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Author summary

The Oropouche Mayaro,SaintLouis,and Rociovirusesareneglectecemergingmos-
quito-borneviruseshat arespreadingand causingwide-scalepidemicsn SouthAmer-
ica.Howeverunder-reportingof thesecasess possibleasthe symptomsaresharedwith
otherendemicdiseasedoreover little is known regardingenvironmentalconditions
thatfavorthesetropical outbreakf arboviraldiseased his studyexaminedhe associa-
tion of environmentaffactorswith the probability of occurrenceof Oropouche Mayaro,
SaintLouisand Rociofeveroutbreakgpresentandfuture) andfinds thattemperaturds a
centralvariablethat determineghe distribution of high-risk areasThis factis veryworry-
ing, becaus¢he averageéemperatureof someareashasincreasedignificantlyoverthe
time. Resultdrom this studystronglysuggesthat thesefour diseasebavethe potentialto
becomdmportant public healthproblemsor becoméancreasinglyrelevantin Braziland
othertropical areasn the comingyearsand shouldbe monitored aspart of effectivecon-
trol programs.

Introduction

Arboviruseshavebecomeamportant and constantthreatsin tropical regions dueto rapid cli-
matechangegdeforestationpopulationmigration, disorderlyoccupationof the urbanareas,
and precarioussanitaryconditionsthat favorviral amplificationandtransmissior{1]. Climate
fluctuationsproduceconditionsthat acceleratarbovirusepidemicsdirectly affectingglobal
public health[2]. Abnormally high temperaturegor exampleaffectpopulationsof insectvec-
tors,andarboviraldiseasedyy influencing:the survivalandreplicationof the virus, suscepti-
bility of the vectorto virusesdistribution of vectorsextrinsicincubationperiodof avirusin
theinsect,andseasonalityf virustransmissiorpatterns3,4]. Besideshat, arbovirusesre
highly spreadabléecaus¢heir vectorscanbe carriedlong distancesand evenbetweercoun-
triesor continentswhich canleadto pandemics.

BrazilisthelargestSouthAmericancountry and hasapopulationof approximateh207
million in anareaof 8,514,21%m?[5]. More than >30%of Brazilremainscoveredby rainfor-
estsandothernaturalecosystemslespitethe high rateof deforestatiorj5]. Thesenatural
environmentscanharbormanyarboviruseshataremaintainedin differentzoonoticcycles.
For exampleapproximatel\200differentarbovirusspeciehavebeenisolatedin Brazil,
including 40specieshat cancauséhumandiseasefs, 7]. Althoughit is acknowledgedhat
denguezika,chikungunyaandrecently yellowfever,aretodaythe mostimportant emerging
andre-emergingarboviraldiseasem Brazil,in this studywefocusedon othersthathavebeen
neglectecndconsequentlyarelessdiscussed medicalliterature. ThesencludeOropouche
(ORO),Mayaro(MAY), SaintLouis(SLE),andRocio(ROC).Besideshelackof specifictests
to identify thesediseasegshe similaritiesamongthe symptomsareveryhigh; fever for exam-
ple,iscommonto all of them.This makeghe correctdiagnosisrerydifficult andin mostcases
mayhavebeenunderreported.

Oropouche (ORO)

The Oropouchevirus (Orthobunyavirusgenus)wasfirst isolatedn 1955from afebrilehuman
patientand mosquitoesn Trinidad and Tobagq[8]. Fiveyears
later,the viruswasdetectedn aBrazilianterritory in asloth( ) andin
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mosquitoeg9]. Sincethen, OROhasbeenacommoncausenf explosive
urbanepidemicsn the Amazonregion,affectinglargecitiessuchasBelemand Manaus.
Thisvirusis transmittedamongvertebratehosts suchasmarsupialssloths primates and

birds,throughagenerallywild transmissiorcycleby the and
mosquitoesNotably,this arbovirushasadjustedo anurbantransmissiorcycle
with humansasthe mainreservoirand (Ceratopogonidaejsthe main

vector.Thus,thereis aworrisomerisk of OROemergencén the denselypopulatedcoasiof
Brazil,which coverthe northeasterrandsoutheastermegions consideringthat vector .
ispresenin low-altitudeareasf the entire Brazilianterritory [7,10].Moreover, .
mosquitoesarespreadhroughoutthe Braziliancities,suggestinghe needto pay
more attentionto this mosquitospecie$oo.

OROis oneof themostimportant arboviraldisease the Americasgespeciallyn the Bra-
zilian Amazonregion.However becaus®ROfeveris not consideredareportablediseaset
is difficult to estimatats incidenceduring outbreaksalthoughserologicasurveysareusefulin
this setting.Thus,researchhasindicatedthat approximately500,00(peoplein the Amazon
regionmayhavebeeninfectedwith the OROVvirus sincethe early1960946].

Most epidemicsof OROfevertypicallyoccurduring the rainy seasonHowever someepi-
demicshavealsoextendednto the dry seasonalthoughwith lessntensity. Theseasonal
natureof the OROis mostlikely linked to the higherdensityof the populationsof the vector

in monthswith higherlevelsof rainfall, combinedwith a higherconcentrationof
exposedwosts Unfortunately,the diagnosisof ORO canbeconfusedvith otheracutefebrile
diseasethatareendemicin the Amazonregion,suchasmalariaanddengug11].

Mayaro (MAY)

TheMAY virus,belongingto the Alphavirusgenushasbeenresponsibldor outbreaksof
acutefebrileilinessandarthralgiasyndromein northernand midwesternBrazil,aswell as
Peru,Bolivia,andVenezueld7,12]. Thisviruswasfirst detectecandisolatedin 1954 from
rural workersin Trinidad [13].

Human case®f MAY aresporadicand mainly involvepeoplewhollivein rainforestsasthe
main vectoris the mosquitoeghatarecommonin thoseforestsVertebratehosts
aremainly mammalsalthoughthereis someevidenceof bird infectionsin southernBrazil.

mosquitoesanalsotransmitthevirusin rural, suburbanandurbanareag14]. The
courseof 3x5dayof ilinessis characterizedby fever,headachanyalgiarash,andpain, mainly
in thelargejoints, andlessoften,arthritis [15,16].The spreadof this virus canextendto cities
throughaninfectedhumanor throughbirdsthat cantravellong distancesn ashorttime, and
adaptto anewcyclethatinvolveshumansasreservoirs.

Thisfebrileillnessoccursthroughoutthe year,morefrequentlyin therainy seasonaswith
dengueand ORO,and affectspeopleof both sexespf all agesThe estimatedransmissiorof
thevirusin Manaus stateof Amazonasis about2 million peopleThisis apublic healthprob-
lembecausé¢hereis no vaccineandvectorcontrol is not feasiblg12].

Saint Louis Encephalitis (SLE)

The SLEvirus belonggo the Japanesencephalitizvzirus complexwhichis within the
genusand Flaviviridaefamily [17]. Theviruswasfirst isolatedn 1933fromsuspensionsf
humanintracerebrabrain sampleshat hadbeeninoculatedpostmortemwith tissuesrom
rhesusnonkeysandwhite mice (SaintLouis,Missouri,USA)[18]. Currently,the SLEvirusis
broadlydistributedthroughoutall Americas(from Canadao Argentina),andhasneurotropic
characteristic§l2]. It causesnacutediseasén humanswith manifestationghat rangefrom
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febrilesyndrometo fatalmeningoencephalitifl 9]. Reportof fatalcasesaryfrom 5%to 20%;
howeverthe numbersareevenhigheramongthe elderlypopulation[20].

Transmissiorof the SLEvirus occursthrough mosquitoesand migratorybirds
spreadhevirusandotherforms of encephaliti@longtheir migratoryroutes[12]. Despiterare
case®f theisolationof SLEvirusin humansin Brazil,the antibodiesof this viruswerefound
in approximately5%of the populationsof the Northern and SoutheasterRegiong12].
Recentlytherewasan outbreakof SLEin the country,which occurredsimultaneouslyvith
thatof denguein S o Jodklo Rio Preto(SaoPaulo)[21]. During this outbreak somepatients
with SLEexhibitedhemorrhagiamanifestationssuchasapositivetourniquettest,petechiae,
andbleeding21].

Rocio (ROC)

TheROCviruswasfirst isolatedn 1975from afatalcaseof encephalitisn arestrictedareaof
the Atlantic Forest(RibeiraRiverValleySadPaulo)[7]. The casevasdetectedduring the
1973+1980utbreakwhich causedan estimatedl,000case®f encephalitisn morethan20
municipalities. Themortality ratewas10%,andamongthe survivorsabout200sufferedbal-
anceor mobility sequelagr]. It isunclearhowthe ROCvirus spreado thisregionandwhy it
subsequentldisappeared yeardater,althoughantibodieshavebeendetectedn rural resi-
dentsof southeasterandnortheasterrBrazil.[22,23].Basedn theviral isolationandserolog-
icaldata,it is believedhatthe ROCvirusis maintainedin atransmissiorcyclethatinvolves
wild birds,including somemigratory speciesasthe reservoirsand and
mosquitoesasthevectors.

Despitethe availabilityof acomprehensiveecordin theliteraturefor theserelevantdis-
easedp the bestof our knowledgeno predictivemodelshavebeendevelopedn this context.
In this study,weanalyzeandillustratehow thesefour mosquito-bornediseasesanhaveseri-
ouspublic healthimplications,or increaseheir relevanceén thefuture. Thus,the study'sgoals
were:(a) to obtainthe probability of occurrenceof ORO,MAY, ROCand SLEin Brazil,based
on environmentalconditionscorrespondingo the periodsof occurrenceof the outbreaks(b)
to describehe macroclimaticscenarian Brazilin thelast50yearsgvaluatingany detectable
tendencyto increasg¢emperaturesand (c) to predictfuture expansiorof ORO,MAY, SLEand
ROCin Brazil,basedn future temperatureprojectionsfor 2046+206&and2071+210Qysing
two differentscenario®f greenhousgasemissions.

Methods
Study area and data source

Theapproximatdocationsof humanORO,MAY, SLE andROCcasesveredeterminedusing
sitesthatwereidentifiedin theliteraturebetweerll961and2012(Tablel). Datawereexhaus-
tively collectedusingsearchesf the PubMedand GoogleScholadatabasefsearchterm:
a0ropouche®OR2Mayaro®OR2SaintLouis°OR2Rocio®AND 2Brasil°OR2Brazil®) andthe
library of Universityof SaoPaulo,Brazil.We haveincludedall recordsof diseasem Brazilian
municipalitiesreportedin epidemiologicabulletinssincethe veryfirst recordup until 2012.
Thecriterion for inclusionof amunicipality in the analysisvaspresence 1of ORO,MAY,
SLEor ROCcaseThisis becaus¢he World HealthOrganizationhasstatec?

! 1
" # , "o [24].

To determinethe ecologicabndclimatic conditionsassociatedith ORO,MAY, SLEand
ROCmosquito-bornediseas®utbreaksyweexaminedherelationshipdbetweerthelocations
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Table 1. Brazilian municipali ties that have presented arbovirus outbreaks in the 1961+2012interim. (Datafrom Google Scholar and Pubmed data-
bases. Searching topics = 20ropouche® OR #Mayaro® OR 2Saint Louis® OR #Rocio® AND 2Brasil° OR 2Brazil®). The acronyms next to each municipality indicate

the State.
Virus Municipalit y Epidemic Year Reference s
Oropouc he Beldm (PA) 1961, 1968, 1979, 1980 [25+29]
Braganéa (PA) 1967, 1979+1980
Bai mqPA) 1972
Santardm region (PA) 197441975
ltupiranga (PA) 1975
TomdAéL (PA) 1978
Portel (PA) 1979
Bragantina region (PA) 1979+1980, 2006
Mazag mdPA) 1980
Barcelos (AM) 1980
Manaus (AM) 1980+1981
Tocantindpolis (TO) 1988
Porto Franco (MA) 1988
Ouro Preto d'Oeste (RO) 1991
Ariguemes (RO) 1991
Serra Pelada (PA) 1994
Brasil Novo (PA) 1996
Novo Air mgAM) 1996
Oriximin&(PA) 1996
Vitdria do Xingu (PA) 1996
Xapuri (AC) 1996
Parauapebas (PA) 2003
Porto de Moz (PA) 2004
Mayaro Belterra (PA) 1977+1978 [30+36]
Concei€malo Araguaia (PA) 1981
Itaruma (GO) 1987
Benevides (PA) 1991
Peixe (TO) 1991
Acreldndia (AC) 2004
Manaus (AM) 2007+2008
Santa Bérbara (PA) 2008
Sinop (MT) 201142012
Cuiab&A(MT) 2012
Sorriso (MT) 2012
Vérzea Grande (MT) 2012
Nossa Senhora do Livramento (MT) 2012
Saint Louis S mdPedro (SP) 2004 [37£39]
Ribeir md°reto (SP) 2006
S mdosédo Rio Preto (SP) 2007
Rocio Cubat md@SP) 1975 [40+43]
GuarujA(SP) 1975
Itanhadm (SP) 1975
S md/icente (SP) 1975
Mongagud(SP) 1975
(Continued)
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Table 1. (Continued)

Virus

https://da.org/10.1371durnal.pntd005959.t101

Municipalit y Epidem ic Year Reference s
Praia Grande (SP) 1975
Santos (SP) 1975
Canandia (SP) 1975+1976
Iguape (SP) 1975+1976
Itariri (SP) 1975+1976
Jacupiranga (SP) 1975+1976
Juquid(SP) 1975+1976
Miracatu (SP) 1975+1976
Pariquera-Aéii (SP) 1975+1976
Pedro de Toledo (SP) 1975+1976
Perufe (SP) 1975+1976
Registro (SP) 1975+1976
Sete Barras (SP) 1975+1976
Barra do Turvo (SP) 1976
Eldorado Paulista (SP) 1976

of the outbreaksand sevenvariablesannualrainfall (RAIN, mm), annualtemperature
(TEMP,EC) elevation(ELEV,m), seasonalitpf temperaturg SEA-TEMP) seasonalitpf pre-
cipitation (SEA-RAIN),thermalamplitude(THER-AMP),and daytimetemperaturevariation
(DTV). The SEA-TEMPvaluewascalculatedasthe standarddeviationof the averagenonthly
temperaturesThe THERM-AMP valuewascalculatedy subtractingthe minimum tempera-
ture during the coldestmonth from the maximumtemperatureduring the hottestmonth. The
SEA-RAINvaluewascalculatedasthe coefficientof variationfor averagenonthly precipita-
tion. ThemeanDTYV valuewascalculatedy subtractingthe meanminimum temperature
from the meanmaximumtemperatureAll weathematawereobtainedin ASCII-rasterformat
filesandusingthe "LAT/LONG" geodeticcoordinatesystemDatum WGS-84) Thesedata
wereobtainedfrom the WorldClimbGlobal ClimateDatadatabasewhich containsrepresen-
tativeobservationatlatafor 1950+200€¢hat wereinterpolatedto aresolutionof 30arc-seconds
(approximatelyl km). Asthe environmentalvariablesvereexpresseth variousunits, the
principal componentsanalysi{PCA) wasperformedafterstandardizinghe variablesisinga
Pearsorcorrelationmatrix. Thetemperaturdayersfor 1970+201@vereobtainedfrom the
Nationallnstitute of Meteorology{44], anddataregardingothervariablesvereobtainedfrom
the AMBDATA [45] andWorldClim [46] databases.

Data analysis

Our analysisncludedall probable(clinically diagnosedand confirmed(serologicalrasesf
personswith the onsetof the diseasérom 1961throughto 2012 For eachdiseasethe environ-
mentalvariablesanalyzedverethosethat correspondedvith the yearsof outbreaksORO
(betweerl961and2006) MAY (betweerl977and2012) SLE(betweer2004and 2007)and
ROC(1975and1976).Thedatabasavasdevelopedasedn the presencandabsencef arbo-
virosesWe consideredraluel for yearswith atleastonecasgor more) of ORO,MAY, SLE
or ROC,andvaluezerofor otheryeargno occurrence)during the period studied(1961to
2012).Tablel showsthe municipalitiesthat hadcase®f thesearbovirusesindtheyearsn
whichtheyoccurred.
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The PCAwasperformedusingR softwareto preselecthe environmentalariableghathad
the greatesinfluenceon the distributionsof eachdiseas¢4 7]. The PCAapproachwvasused
for two reasonsFirst, PCAfacilitategheidentificationand elimination of covariantvariables,
whichis akeyprocedurefor avoidinganalyticalartefactsSecondPCAhasbeenwidelyused
in equivalenstudiesandthenfacilitatescomparisonsteproducibility,and future meta-analy-
sis.After the PCA,weselectedhe four mostrepresentativeigenvectorsf the variablegor
eachdiseasewhichwereusedfor Maxentanalysigversion3.3.3k: amachinelearningalgo-
rithm for modelingspecieslistributionsbasedn existingdataand environmentalvariables)
[48,49].Thedataselectionwasperformedaccordingto the criterion of maximumentropy,
with the original variableghat reachednaximumand minimum valueswithin the ordered
ranking of eachprincipal componentbecaus¢heydescribehefull rangeof datavariation.
TheMaxentmodelmaybeexpresseds:

p{f]} - %ifi...j

Where:x =thegeographicalegionof interest;x = {Xy,% ..., Xy} Withx 2 x ; x! observed
pointsatx ; f; = f14 f24. . .,f (Environmentalvariables)N = the numberof observedasesand
p = the probability of diseas@ccurrenceThemodelwasrun 25times,while withholding a dif-
ferenceof 10%0f the localitiesfor eachrun to estimatehe parametergandits precision.The
potentialdistribution mapswerecreatedby interpolatingthe occurrencepointsandthe simi-
larity measuresf the environmentalvariablesn eachpixel(i.e.,aknown observatiomroba-
bility valuecanbeassignedo eachpixelby calculatinga probabilitywhoseexponents a
quadraticfunction). To describehetemperaturechangepatternsin Brazilduring the sampled
50yearsweusedthe kriging method[50, 51] anddatafrom approximately250monitoring
stationsthroughoutBrazil. This approachgenerated mapby estimatingthe valueat each
nodeof aregulargrid, whichwassuperimposeaverthe areaof interest,andthenacontour-
ing programwasappliedto drawiso-levekurvesWe useda250 250grid of Brazilmap,
whichprovides62,500ectionsbecausé wasthe maximummapresolutionwith aminimum
requiredamountof computationakime. R softwarg47] wasalsousedto evaluatehe temporal
trendin temperatureduring the lastfive decades.
Futureclimatedatawereintegratedusingtwo globalclimatemodels(GCMs):the Had-
GEM2-E952] andMIROC-5[53], whichwereselectedor their differentstrengthsThe Had-
GEM2-ESnodelis astablemodelthatrepresents realisticstateof the climate,vegetation,
andoceanidiology,without the needfor artificial corrections On the otherhand,the
MIROC-5modelalsoincludescomponentf the Earth'ssystermand climatechangein rela-
tion to anthropogeniaadiation. Theadvantagef usingthis modelis thatit increaseshe accu-
racyof short-termclimateprediction,asit canbeaffectedby both anthropogeniandintrinsic
fluctuationsof the climatesystemThe spatialresolutionof the GCMswasthe sameasthat of
theenvironmentalvariableg30arc-secondsapproximatelyl km). Thecomparisonrmethod
wasthe sameasfor the Maxentmodel,althoughthe probability calculationfor the GCMs
incorporateda comparisornof the preseniandfuture environmentalconditions.To obtain
future climatescenariosisingGCMs,it is alsonecessario choosea condition for evolutionof
thegreenhousgasemission§GGE),during the periodwhenthe future climateis projected.
In our predictionwe usedtwo differentscenariostow emission(RCP2.6)andveryhigh emis-
sion(RCP8.5),detailedin the SpeciaReporton EmissionsScenario®y the Intergovernmen-
tal Panelon ClimateChangg54]. In thefirst casethe globaltemperaturegendsto increaseby
1.0EGind canreachatemperatureanomalyrangingfrom 0.4to 1.6EGind0.3to 1.7EC
betweer2046+2065nd2081+2100espectively55]. In the secondscenariowith high GGE,
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the globaltemperatureendsto increase?.0to 3.7ECGind canreachto athermalanomalyrang-
ing from 1.4to 2.6EGnd 2.6to 4.8EMetweer2046+2065nd2081+2100espectively
[56,57].

Themodelsof future expansiorof ORO,MAY, SLEandROCin Brazilwerethenprojected
into thetimeline,andthetwo future climatic conditions(2046+206and2071+2100}p iden-
tify areassuitablefor thosedisease map of rawtemperatureprojectionsfrom the GCMs
usedto drive the diseasenodelscanbeseerat S1Fig. ThedefaultMaxentautofeaturesetting
wasused(linear,quadratic product,threshold,and hinge). The mapswereeditedusingQGis
software?2.10.1.

Results

ThroughPCA of climaticfactors,it waspossibleo identify threemain groups:ROC,SLEand
ORO+ MAY (Fig1).1t isimportantto notethatboth disease® ROand MAY occurredmore
in the North and Midwestof the country. Thefirst two componentgF1andF2)wereableto
explain82.96%of the variation.

AnalyzingeachdiseasseparatelyFig 2),accordingto PCAit waspossibldo perceivehat
themostinfluential factorsweredistinct for eacharbovirus. With respecto OROcaseshe
mostimportant variablesvereTEMP and SEA-TEMPfor MAY: THERM-AMP and SEA-
TEMP,whichwassimilarto ORO;for SLERAIN andDTV, andfinally for ROC,the most
importantvariablesvereTHERM-AMP and ELEV.Detailsaredescribedn Table2.

As somevariableso-varied(Fig 2), we selecteanly the non-covariantvariablesasinput
for analysisn MaxentsoftwareThe cut-off wasfour variablesandwasbasedn ROC,which
presentedhelowestnumber(four) of non-covariantvariablesAfter selectinghe four most
importantvariablesor eachdiseaseyweconstructeda predictivemodelin Maxent(Fig 3),in
orderto determinewhatareasveremostlikely to presentoutbreaksThecontribution of each
variablefor eachmodelis describedn Table3. Thefinal modelfor ORO,MAY, SLEandROC
hadanareaunderthe curveof 0.79,0.76,0.85and 0.99 respectivelysignificantlybetterthan
therandomprediction (p = 0.001) ndicatinggoodperformanceof the model. The Maxent
outputsandreceiverperatingcharacteristicurveg58] for all arbovirusegreshownin S2
Fig.We observedhatthereis aconcentrationof OROandMAY in the Northern regionof
Brazil,while SLEand ROCaremainly presenin the Southregionandcoastategion.
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Most of theimportant variabledor the distribution of all four diseasearetemperature-
related(TEMP,SEA-TEMP)soweanalyzedhetemperaturesituationin Brazilin the last50
yearsAfter analyzingthe historicaltemperatureseriesand usingthe kriging method,wereal-
izedthattherehasbeenanincreasen temperatureoverthe decadeg¢Fig 4), especiallyn the

North of the country.

In the caseof continuity of this scenaricof temperaturéncreasewe generateghrobability
mapswith two differentclimatefuture projections(Fig 5). Theresultsrevealaprogressively
expandingareaswith anincreasedikelihood of ORO,MAY, SLEandROCcasesgspeciallyat
theedge®f thetransmissiorareasln scenaricof high GGEit waspossibleo observehe
increasef highrisk areagor OROandMAY, while for SLEandROCtherewereno drastic
changesThisfactisin agreementvith our observation®f temperaturéncreasdFig4),
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