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availabilityand quality of waterusedfor irrigating landscapeandlawns whichis oneof the
greatesthallengesheturfgrassndustryis facing.Thus,thereis acritical needto develop
St.Augustinegrassultivarswith improvedwateruseefficiencyto addressheseconcernsand
researchs neededo delineatehe geneticcontrol mechanism®f droughttolerancen
St.Augustinegrass.

EvapotranspiratiorfET) is oftenusedto quantify turfgrasswateruseby the totalamountof
waterlostfor growth andtranspiration(waterlossfrom theleaf)plusthe amountof waterlost
from the soil surfacgevaporation) 3, 4]. Evapotranspiratiomatesvaryacrosglifferentturf-
grasspeciesnd cultivarsandareoftenaffectedy environmentalconditions,including tem-
peraturewind, solarradiation, relativehumidity, and soil moisture[5]. Beyondthat, turfgrass
wateruseis alsoaffectedy plantgrowth and canopycharacteristicKim and Beard(1988)
suggestethatlow waterusein well-wateredurfgrassmaybeassociatewith (i) high canopy
resistanceo ET,which combinescharacteristicsuchashigh shootandleafdensityanda
more horizontalleafand shootorientation,and (ii) low leafareacomponentsncluding anar-
row leafwidth and slowverticalleafextensiorrates[6]. Turfgrasghat possessdsgh shoot
andleafdensityandasubstantiahorizontalleaforientationmayincreaseaesistancéo the
watervapormovementthroughthe canopy Low leafareacomponentseducetotal leafarea
andwaterlossfrom transpirationsurface$7]. Huang(2008)suggestethat grassspeciesvith
low waterusemay possesat leastoneof the combinedcharacteristicsf slowverticalgrowth,
prostrategrowth pattern,anddensecanopy[8]. However the geneticarchitectureof thesdeaf
morphologicaland canopycharacteristicgs not wellunderstoodn St.Augustinegrass.

Recentlysubstantiabeneticsandgenomicdnformation hasbeengeneratedn
St.Augustinegrasby takingadvantagef next-generatiorDNA sequencingechnology,
which hasallowedgeneticanalysisand QTL mappingto behigherefficient.Yu etal. (2018)
developedigh-densitylinkagemapscontaining2871singlenucleotidepolymorphism(SNP)
markersfrom a”Raleighx SevilleF; populationin St.Augustinegrasf]. Thispopulation
laterprovedto besegregatindor droughttolerancan both greenhouseandfield trials,and
QTL controlling severatlrought-relatedphysiologicatraits wereidentified[10]. Considering
theturfgrasswaterusealsocould beaffectedy plantgrowthand canopycharacteristicsye
intend to further characterizéhe morphologicatraits of "Raleighx Sevillepopulation,and
mappingQTL relatedto the interesttraits, which will shedlight on the geneticcontrol of water
usageandits potentialapplicationin marker-assistedelectionin St.Augustinegrass hus,the
objectiveof this studyinclude(i) evaluatingzarianceof morphologicakraitsin a Raleigtx
SevilleF; populationin both greenhouseandfield trialsand(ii) identifying QTL associated
with morphologicaland canopytraits that might havearolein droughttolerance.

Materials and methods

Mapping population

The Raleighk "SevilleF, mappingpopulationof St. Augustinegrasasedin this studywas
previouslydevelopedy Kimball etal. (2018)and contains115hybrids[11]. The SNP-based
high-densitylinkagemapsderivedfrom this "Raleighx Sevillepopulationweredevelopedy
Yu etal.(2018)[9]. In generaltwo parentaimapswerecreatedusingpseudo-testcrogaethod
that containingnine linkagegroupsfor eachparent,which correspondo the nine chromo-
somedor diploid St.AugustinegrassiamedRLG1-RLG%or the RaleighmapandSLG1-SLG9
for the Sevillemap.For QTL analysis¢lonesof all 115F; individualsand parentallineswere
plantedin randomizedcompleteblock designswith threereplicatesatthe North Carolina
StateUniversityGreenhousefGH; RaleighNC), the LakeWheelerTurf FieldLaboratory
(TFL; RaleighNC) andthe SandhillsSResearclstation(SRSJacksorspringsNC).
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Phenotypic analysis

Plantsin the greenhoustrial werevegetativelpropagatedn 15cmdiameterby 11cmdeep
potsfilled with amix of sandand Fafardpotting mix (ConradFafardinc, AgawamMA).
Plantswereestablishedor ten weekdo allowsufficientgrowthto form auniform canopy.The
TFL and SRSield trialswereplantedfrom eight4-inch plugsin 0.91m x 0.91m plotswith
0.46m alleysn betweenPlotsweremowedweeklyat a heightof 6.35cm, irrigated,fertilized
andpesticideappliedaccordingto recommendedracticesor NC [11]. Threemorphological
traitsrelatedto waterusagewvererecordedacrosghethreeexperimentatrialsincluding leaf
bladewidth (LW), leafbladelength(LL), and canopydensity(CD). Fully expandedeave®n
similar maturity werecollectecbetweermowingintervalfor measurementor LW andLL a
digital caliperwasusedto measurdive fully expandedeafsamplegper pot/plot. Leafwidth
wasmeasureditthe widestpoint of theleaf(midpoint), andLL wasmeasuredsthelengthof
thebladefrom the collarregionto the leaftip [7]. Canopydensitywasvisuallyratedaccording
to the National TurfgrassEvaluationProgram'YNTEP) guidelineson scaleof 1+9where9
indicatesmaximumdensity[12]. In addition, shootgrowth orientation (SGO)wascollected
only from the greenhous¢rial andwasestimatedvisuallyon ascaleof 1 to 9, with 1 being
entirelyverticaland9 beingentirelyhorizontal[6].
Morphologicaldatawereanalyzedisingthe GLM proceduren SAS(SASInstitute, Cary,
NC). Correlationanalysisvasperformedusingthe CORRproceduren SASSASInstitute,
Cary,NC). LeastsquaremeangLSmeans)verecalculatedisingPROCGLM to obtainthe
averagevalueoverthreereplicatesyhich wereusedfor QTL analysisn eachtrial. In addition,
QTL wereidentified acrosdrials using?estimatedbestlinear unbiasedredicationg BLUP)
of the setof genotypegvaluatedBLUPvaluesveredeterminedusingthe R packagelme4'
[13]followingthemodel: =p+ + + o+ +¢,where = effectoftrial ;
= effectof replicate within trial ; = effectof genotype; = effectof interaction
betweergenotype andtrial ; e = effectof error. All termswereconsiderecasrandomexcept
for the overallmean(y). Broad-senskeritability () wascalculatedaccordingto = Vg/
(Vg + VeE + Ve/ER),whereVg = variancefor genotypeV cg = variancefor genotype-trial
interaction;Ve = residualvariance.

QTL detection

QTL analysisvasperformedusingthe integratedtwo-waypseudo-testcrospproachwith
MapQTL6.0[14], whichwasappliedby analyzingdatafor eachparentalmeiosisseparately.
Intervalmapping(IM) andmultiple QTL method(MQM) analysisvereperformedto detect
significantassociationbetweermarkersand phenotypictraits usingaregressiorapproach
(S1File).Genome-widd-OD thresholdy < 0.05)weredeterminedfor eachtrait usingaper-
mutationtestwith 10,000terations.Regionswith aLOD scoreabovethresholdvaluesvere
consideredaspotentialQTL intervals.QTL thatoverlappedn sameregionswereconsidered
ascolocalizedQTL. In addition, the sequencefanking SNPmarkerswithin the QTL intervals
weresearchedgainsthe NCBI NR databaséo obtainthe orthologousgenesisingthe NCBI
blastntool with ane-valuecutoff of 1 x 107 [15]. Geneannotationwasconductedusingthe
UniProt databaséo predictgenefunctionin the QTL regions.

Results
Phenotypic trait analysis

The Raleighx Sevillemappingpopulationshowedawide rangeof phenotypicvariationfor all
evaluatedraitsandin allindependentrials (Tablel, Fig 1). Valuesfor leafwidth (LW) ranged
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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 F; population evaluated in greenhouse (GH) and field (Lake Wheeler Turf Field Laboratory, TFL and Sandhills Research Sta-

tion, SRS) trials.

Trait Trial
LW(mm) GH
TFL

SRS
LL (mm) GH
TFL

SRS
CD GH
TFL

SRS
SGO GH

* NS, not significart.

Raleigh
9.21
7.59
8.29

89.70
45.49
61.10
6.67
8.33
7.00
4.33

Progeny value Variance Heritability (H?)

Seville Min. Mean Max. Genotype (G) Location (L) GxL

7.81 6.99 8.54 11.42 <.0001 <.0001 <.0001 0.611
6.91 5.44 7.06 10.20

7.53 5.95 7.48 15.57

59.30 41.93 77.47 120.87 <.0001 <.001 <.0001 0.385
44.42 37.80 48.12 59.26

51.82 37.07 49.24 60.22

6.67 1.00 5.94 9.00 <.0001 <.0001 <.0001 0.645
6.33 1.00 6.07 9.00

8.00 1.67 5.78 8.33

6.67 1.33 5.61 9.00 < .0001 NS NS 0.950

https://da.org/10.1371durnal.pon®268004.t001

from 6.99to 11.42mm at GH, 5.44to 10.2mm at TFL,and5.95to 15.57mm at SRSLeaf
length(LL) rangedfrom 41.93to 120.87mm atGH, 37.8to 59.26mm at TFL,and37.07%o
60.22mm at SRSCanopydensity(CD) rangedfrom 1to 9atGH and TFL,and 1.67to 8.33at
SRSShootgrowth orientation (SGO)rangedfrom 1.33to 9 at GH (Tablel). In addition, sig-
nificant effectsof genotypelocation,andtheir interactionwereobservedor all morphological
traits (Tablel). QTL analysisvasconductedusingboth singlelocationphenotype@ndaver-
agevaluesacrosdocations.

Thedistributionsof LW, LL, CD and SGOwereapproximatelynormal, typicalof quantita-
tive inheritance(Fig 1). In generalparentRaleighshowedhighertrait valuedor LW andLL in
alltrials, while SevilleshowedigherSGOvaluesn GH. Thetwo parentsshowedsimilar val-
uesfor CD in GH, but Raleighwashigherat TFL and Sevillewashigherat SRYFig 1). Trans-
gressivesegregatiomccurredfor all traits towardsboth maternaland paternaldirections,but
it wasnot uniform, meaningthereweredifferentproportionsof transgressiveegreganttor
differenttraitsandin differentlocations(Fig 1).

Correlation of morphological and drought tolerance traits

Pearsorcorrelationcoefficientanalysisvasconductedo determinethe correlationamong
differenttraits andtrials. All evaluatedraits exceptSGOexhibitedsignificant( < 0.05)posi-
tive correlationsamongdifferenttrials (Fig 2). Amongdifferenttraits, LW showedositive
correlationwith LL in all threetrials, negativecorrelationwith CD in GH and TFL,andnega-
tive correlationwith SGOin GH. In addition, LL showecdhegativecorrelationwith CD in all
threetrials,and negativecorrelationwith SGOin GH. Lastly,SGOexhibitedpositivecorrela-
tion with CD in GH (Fig 2).

We further estimatedhe correlationbetweermorphologicalraits andthe droughtrelated
traits previouslyreportedin Yu etal. (2019)[10], whichincludedgreencoverprecent(GC)in
greenhousexperimentsandnormalizeddifferencevegetativéindex (NDVI) in field trials. In
generallLW andLL showedhegativecorrelationswith droughtrelatedtraits, while CD and
SGOshowedbositivecorrelationg(Fig 2). In thegreenhoustrial, LL, CD and SGOshowed
significantcorrelationwith GC,while LW wasnot significantlycorrelatedwith drought GC.
In the TFL trial, all threetraits (LL, LW and CD) showedksignificantcorrelationcoefficients
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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 F, population evaluated in greenhouse (GH) and field (TFL and SRS) experiments. Solidtriangleindicatesvalueof Raleighandwhite triangle
indicatesvalueof Seville.

https://da.org/10.137 1§urnal.pon®268004.g0D

with droughtNDVI. However,n the SRSrial, only CD showedsignificantpositivecorrela-
tion with NDVI, while correlationsamongNDVI and LW/LL werenot significant(Fig 2).

QTL detection for morphological traits

Averagedrait valueswithin andacrosdrials (BLUP)wereusedto identify QTL on the parental
linkagegroupsdevelopedor the “Raleighx Sevillepopulation[9]. SeverQTL weredetected
for CD, four for LL, fivefor LW, andtwo for SGO.Theseweredistributedon linkagegroups
RLG1,RLG9,SLG3SLG7SLG8andSLGY(Table2,Fig3).

For CD, therewerethreeQTL identifiedin GH, onein SRSthreein TFL,andthreeQTL
for the BLUP.TheseQTL explainedrom 13.4%o0 17.6%of thevariance Amongthem,three
QTL wereidentifiedin morethanoneenvironment,including . (TFLandBLUP),

(GH andBLUP)and ! (SRSaNdTFL) (Table2).

ForLL,two QTL weredetectedn eachGH and SRSandthreefor the BLUP,whileno QTL

wasidentifiedin TFL. TheseQTL werespreadbn RLG1,SLG3and SLG8explainingl4%to
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Fig 2. Correlation of morphological and drought traits for a St. Augustinegrass Raleigh x Seville F, population
evaluated in greenhouse (GH) and field (TFL and SRS). Morphologialtraitsincludeleafwidth (LW), leaflength
(LL), canopydensity(CD) andshootgrowth orientation (SGO),while droughttraitsincludepercentgreencover(GC)
andnormalizeddifferencevegetatiorindex(NDVI) reportedin Yu etal.(2019)[10]. Bluecolorindicatespositive
correlatian, whilered color indicatesnegativecorrelation,with moreintensecolorsfor moreextremecorrelatians.
Correlatonsnot significantlydifferentfrom 0 arerepresentedy awhite box.

https://abi.org/10.1371durnal.por.0268004.902

21.6%of the phenotypicvariance Among them, and " #. weredetectedn GH
andBLUP,and ™ #. wasdetectedn SRSandBLUP(Table2).

ForLW, threeQTL wereidentifiedin GH, onein TFL,andtwo for the BLUP.Meanwhile,
no QTL wereidentifiedin SRSQTL for LW werelocatedon SLG3 SLG7and SLG9explain-
ing 13.1% 23.5%of the phenotypicvarianceTherewasonlyoneQTL ("$ #.) identified
in multiple environmentgGH and BLUP)(Table2).

QTL analysigor SGQincludedonly GH data.Two QTL, locatedin differentregionsof
RLG1andexplaining16.9%and 19%of the phenotypicvariancewereidentified (Table2).

Colocalization of QTL

FollowingQTL analysisseveraQTL for differenttraits werecolocalizedn the samegenomic
regions.On linkagegroupRLG1,QTLfor SGO( % .) andLL(™ .) overlappedn
thesameregion(96.27+101.86M) (Table2, Fig 3). Notably,thereweretwo colocalized
regionson linkagegroupSLG3In thefirst region(5.14+23.78QTLforCD( #.), LL
("™#.), andLW ("$#.) overlappedThesecondegion(22.35+49.46M) carriedQTL
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Table 2. Quantitative trait loci (QTL) found to have association with morphological traits in a St. Augustinegrass Raleigh x Seville F, 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 SNP4437 4.68 17.2 -0.8601
#. GH SLG3 16.87 7.25+20.98 SNP54@83 4.24 15.7 -0.8233
. GH SLG8 56.63 56.49+60.98 SNP38R7 3.75 14.1 -0.8017
8 SRS SLG9 23.87 22.87+35.01 SNP1791 4.46 16.3 -0.6443
8 TFL RLGY 51.91 44.99+51.91 SNP5581 4.61 16.9 0.9583
. TFL SLG8 44.35 32.53+45.35 SNP2753 3.93 14.6 -0.8837
B TFL SLG9 33.47 SNP3287 3.6 134 -0.8487
#. BLUP SLG3 2.49 1.49+2.49 SNP3436 3.92 14.5 -0.3955
BLUP SLG8 45.35 32.53+45.88 SNP4385 4.83 17.6 -0.4368
. BLUP SLG8 56.53 56.53+63.03 SNP38Q7 4.06 15 -0.3871
QTL for leaf length (LL)
GH RLG1 101.4 96.27+101(8 SNP3096 4.53 16.7 0.6884
"% GH SLG3 33 30.63+42.31 SNP130@6 451 16.6 0.6796
" #. SRS SLG3 20.78 7.77+23.78 SNP4935 4.45 16.3 2.0080
SRS SLG8 98.3 98.30+1002 SNP4580 3.77 14 1.9064
. BLUP RLG1 101.4 95.79+10504 SNP3096 4.38 16.1 1.0851
" #. BLUP SLG3 20.78 5.14+23.78 SNP4935 4.88 17.8 1.1224
" BLUP SLG3 33 26.02+£49.45 SNP130@6 6.07 21.6 1.2440
QTL for leaf width (LW)
"$ #. GH SLG3 22.55 16.23+23.69 SNP4673 5.43 19.7 0.4115
"$ #. GH SLG3 42.31 32.14+45.35 SNP4732 6.63 235 0.4505
"$ &. GH SLG7 55.4 54.04+56.88 SNP3331 4.69 17.3 0.3892
"$ &. TFL SLG7 60.54 SNP2582 3.51 13.1 0.2912
"$ #. BLUP SLG3 42.42 22.35+44.75 SNP4732 4.49 16.5 0.1623
"$ 1. BLUP SLG9 103.03 87.83+1054 SNP12%0 4.74 17.3 0.1775
QTL for shoot growth orientation (SGO)
% . GH RLG1 75.07 73.07+£82.38 SNP220 4.59 16.9 -0.8011
% . GH RLG1 101.4 96.87+1034 SNP3096 5.21 19 -0.7790

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

https://da.org/10.1371durnal.pon®268004.t002

forLL(™#.) andLW ("$#.) (Table2,Fig3).Interestinglywealsofoundtwo previ-
ouslyreported[10] drought-relatedQTL locatedin thisregion,including a QTL identified for
leafrelativewatercontent(RWC) (RWC-S3.131.13+32.4dM) anda QTL for percentgreen
cover(GC) (GC-S3.132.69+33.16M) (Fig 3).

Identification of candidate genes

Flankingsequencefor SNPmarkerswereusedto searchor candidategeneswithin QTL
intervals After genefunction annotation,nine candidategenesvereidentified associatewith
droughttoleranceresponsandregulationof plantgrowthanddevelopmen{Table3). These
genesncludetwo droughtstresgesponsgenesE3ubiquitin-protein ligasgPUB23)and
Beta-amylas& (BAM1); two root growthregulationrelatedgenest. RRreceptor-likeserine/
threonine-proteinkinase(GSO1)and Auxin-responsiveprotein IAA12; two genesnvolvedin
stomataimovementegulation:root phototropismprotein 2 (RPT2)and periodictryptophan
protein 2 (PWP2);andthreegenesnvolvedin regulationof plantgrowthanddevelopment:
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Fig 3. Distribution of quantitative trait loci (QTL) for morphological and canopy traits in a St. Augustinegrass Raleigh x Seville F, population evaluated
in greenhouse (GH) and field (TFL and SRS) trials. Morphologicaltraitsincludeleafwidth (LW), leaflength(LL), canopydensity(CD) andshootgrowth

orientation(SGO).QTL for droughttraitsincluding percentgreencover(GC) andrelativewatercontentin leavefRWC)werepreviouslyreportedin Yu etal.
(2019)[10].

https://da.org/10.137 1durnal.pon®268004.g08

Gibberellin2-beta-dioxygenas&(GA20X3),F-box/LRR-repegprotein 17 (FBL17)and S-
adenosylmethionineecarboxylasproenzymg SAMDC1)(Table3).

Discussion

In the presentstudy,weexpandedn the availablegenomicand molecularinformation for
St.Augustinegras®neof the mostimportant warm-seasoturfgrasses the U.S. by taking

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 | "™#. Rootphototropism protein2 (RPT2) Stomataopeningregulation [16]

SNP31468 | "™ #. Periodictryptophan protein 2 (PWP2) Stomatamovementregulaton [17]

SNP51461 | "™#. '"$ #. LRRreceptor-lke serine/threonire-proteinkinase(GSO1) Rootgrowthregulaton [18]

SNP46773 | "™#.'"$#.'"$ #. Gibberellin2-beta-doxygenas® (GA20X3 Plantarchitectureregulation[19]

SNP11556 | "™#.' #. E3ubiquitin-protein ligasg(PUB23) Waterstresgesporse[20]

SNP27987 I Beta-amylasg (BAM1) Coldanddroughtstresgesponsef21]
SNP32817 . F-box/LRR-r@eatprotein 17 (FBL17) Regulatiorof shootsystenmorphogensis[22]
SNP39736 I Auxin-resporsiveprotein IAA12 Primaryroot initiation [23]

SNP5205 % . S-adenosylethioninedecarboxiaseproenzyne (SAMDC1) Plantembrya@enesisgrowthand developnent[24]

https://da.org/10.137 14urnal.pon®268004.t003
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advantagef high-densitygeneticmapsand multi-environmert experimentgo conductQTL
analysigor morphologicaltraits relatedto waterusageCurrently,the applicationof molecular
breedingfor mostturfgrassspeciess still in developmentespeciallyor St.Augustinegrass.
Dueto theabsencef areferencegenomen St.Augustinegrasst oftenleadso mis-assembly
andfalsepositiveSNPidentification.In addition,the outcrossinghatureof the speciesesults
in high levelsof heterozygosity25, 26]. With the enormousadvancements next-generation
sequencingechnologyhigh-throughputSNPmarkerswereidentified,and high-density
genetiomapsweredevelopedn St.Augustinegrasmorerecently[9]. To date,QTL analyses
havebeenreportedfor turf quality-relatedraits, freezeolerancedroughttoleranceandgray
leafspotresistancén this specie$9, 10,11,27].Howeverwenoticedthat QTL for sometraits
not only influencedby genetichackgroundbut alsoheavilyaffectedby environment.Even
thoughthe samepopulationwastestedn this studyandour previousreport[9], thereareonly
two commonQTL region( . D) identified for canopydensityin both studies,
which showingsignificantenvironmentalvariablebetweerdifferentexperimentatrials. QTL
with more environmentalstabilityneedto bevalidatedn future prior to beappliedin marker-
assistedelectiorfor St.Augustinegrasenprovement.

In turfgrassdroughttolerancemaybeimprovedby possessindeepand extensiveoot sys-
temsthatincreasevateruptakeand morphologicaland physiologicatraits that reducewater
loss Wateruseis usuallyaffectechy waterlossthroughshoot/leatranspirationandsoil evapo-
ration, whichareconsideredo beassociatewith shootand canopycharacteristicKim and
Beardreportedthat turfgrassspecieshowingprostrateshootgrowth habittypicallyhave
lowerwateruseratesthangrassewith anupright growth habit[6]. Significantwaterusevaria-
tion hasbeenreportedamongdifferentturfgrassspeciesind cultivars,including
St.Augustinegrasdall fescuebermudagrasgoysiagrasseashorpaspalumand centipede-
grasg6]. Amongthem, St.Augustinegrasexhibitedamedium-lowwateruserate[6]. Kim
andBeardsuggestethat this might bedueto low canopyresistancendhigh leafareawhich
in turn resultfrom St.Augustinegrassow shootdensity intermediateleaforientation,wide
leaf,andmediumverticalleafextensiorrate[6]. In the presentstudy,wealsoobservediwide
rangeof variationamongthe progenyfor leafwidth andlength,canopydensity,and shoot
growthorientation(Tablel).In our previousstudy,this population(Raleighx Sevillewas
reportedto exhibitsignificantsegregatiorfior droughttolerance-relatetraits[10], which
promptedusto further examinethe correlationbetweermorphologicaltraits anddrought-
relatedtraits.In generallLW andLL showedhegativecorrelationwith drought-relatedraits,
while CD and SGOshowedpositivecorrelation(Fig 2). Theseresultsverifiedthat higher LW
andLL couldenlargethetotal leafareaandresultin anincreaseén transpirationsurface,
which probablycouldincreasavaterlossfrom transpiration.Meanwhile highercanopyden-
sity and prostrateshootgrowth orientation potentiallycontributedto high canopyresistance
to waterevaporatiorfrom soil.

Althoughthe correlationbetweermorphologicaltraits and wateruserate hasbeenwell
describedasabovethe genetichasisof thesdraits hasrarelybeenstudiedin turfgrassThe
correlationbetweermorphologicaland drought-relatedraits wasfurther supportedby the
colocalizatiorof QTL for thosetraits. In the presentstudy,two previouslyreporteddrought-
relatedQTL, onefor leafRWCandonefor GC,werefound to overlapwith QTL for LL and
LW on linkagegroup SLG3(Fig 3) [10]. Althoughwedid not detectoverlapbetweerdrought
QTL andCD and SGOQTL, wefound overlappingQTL for SGOandLL on RLG1,andover-
lappingQTL for CD, LL,andLW on SLG3(Table2, Fig 3). Thesdindingssuggesthatthe
genetichasisof leaf/canopytraits anddroughtrelatedtraits arepartially overlappingn
St.AugustinegrasaVithin turfgrassspeciesQTL for morphologicaltraits werealsoreported
in bermudagrasandperennialryegras$28, 29]. QTL for droughttolerancewerereportedin
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bentgrassnd St.AugustinegrasglL0, 30,31]. Currently, phenotypicrecurrentselectiorhas
beensuccessfuh improving desirabldraitsin mostturfgrassspeciesincluding
St.Augustinegras€QTL analysesuggesthat molecularbreedingmethods suchasmarker
assistedelectionexhibit potentialto beusedin St.Augustinegrasbreeding.Theoverlapping
QTL identifiedin this studyespeciallyepresenpotentialcandidategor fine mappingandfor
further usein St.Augustinegrassnprovementaftervalidation.

We further investigatedandidategeneswithin QTL intervalsthat potentiallycontrol
droughttoleranceandrelatedmorphologicaltraits. Threecandidategenesverefound to be
relatedto the regulationof plantgrowth and developmentGibberellin2-beta-dioxygenase
(GA2oxs)couldregulateplant growth by inactivatingendogenousioactivegibberellins
(GAs).Loetal. (2008)reportedthat overexpressionf GA2oxsin rice couldresultsin semi-
dwarfism,increasedoot systems&ndhighertiller numbers[19]. A F-box/LRR-repegprotein
encodinggene(D3) wasidentifiedin ricetillering dwarf mutantsthroughmap-basedloning
anddemonstrateglayacrucialrolein the regulationof rice shootbranchingthroughstrigo-
lactonessignalpathwayg22, 32]. S-adenosylmethionindecarboxylasproenzymes
(SAMDCs)wereidentifiedfrom ( ) bushyanddwarf mutant,whichwereessential
for plantembryogenesig4]. Thereweretwo waterstresgesponsgenesdentified. Choetal.
(2008)reportedtwo E3ubiquitin ligasesPUB22and PUB23 coordinatelycontrol adrought
signalingpathwayby ubiquitinating cytosolicRPN12an ( ) [20]. Maruyamaetal.
(2009)suggestethatexpressiomf*(+, encodingstarch-degradingnzymebeta-amylase,
increasedinderdehydrationconditionsbut decreasedndercold conditions[21]. Addition-
ally, thereweretwo geneshat might contributeto droughttoleranceby maintenancef exten-
siveanddeeproot systemsA % genewasidentifiedin theintervalof ™ #. and

"$#., whichcontrolsprimary root growth by modulatingsucroseesponsg18]. It isinter-
estingthat our previousstudyalsoidentifieda % genein theintervalof drought-related
QTL $, #. [10], whichwasfound to overlapwith " #. and "$#. inthecurrent
study.Furtherstudywill beneededo determineif the samegeneis presentwithin theseQTL
intervals.In addition, root phototropismprotein 2 (RPT2)and periodictryptophanprotein 2
(PWP2)weresuggestetb beinvolvedin the regulationof stomataopeningand movement
[16,17],whichis alsoaprimary responsé¢o waterbalancen plants.However,dueto thelimi-
tation of the populationsize the mappedQTL andidentified candidategenesarestill prelimi-
nary,fine mappingwill beconductedo validatein largerpopulationsin addition, further
studyof candidategeness neededo determinetheir function and potentialto beusedto
improvewateruseratein St.Augustinegrass.

Conclusions

In this study,wereportedthe genetichasisof complexmorphologicaltraitsin
St.Augustinegras€QTL analysisevealedeverQTL for CD, four for LL, five for LW, andtwo
for SGOunderboth singleenvironmentandacrosenvironmentsanalysisin addition, three
overlappingQTL regionswereidentified on RLG1and SLG3andoneofthemon SLG3over-
lappedwith two previouslyreporteddrought-relatedQTL. Severatandidategenesvereiden-
tified within theseQTL intervalsthat areinvolvedin theregulationof plantdevelopment,
stresgesponse;oot and stomatasystemsThisis thefirst report of QTL controlling morpho-
logicaltraitsthat potentiallyrelatedto droughttolerancan St.Augustinegrasg-urtherfine
mapping,QTL validation,and candidategeneidentificationwill contributeto our understand-
ing of the geneticcontrol of morphologicaldevelopmenin St.Augustinegrassthe putative
QTL developedn this studyhavepotentialvalueto beutilizedin St.Augustinegrasbreeding
programsthrough marker-assistetireeding.
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