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Background: Geminivirus (family Geminiviridae) is a prevalent plant virus that imperils

agriculture globally, causing serious damage to the livelihood of farmers, particularly in

developing countries. The virus evolves rapidly, attributing to its single-stranded genome

propensity, resulting in worldwide circulation of diverse and viable genomes. Genomics is a

prominent approach taken by researchers in elucidating the infectious mechanism of the

virus. Currently, NCBI Viral Genome website is a popular repository of viral genomes that

conveniently provides researchers a centralized data source of genomic information.

However, unlike the genome of living organisms, viral genomes most often maintain

peculiar characteristics that fit into no single genome architecture. By imposing a unified

annotation scheme on the myriad of viral genomes may downplay their hallmark features.

For example, virion of Begomovirus prevailing in America encapsulates two similar-sized

circular genomes and both are required to maintain virulence. But, the two bipartite

genomes are kept separately in NCBI with no explicit association in linking them. Thus, our

goal is to build a comprehensive Geminivirus genomics database, namely gb4gv, that not

only preserves genomic characteristics of the virus, but also supplements biologically

relevant annotations that help to interrogate this virus e.g. the targeted host, putative

iterons, siRNA targets etc. Methods: We have employed manual and automatic methods

to curate 508 genomes from four major genera of Geminiviruses, and 161 associated

satellites obtained from NCBI RefSeq and PubMed databases. Results: These data are

available for free access without registration from our website. Besides genomic content,

our website provides visualization capability inherited from UCSC Genome Browser.

Discussion: With the genomic information readily accessible, we hope that our database

will inspire researchers in gaining better understanding about this virus, resulting in

insightful strategies to conquer the devastation inflicted agriculture. Availability and

Implementation: Database URL: http://gb4gv.lafayette.edu .
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Abstract7

Background:Geminivirus(familyGeminiviridae)isaprevalentplantvirusthatimperils8

agricultureglobally,causingseriousdamagetothelivelihoodoffarmers,particularlyin9

developingcountries.Thevirusevolvesrapidly,attributingtoitssingle½strandedgenome10

propensity,resultinginworldwidecirculationofdiverseandviablegenomes.Genomicsisa11

prominentapproachtakenbyresearchersinelucidatingtheinfectiousmechanismofthe12

virus.Currently,NCBIViralGenomewebsiteisapopularrepositoryofviralgenomesthat13

convenientlyprovidesresearchersacentralizeddatasourceofgenomicinformation.14

However,unlikethegenomeoflivingorganisms,viralgenomesmostoftenmaintain15

peculiarcharacteristicsthatfitintonosinglegenomearchitecture.Byimposingaunified16

annotationschemeonthemyriadofviralgenomesmaydownplaytheirhallmarkfeatures.17

Forexample,virionofBegomovirusprevailinginAmericaencapsulatestwosimilar½sized18

circulargenomesandbotharerequiredtomaintainvirulence.But,thetwobipartite19

genomesarekeptseparatelyinNCBIwithnoexplicitassociationinlinkingthem.Thus,our20

goalistobuildacomprehensiveGeminivirusgenomicsdatabase,namelygb4gv,thatnot21

onlypreservesgenomiccharacteristicsofthevirus,butalsosupplementsbiologically22
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relevantannotationsthathelptointerrogatethisviruse.g.thetargetedhost,putative23

iterons,siRNAtargetsetc.24

Methods:Wehaveemployedmanualandautomaticmethodstocurate508genomesfrom25

fourmajorgeneraofGeminiviruses,and161associatedsatellitesobtainedfromNCBI26

RefSeqandPubMeddatabases.27

Results:Thesedataareavailableforfreeaccesswithoutregistrationfromourwebsite.28

Besidesgenomiccontent,ourwebsiteprovidesvisualizationcapabilityinheritedfrom29

UCSCGenomeBrowser.30

Discussion:Withthegenomicinformationreadilyaccessible,wehopethatourdatabase31

willinspireresearchersingainingbetterunderstandingaboutthisvirus,resultingin32

insightfulstrategiestoconquerthedevastationinflictedagriculture.33

AvailabilityandImplementation:DatabaseURL:http://gb4gv.lafayette.edu.34

35

SubjectsBioinformatics,Databases36

KeywordsGeminiviridae,Geminivirus,Begomovirus,Mastrevirus,Curtovirus,37

alphasatellite,betasatellite,UCSCGenomeBrowser38

39

Introduction40

Geminiviruses(familyGeminiviridae)haveemergedasoneofthemostprevalentand41

detrimentalplantvirusesinagricultureworldwideoverthelast20years.Intermsof42

numberofspecies,theyhavebecomethelargestgroupofplantvirusestoexisttoday.This43

isasignificantthreatbothsociallyandeconomicallyasGeminivirusesarethemost44

destructivepathogensforstaplecropsinsubsistenceagriculturelikebeans,cotton,maize,45
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sweetpotatoandtomato.TheeconomicimpactofGeminivirusinfectioncanbeseenacross46

theglobe:Pakistanlostanestimated$5billionforinfectionincottonbetween1992½1997,47

Indialostanestimated$300millionforinfectioningrainlegumesin1992,andFloridalost48

approximately$140millionforinfectionintomatoin1999(Varma&Malathi2003).49

ThespreadofGeminivirusesandtheseverityoftheirinfectionshavebeen50

increasinglyclimbingduetotheirvirulencetoinfectmultiplehoststhroughtheirinsect51

vectorBemisiatabaci(whitefly)(Ghanimetal.2001).Geminivirusesoftenworkaspartofa52

diseasecomplex:amixtureofviralspecies,isolatesandDNAsatellites.Moreover,theyare53

abletoundergomutation,recombinationandreassortmentbothfrequentlyandrapidly.54

Together,thesefactorsincreasethediversityandcapabilitiesofthefamily,allowingthem55

toinvadenewhostsandnewenvironmentswithoutcomplication.Inordertoprevent56

Geminivirusesfrombecomingevenmoreofathreattoourgrowinghumanpopulation,itis57

criticalthatscientistsareabletobetterunderstandthegenomicsequencesoftheseviruses.58

Geminivirusesrelyheavilyontheirhost9scellularmachinerysohavingagreater59

knowledgeoftheirgeneticmakeupwillallowscientiststoformulatebiotechnological60

meanstohelpplantsfighttheirattackerssuccessfully.61

Geminivirusescompriseafamilyofplantvirusesthatexistintheformoftwinned62

icosahedralparticlesholdingsmall,circular,singlestrandeddeoxyribonucleicacid(ssDNA)63

genomes.ThessDNAgenomestructureenablesittoevolveathighratecomparabletoRNA64

viruses(Duffyetal.2008).Theviralgenomeencodesonly5½7proteins,making65

Geminivirusesoneofthesmallestvirustypesknowntoscientiststoday.Within66

Geminiviridae,sevengenerahavebeendiscoveredatpresent:Mastrevirus,Curtovirus,67

Becurtovirus,Eragrovirus,Topocuvirus,Turncurtovirusand,themostprevalent,68
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Begomovirus.Dependingonthegenera,theviralgenomecomprisesofeitherone69

(monopartite)ortwo(bipartite)DNAcomponents.MonopartitegenomesconsistofaDNA½70

Athatisoftenassociatedwithanalphasatelliteorabetasatellitegenome,whilebipartite71

genomesconsistofseparatedDNA½AandDNA½Bcomponentsofsimilarsize.72

NationalCenterforBiotechnologyInformation(NCBI)designatesaseparate73

websitetohostviralgenomes(NCBIViralGenomes).Itscollectionincludesalmostall74

knownvirusesintheworld,makingitoneofthemostpopularresourcesforstudyingviral75

genomics.ViralgenomesareformattedinstandardGenBankrecord(GenBankRecord)76

exactlylikeotherlivingorganisms.However,genomearchitecturesofvirusesexhibit77

significantdifferencefromlivingorganisms.Forinstance,virionofbipartiteBegomovirus78

encapsulatestwocirculargenomesinwhichthetwogenomessynergizetoretainvirulence.79

ButsuchcriticalassociationbetweenthetwomaingenomesisoftenmissingfromNCBI80

ViralGenomedatabase.Moreover,vitalinformationaboutthevirussuchaslocationwhere81

itwasfound,targetedhosts,etc.arenotsearchableattributes,limitingtheutilityofthe82

database.Thesearethereasonsthatwehaveundertakenthisprojectinproviding83

researchersacomprehensive,up½to½date,andintegratedenvironmentattheirfingertips.84

ThedatabasewebuiltrestsonthesoftwarearchitectureofUCSCGenomeBrowserwebsite85

(Kentetal.2002;UCSCGenomeBrowser)assuchwenamedourdatabasegb4gv,which86

standsforGenomeBrowserforGeminivirus.Forclarity,wereserve<UCSCGenome87

Browser=torefertothewebsiteitself(UCSCGenomeBrowser),and<GenomeBrowser=to88

meanthesoftwarethatsupportsthewebsite.GenomeBrowserwaschosenbecauseofits89

versatilityinvisualizinggenomes,richnessinbuilt½infunctions,flexibilityinincorporating90

annotations,andsoftwarerobustnessinhandlinglargevolumeofrequests½872,00091
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requestsperdayonaverage(UCSCGBStatistics).AlthoughGenomeBrowseroffersthese92

benefits,itsoriginaldesigngearsmainlytowardeukaryotes.Inordertounleashthepower93

ofGenomeBrowser,wehavemadesubstantialeffortinmodelingGeminivirusgenomes94

intoastructurethatcantakefulladvantageofitsfunctionalities.gb4gvcanbeaccessed,95

withoutregistrationrequirements,fromhere:http://gb4gv.lafayette.edu.Userscanmake96

useofthebuilt½infunctionsprovidedthroughourwebsitetodownloadgenomesor97

sequencesofinterestedregionsfreely.98

Materials&Methods99

CompilationofGeminivirusGenomes100
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101

Figure1Projectworkflowofthesemi½automaticannotationprocess.Ourworkflowbegins102
withamanualprocesstoidentifyinformationgenerallynotdocumentedintheGenBank103
recordsuchastheacronymofthevirus,location,infectedhost,monopartiteorbipartite104
genome,andgenomesassociationforbipartitevirus.Thisinformationispassedtoa105

downstreamautomaticprocessthatintegratesthemwithothersources.Theautomatic106
procedureparsesGenBankentriesfromRefSeqdatabaseforgenomicinformationof107

Geminivirusesincludingtheaccessionnumbers,genomicsequences,genes,viralproteins,108
andtaxonomyID.siRNAsfromhostplantsthatfightagainstviralinfectionwereobtained109
fromNCBIGEOdatabase.Inthelaststep,GeminivirusinformationisformattedintoUCSC110

GenomeBrowserformat.111
112
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Figure1abovesummarizesthesemi½automaticannotationworkflowadoptedbythis113

project.TheprimarysourceofourdataoriginatedfromNCBIRefSeqdatabase(NCBI114

RefSeq)becauseredundantgenomeswerepurged.Butwealsocross½referencedourdata115

withtheICTVMasterSpeciesList2015v1obtainedfromICTV(ICTV2015).Wehad116

identified700RefSeqentriesthatcomprisedof529distinctGeminiviruses.NotethatDNA½117

AandDNA½BofabipartiteBegomovirusarekeptinseparateentriesinRefSeq.118

Begomovirusoccupiesthelargestgenusofthefamily,followedbyMastrevirus,and119

Curtovirus.OthergenerawerefoundsporadicallyincludingtwoBecurtovirus,one120

Topocuvirus,oneEragrovirus,andoneTurncurtovirus,whilegeneraoftenentriesremain121

unknown.Herewehaddecidedtoincorporateonlygenerathatrepresentmajor122

Geminiviridaemembersi.e.Begomovirus,Mastrevirus,andCurtovirusintogb4gv.Asa123

result,genomesof514Geminivirusesrepresenting97%oftheGeminiviridaefoundinNCBI124

wereconsideredforfurtherreview.Wewillregularlyassesstheneedtoincludeother125

minorgeneraintoourdatabaseifmoresamplesfromthemarediscoveredinthefuture.126

Besidesthemaingenomes,ancillaryalphasatellitesandbetasatellitesareoftenisolated127

togetherwithmonopartiteBegomoviruses(Xieetal.2010)andtheyarefoundtoplay128

essentialrolesinboostinghost9ssymptomsandviralmovement(Briddonetal.2001;129

Saundersetal.2004;Zhouetal.2003).Wehadidentifiedandreviewed66and105130

alphasatelliteandbetasatellitegenomes,respectively,fromNCBI.131

Metainformationorattributessuchasthegeographicallocationofthevirusare132

importanttounderstandthevirulenceofthevirusbutitisnotalwaysavailableingenome133

database.Thereforewemanuallysearchedforadditionalinformationabouttheseviruses134

fromexistingliterature.Inparticular,wefocusedonidentifyingorreconfirmingthe135
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locationwheretheywerecollected,thehoststheyinfected,theiracronyms,monopartiteor136

bipartitegenome,andthecounterpartgenomeincaseofbipartite.Importantly,wehave137

madetheseattributessearchableinourdatabase.138

Followingthemanualprocessistheautomaticannotationprocess.Inthisstep,NCBI139

RefSeqentriesbelongingtoGeminiviruswereparsedtoensurethateachentrysatisfiesthe140

followingtwocriteria:141

1. EveryGeminivirusincludingsatellitegenomemustpossesstheiconicstructurally142

conservedelement(SCE),whichisthegenomiclandmarkofGeminivirusesincluding143

satellites.ThecanonicalstructureoftheSCEisTAATATT|AC,where<|=standsforthe144

cleavagesitetargetedbytheviralreplicationproteinintheinitialstepofDNA145

replication(Gutierrez1999;Jeskeetal.2001;Pilartz&Jeske2003).TheprevalentSCE146

sequenceofalphasatelliteisTAGTATT|AC,whichvariesslightlyfromthecanonicalSCE147

sequence.Nonetheless,owingtoeitherDNAsequencingerrorsorrandommutations,148

the59sideoftheSCEofsomevirusesmaydeviateslightly(lessthanonenucleotide)149

fromthecanonicalformfromabove.Toaccommodatesuchminutiae,wetolerated150

entrieswithuptoonemismatchfromTAATATT.Genomesfailedtomeetthiscriterion151

wereexcludedfromgb4gv.152

2. Besidesgenomes,gb4gvalsokeepsindividualviralproteinsiftheysatisfyourquality153

checking.Thecodingregion(CDS)ofagenedefinedintheRefSeqentrymustbe154

translatedexactlyintothestatedpeptideintheRefSeqentry.Genesfailedthiscriterion155

wereexcludedfromourdatabase.ButthegenomescontainingmistakenCDSwerestill156

keptinthedatabase.157

158
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Throughourtandemmanualandautomaticannotations,6outof514RefSeqentriesof159

Geminivirusfailedthevalidationprocessstatedabove,resultingin508genomesbeing160

selectedintoourdatabase.Forsatellitegenomes,7outof66alphasatellitesand3outof161

105betasatellitesfailedourvalidation.Table1belowcategorizesalltheacceptedgenomes162

inourdatabasebygenus,numberofgenomespervirus,andgeographicalorigin.The163

aforementionedannotationinformationcanbedownloadedfromourwebsiteintab½164

separatedformat(http://gb4gv.lafayette.edu/downloads.html).165

Table1.Asummaryofgenomesstoredingb4gv.Thenumbersinsidetheparentheses166
denotethenumbersofgenomes.ThelowerpartofthetablecategorizesBegomoviruses167

furtherbyworldandthenumberofgenomespervirus.168

Geminiviridae(508) Satellite(161)

  Begomovirus(470)  

Curtovirus Mastrevirus DNA½A DNA½B Alphasatellite Betasatellite

5 34 338 132 59 102

169

Begomovirus(338)

OldWorld(216) NewWorld(119) UnknownWorld(2)

Monopartite Bipartite Unknown Monopartite Bipartite Unknown Monopartite Bipartite

100 44 72 12 95 13 1 1

170

SmallInterferenceRNAs171

Akeyaspectofgb4gvistoinspireresearcherstoformulateinsightfulstrategiesthatcanbe172

usedtoeradicatethepropagationofGeminiviruses.Therefore,studyingtheimmune173

responselaunchedbyinfectedplantisapromisingresearchdirection.Thus,wehad174

downloadeddatasetsfromtwosmallinterferenceRNAsstudiesfromNCBIGEOdatabase175
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(GeneExpressionOmnibus):GSM425427,andGSE26368.siRNAsequencesweremapped176

tothegenomesofBegomovirusandbetasatellitethroughacustomizedPythonscript.177

Mappingtolerateduptotwomismatchesininternalpositionswithoutgaps.AGenome178

Browserannotationtrackisdesignatedforeachsample,whichcanbefoundunder179

<MappingandSequencing=sectionofeachvirus.InBegomovirusorbetasatellite,sixsiRNA180

trackswereconfigured.181

182

StandardizationofCircularGenomes183

LikemanyothergenomicdatabasessuchasNCBIRefSeqandUCSCGenomeBrowser,184

circulargenomesarelinearized.Insteadofopeningthecirculargenomeatarbitrarysites,185

circulargenomeswereopenedatthebiologicalcleavagesiteattheSCE.Abenefitof186

standardizingtheopeningsiteistofacilitatesyntenicanalysis(tobediscussedinMultiz187

sectionbelow).Underthestandardizedlinearizationscheme,agenomealwaysbeginswith188

8AC9andterminateswith8TAATATT9atthe59and39termini,respectively.Therebywe189

standardizedallgenomesobtainedfromRefSeq.Genomesnotconformingtothisstandard190

wereshifteduntiltheymettheabovecriterion.Outof669acceptedgenomesingb4gv,191

surprisingly,112(17%)genomesrequiredthisadjustment.192

193

DataModels194

GenomeBrowserwasoriginallydesignedtovisualizemammaliangenomes(Kentetal.195

2002).Itwaslaterenhancedtohostnon½mammaliananimalse.g.C.elegans,andthen196

eukaryoticprotozoansuchasyeast.Ebolagenomeisthefirstandremainstobetheonly197

viralgenomeavailableinUCSCGenomeBrowseratpresent.Thishistoricalbackground198
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revealsthatthedatamodelofGenomeBrowserisgearedtowardthedisplayof199

chromosomesofaspecies.Suchdatamodelserveswellwithlivingorganismsbutitposes200

twochallengesinconfiguringGenomeBrowserforGeminivirusgenomes:201

1. ThegenusBegomovirusisknowntobediverse(Brownetal.2015)withover500202

speciesbeingidentifiedbyus.Ifweweretocoercetheexistingdatamodelto203

Begomovirus,500databasesareneeded,leadingtoahugespeciestreeonthefront204

page,hamperingwebsiteperformance,andprohibitingdatabrowsing.Tocircumvent205

this,wemodeledeachviralgenusasanorganismalspecies,andthearrayofviral206

speciesofagenusaschromosomesofanorganism.Basedonthisworkaround,gb4gv207

consistsoffivedatabases(adatabasepergenusincludingoneforeachsatellite208

although,inbiologicalterms,satelliteisnotconsideredagenus):Begomovirus,209

Mastrevirus,Curtovirus,Alphasatellite,andBetasatellite.210

2. Aspecialconfigurationisneededtoestablishtheassociationbetweenthebipartite211

genomes(DNA½AandDNA½B)ofBegomovirus.Ingb4gv,DNA½AandDNA½Bwere212

treatedastwoseparatechromosomes.ThecouplingofDNA½AandDNA½Bgenomesofa213

bipartiteBegomoviruscanonlybeachievedmanuallyastheiraccessionnumbers214

reflectnoinformationabouttheirrelationship.Inordertofacilitateuserstoassociate215

themeasily,aviralspeciesinourdatabaseisuniquelyreferencedbyanacronym,e.g.216

AbMBVisthereferenceofAbutilonmosaicBrazilvirus.Butthetwogenomesofa217

bipartiteBegomoviruswillbecomeindistinguishableunderthisscheme.Thus,wesuffix218

theacronymofabipartitevirusby<.A=and<.B=.E.g.theDNA½AandDNA½Bgenomesof219

virusAbMBVcanbefoundeffortlesslythroughAbMBV.AandAbMBV.B,respectively.An220

advantageofusingacronymaskeytoaccessavirusistoreleasetheburdenofusersto221
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pulluptheaccessionnumberofthevirusasmostpeoplecanremembertheacronym222

ratherthanthearbitraryaccessionnumber.223

224

CommonRegionIdentificationinBipartiteBegomoviruses225

ThebipartitegenomesofaBegomovirusshareahighlysimilar,non½codingsegment226

flankingtheSCE<TAATATTAC=.Thissegmentiscolloquiallynamedthecommonregion227

(CR).CRservesacrucialroleinviralDNAreplication.Studieshadshownthatthe59sideof228

theCRcontainsreplicationproteinbindingsites(Orozco&Hanley½Bowdoin1996).Thus,229

CRharborsvitalregulatorysignalsthatinfluencethereplicationandthecouplingofthe230

bipartitegenomesforBegomovirus.Understandingviralreplicationisfundamentalto231

combatviralinfection.Thus,weundertookthetasktopredictCRsinbipartite232

Begomoviruses.Basedonthemanualannotationwedid,DNA½AandDNA½Bgenomesofa233

Begomoviruswerepairedup.Weextractedthenon½codingregion,alsoknownasthelong234

intergenicregion(LIR),betweenREPandCPgenesinDNA½AorbetweenNSPandMP235

genesinDNA½B.Inthenextstep,wefurtherreducedtheLIRintoan809½bpsegment,236

whichconsistedofa400½bpsegmentupstreamanddownstreamoftheSCEfromtheDNA½237

AandDNA½Bgenomes.InFigure2below,two809½bpsegmentswerealignedbyMUSCLE238

(Edgar2004)asshown:239
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240

Figure2.Identificationofcommonregion(CR)sharedbetweenDNA½AandDNA½B241
ofbipartiteBegomoviruses.Sequencealignmentoftwo809½bpsegmentslocatedintheLIR242

oftheOldWorldbipartiteEastAfricancassavamosaicKenyavirus(EACMKV).The243
invariantSCEarehighlightedinred.Theinvertedrepeatsconstitutedthestemofthe244

hairpinstructurearehighlightedinblue.Thetwounderlinedregionsindicatethe59and39245
terminiofthecommonregiondeterminedbyourmethodofusinga20½bpslidingwindow.246

247
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Inthisexample,thetwosegmentswereextractedfromDNA½A(NC_011583)and248

DNA½B(NC_011584)oftheOldWorldbipartiteEastAfricancassavamosaicKenyavirus249

(EACMKV)andtheywerealigned.A20½bpslidingwindowwasusedtoscanthealignment250

base½by½basebilaterallystartingfromtheSCE.Scanninghaltswhenthepercentageof251

sequenceidentitywithinthewindowdropsbelow80%,anadjustableparameter.The252

haltinglocations(theunderlinedregionsinFigure2)aretakenasthe59and39terminiof253

thecommonregion.254

TheaveragesizeofaCRwasfoundtobe212bps(includingtheSCE)inwhichthe59255

arm,theleftsegmentoftheSCE,isusuallylongerthanthe39armwithanaveragesizeof256

150bps.ThelongestCRis417½419bpslongthatbelongstoIndiancassavamosaicvirus257

(NC_001932/NC_001933).WhereasAbutilonmosaicBrazilvirus(NC_016574/NC_016577)258

wasfoundtopossesstheshortestCR,whichis63½67bpslong.Alsonotethattwo259

approximately10bpssegmentsjuxtaposingtheSCEconstitutethestempartofthehairpin260

structure(Figure2).261

262

PutativeIteronsandTATABox263

Oneofthecis½regulatorysignalsharboringinCRisiterativeelement,alsoknownasiteron264

(Arguello½Astorgaetal.1994;Sanz½Burgos&Gutierrez1998).Adistinctfeatureofiteronis265

thepresenceofdirectorinvertedsequencerepeats.Thefollowingcriteriawereappliedto266

predicttheminviralgenomes:267

1. Theyarelocatedinthe59sideoftheLIRi.e.fromthebeginningofthefirstgeneonthe268

complementarystrandupto,butexcluding,theSCE269

2. Minimumlengthofaniteronis9bps.Thereisnorestrictiononmaximumlength270
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3. Thepairofrepeatsidentifieddifferbyatmostonebase271

4. Repeatscouldbedirectorinverted272

5. Itslocationisnomorethan100bpsfromaputativeTATA½box,ifany273

274

AsTATA½boxanditeronsworkcooperativelytoregulatereplication,wealsoidentified275

putativeTATA½boxsequence.TheconsensussequenceofaTATA½boxisdefinedas<TATA=,276

followedbyanynumberof<TA=or=AA=repeat(Bernardetal.2010;Patikoglouetal.277

1999).WedevelopedaPythonscripttoscanforiteronsandTATA½boxsequencesinevery278

Geminivirusgenome.Basedontheabovecriteria,21,298iteronsandTATA½boxsequences279

werepredictedfrom669genomes.Resultscanbevisualizedingb4gvbyactivatingthe280

8IteronsandTATA=annotationtrack.281

282

MultizTrack283

Genomesofvariousspecieswithinagenussharesimilaritiesanddifferences.Sincewe284

havestandardizedtheopeningsiteoftheviralcirculargenomes,agenus½widesyntenic285

analysisbecomespossible.Suchcomparativeviewhelpstouncoverconservedanddiverse286

genomicregionsamongspecies.Weusedthethreadedblocksetaligner(TBA)(Blanchette287

etal.2004)togenerateadynamicmultiplesequencealignmentsofallspeciesfroma288

genus.Unlikeothermultiplesequencealignmentprogramsofwhichasequencefromthe289

sampleisdedicatedtobethereferenceofthealignment,TBAproducesamultiplesequence290

alignmentdynamicallybaseduponthegenomebeingselectedforviewingintheGenome291

Browser.Thisuniquefeatureenablesgb4gvtogenerateagraphicalrepresentation292
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regardinggenomeconservationamongdifferentstrainswithrespecttothecurrentqueried293

genome.294

TBArequirestwomandatoryinputs:asetofgenomicsequences,andaphylogenetic295

treedefiningtheevolutionaryrelationshipoftheinputgenomes.Weusedmultiple296

sequencealignmentprogramMUSCLE(Edgar2004)tobuildphylogenetictrees,followed297

bymaximumlikelihoodtreebuildingPHYLM(Felsenstein2005)equippedinMEGA7298

(Kumaretal.2016).TheoutputphylogenetictreewasinNEWICKformat.Basedonthe299

genomicsequencesandthephylogenetictree,TBAgeneratedthethreadedblockset300

alignment.ThealignmentwasloadedtoaMySQLdatabasereferencedbyGenomeBrowser.301

302

UniProt/SwissProtAnnotations303

 Proteindomaininformationwasoverlaidonviralproteinsingb4gv.Reviewed304

Swiss½ProtannotationsweredownloadedfromUniProtwebsiteinXMLformat305

(UniProtKB).ViraltaxonomyIDsservedasthekeytoretrieveproteindomaininformation306

fromtheSwiss½Protannotations.Sequenceoftheproteindomainsidentifiedinthesearch307

processwasmappedtothegenomesbyBLAT(Kent2002).308

309

GenomeBrowser310

Version334oftheGenomeBrowserwasusedtobuildgb4gv.Thesoftwarewas311

downloadedfromtheUCSCGenomeBrowserwebsite(UCSCAdmin)andinstalledinour312

24½coreLinuxserverrunningonCentosOS6.8,Apache2.2,andMySQLserver5.5.50.313

314

Results315
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Thewebinterfaceofgb4gvisorganizedinahierarchyconsistingofthreelevels.The316

highestlevelpresentsallthegeneraofGeminiviridaemaintainedingb4gv(Figure3A).The317

middleleveldisplaysinformationaboutthegenomeofanindividualviralspeciesand318

correspondingannotationtracks(Figure3B).Detailedinformationaboutaparticular319

annotatione.g.agene,aproteinoraspecificgenomicsequence,ispresentedatthelowest320

level(Figure3C)321

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2705v1 | CC BY 4.0 Open Access | rec: 6 Jan 2017, publ: 6 Jan 2017



 18

322

Figure3.Webinterfaceofgb4gv.(A)Thehomepageofgb4gv.Theevolutionarytreeonthe323
leftsideofthepageshowstheavailablevirusesincludingthethreegeneraof324

Geminivirusesandtwosatellites.Userscanviewaparticulargenusorsatellitebyclicking325
ontheviralorsatellitenameintheevolutionarytree.Userscanalsomakeuseofthe326
<SpeciesSearch=box(abovethetree)tolookupforaparticularvirusbykeywords.327

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2705v1 | CC BY 4.0 Open Access | rec: 6 Jan 2017, publ: 6 Jan 2017



 19

Additionally,userscanenterkeywordsinthe<Position/SearchTerm=boxsearchfora328
particularvirusand/orgene.ClicktheblueGObuttontonavigateintothegenomic329

informationofaparticularviralstrain.(B)Thepageatthemiddlelevelprovidesvarious330
annotationinformationabouttheselectedgenomeinwhichtheyareorganizedintracks.331
(C)Informationofaprotein½codinggene.Ittellsthegenomiclocationofthegene,size,and332
strandthatcodesfortheprotein.Inaddition,thereisashortdescriptionaboutthecurrent333
geneincludingthenameoftheprotein,whetherthevirusisaNewWorldoranOldWorld334

virus,thefullnameofthevirusanditsacronym,theRefSeqandGenBankaccession335
numberswithhyperlinklinkedtothecorrespondingGenBankentryinNCBIwebsite.336

337

Inthefollowingsubsections,wewillhighlighttheuniquefeaturesofferedbygb4gv338

thatarehelpfulinstudyingthegenomicsofGeminivirus.Whilethesoftwarearchitectureof339

gb4gvisbasedonGenomeBrowser,theoperationsofourwebsitedirectlyadoptfromthe340

built½infunctionsprovidedbyGenomeBrowser.Wewillnotdiscussthedatamodelsand341

functionalitiesofGenomeBrowserindetails.Forreaderswhoareinterestedinlearning342

moreaboutGenomeBrowser,werecommendthattheyconsulttheonlineUserGuide343

(UCSCGenomeBrowserUserGuide).344

345

SearchbyAcronym,Accessionnumber,andAttributes346

Toourbestknowledge,thereisnodatabasethatallowsuserstosearchforGeminivirus347

genomesorproteinsbyacronym,hostname,geographicallocation,monopartite,bipartite,348

Oldworld,Newworld,orcombinationsthereof.Forinstance,asearchformonopartite349

BegomovirusesthatinfectOkrabythequery<monparitebegomovirusokra=againstNCBI350

RefSeqdatabasereturnedonlytwoentries:NC_005954andNC_005051andbothofthem351

belongtosatellitegenomes.Infact,fourmonopartiteBegomovirusesareknowntoinfect352

Okraaccordingtogb4gv:OLCCV(NC_014745),OYCrV(NC_008377),OYVMV(NC_004673),353

andOkLCuV(NC_013017).ThemainreasonisbecauseNCBI9squerymatchesonlywordsin354

thedescriptionofGenBankentries.Ouraugmentedsearchcapabilitywillhelpresearchers355
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inidentifyingaregimeofvirusesthatsharecertainattributeshandily.gb4gvachievesthis356

bymakingtheaboveviralattributessearchableinourdatabaseinconjunctionwiththe357

keywordsearchingcapabilityprovidedbyGenomeBrowser.Table2belowsummarizesthe358

searchableattributessupportedbygb4gv.359

Table2:Searchableattributesingb4gv.360

Attribute Description Example

World Geminivirusesarecommonlycategorizedinto

<OldWorld=and<NewWorld=accordingto

thegeographicallocationtheywerefound.

Thisattributemustbeeither<OldWorld=or

<NewWorld=

old world 

Numberofmaingenomes Itmustbeeithermonopartiteorbipartite bipartite 

Acronymofthevirus ForBegomovirus,itcouldbesuffixed

optionallyby<.A=or<.B=toindicateDNA½Aor

DNA½Bofthebipartitegenome,respectively.

OMoV.A 

Host Nameofthehostinfectedbythevirus Okra 

Country Thecountrythattheviruswasfound Brazil 

RefSeqaccessionnumber TheaccessionnumberassignedbyNCBI

RefSeqdatabase

NC_011181 

GenBankaccessionnumber TheaccessionnumberoftheGenBankrecord

thatRefSeqused

EU914817 

361
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Forinstance,tofindallBegomovirusesthatinfectsweetpotato,usercaninputthephrase362

<sweetpotato=inthequeryboxandclickthe<go=button(Figure4A).363

364
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Figure4.Keywordsearchresults.(A)Searchbyhoste.g.<sweetpotato=.(B)Searchbya365
phrasee.g.<newworldmonopartite=.366

367

Usercancombinemultiplesearchattributesinaquery.ThelogicalANDrelationship368

isassumedbetweenattributes.Forexample,usercanenter<newworldmonopartite=in369

thesearchboxtosearchforallNewWorldmonopartiteBegomovirus(Figure4B).Butthe370

currentversionofthesearchfunctionremainsprimitiveasitisvirtuallyinheritedfromthe371

8LIKE9searchofMySQL,meaningthattheorderofqueriedattributesisimportant.When372

multipleattributesarespecified,theymustbearrangedaccordingtotheorderenlistedin373

Table2fromtoptobottom.Forthesameexampleabove,thequery<monopartitenew374

world=willresultinnohits.375

376

ShortMatch377

Theabilitytosupportad½hocsequencesearchcanhelpresearcherstoidentifypotential378

shortregulatorysequencesthatcanbevalidatedfurtherbyexperiment.Examplesofthese379

regulatorysequencesincludeTATA½box(Sanz½Burgos&Gutierrez1998),and380

polyadenylationsignalAWTAAA(WmeansAorT).TheShortMatchfunctionallowsusersto381

searchforDNAsequencesfrom2to30baseswiththesupportofIUPACambiguitycodes.382

Figure5illustrateshowtospecifyashortsequencematch,andhowtoinspectthecontext383

ofahitwithinaspecificregionthroughtheGenomeBrowser9szoom½infunction.384
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385
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Figure5.SetupofShortMatchfunction.(A)Turnonthe<ShortMatch=trackto<full=,and386
clicktheShortMatchlink.Itallowsuserstoinputthesequencetosearchfor.(B)After387
clickedthesubmitbutton,GenomeBrowserwillreturntothemaingenomeview.Ifthe388

searchedsequenceisfound,resultsaredisplayedunderthe<ShortMatch=trackincluding389
thegenomiclocationsprefixedbya+or3toindicatethehitliesinthereferencestrandor390

thecomplementarystrand,respectively.(C)Userscanzoomintoasmallerregionby391
draggingthemousepointer.392

393

PutativeIteronsandTATA394

Ithasbeenknowniteronscontributedtoviralreplication(Arguello½Astorgaetal.1994;395

Sanz½Burgos&Gutierrez1998).StudiedhadshownbindingactivitiesbetweenREPand396

iteronsinMastrevirusandBegomovirus(Fontesetal.1992;Sanz½Burgos&Gutierrez397

1998).gb4gvmaintains21,298putativeiteronsandTATA½boxsequencesinthelong398

intergenicregion.Userscanviewthisinformationbyturningonthe<IteronsandTATA=399

track.Figure6showsanexampleofiteronsandTATA½boxespredictedinBegomovirus400

Okraleafcurlvirus½CameroonOkLCuV(NC_013017).401

402

Figure6.IteronsandTATAtrack.Differentcolorsareusedtodenotevarious403
sequencefeatures:directrepeatsinblue,invertedrepeatsinblue½green,andTATA½boxin404
red.Tandemrepeatsarehighlightedwith<..=attheendthelabele.g.theinvertedtandem405

repeats<GGTACTCAATATATA..=aboveconsistsof<GGTACTCAATATATA<and406
<TATATAGTGAGTACC=withtheiroverlappingregionsunderlined.Lastly,ourdatabasealso407

highlightspalindromic½likesequenceby<>>>...>>>=,e.g.<AAATGGCATTT=.408
409
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SmallInterferenceRNAs410

Understandingplantimmunityistheforemoststeptofightagainstviralinfection.Virus½411

derivedRNAsilencingisavitalimmuneresponsetriggeredinplantsinthefaceofviral412

infection.Thuswehaveincorporateddatasetsfromtwovirus½derivedsmallinterference413

RNA(siRNA)studiesintogb4gv.OnestudyusedpyrosequencingtosequencesiRNAsin414

tomatoleaves(Solanumlycopersicum)inoculatedwithmonopartiteBegomovirsTYLCV415

(Donaireetal.2009).AnotherstudyhaduseddeepsequencingtosurveysiRNAsinthe416

leavesoftomato(Solanumlycopersicum)andtobacco(Nicotianabenthamiana)inoculated417

withmonopartiteBegomovirusanditsassociatedbetasatellite(TYLCCNV/TYLCCNB)418

(Yangetal.2011).BothstudieshadmappedthesiRNAstothegenomesofrespectivehosts.419

However,itisunclearwhetherornotthesesiRNAsequencesarespeciesspecific.Are420

siRNAsmappedtobiasedlocations?Inordertoanswerthesequestions,weincorporated421

siRNAsequencesfromthesetwostudiesintogb4gvandmappedthesesiRNAstogenomes422

ofBegomovirusandbetasatellite.Eachsampleoccupiesatrack(Figure7A).423
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424

Figure7.siRNAmapping.(A)SixsamplesofsiRNAsequencesareavailablefor425
visualization,onetrackforeachsample.(B)AnexampletovisualizethemappingofsiRNAs426

fromGSM425427onmonopartiteBegomovirusTYLCV.8Squish9modewasusedinthis427
example.(C)Anotherexampletoshowtheappearancewhen8Dense9modewasusedto428
displaysiRNAsmappedtobetasatelliteTYLCVVSDBbasedonsamplesfromGSE26368.429

430

siRNAsmappedtotheviralstrandandcomplementarystrandareencodedindark431

andlightcolor,respectively(Figure7B).Accordingtoourlimitedbrowsing,siRNAsdonot432

mapuniformlyalongthegenome.Inbetasatellites,asizeablenumberofmappedsiRNAs433

wereskewedtowarda100½bpregionneartothe59sideoftheSCE.434

435
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BLAT436

OurdatabaseisalsoequippedwithalightweightsequencequeryengineBLAT(Kent2002).437

BLATstandsforBLAST½likealignmenttool.Ithasbeenwidelyusedtosearchforhighly438

similargappedalignments.InsituationlikethedetectionofexonsbasedonasplicedmRNA439

sequence,BLATprovidesaspeedymappingofthequerysequenceontothegenome.Major440

differencesbetweenBLATandShortMatchare:441

1. TheminimumandmaximumquerylengthsforBLATare20and25,000bps,442

respectively.443

2. BLATsearchagainstgenomesinadatabasespecifiedbytheuser.WhereasShortMatch444

searchesforqueriedsequenceonlyinthecurrentactivegenome.445

3. BLATcanhandlegappedhitbutnotforShortMatch.446

447

Asanillustration,weusedanunusuallylong(52bps)iteronsequence448

<GAGTGATTTCTTATTATGTGATTGTCCATTAAAGGGATAAAGTGACGATGGA=(Figure8A)449

foundinYOM(CottonleafcurlvirusbetasatelliteNC_017829)toqueryagainstbetasatellite450

genomes.Intriguingly,sixotherbetasatellitegenomeswerefoundtocontainsequences451

thatsharefrom78.9%to96.2%ofidentitywiththequeriedsequence(Figure8B).To452

furtherexaminethehitinvirusTLCNDVDB,weclickedthe<browser=linkontheleft,which453

ledtoFigure8C.ItshowsthatthequeriedsequencehitsaregionTLCNDVDBclustered454

withiterons.ThesolidblackbaratthebottomindicatesthatYOMandTLCNDVDBdifferat455

onlytwosites.456

457
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458

Figure8.BLATsearch.(A)Sequencesearchbox.(B)Listofhitswithacolumnofhyperlinks459
referencingthehitgenomesonthefarleft.(C).Displayofhitinthecontextoftargeted460

genomebyclickingthe<browser=linkontheleftofpanel(B).Theblackbaratthebottom461
representsthequeriedsequence.Nucleotidesdisplayedonthesolidblackbarrepresent462

mismatchednucleotidesbetweenthequeriedsequenceandthetargetedgenome.463
464
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Conclusion465

Genomicsvisualizationisausefulapproachtoenhanceinterpretationespeciallywhenthe466

quantityordiversityoftheviralgenomicdataislarge.Wehaveharnessedthecapabilityof467

thewidelyacclaimedGenomeBrowserspeciallyfortheGeminivirusresearchcommunity.468

Insteadofusingagenericonesizefitsallapproachtoorganizeviralgenomes,wehave469

takenasemi½automaticpipelinetopreserveuniquecharacteristicsofGeminivirusinour470

web½baseddatabasegb4gv.Additionally,wehaveenhancedkeywordsearchcapabilityof471

manuallycuratedattributessuchasinfectedhosts,geographicallocation.However,further472

improvementisneededtoaccommodatemoreflexiblemultipleattributesqueries.473

Moreover,wehavepredicted127pairsofcommonregionspertainingtobipartite474

Begomoviruses.Thisisausefulpieceofinformationascommonregionsareimplicatedin475

couplingthetwomaingenomesforbipartiteBegomovirusduringencapsidation.Asthe476

ultimategoalinstudyingthegenomesofGeminiviridaefamilyistounderstandthe477

underlyinggenomicfeaturesthataresuggestedtopromoteitspropagation,wehave478

developedourownmethodtounravelputativeiteronsandTATA½boxinthe59sideofthe479

commonregionandtheycanbevisualizedreadilywithgenomicfeaturesflankingthem.480

Geminivirusesarediverseandfastevolving.Facilitatedbytheever½decreasingDNA481

sequencingcost,weanticipatemoreviralgenomeswillbesequencedinthenearfuture.482

Wearecertainlycommittedtomaintainingtheinformationingb4gvasup½to½dateas483

possible.GiventheflexibilityoftheGenomeBrowserinaccommodatingnewannotation484

tracks,ifmoregenome½wideexperimentaldataisavailableinthefuturesuchasChip½Seq,485

itcanbeincludedintogb4gvreadilywithoutsoftwaremodificationasillustratedbythe486

siRNAtracksdiscussedabove.Whileviralregulatoryelementsplaycrucialrolesin487
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influencingreplicationandtranscriptionincellularenvironment,wewillcontinueour488

effortindevelopingnewmethodstoidentifyessentialsequenceelementsthatmightoffer489

newinsightsforexperimentalvirologiststodesigneffectivemodalitiestofightagainstthe490

infectionofGeminiviruses.491
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