markersfrom a`Raleighx Seville'F1 populationin St.Augustinegrass[9]. Thispopulation
laterprovedto besegregatingfor droughttolerancein bothgreenhousesandfield trials,and
QTL controllingseveraldrought-relatedphysiologicaltraitswereidentified[10]. Considering
theturfgrasswaterusealsocouldbeaffectedbyplantgrowthandcanopycharacteristics,we
intend to further characterizethemorphologicaltraitsof `Raleighx Seville'population,and
mappingQTL relatedto theinteresttraits,whichwill shedlight on thegeneticcontrol of water
usageandits potentialapplicationin marker-assistedselectionin St.Augustinegrass.Thus,the
objectivesof thisstudyinclude(i) evaluatingvarianceof morphologicaltraits in a`Raleighx
Seville'F1 populationin bothgreenhousesandfield trialsand(ii) identifyingQTL associated
with morphologicalandcanopytraits thatmight havearole in droughttolerance.

Materials and methods

Mapping population

The`Raleigh'x `Seville'F1 mappingpopulationof St.Augustinegrassusedin thisstudywas
previouslydevelopedbyKimball etal.(2018)andcontains115hybrids[11]. TheSNP-based
high-densitylinkagemapsderivedfrom this `Raleighx Seville'populationweredevelopedby
Yu etal.(2018)[9]. In general,two parentalmapswerecreatedusingpseudo-testcrossmethod
thatcontainingnine linkagegroupsfor eachparent,whichcorrespondto theninechromo-
somesfor diploid St.Augustinegrass,namedRLG1-RLG9for theRaleighmapandSLG1-SLG9
for theSevillemap.ForQTL analysis,clonesof all 115F1 individualsandparentallineswere
plantedin randomizedcompleteblockdesignswith threereplicatesat theNorth Carolina
StateUniversityGreenhouses(GH; Raleigh,NC), theLakeWheelerTurf FieldLaboratory
(TFL;Raleigh,NC) andtheSandhillsResearchStation(SRS;JacksonSprings,NC).
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Phenotypic analysis

Plantsin thegreenhousetrial werevegetativelypropagatedin 15cmdiameterby11cmdeep
potsfilled with amix of sandandFafardpotting mix (ConradFafardInc, Agawam,MA).
Plantswereestablishedfor tenweeksto allowsufficientgrowthto form auniform canopy.The
TFLandSRSfield trialswereplantedfrom eight4-inchplugsin 0.91m × 0.91m plotswith
0.46m alleysin between.Plotsweremowedweeklyataheightof 6.35cm,irrigated,fertilized
andpesticideappliedaccordingto recommendedpracticesfor NC [11]. Threemorphological
traitsrelatedto waterusagewererecordedacrossthethreeexperimentaltrials including leaf
bladewidth (LW), leafbladelength(LL), andcanopydensity(CD). Fullyexpandedleaveson
similarmaturity werecollectedbetweenmowingintervalfor measurement.ForLW andLL a
digital caliperwasusedto measurefivefully expandedleafsamplesperpot/plot. Leafwidth
wasmeasuredat thewidestpoint of theleaf(midpoint), andLL wasmeasuredasthelengthof
thebladefrom thecollarregionto theleaftip [7]. Canopydensitywasvisuallyratedaccording
to theNationalTurfgrassEvaluationProgram's(NTEP)guidelineson scaleof 1±9where9
indicatesmaximumdensity[12]. In addition,shootgrowthorientation(SGO)wascollected
only from thegreenhousetrial andwasestimatedvisuallyon ascaleof 1 to 9,with 1being
entirelyverticaland9 beingentirelyhorizontal[6].

MorphologicaldatawereanalyzedusingtheGLM procedurein SAS(SASInstitute,Cary,
NC). CorrelationanalysiswasperformedusingtheCORRprocedurein SAS(SASInstitute,
Cary,NC). Leastsquaremeans(LSmeans)werecalculatedusingPROCGLM to obtainthe
averagevalueoverthreereplicates,whichwereusedfor QTL analysisin eachtrial. In addition,
QTL wereidentifiedacrosstrialsusingªestimatedºbestlinearunbiasedpredications(BLUP)
of thesetof genotypesevaluated.BLUPvaluesweredeterminedusingtheRpackagèlme4'
[13] following themodel:� ��� = μ + � � + ���� �� + � � + �� �� + ε, where� � = effectof trial �; ���� ��

= effectof replicate� within trial �; � � = effectof genotype�; �� �� = effectof interaction
betweengenotype� andtrial �; ε = effectof error.All termswereconsideredasrandomexcept
for theoverallmean(μ). Broad-senseheritability (� � ) wascalculatedaccordingto � � = Vg/
(Vg + VGE/E + Ve/E�R),whereVg = variancefor genotype;VGE= variancefor genotype-trial
interaction;Ve= residualvariance.

QTL detection

QTL analysiswasperformedusingtheintegratedtwo-waypseudo-testcrossapproachwith
MapQTL6.0[14], whichwasappliedbyanalyzingdatafor eachparentalmeiosisseparately.
Intervalmapping(IM) andmultiple QTL method(MQM) analysiswereperformedto detect
significantassociationsbetweenmarkersandphenotypictraitsusingaregressionapproach
(S1File).Genome-wideLOD thresholds(� < 0.05)weredeterminedfor eachtrait usingaper-
mutationtestwith 10,000iterations.Regionswith aLOD scoreabovethresholdvalueswere
consideredaspotentialQTL intervals.QTL thatoverlappedin sameregionswereconsidered
ascolocalizedQTL. In addition,thesequencesflankingSNPmarkerswithin theQTL intervals
weresearchedagainsttheNCBI NR databaseto obtaintheorthologousgenesusingtheNCBI
blastntool with ane-valuecutoffof 1× 10−5 [15]. Geneannotationwasconductedusingthe
UniProt databaseto predictgenefunction in theQTL regions.

Results

Phenotypic trait analysis

The`Raleighx Seville'mappingpopulationshowedawiderangeof phenotypicvariationfor all
evaluatedtraitsandin all independenttrials(Table1,Fig1).Valuesfor leafwidth (LW) ranged
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from 6.99to 11.42mm atGH, 5.44to 10.2mm atTFL,and5.95to 15.57mm atSRS.Leaf
length(LL) rangedfrom 41.93to 120.87mm atGH, 37.8to 59.26mm atTFL,and37.07to
60.22mm atSRS.Canopydensity(CD) rangedfrom 1 to 9atGH andTFL,and1.67to 8.33at
SRS.Shootgrowthorientation(SGO)rangedfrom 1.33to 9atGH (Table1). In addition,sig-
nificant effectsof genotype,location,andtheir interactionwereobservedfor all morphological
traits(Table1).QTL analysiswasconductedusingbothsinglelocationphenotypesandaver-
agevaluesacrosslocations.

Thedistributionsof LW, LL,CD andSGOwereapproximatelynormal,typicalof quantita-
tive inheritance(Fig1). In general,parentRaleighshowedhighertrait valuesfor LW andLL in
all trials,whileSevilleshowedhigherSGOvaluesin GH. Thetwo parentsshowedsimilarval-
uesfor CD in GH, but RaleighwashigheratTFLandSevillewashigheratSRS(Fig1).Trans-
gressivesegregationoccurredfor all traits towardsbothmaternalandpaternaldirections,but
it wasnot uniform, meaningthereweredifferentproportionsof transgressivesegregantsfor
differenttraitsandin differentlocations(Fig1).

Correlation of morphological and drought tolerance traits

Pearsoncorrelationcoefficientanalysiswasconductedto determinethecorrelationamong
differenttraitsandtrials.All evaluatedtraitsexceptSGOexhibitedsignificant(� < 0.05)posi-
tivecorrelationsamongdifferenttrials(Fig2).Amongdifferenttraits,LW showedpositive
correlationwith LL in all threetrials,negativecorrelationwith CD in GH andTFL,andnega-
tivecorrelationwith SGOin GH. In addition,LL showednegativecorrelationwith CD in all
threetrials,andnegativecorrelationwith SGOin GH. Lastly,SGOexhibitedpositivecorrela-
tion with CD in GH (Fig2).

Wefurther estimatedthecorrelationbetweenmorphologicaltraitsandthedroughtrelated
traitspreviouslyreportedin Yu etal.(2019)[10], which includedgreencoverprecent(GC) in
greenhouseexperimentsandnormalizeddifferencevegetativeindex(NDVI) in field trials.In
general,LW andLL showednegativecorrelationswith droughtrelatedtraits,whileCD and
SGOshowedpositivecorrelations(Fig2). In thegreenhousetrial, LL, CD andSGOshowed
significantcorrelationwith GC,whileLW wasnot significantlycorrelatedwith droughtGC.
In theTFLtrial, all threetraits(LL, LW andCD) showedsignificantcorrelationcoefficients

Table 1. Phenotypic data and variance components for leaf width (LW), leaf length (LL), canopy density (CD) and shoot growth orientation (SGO) for a

St. Augustinegrass Raleigh x Seville F1 population evaluated in greenhouse (GH) and field (Lake Wheeler Turf Field Laboratory, TFL and Sandhills Research Sta-

tion, SRS) trials.

Progeny value Variance Heritability (H2)

Trait Trial Raleigh Seville Min. Mean Max. Genotype (G) Location (L) G x L

LW(mm) GH 9.21 7.81 6.99 8.54 11.42 < .0001 < .0001 < .0001 0.611

TFL 7.59 6.91 5.44 7.06 10.20

SRS 8.29 7.53 5.95 7.48 15.57

LL (mm) GH 89.70 59.30 41.93 77.47 120.87 < .0001 < .001 < .0001 0.385

TFL 45.49 44.42 37.80 48.12 59.26

SRS 61.10 51.82 37.07 49.24 60.22

CD GH 6.67 6.67 1.00 5.94 9.00 < .0001 < .0001 < .0001 0.645

TFL 8.33 6.33 1.00 6.07 9.00

SRS 7.00 8.00 1.67 5.78 8.33

SGO GH 4.33 6.67 1.33 5.61 9.00 < .0001 NS NS 0.950

� NS,not significant.

https://doi.org/10.1371/journal.pone.0268004.t001
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with droughtNDVI. However,in theSRStrial, only CD showedsignificantpositivecorrela-
tion with NDVI, whilecorrelationsamongNDVI andLW/LL werenot significant(Fig2).

QTL detection for morphological traits

Averagetrait valueswithin andacrosstrials(BLUP)wereusedto identify QTL on theparental
linkagegroupsdevelopedfor the`Raleighx Seville'population[9]. SevenQTL weredetected
for CD, four for LL, fivefor LW, andtwo for SGO.Theseweredistributedon linkagegroups
RLG1,RLG9,SLG3,SLG7,SLG8andSLG9(Table2,Fig3).

ForCD, therewerethreeQTL identifiedin GH, onein SRS,threein TFL,andthreeQTL
for theBLUP.TheseQTL explainedfrom 13.4%to 17.6%of thevariance.Amongthem,three
QTL wereidentifiedin morethanoneenvironment,including �����. (TFLandBLUP),
�����.� (GH andBLUP)and����!. (SRSandTFL) (Table2).

ForLL, two QTL weredetectedin eachGH andSRSandthreefor theBLUP,whileno QTL
wasidentifiedin TFL.TheseQTL werespreadon RLG1,SLG3andSLG8,explaining14%to

Fig 1. Distribution of leaf width (LW), leaf length (LL), canopy density (CD) and shoot growth orientation (SGO) for a St. Augustinegrass Raleigh x

Seville F1 population evaluated in greenhouse (GH) and field (TFL and SRS) experiments. Solidtriangleindicatesvalueof Raleighandwhitetriangle
indicatesvalueof Seville.

https://doi.org/10.1371/journal.pone.0268004.g001
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21.6%of thephenotypicvariance.Amongthem,�""	 . and�""�#.� weredetectedin GH
andBLUP,and�""�#. wasdetectedin SRSandBLUP(Table2).

ForLW, threeQTL wereidentifiedin GH, onein TFL,andtwo for theBLUP.Meanwhile,
no QTL wereidentifiedin SRS.QTL for LW werelocatedon SLG3,SLG7,andSLG9,explain-
ing 13.1%- 23.5%of thephenotypicvariance.Therewasonly oneQTL (�"$�#.�) identified
in multiple environments(GH andBLUP)(Table2).

QTL analysisfor SGOincludedonly GH data.TwoQTL, locatedin differentregionsof
RLG1andexplaining16.9%and19%of thephenotypicvariance,wereidentified(Table2).

Colocalization of QTL

FollowingQTL analysis,severalQTL for differenttraitswerecolocalizedin thesamegenomic
regions.On linkagegroupRLG1,QTL for SGO(���%	 .�) andLL (�""	 . ) overlappedin
thesameregion(96.27±101.80cM) (Table2,Fig3).Notably,thereweretwo colocalized
regionson linkagegroupSLG3.In thefirst region(5.14±23.78),QTL for CD (����#.�), LL
(�""�#. ), andLW (�"$�#. ) overlapped.Thesecondregion(22.35±49.45cM) carriedQTL

Fig 2. Correlation of morphological and drought traits for a St. Augustinegrass Raleigh x Seville F1 population

evaluated in greenhouse (GH) and field (TFL and SRS). Morphological traits includeleafwidth (LW), leaflength
(LL), canopydensity(CD) andshootgrowthorientation (SGO),whiledroughttraitsincludepercentgreencover(GC)
andnormalizeddifferencevegetationindex(NDVI) reportedin Yu etal.(2019)[10].Bluecolor indicatespositive
correlation, whileredcolor indicatesnegativecorrelation,with moreintensecolorsfor moreextremecorrelations.
Correlationsnot significantlydifferentfrom 0arerepresentedbyawhitebox.

https://doi.org/10.1371/journal.pone.0268004.g002
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for LL (�""�#.�) andLW (�"$�#.�) (Table2,Fig3). Interestingly,wealsofound two previ-
ouslyreported[10] drought-relatedQTL locatedin this region,includingaQTL identifiedfor
leafrelativewatercontent(RWC)(RWC-S3.1,31.13±32.44cM) andaQTL for percentgreen
cover(GC) (GC-S3.1,32.69±33.10cM) (Fig3).

Identification of candidate genes
Flankingsequencesfor SNPmarkerswereusedto searchfor candidategeneswithin QTL
intervals.After genefunction annotation,ninecandidategeneswereidentifiedassociatedwith
droughttoleranceresponseandregulationof plantgrowthanddevelopment(Table3).These
genesincludetwo droughtstressresponsegenes:E3ubiquitin-protein ligase(PUB23)and
Beta-amylase1 (BAM1); two root growthregulationrelatedgenes:LRRreceptor-likeserine/
threonine-proteinkinase(GSO1)andAuxin-responsiveprotein IAA12; two genesinvolvedin
stomatalmovementregulation:root phototropismprotein2 (RPT2)andperiodictryptophan
protein2 (PWP2);andthreegenesinvolvedin regulationof plantgrowthanddevelopment:

Table 2. Quantitative trait loci (QTL) found to have association with morphological traits in a St. Augustinegrass Raleigh x Seville F1 population evaluated in green-

house (GH) and two field (TFL and SRS) trials.

QTL Env. LG Peak Position (cM) Interval (cM) Nearest Marker LOD Explained Variance (%) Additive Effect

QTL for canopy density (CD)

���	 . GH RLG1 67.41 63.02±74.27 SNP44527 4.68 17.2 -0.8601

����#.� GH SLG3 16.87 7.25±20.98 SNP54623 4.24 15.7 -0.8233

�����.� GH SLG8 56.63 56.49±60.98 SNP38207 3.75 14.1 -0.8017

����!. SRS SLG9 23.87 22.87±35.01 SNP17791 4.46 16.3 -0.6443

���	!. TFL RLG9 51.91 44.99±51.91 SNP55871 4.61 16.9 0.9583

�����. TFL SLG8 44.35 32.53±45.35 SNP27553 3.93 14.6 -0.8837

����!. TFL SLG9 33.47 SNP32817 3.6 13.4 -0.8487

����#. BLUP SLG3 2.49 1.49±2.49 SNP34326 3.92 14.5 -0.3955

�����. BLUP SLG8 45.35 32.53±45.88 SNP43685 4.83 17.6 -0.4368

�����.� BLUP SLG8 56.53 56.53±63.03 SNP38207 4.06 15 -0.3871

QTL for leaf length (LL)

�""	 . GH RLG1 101.4 96.27±101.80 SNP30596 4.53 16.7 0.6884

�""�#.� GH SLG3 33 30.63±42.31 SNP13076 4.51 16.6 0.6796

�""�#. SRS SLG3 20.78 7.77±23.78 SNP49435 4.45 16.3 2.0080

�""��. SRS SLG8 98.3 98.30±100.28 SNP45500 3.77 14 1.9064

�""	 . BLUP RLG1 101.4 95.79±105.40 SNP30596 4.38 16.1 1.0851

�""�#. BLUP SLG3 20.78 5.14±23.78 SNP49435 4.88 17.8 1.1224

�""�#.� BLUP SLG3 33 26.02±49.45 SNP13076 6.07 21.6 1.2440

QTL for leaf width (LW)

�"$�#. GH SLG3 22.55 16.23±23.69 SNP46773 5.43 19.7 0.4115

�"$�#.� GH SLG3 42.31 32.14±45.35 SNP47252 6.63 23.5 0.4505

�"$�&. GH SLG7 55.4 54.04±56.88 SNP33371 4.69 17.3 0.3892

�"$�&.� TFL SLG7 60.54 SNP25872 3.51 13.1 0.2912

�"$�#.� BLUP SLG3 42.42 22.35±44.75 SNP47252 4.49 16.5 0.1623

�"$�!. BLUP SLG9 103.03 87.83±105.18 SNP12790 4.74 17.3 0.1775

QTL for shoot growth orientation (SGO)

���%	 . GH RLG1 75.07 73.07±82.38 SNP2209 4.59 16.9 -0.8011

���%	 .� GH RLG1 101.4 96.87±103.19 SNP30596 5.21 19 -0.7790

� Env.,environment.LG, linkagegroup.LOD, logarithmof odds.

https://doi.org/10.1371/journal.pone.0268004.t002
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Gibberellin2-beta-dioxygenase3 (GA2OX3),F-box/LRR-repeatprotein17(FBL17)andS-
adenosylmethioninedecarboxylaseproenzyme(SAMDC1)(Table3).

Discussion
In thepresentstudy,weexpandedon theavailablegenomicandmolecularinformation for
St.Augustinegrass,oneof themostimportant warm-seasonturfgrassesin theU.S.,by taking

Fig 3. Distribution of quantitative trait loci (QTL) for morphological and canopy traits in a St. Augustinegrass Raleigh x Seville F1 population evaluated

in greenhouse (GH) and field (TFL and SRS) trials. Morphologicaltraitsincludeleafwidth (LW), leaflength(LL), canopydensity(CD) andshootgrowth
orientation(SGO).QTL for droughttraits includingpercentgreencover(GC)andrelativewatercontentin leaves(RWC)werepreviouslyreportedin Yu etal.
(2019)[10].

https://doi.org/10.1371/journal.pone.0268004.g003

Table 3. Identification of candidate genes within QTL intervals associated with drought tolerance and plant morphology in St. Augustinegrass.

Marker QTL Orthologous gene Biological function

SNP27941 �""�#. Rootphototropismprotein2 (RPT2) Stomataopeningregulation [16]

SNP31468 �""�#.� Periodictryptophan protein2 (PWP2) Stomatalmovementregulation [17]

SNP51461 �""�#.�'�"$�#.� LRRreceptor-like serine/threonine-proteinkinase(GSO1) Rootgrowthregulation [18]

SNP46773 �""�#. '�"$�#. '�"$�#.� Gibberellin2-beta-dioxygenase3 (GA2OX3) Plantarchitectureregulation[19]

SNP11556 �""�#. '����#.� E3ubiquitin-protein ligase(PUB23) Waterstressresponse[20]

SNP27987 ���	!. Beta-amylase1 (BAM1) Coldanddroughtstressresponses[21]

SNP32817 ����!. F-box/LRR-repeatprotein17(FBL17) Regulationof shootsystemmorphogenesis[22]

SNP39736 ����!. Auxin-responsiveprotein IAA12 Primaryroot initiation [23]

SNP5205 ���%	 . S-adenosylmethioninedecarboxylaseproenzyme(SAMDC1) Plantembryogenesis,growthanddevelopment [24]

https://doi.org/10.1371/journal.pone.0268004.t003
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advantageof high-densitygeneticmapsandmulti-environment experimentsto conductQTL
analysisfor morphologicaltraitsrelatedto waterusage.Currently,theapplicationof molecular
breedingfor mostturfgrassspeciesisstill in development,especiallyfor St.Augustinegrass.
Dueto theabsenceof areferencegenomein St.Augustinegrass,it oftenleadsto mis-assembly
andfalsepositiveSNPidentification.In addition,theoutcrossingnatureof thespeciesresults
in high levelsof heterozygosity[25,26].With theenormousadvancementsin next-generation
sequencingtechnology,high-throughputSNPmarkerswereidentified,andhigh-density
geneticmapsweredevelopedin St.Augustinegrassmorerecently[9]. To date,QTL analyses
havebeenreportedfor turf quality-relatedtraits,freezetolerance,droughttolerance,andgray
leafspotresistancein thisspecies[9, 10,11,27].However,wenoticedthatQTL for sometraits
not only influencedbygeneticbackground,but alsoheavilyaffectedbyenvironment.Even
thoughthesamepopulationwastestedin thisstudyandour previousreport [9], thereareonly
two commonQTL region(�����. ��� �����.�) identifiedfor canopydensityin bothstudies,
whichshowingsignificantenvironmentalvariablebetweendifferentexperimentaltrials.QTL
with moreenvironmentalstabilityneedto bevalidatedin futureprior to beappliedin marker-
assistedselectionfor St.Augustinegrassimprovement.

In turfgrass,droughttolerancemaybeimprovedbypossessingdeepandextensiveroot sys-
temsthat increasewateruptakeandmorphologicalandphysiologicaltraits that reducewater
loss.Wateruseisusuallyaffectedbywaterlossthroughshoot/leaftranspirationandsoilevapo-
ration,whichareconsideredto beassociatedwith shootandcanopycharacteristics.Kim and
Beardreportedthat turfgrassspeciesshowingprostrateshootgrowthhabit typicallyhave
lowerwateruseratesthangrasseswith anupright growthhabit [6]. Significantwaterusevaria-
tion hasbeenreportedamongdifferentturfgrassspeciesandcultivars,including
St.Augustinegrass,tall fescue,bermudagrass,zoysiagrass,seashorepaspalum,andcentipede-
grass[6]. Amongthem,St.Augustinegrassexhibitedamedium-lowwateruserate[6]. Kim
andBeardsuggestedthat thismight bedueto low canopyresistanceandhigh leafarea,which
in turn resultfrom St.Augustinegrass'low shootdensity,intermediateleaforientation,wide
leaf,andmediumverticalleafextensionrate[6]. In thepresentstudy,wealsoobservedawide
rangeof variationamongtheprogenyfor leafwidth andlength,canopydensity,andshoot
growthorientation(Table1). In our previousstudy,thispopulation(Raleighx Seville)was
reportedto exhibitsignificantsegregationfor droughttolerance-relatedtraits [10], which
promptedusto further examinethecorrelationbetweenmorphologicaltraitsanddrought-
relatedtraits.In general,LW andLL showednegativecorrelationwith drought-relatedtraits,
whileCD andSGOshowedpositivecorrelation(Fig2).TheseresultsverifiedthathigherLW
andLL couldenlargethetotal leafareaandresultin anincreasein transpirationsurface,
whichprobablycouldincreasewaterlossfrom transpiration.Meanwhile,highercanopyden-
sityandprostrateshootgrowthorientationpotentiallycontributedto highcanopyresistance
to waterevaporationfrom soil.

Althoughthecorrelationbetweenmorphologicaltraitsandwateruseratehasbeenwell
describedasabove,thegeneticbasisof thesetraitshasrarelybeenstudiedin turfgrass.The
correlationbetweenmorphologicalanddrought-relatedtraitswasfurther supportedby the
colocalizationof QTL for thosetraits.In thepresentstudy,two previouslyreporteddrought-
relatedQTL,onefor leafRWCandonefor GC,werefound to overlapwith QTL for LL and
LW on linkagegroupSLG3(Fig3) [10]. Althoughwedid not detectoverlapbetweendrought
QTL andCD andSGOQTL,wefoundoverlappingQTL for SGOandLL on RLG1,andover-
lappingQTL for CD,LL, andLW on SLG3(Table2,Fig3).Thesefindingssuggestthat the
geneticbasisof leaf/canopytraitsanddroughtrelatedtraitsarepartiallyoverlappingin
St.Augustinegrass.Within turfgrassspecies,QTL for morphologicaltraitswerealsoreported
in bermudagrassandperennialryegrass[28,29].QTL for droughttolerancewerereportedin
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bentgrassandSt.Augustinegrass[10,30,31].Currently,phenotypicrecurrentselectionhas
beensuccessfulin improvingdesirabletraits in mostturfgrassspecies,including
St.Augustinegrass.QTL analysessuggestthatmolecularbreedingmethods,suchasmarker
assistedselection,exhibitpotentialto beusedin St.Augustinegrassbreeding.Theoverlapping
QTL identifiedin thisstudyespeciallyrepresentpotentialcandidatesfor fine mappingandfor
further usein St.Augustinegrassimprovementaftervalidation.

Wefurther investigatedcandidategeneswithin QTL intervalsthatpotentiallycontrol
droughttoleranceandrelatedmorphologicaltraits.Threecandidategeneswerefound to be
relatedto theregulationof plantgrowthanddevelopment.Gibberellin2-beta-dioxygenase
(GA2oxs)couldregulateplantgrowthby inactivatingendogenousbioactivegibberellins
(GAs).Lo etal.(2008)reportedthatoverexpressionof GA2oxsin ricecouldresultsin semi-
dwarfism,increasedroot systemsandhighertiller numbers[19]. A F-box/LRR-repeatprotein
encodinggene(D3) wasidentifiedin ricetillering dwarfmutantsthroughmap-basedcloning
anddemonstratedplayacrucialrole in theregulationof riceshootbranchingthroughstrigo-
lactonessignalpathways[22,32].S-adenosylmethioninedecarboxylaseproenzymes
(SAMDCs)wereidentifiedfrom (	�)������� bushyanddwarfmutant,whichwereessential
for plantembryogenesis[24]. Thereweretwo waterstressresponsegenesidentified.Choetal.
(2008)reportedtwo E3ubiquitin ligases,PUB22andPUB23,coordinatelycontrol adrought
signalingpathwaybyubiquitinatingcytosolicRPN12ain (	�)������� [20]. Maruyamaetal.
(2009)suggestedthatexpressionof *(+ , encodingstarch-degradingenzymebeta-amylase,
increasedunderdehydrationconditionsbut decreasedundercoldconditions[21]. Addition-
ally,thereweretwo genesthatmight contributeto droughttolerancebymaintenanceof exten-
siveanddeeproot systems.A ��% genewasidentifiedin theintervalof �""�#.� and
�"$�#.�, whichcontrolsprimary root growthbymodulatingsucroseresponse[18]. It is inter-
estingthatour previousstudyalsoidentifieda��% genein theintervalof drought-related
QTL �$�,�#. [10], whichwasfound to overlapwith �""�#.� and�"$�#.� in thecurrent
study.Furtherstudywill beneededto determineif thesamegeneispresentwithin theseQTL
intervals.In addition,root phototropismprotein2 (RPT2)andperiodictryptophanprotein2
(PWP2)weresuggestedto beinvolvedin theregulationof stomataopeningandmovement
[16,17],which isalsoaprimary responseto waterbalancein plants.However,dueto thelimi-
tation of thepopulationsize,themappedQTL andidentifiedcandidategenesarestill prelimi-
nary,fine mappingwill beconductedto validatein largerpopulations.In addition,further
studyof candidategenesisneededto determinetheir function andpotentialto beusedto
improvewateruseratein St.Augustinegrass.

Conclusions
In thisstudy,wereportedthegeneticbasisof complexmorphologicaltraits in
St.Augustinegrass.QTL analysisrevealedsevenQTL for CD, four for LL, fivefor LW, andtwo
for SGOunderbothsingleenvironmentandacrossenvironmentsanalysis.In addition,three
overlappingQTL regionswereidentifiedon RLG1andSLG3,andoneof themon SLG3over-
lappedwith two previouslyreporteddrought-relatedQTL.Severalcandidategeneswereiden-
tified within theseQTL intervalsthatareinvolvedin theregulationof plantdevelopment,
stressresponse,root andstomatasystems.This is thefirst reportof QTL controllingmorpho-
logicaltraits thatpotentiallyrelatedto droughttolerancein St.Augustinegrass.Furtherfine
mapping,QTL validation,andcandidategeneidentificationwill contributeto our understand-
ing of thegeneticcontrol of morphologicaldevelopmentin St.Augustinegrass.Theputative
QTL developedin thisstudyhavepotentialvalueto beutilizedin St.Augustinegrassbreeding
programsthroughmarker-assistedbreeding.
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