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RESUMO
TESE DE DOUTORADO EM BIOLOGIA PARASITARIA
Filipe Vieira Santos de Abreu

Tem-se observado expansdo territorial da febre amarela silvestre da area endémica
(Amazobnia e parte do Centro-oeste) para o sul e leste no Brasil. Paralelamente, a regido
serrana do Rio de Janeiro (RJ), onde a maléria foi erradicada ha décadas, registrava casos
humanos autdctones de tercd benigna onde o caso indice ndo era identificado, sendo a
hip6tese de origem simiana do parasito aventada por pesquisadores. Entre 2015-2017, o RJ
registrou surto de malaria e a reemergéncia do virus amarilico (YFV), este Ultimo se alastrando
na Mata Atlantica, considerada indene por quase 80 anos. Registrou-se 0 maior surto silvestre
do YFV no pais. Estas situagdes sanitarias estimularam a realizacdo deste estudo, onde
buscamos esclarecer aspectos da transmissdo desses agravos a partir de amostragens em
primatas ndo-humanos (PNHs) e mosquitos. ApGs padronizagéo das técnicas de captura, foi
possivel coletar e examinar, entre 2015 e 2019, 146 PNHs de seis espécies e 17.940
mosquitos de 89 espécies, em 44 municipios de cinco estados brasileiros sob influéncia da
Mata Atlantica. A Unica espécie de PNH infectada com Plasmodium sp. foi Alouatta guariba
clamitans (N=11), sendo cinco com P. simium/vivax, quatro com P. brasilianum/malariae e
dois co-infectados. Polimorfismos de nucleotideos Unicos (SNPs) especificos de P. simium
foram encontrados em todos os bugios infectados, e em todos os casos humanos autéctones
fluminense, o que, aliado a sobreposicdo geografica dos humanos e PNHs infectados, reforca
a hipétese da transmissao zoon6tica. Antes do surto de YFV, a regido se mostrava receptiva,
com deteccdo de vetores silvestres tradicionais (Haemagogus e Sabethes) em 82% dos
municipios amostrados e PNHs susceptiveis em 100% deles. ApGs a reemergéncia do YFV,
detectou-se o virus em duas espécies de PNHs, Callithrix jacchus e A. g. clamitans, e em
cinco espécies de mosquitos, Hg. leucocelaenus, Hg. janthinomys, Sa. chloropterus, Aedes
scapularis e Ae. taeniorhynchus, os dois primeiros considerados os vetores primarios devido
as altas taxas de infeccdo e larga distribuicdo geografica nos focos. Mosquitos urbanos ou
periurbanos nao estavam infectados, reforcando o carater silvestre do surto. O virus circulante
pertence ao genotipo Sul Americano |, subclado 1E, e apresenta assinatura molecular
representada por nove alterac6es de aminoacidos. O sequenciamento do genoma de 30 YFV
obtidos de mosquitos, PNHs e humanos, revelou a circulagéo recente de duas sub-linhagens
em Goias, uma delas tendo chegado ao RJ e se dividindo em duas cadeias de transmissao —
uma costeira e uma continental — separadas pela Serra do Mar. Demonstrou-se que o YFV é
capaz de permanecer numa mesma area por trés estacdes de transmissdo consecutivas
independentemente de nova introducdo. Ndo houve evidéncia de reemergéncia da febre
amarela urbana a partir do surto de carater silvestre e nem de circulagéo silvestre do virus
ZIKV e de outros arbovirus no RJ. Em conjunto, nossos resultados alargam o conhecimento
acerca da epidemiologia destas duas zoonoses na Mata Atlantica, confirmam o papel central
dos bugios na epidemiologia destes dois agravos e contribuem com informacdes originais
Uteis na otimizacdo de processos para vigilancia e controle.
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ABSTRACT
TESE DE DOUTORADO EM BIOLOGIA PARASITARIA
Filipe Vieira Santos de Abreu

A territorial expansion of wild yellow fever from the endemic area (Amazonia) toward the
south and southeast in Brazil has been recently recorded. The mountainous areas of Rio
de Janeiro state (RJ), where malaria was eradicated decades ago, have reported
autochthonous human cases of benign tertian malaria. Their simian origin has been
hypothesized as no index case was identified. Between 2015-2017, RJ registered a
malaria outbreak as well as the re-emergence of yellow fever virus (YFV) transmission and
spread in the Atlantic forest (AF), considered YFV-free for almost 80 years. Thus, Brazil
recorded its most severe sylvatic YFV outbreak. These sanitary circumstances prompted
the present study, where we aim to clarify transmission pieces concerning both diseases
through sampling nonhuman primates (PNHs) and mosquitoes as well as conducting
multidisciplinary analyzes of detected agents. After standardization of capture techniques,
146 PNHs of six species and 17,940 mosquitoes of 89 species were collected and
examined between 2015 and 2019 in 44 municipalities of five Brazilian states under the
influence of the AF. The only NHP species infected with Plasmodium sp. was Alouatta
guariba clamitans (N = 11), five with P. simium/vivax, four with P. brasilianum/malariae
and two co-infected. P. simium specific Single Nucleotide Polymorphisms were found in
all infected howler monkeys, and in all RJ autochthonous human cases, which, together
with the geographical overlap of humans and infected PNH, confirms the zoonotic
transmission. Before the YFV outbreak, the region was receptive, with traditional sylvatic
vectors (Haemagogus and Sabethes) detections in 82% of the sampled municipalities, and
susceptible NHPs in 100% of them. After re-emergence of YFV, the virus was detected in
two species of NHPs, Callithrix jacchus and A. g. clamitans and in five species of
mosquitoes, Hg. leucocelaenus, Hg. janthinomys, Sa. chloropterus, Ae. scapularis and Ae.
taeniorhinchus, the first two considered the primary vectors due to their high infection rate
and wide geographic distribution in foci. Urban or peri-urban mosquitoes were not found
infected, reinforcing the wild character of the YFV outbreak. The circulating virus belongs
to the South American genotype |, subclade 1E, and presents a molecular signature
represented by nine amino acid changes. Sequencing of 30 YFV genomes obtained from
mosquitoes, PNHs and humans revealed the recent essentially simultaneous circulation
of two sub-lineages in Goias, one of them having arrived in RJ and dividing into two
transmission chains, one coastal and one continental, separated by Serra do Mar. It was
demonstrated that the YFV is able to remain in the same AF area at least for three
consecutive transmission seasons without new introduction. There was no evidence of
spillovers from the sylvatic outbreak to the urban ecosystem or from the urban to a wild
cycle of ZIKA virus or any other arboviruses in RJ. Altogether, our results broaden the
knowledge about the transmission features of these two zoonoses in the AF, confirm the
central role of howler monkeys in the epidemiology of these two diseases and contribute
with original and useful information for optimizing their surveillance and control.
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1 INTRODUCAO

Ao longo das préximas secdes discutiremos brevemente o conceito de zoonose e
sua importancia na histéria da humanidade. Posteriormente, daremos énfase as
zoonoses transmitidas por artropodes, apresentando alguns exemplos relevantes e
entdo focaremos naquelas que sdo transmitidas por mosquitos. Depois de breve
exemplificacdo, sera dada atencdo especial as que tém Primatas-ndo-humanos
(PNHs) como hospedeiros silvestres e, finalmente, apresentaremos o “estado da arte”
das duas zoonoses que causaram surtos recentes no Sudeste do Brasil e nas quais

nos debrucamos durante o doutoramento: febre amarela e malaria de origem simiana.

1.1 O conceito de zoonose e sua relacdo com a sociedade

O termo zoonose existe desde o século XIX e foi originalmente cunhado para
descrever doencas que acometiam animais ndo humanos (Avila-Pires 2015, 2017).
No entanto, em 1950, a Organizacdo Mundial de Saude (OMS) organizou a primeira
reunido de especialistas para tratar do tema e convencionou-se uma definicdo mais
proxima da ideia moderna, de que zoonoses seriam as doencas transmitidas
naturalmente de animais vertebrados ao homem e vice-versa (WHO 1951). Na
segunda reunido, realizada em 1958, o conceito foi levemente expandido e zoonose
passou a ser entendida como doencas e infeccfes que sdo naturalmente transmitidas
entre animais vertebrados e humanos (WHO 1959). Dessa forma, além da
possibilidade de ocorréncia de infec¢des cruzadas (spillover e spillback), o conceito
passou a contemplar a ideia de que nem todo agente infeccioso causa doencga e que,
quando causam, as manifestagdes clinicas podem ser extremamente diferentes entre
os individuos e as espécies, humana ou ndo-humana.

Apesar da conceitualizacéo relativamente recente, 0 homem convive com as
zoonoses ha milhares de anos, as quais tiveram papel importante durante a
construgdo da civilizagdo moderna. Ha, por exemplo, evidéncias artisticas, historicas
e bioldgicas de infec¢des causadas por Leishmania, protozoario que acomete diversos
mamiferos incluindo o homem, datadas de 1500-2500 anos AC, em muUmias egipcias,

e de 800 AC em mumias peruanas, como revisado por Steverding (2017). Mas é



provavel que nenhuma zoonose tenha marcado tanto a histdria da humanidade quanto
a peste. Tendo como agente a bactéria Yersinia pestis e transmitida, em sua forma
zoonotica, de roedores a humanos através da picada de pulgas, a peste quase
dizimou populagfes europeias e asiaticas nas trés grandes pandemias registradas
entre os séculos VI e XIX, causando profundas mudancgas econdmicas e culturais nas
sociedades (Zietz and Dunkelberg 2004). Somente na ultima pandemia, em 1894, as
pesquisas cientificas conseguiram compreender os mecanismos de transmissao da
peste e as relacdes existentes entre o conjunto de hospedeiros (roedores,
sifonapteros e humanos) (Zietz and Dunkelberg 2004), o que resultou em maior
entendimento e capacidade de contencéo / prevencdo de outros surtos zoonéticos
gue viriam a ocorrer posteriormente.

Hoje, sabe-se que a maioria dos agentes infecciosos que acometem o homem
€ de origem zoondtica. Dos 1.415 agentes que infectam humanos reconhecidos até
2001, 58% sdo zoondticos. Além disso, estes agentes, principalmente os virais,
apresentam maiores chances de causarem eventos emergentes ou reemergentes,
quando comparados aos nao zoonaticos (Taylor et al. 2001; Woolhouse and Gowtage-
Sequeria 2005).

Apesar de frequente, o estabelecimento de uma infec¢éo zoondtica a partir do
spillover depende de uma série de fatores e gargalos, ligadas ao hospedeiro original
(ex: a densidade e a distribuicao da populacbes de hospedeiros, aliados a prevaléncia
e intensidade de uma infecg&o); ao agente infeccioso (ex: sua viruléncia e modo de
liberacao/propagacédo a partir do hospedeiro - através de excrecdes, de tecidos ou por
transmissao vetorial); e aspectos do novo hospedeiro (ex: a taxa de exposicéo, a
competéncia imunolégica e o comportamento) (Plowright et al. 2017). Com o passar
dos anos, cresceu a no¢édo da importancia das relagdes ecoldgicas para ocorréncia
de transmissfes zoondticas. Hoje, é clara a ideia de que os diferentes padrées
comportamentais, religiosos e climaticos, dentre outros, contribuiram para as diversas
relacdes estabelecidas entre humanos, os animais e o ambiente que 0sS cerca,
favorecendo, em muitos momentos, a troca de organismos parasitas ou simbiontes
entre ambos (Krause 1992; Thompson 2013). A percepcdo de que o parasitismo é
uma relacdo ecologica moldada por diversos fatores biolégicos, evolutivos e
ambientais e que, portanto, a salude de cada ser esté integrada a totalidade da vida
no planeta, levou ao surgimento da ideia de One Health (Cunningham et al. 2017,
Waltner-Toews 2017).



One Health é definido como uma abordagem interdisciplinar e colaborativa que
reconhece que o estado de saude de humanos, de animais e a qualidade dos
ecossistemas estao intimamente relacionados (Zinsstag 2012). Cresce a preocupacao
de spillover também a partir do homem para os animais domeésticos e silvestres e 0s
impactos ambientais destas transmissdes (Thompson 2013; Jenkins et al. 2015). O
conceito de One Health ganha for¢ca no atual contexto da globalizacdo, onde todo o
planeta esta interligado através das tecnologias de comunicacdo e dos meios de
transporte, favorecendo a ideia de interdependéncia. Apesar da emergéncia e
reemergéncia de epidemias e de agentes infecciosos terem existido nos ultimos
milénios, como exemplificado anteriormente, hoje eles podem ser dispersos por todo
o planeta em tempo recorde, o que faz crescer a preocupacdo com epidemias de
dimensdes globais (Jenkins et al. 2015). As emergéncias recentes de arbovirus como
a Febre do oeste do Nilo (WNV), Chikungunya (CHIKV) e ZIKA (ZIKV) exemplificam o
potencial de disseminacédo (de vetores e patégenos) no mundo globalizado (Weaver
and Barrett 2004; Chevillon et al. 2008; Vasilakis et al. 2011).

1.2 Zoonoses transmitidas por artropodes

Diversas zoonoses sdo transmitidas entre os hospedeiros vertebrados através
de artrépodes vetores, principalmente aqueles adaptados a hematofagia. Em inglés,
estas doencas sdo chamadas de Vector-borne diseases (Gubler 2009). Neste
processo, parasitos presentes no sangue sdo ingeridos durante a alimentacdo dos
artrépodes, podendo se reproduzir/replicar e/ou se desenvolver nos tecidos do
hospedeiro invertebrado e séo carreados até o0 momento da infecgéo de outros elos
da cadeia de transmissdo, como animais vertebrados por exemplo (Gubler 2009;
Forrester et al. 2014). Para que isso ocorra, sdo necessarias adaptacdes dos parasitas
as diferentes condicdes fisicas (ex: temperatura, pH) e biolégicas (ex: sistema imune,
diversidade molecular e celular) encontradas nos dois (ou mais) hospedeiros, o que
gera diversos gargalos e confere altos graus de especificidade a maioria das relagbes
parasita-hospedeiro (Forrester et al. 2014; Plowright et al. 2017). Ainda assim, alguns
parasitos conseguiram se adaptar a infectar com sucesso diferentes espécies de
animais vertebrados e de artrépodes, 0 que os torna de especial interesse no estudo
das zoonoses (Blitvich 2008; Vasilakis et al. 2011).



Dentre os artropodes, ha dois grupos de especial relevancia na manutencao de
ciclos zoondticos, devido a evolucdo da hematofagia em algumas de suas espécies:
a Ordem Acari, que compreende diversas espécies de carrapatos, e a Classe
Hexapoda, onde insetos de diversas ordens se adaptaram a alimentacdo sanguinea.
Os principais taxons de artrépodes e o0s principais parasitos transmitidos por eles
foram listados por Gubler (2009). No presente trabalho, vamos apenas exemplificar
agravos relevantes relacionados a estes dois grupos.

Os carrapatos podem transmitir um grande numero de patégenos (diversos
virus, bactérias e protozodrios) para os animais silvestres ou domésticos dos quais se
alimentam, causando grande prejuizos econémicos e ecologicos (Jongejan and
Uilenberg 2004). O homem pode servir de hospedeiro para muitas espécies de
carrapatos, e eventualmente, infectar-se com parasitas, caracterizando-se a
transmisséo zoonoética (Dantas-Torres et al. 2012). Atualmente, a doenca de Lyme,
cujo agente é a bactéria Borrelia burgdorferi, transmitida através da picada de
carrapatos ixodideos, € a mais importante zoonose transmitida por carrapatos, com
centenas de milhares de casos humanos notificados todos os anos no hemisfério norte
(Steere et al. 2004; WHO 2017). No Brasil, foram notificados surtos de febre maculosa
em humanos, causados por Rickettsia rickettsii e Ri. parkeri, agente transmitido pelo
carrapato estrela (Amblyomma cajennense e Amblyomma sculptum) entre animais
silvestres ou domésticos, podendo infectar acidentalmente o homem (Paddock et al.
2008; Krawczak et al. 2014; Martins et al. 2016; Ministério de Saude 2018). Nestes
surtos, o papel de reservatdrio exercido pelas capivaras pareceu ser importante,
principalmente pelas grandes populacfes desses roedores em areas urbanas ou
suburbanas, resultado do desmatamento de seus habitats naturais, e das altas taxas
de infestacdo por carrapatos em ambientes modificados (Krawczak et al. 2014),
contexto que se aplica ao conceito de One Health (Dantas-Torres et al. 2012).

Dentre os hexapodes que apresentam importancia médico-veterinaria,
destacam-se trés ordens: Hemiptera, Siphonaptera e Diptera. A ordem Hemiptera,
compreende diversas especies de barbeiros capazes de transmitir 0 protozoario
Trypanosoma cruzi, agente etiolégico da doenca de Chagas em humanos. Este
parasito é especialmente interessante do ponto de vista cientifico, pois é capaz de se
desenvolver em diversos grupos de vertebrados (Carnivora, Chiroptera, Rodentia,
Cingulata, Didelphimorphia, Primates) e em diferentes espécies de barbeiros. O

conceito de One Health é facilmente visualizado na epidemiologia desta zoonose. Sua
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emergéncia e endemicidade estao diretamente ligados com a pobreza, que impacta a
qualidade das moradias humanas tornando-as, muitas vezes, propicias a invaséo e/ou
estabelecimento dos insetos vetores, e habitos socioculturais, como a caca de animais
silvestres podem aumentar a exposicdo do homem aos hospedeiros ndo-humanos
infectados (Thompson 2013).

A ordem Siphonaptera engloba centenas de espécies de pulgas e pelo menos
algumas dezenas estéo envolvidas na transmissdo da peste no mundo (Gratz 1999).
No Brasil a espécie Xenopsylla cheopis, introduzida a partir do Velho Mundo, alimenta-
se predominantemente em roedores comumente encontrados nas proximidades de
habitacbes humanas, como o Rattus rattus ou R. novergicus, que sdo hospedeiros
potenciais da bactéria Y. pestis (Brasil et al. 1989) nos meios urbano e periurbano. As
pulgas X. cheopis também podem se alimentar no homem e em animais domésticos,
especialmente em caso de escassez dos roedores, como ocorre em periodos de
epizootias de peste ou de campanhas de desratizacdo. Estes eventos aumentam as
chances dos humanos se infectarem, caracterizando a transmiss&o zoonética (Avila-
Pires 1976; Brasil et al. 1989). Ciclos da Y. pestis também podem ser mantidos entre
espécies de pulgas e de roedores silvestres, onde o homem se infectaria
acidentalmente ao frequentar estes ambientes e ser picado por uma pulga susceptivel
infectada. Fatores sociais, como o crescimento das cidades e da producao de lixo,
ecolégicos, como a diversidade de roedores e de pulgas, e fisioldgicos, como a
capacidade das bactérias de lesar o aparelho digestoério das pulgas, fazendo com que
regurgitem mais bactérias em seus hospedeiros, tém contribuido para a manutencao
desta zoonose ao longo da histdria (Avila-Pires 1976; Hinnebusch and Erickson 2008;
Tavares et al. 2012).

Finalmente, na ordem Diptera ha duas familias de maior importancia zoonaotica.
Dentro da familia Psychodidae estdo os flebotomineos, vetores de diversas espécies
de Leishmania que podem infectar uma grande variedade de mamiferos, inclusive o
homem (Campbell-Lendrum et al. 2001; Steverding 2017). Nos ultimos anos, tem sido
observada a expansao de areas endémicas de leishmanioses em direcao aos grandes
centros urbanos, influenciada por aspectos socioecondmicos e ambientais. Dentre
eles, destacam-se: a) o desmatamento crescente das areas contiguas as cidades pela
especulacdo imobilidria, o que aproxima o humano do vetor (Lutzomyia sp.) e afasta
os hospedeiros vertebrados naturais; b) a adaptacao de vetores (particularmente a Lu.

longipalpis) ao ambiente modificado pelo homem; c) a grande quantidade de animais
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de estimacdo ou vadios pelas ruas, podendo servir de reservatorios aos parasitos
(Lainson and Rangel 2005; Costa et al. 2013).

A outra familia com grande importancia na transmissao vetorial de zoonoses &
a Culicidae, composta pelos insetos popularmente conhecidos como mosquitos. Por
ser um dos temas centrais da presente tese, este grupo sera tratado separadamente

no topico seguinte.

1.2.1 Zoonoses transmitidas por mosquitos

A nocdo de que os mosquitos seriam capazes de transmitir patégenos aos
humanos ou animais é relativamente recente. O primeiro pesquisador a sugeri-lo
academicamente foi Manson, em 1877, quando investigava o ciclo do parasito
Wuchereria bancrofti (Manson 1878). Manson deu origem ao raciocinio que culminaria
na descoberta do potencial dos mosquitos como importantes transmissores de
agentes infecciosos, incluindo os causadores de doencas relevantes desde aquela
época, como a maléria e a febre amarela (Franco 1969; Avila-Pires 2015).

Dentre as doencas transmitidas por mosquitos, a malaria e as diversas
arboviroses (do inglés arthropod-borne virus) apresentam grande importancia na
atualidade, pois tém causado epidemias emergentes e reemergentes de dimensodes
continentais ou globais (Weaver and Barrett 2004; Vasilakis et al. 2011). Parte delas
tem carater zoonético, seja em sua origem ou durante os ciclos de expanséo a partir
dos locais de origem (Vasilakis et al. 2011; Gould et al. 2017). A epidemiologia do
WNV, originario da Africa, e do virus Mayaro (MAYV), da América, exemplificam a
transmissdo zoonatica.

O WNV é um membro do género Flavivirus — Familia Flaviviridae, isolado pela
primeira vez em Uganda, em 1937 (Smithburn et al. 1940; Blitvich 2008; Fall et al.
2017). Surtos pelo WNV ja foram registrados nas américas, Europa, Asia e Africa
(WHO, disponivel em https://www.who.int/en/news-room/fact-sheets/detail/west-nile-
virus). Seu ciclo silvestre € mantido entre mosquitos do género Culex spp. e aves, que
apresentam longos periodos de viremia, podendo carrear o virus por grandes
distancias durante voos migratorios, 0 que parece ser o principal mecanismo de
dispersdo deste virus (Work et al. 1955; Nasci et al. 2001). Ao contrario de outros
Flavivirus, o WNV apresenta baixa especificidade de hospedeiros, tendo sido
encontrado em diversas espécies de mosquitos e vertebrados. Os principais

vertebrados afetados sédo as aves e 0s equideos, mas animais de sangue frio como
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répteis e anfibios ja foram encontrados infectados durante surtos (Klenk et al. 2004;
Hayes et al. 2005; Jacobson et al. 2005; Martins et al. 2019). Até 0 momento especula-
se que, com excecao das aves, 0os demais vertebrados — inclusive 0 homem — teriam
baixa capacidade de amplificar o virus a ponto de infectar os vetores e estabelecer
um ciclo enzodtico (Bunning et al. 2002; Klenk and Komar 2003; Hayes et al. 2005).
Estudos soroldgicos realizados no Brasil encontraram alto percentual de equinos com
anticorpos especificos para WNV no pantanal (Pauvolid-Corréa et al. 2014, 2017) e,
recentemente, o virus foi isolado pela primeira vez no pais, durante epizootias em
equinos no Espirito Santo (Martins et al. 2019). O ciclo epidemiolégico de WNV,
afetando aves migratérias que se deslocam por todo o globo, mosquitos de diversas
espécies e outros vertebrados (humanos, equinos, répteis) ilustra o conceito de One
Health, fazendo com que as praticas de vigilancia e controle desta arbovirose
necessariamente partam de uma perspectiva holistica e integrativa.

Ja o MAYV, pertencente ao género Alphavirus, Familia Togaviridae, foi isolado
pela primeira vez, em 1954, em Trinidad e, posteriormente, no Brasil, no Rio Guama,
Para (Anderson et al. 1957; Causey and Maroja 1957). O MAYV tem sido responsavel
por surtos de doenca febril aguda e sindrome de artralgia na Regido Amazonica e no
Planalto Central do Brasil, bem como em outros paises da América do Sul, como Peru,
Bolivia e Venezuela (Figueiredo 2007; Azevedo et al. 2009; Mouréo et al. 2011; Zuchi
et al. 2014). Embora seu ciclo enzodtico ainda ndo esteja completamente elucidado,
MAYYV é predominantemente transmitido em meio silvestre por mosquitos do género
Haemagogus, especialmente Hg. janthinomys, mas ja foram encontrados mosquitos
dos géneros Culex, Sabethes e Psorophora infectados (Causey and Maroja 1957;
Pereira Serra et al. 2016). Ha evidéncias de infeccdo em PNHSs, roedores, marsupiais
e aves (Vasconcelos et al. 2001d; de Thoisy et al. 2004). Experimentalmente, Ae.
aegypti mostrou moderada competéncia para transmitir MAYV e, por isso, ha
preocupagao com o risco de surtos de transmisséo urbana em cidades infestadas por
Ae. aegypti e constante circulacdo de PNHs (ex: Callithrix sp.) (Weaver and Reisen
2010; Long et al. 2011; Esposito and Fonseca 2017). Recentemente a midia brasileira
repercutiu o encontro de humanos infectados com MAYV em Niteréi, RJ
(https://saude.estadao.com.br/noticias/geral,mayaro-parente-do-virus-chikungunya-

ja-circula-no-sudeste-segundo-estudo-da-ufrj,70002831708).



Esse resumo do conhecimento sobre a histéria natural desses dois arbovirus
ilustra a diversidades de espécies de mosquitos e, sobretudos, de vertebrados nao

humanos que podem fazer parte dos ciclos de transmissao.

1.2.2 Zoonoses transmitidas entre Primatas ndao humanos (PNHs), mosquitos e
Humanos

O papel dos Primatas-nao-humanos

A ordem Primates pode ser classificada em duas subordens, a Strepsirrhini,
composta por Lémures, Tarcios e outros primatas basais, e a Haplorrhini, dividida em
Plathirhinii — macacos do Novo Mundo como os bugios e pregos (familias Atelidae e
Cebidae, respectivamente) e os saguis e micos (Familia Callitrichidae), e Catarhinii —
macacos do Velho Mundo como os Rhesus e Babuinos (Familia Cercopithecidae) e
os Gorilas, Chimpanzés e Humanos (Familia Hominidae) (Goodman et al. 1998;
Rylands and Mittermeier 2009).

Devido a semelhancas evolutivas, morfologicas e fisiolégicas, humanos e
PNHs podem compartilhar dezenas de parasitos, especialmente com os do Velho
Mundo, devido a maior proximidade filogenética (Davies and Pedersen 2008). H&
relatos bem documentados de adaptacbes e spillovers de importantes agentes
infeciosos. Os exemplos mais relevantes sdo: o virus da Imunodeficiéncia Humana
(HIV), originado a partir de transmissdes macaco-humano do virus da
Imunodeficiéncia Simiano (SIV) a partir de PNHs do Velho Mundo (Van Heuverswyn
and Peeters 2007); e o virus Ebola, capaz de infectar diversos animais, inclusive
primatas humanos e ndo humanos (Le Guenno et al. 1995). Estima-se que ambos
foram inicialmente contraidos a partir do manuseio de sangue e visceras de PNHs,
cuja caca para consumo de carne ainda € comum em regides subsaarianas (Burgos-
Rodriguez 2011; Mossoun et al. 2015). Existem muitos outros exemplos, mas, devido
ao escopo do capitulo e do presente trabalho, serédo discutidas apenas as zoonoses
transmitidas através da picada de mosquitos.

Neste sentido, quatro arboviroses transmitidas por mosquitos que possuem,
ou pelo menos originalmente possuiram PNHs como hospedeiros amplificadores,
emergiram ou reemergiram nas Ultimas décadas, causando enorme dano sanitario:
Chikungunya (CHIKV), quatro sorotipos do dengue (DENV), Zika (ZIKV) e febre
amarela (YFV). Além de coincidentemente serem arboviroses e terem PNHs como

hospedeiros amplificadores no ciclo silvestre original, estes arbovirus compartilham
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quatro importantes caracteristicas epidemiolégicas: a) apresentam um ciclo silvestre
onde circulam entre mosquitos primatofilicos e acrodendréfilos e PNHSs; b) realizaram
spillover para seres humanos; c) passaram a ser transmitidos de humano para
humano em ciclos urbanos independentes do ciclo silvestre, através da picada de
mosquitos antropofilicos, ex: Ae. aegypti; d) tiveram origem no Velho Mundo e se
dispersaram por quase todo o globo através de rotas comerciais (CDC 1990; Vasilakis
et al. 2011; Althouse et al. 2016; Gould et al. 2017). A figura 1 ilustra estas
caracteristicas e pontua algumas diferencas entre essas arboviroses.

Apesar da origem silvestre e dos outros aspectos ecoldgicos em comum, até
agora apenas o YFV foi capaz de estabelecer um ciclo silvestre nas Américas. Por
isso, hd uma preocupacédo crescente com a possibilidade destes outros virus, cuja
historia natural é semelhante ao YFV, estabelecerem também um ciclo silvestre no
Novo Mundo, o que diminuiria drasticamente as chances de erradicagédo (CDC 1990;
Althouse et al. 2016; Lourenco-de-Oliveira and Failloux 2017). Vale a pena, portanto,
conhecer alguns aspectos da histéria natural e da disseminacdo do CHIKV, DENV e

ZIKV além de seus limites originais, como descrevemos a seguir.

Aedes spp. (Africa, Asia, América?) Ae. aegypti. (Cosmopolita)
Haemagogus spp. (América) Ae. albopictus (Cosmopolita)
Sabethes spp. (América) : :

Ae. furcifer (Africa) o2
Ae. albopictus (Asia) — ﬁﬁ

Velho Mundo Velho e Novo
Mundo
ZIKAV
CHIKV Ny g ZIKAV
DENV D ') CHIKV
1 W) § 'I: ' DENV
Velho e Novo - . . . . ':" Velho Mundo
Mundo °<‘.. ' Lﬁzzd YEV
YFV A v
pa—— ] L4
Cercophitecidae (Africa e Asia) Hominidae - Homo sapiens

Cebidae (América)
Callitrichidae (Ameérica)

Figura 1: Desenho esquematico dos ciclos silvestre, rural e urbano (quando
existentes) das quatro arboviroses epidémicas mais importantes dos ultimos anos -
CHIKV, DENYV, ZIKV e YFV, exemplificando os principais hospedeiros vertebrados e
invertebrados no Velho e Novo Mundos. TOT (do inglés transovarian transmission)
representa a possibilidade de transmissao entre vetores. (Adaptado de Vasilakis et al,
2011).



O CHIKV pertence ao género Alphavirus, familia Togaviridae. Foi descrito
durante epidemia em 1952-53 na Africa (Robinson 1955), tGnico continente onde se
reconhece a ocorréncia do ciclo silvestre, mantido entre mosquitos Aedes spp. (ex:
Ae. taylori, e Ae. africanus) (Weinbren et al. 1958; Diallo et al. 1999) e varias espécies
de PNHSs da familia Cercopithecidae (Althouse et al. 2018). Humanos se infectam na
floresta africana ou em suas proximidades e dispersam o virus para ambientes
modificados (Gould et al. 2017). No ciclo urbano, hoje encontrado em todos os
continentes com excec¢do da Antartida, o virus pode ser transmitido de humano para
humano através da picada dos mosquitos antropofilico Ae. aegypti e Ae. albopictus.
Apos o primeiro diagndstico de CHIKV no Brasil, em 2014, aventou-se a possibilidade
gue mosquitos silvestres pudessem se infectar em humanos virémicos e transmiti-lo
a PNHSs. Preocupantemente, os mosquitos silvestres Ae. terrens e Hg. leucocelaenus
oriundos de matas do Brasil, mostraram-se altamente competentes para disseminar e
transmitir Chikungunya em infec¢cdes experimentais (Lourenco-de-Oliveira and
Failloux 2017). Até agora, ha poucas evidéncias de circulacdo de CHIKV entre os
primatas neotropicais (Moreira-Soto et al. 2018).

A dengue é a arbovirose de maior importancia na atualidade, constituindo um
dos principais problemas mundiais de saude publica (PAHO/WHO 2019). O agente é
do género Flavivirus, familia Flaviviridae. Atualmente s&o encontrados quatro
sorotipos do virus do dengue DENV-1.; DENV-2; DENV-3 e DENV-4. O DENV exibe
ciclo silvestre — transmitido por espécies silvestres de mosquito do género Aedes spp.
a PNHs da familia Cercopithecidae tanto na Africa como no sudeste Asiatico. O
spillover de DENV para a espécie humana provavelmente ocorre no interior ou nas
proximidades das florestas, onde mosquitos como Ae. furcifer e Ae. albopictus podem
servir como vetor-ponte (Diallo et al. 2003). No entanto, a imensa maioria dos casos
de dengue detectados em todo o globo terrestre estdo em area urbana, onde o DENV
€ transmitido entre humanos através da picada dos vetores antropofilicos citados
acima. Curiosamente, mesmo apos séculos de transmissao na Ameérica, ainda nao se
comprovou o ciclo silvestre de DENV neste continente.

O ZIKV é do mesmo género que o DENV (Flavivirus) (Kuno and Chang 2007),
tendo sido isolado, pela primeira vez, em 1947, a partir de macacos Rhesus utilizados
como sentinelas em estudos de febre amarela silvestre na Floresta de Zika, em
Uganda, na Africa (Dick et al. 1952). Em 1948, caracterizou-se 0 mosquito Ae.

africanus como vetor transmissor do ZIKV, e posteriormente outras espécies de Aedes
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spp. foram adicionados a lista de vetores silvestres (Dick et al. 1952; Haddow et al.
1964, Diallo et al. 2014). Dentre os vertebrados, PNHs dos género Chlorocebus e
Cercophitecus seriam os amplificadores silvestres (Vasilakis and Weaver 2017).
Portanto, assim como descrito para CHIKV e DENV, ZIKV tem um ciclo silvestre que
atualmente é reconhecido apenas no Velho Mundo.

O primeiro isolado de ZIKV em humanos foi documentado na Nigéria, em 1954,
ocasido em que outras infecgcdes foram confirmados por dosagem de anticorpos
neutralizantes (MacNamara 1954). No Brasil, os primeiros casos autoctones de Zika
ocorreram em 2015, na regido nordeste, nos estados da Bahia e Rio Grande do Norte
e se espalharam por todo o Brasil e outros paises americanos (Zanluca et al. 2015).
O mosquito Ae. aegypti foi encontrado naturalmente infectado, tendo sido incriminado
como o responséavel pela transmissdo (Ferreira-de-Brito et al. 2016). O surto teve
consequéncias dramaticas como a associagdo com casos de microcefalia congénita,
a comprovacdo de transmissdao ndo vetorial, e a dimensédo global da epidemia,
levando a OMS a decretar emergéncia mundial (de Araujo et al. 2016). Cresceram
também as preocupacdes com a possiblidade do ZIKV estabelecer um ciclo silvestre
no Brasil, 0 que impediria sua erradicagéo tal como aconteceu com YFV (Althouse et
al. 2016). Até o momento, ha relatos de encontro de RNA de ZIKV em PNHs
neotropicais, especialmente nas proximidades de residéncias onde casos humanos
foram confirmados (Terzian et al. 2018; Favoretto et al. 2019). No entanto, até onde
sabemos, ndo ha trabalhos publicados que tenham investigado a presenca de

mosquitos silvestres naturalmente infectados com ZIKV no Brasil.

1.2.3 Zoonoses transmitidas entre PNHs — mosquitos — humanos que causaram surtos
silvestres recentes no Brasil

A - Febre amarela.

A febre amarela € uma doenca febril aguda cujo agente é o arbovirus prototipo
do género Flavivirus, Familia Flaviviridae, o YFV. Trata-se de um virus composto por
RNA de fita simples e polaridade positiva, com um genoma de aproximadamente 11
kilobases (kb) (Kaufmann and Rossmann 2011). A tradugdo do RNA gera uma
poliproteina precursora, que dard origem a trés proteinas estruturais (responsaveis
pela formacdo do capsideo, pré-membrana e envelope) e sete ndo estruturais
(proteinas NS1, NS2a e NS2b, NS3, NS4a e NS4b, e NS5) (Kaufmann and Rossmann

2011). Até o momento foram descritos sete genétipos do YFV, sendo cinco na Africa
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(West Africa 1 e 2, East Africa, East/Central Africa e Angola) e apenas dois nas
Ameéricas (Sul Americano | e Il) (Bryant et al. 2007). Estudos filogeogréaficos apontam
para a origem do YFV na Africa ha cerca de 1500 anos (Bryant et al. 2007). Os
gendtipos americanos sdo monofiléticos e filogeneticamente proximos aos gendtipos
do oeste da Africa, dos quais divergiram ha aproximadamente 470 anos. ApoOs a
chegada na América eles se divergiram entre si, ha cerca de 300 anos, dando origem
aos dois genotipos sulamericanos (Sul Americano | e 1) citados acima. Estes dados
temporais corroboram a hipétese previamente aventada de que o YFV teria surgido
na Africa e chegado as Américas durante o trafico negreiro, como sera descrito a
seguir (Bryant et al. 2007).

O gendtipo Sul Americano | € o gendtipo mais bem distribuido ao longo do
continente americano e essencialmente o Gnico encontrado nos isolados brasileiros,
com excecao de uma deteccdo em Rondbnia em 1983, que pertencia ao genétipo Sul
Americano Il. Este Ultimo € mais comum na regido andina, sobretudo no Peru, de onde
eventualmente se expande para paises vizinhos como Bolivia e Equador por exemplo
(Vasconcelos et al. 2004; Nunes et al. 2012). O genétipo Sul Americano | € dividido
em seis subclados (Old Pard, 1A-1E) que estéo relacionados com o periodo e regido
geografica de circulacéo, sendo que as linhagens detectadas no Brasil a partir de 2004
pertencem ao subclado 1E (Vasconcelos et al. 2004; de Souza et al. 2010; Mir et al.
2017). Estudos recentes mostraram que este subclado provavelmente surgiu no norte
da Ameérica do Sul, possivelmente na Venezuela, no final da década de 90 (de Souza
et al. 2010; Mir et al. 2017).

Epidemias de febre amarela sdo reportadas, pelo menos, desde o século XVII
nos paises caribenhos da Ameérica Central. Estima-se que o YFV tenha chegado nas
Ameéricas através do trafico de escravos e de mercadorias, hipotese recentemente
comprovada por andlises filogeogréaficas, como descrito anteriormente. Os navios
europeus que faziam viagens entre a Africa e América traziam agua armazenada em
barris, que serviriam de criadouro para o mosquito africano Aedes aegypti, além de
humanos, muitas vezes infectados (Franco 1969). Isto contribuiu para o aparecimento
de muitos surtos, em virtualmente todas as cidades portuarias americanas
temperadas, tropicais e subtropicais, entre os séculos XVII e XIX, ceifando milhares
de vidas. Entre 1685 e 1900, o Brasil registrou diversos surtos de febre amarela
especialmente em grandes cidades litoraneas como Recife, Salvador e Rio de Janeiro,

causando panico entre os habitantes e sobretudo aos imigrantes, e prejudicando as
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rotas comerciais, conforme descrito por Franco (1969). Durante todo este periodo,
tanto o agente etioldgico quanto o seu modo de transmissao eram desconhecidos, 0
que dificultava o controle e profilaxia. A época, acreditava-se que a infeccéo se dava
através de “miasmas”, gases téxicos exalados por plantas e animais em
decomposicao o que levou a diversas medidas de saneamento além de providéncias
praticamente in6cuas (Franco 1969).

A transmissdo do YFV aos humanos através de insetos foi primeiramente
aventada por Nott, em 1848, ao analisar os padroes epidémicos das cidades
localizadas préximas ao Rio Mississipi. O padrao de dispersdo dos casos, que em
determinados anos progredia de casa em casa mas em outros apresentava multiplos
focos afastados, levou-o a refutar a hipotese dos miasmas e a propor que tal padréo
se encaixava melhor a uma transmissao realizada por insetos (Nott 1848). O médico
cubano Carlos Finlay foi o primeiro a suspeitar, ainda em 1886, que um mosquito
pudesse transferir patégenos do sangue de um hospedeiro doente para um saudavel
e também suspeitou, de maneira inédita, do papel do mosquito hoje conhecido como
Aedes aegypti na transmisséo da febre amarela urbana (Finlay 1886; Clements and
Harbach 2017). No entanto, Finlay falhou nos seus experimentos de transmisséo por
desconhecer o periodo necessario para que o virus se prolifere e invada os tecidos
do mosquito, até chegar na glandula salivar — periodo de incubacgéo extrinseco. Sua
hipotese s6 foi cabalmente provada ap6s uma sucessao de experimentos conduzidos
pela comissao de febre amarela enviada dos Estados Unidos para estudar o problema
em Cuba.

Tendo como apoio as proposicdes de Finlay, a comissdo acabou por incriminar
definitivamente o mosquito Ae. aegypti como o transmissor da febre amarela aos
humanos em 1900, o que iniciou um vasto campo de combate e prevencao da doenca
(Reed et al. 1901; Clements and Harbach 2017). Aquela época, acreditava-se que a
Unica espécie capaz de transmitir o YFV era o Ae. aegypti, mosquito exclusivamente
urbano e de habitos antropofilicos. Portanto, o controle da doenca era baseado
essencialmente no combate a este vetor. Diversas cidades e paises, incluindo o Brasil,
obtiveram sucesso na erradicacao deste mosquito, o que fez com que se acreditasse
que a erradicacao global do YFV seria possivel (Soper 1963). Paralelamente, a busca
por um modelo animal para estudos do YFV lograva sucesso ap0s a descoberta da
susceptibilidade do macaco Rhesus ao virus inoculado a partir de uma paciente

africano, de nome Asibi (Stokes et al. 1928). O isolamento da cepa “Asibi” através de
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sucessivas passagens de macaco a macaco ou macaco-mosquito-macaco foi um
importante marco no estudo da febre amarela e no desenvolvimento da vacina (Strode
1951). Esforcos sucessivos demonstraram que diversos géneros de primatas
neotropicais (Ex: Cebus / Sapajus, Alouatta e Callithrix) também eram susceptiveis ao
YFV (Davis 1930a, 1930b). A partir dos avancos na compreensdao do YFV, da
possibilidade de eliminacédo do Ae. aegypti urbano (Soper 1963) e do desenvolvimento
de uma vacina eficaz, a possibilidade de erradicacdo da doenca estaria avancando.
No entanto, a partir da década de 1930 descobriu-se a possibilidade de transmisséo
do virus sem a participacdo do Ae. aegypti, reduzindo as esperancas iniciais (Soper
1937).

A possibilidade de transmissdo do YFV por mosquitos silvestres foi
primeiramente aventada por Adolpho Lutz, em 1898 (Lutz 1930), e confirmada nos
anos 1930, ap0s investigacdo de surtos em regides de Mata Atlantica durante a
construcdo de estradas de ferro em S&o Paulo e no Vale do Canad, no Espirito Santo,
respectivamente (Lutz 1930, Soper et al. 1933). O dado que fomentou a hipotese da
transmissao silvestre em ambas as areas foi a impossibilidade de se detectar, mesmo
apos longos levantamentos entomoldgicos, a presenca do mosquito urbano Ae.
aegypti nas localidades com casos de febre amarela confirmados clinica e
experimentalmente (Soper et al. 1933). A descoberta do ciclo silvestre mudou o
paradigma de controle e epidemiologia desta doenca e acabou com as esperancas
ambiciosas de erradicagao deste virus no continente americano, uma vez que o ciclo
seria constantemente mantido nas florestas entre mosquitos e primatas ndo humanos,
infectando o homem eventualmente (Soper 1938). Os achados nos anos 1930, no
Sudeste do Brasil, estimularam a realizacdo de intensa pesquisa sobre a transmisséo
silvestre da febre amarela em outras partes do Brasil (ex: litoral baiano), e na Africa.
Estacdes de estudos multidisciplinares foram implantadas em florestas africanas e
brasileiras e, com o uso de plataformas nos dosséis florestais para captura de
mosquitos, a instalacdo de animais-sentinela, a captura e exame do soro e visceras
de diversos vertebrados silvestres e rurais, e infeccbes experimentais de
invertebrados e vertebrados, conseguiu-se caracterizar 0s principais vetores e
hospedeiros silvestres do YFV nos dois continentes e isolar e caracterizar o virus
amarilico (Shannon et al. 1938; Soper 1938; Shannon 1939; Bugher et al. 1944;
Causey et al. 1949; Kumm and Laemmert 1950), saga resumida por Strode em seu

classico livro “Yellow Fever’ (Strode 1951). JA4 na década de 1930, como
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consequéncia de tais esforcos, os macacos Alouatta e Cebus / Sapajus e 0s
mosquitos Haemagogus e Sabethes eram reconhecidos como o0s principais
hospedeiros vertebrados e invertebrados, respectivamente, do virus da febre amarela
na América. Percebia-se que nem todo mosquito era capaz de adquirir, e nem todos
que adquiriam eram capazes de transmitir o YFV (Davis and Shannon 1929, 1930;
Whitman and Antunes 1937; Kumm and Cerqueira 1951). Diversos fatores
(ecoldgicos, bioquimicos, genéticos, entre outros) influenciavam neste processo que
hoje estdo contemplados nos conceitos de capacidade e competéncia vetorial
(Johnson et al. 2002; Vega-Rua et al. 2014).

A capacidade vetorial € um indice que leva em conta aspectos ligados ao vetor,
ao parasito, ao hospedeiro vertebrado e ao ambiente que o0s cerca para quantificar a
capacidade que uma espécie e/lou populacdo de vetor tem para transmitir um
patbgeno em um determinado espaco e tempo. A formula para seu célculo foi
originalmente sugerida para a transmissdo da malaria e é expressa da seguinte forma:

CV = mbca?P"
—Ln (P)

Onde a é o niumero de picadas por hospedeiro por dia; b é a probabilidade que um
mosquito infectado tem de transmitir o parasito ao picar um hospedeiro susceptivel; c
€ a probabilidade que um mosquito tem de se infectar com o parasito enquanto pica
um hospedeiro infectado; m € o numero de fémeas de mosquito por pessoa em dada
area, n é a duracao do periodo extrinseco de incubacédo do parasito no inseto; P € a
taxa de sobrevivéncia diaria do inseto; logo, — Ln (P) representa a sobrevivéncia do
vetor apos o periodo de incubacéo extrinseco (Garrett-Jones 1964). Cada um destes
fatores influencia na transmissao dos patégenos, como serd exemplificado a frente.

A competéncia vetorial diz respeito a susceptibilidade dos mosquitos em se
infectar, permitir a replicacéo, disseminacao e transmisséo de patdgenos. Para isso €
necessario que o patdgeno seja capaz de sobreviver as condi¢des fisioldégicas do vetor
e de atravessar as diversas barreiras enquanto se replica/multiplica/evolui no
hospedeiro invertebrado (Lourenco-de-Oliveira et al. 2003; Lourencgo-de-Oliveira and
Failloux 2017).

Esses parametros sao facilmente visualizados no ciclo silvestre da febre
amarela, tomando o exemplo de transmisséo por Haemagogus. O nimero de picadas

(@) e o numero de fémeas do mosquito por hospedeiro (m) estdo diretamente
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relacionados a densidade dos mosquitos e sua preferéncia alimentar. A densidade
populacional de Haemagogus é maior no periodo chuvoso, uma vez que este deposita
seus ovos acima do nivel da agua em criadouros temporarios como ocos de arvores,
e parte dos ovos precisa de multiplas imers@es para eclodir (Alencar et al. 2008; Tatila-
Ferreira et al. 2017b). Esse parametro ajuda a explicar a sazonalidade dos surtos de
YFV, coincidentes com as estacfes quentes e chuvosas, que aceleram o
desenvolvimento larval e aumentam a densidade populacional deste mosquito. Além
disso, Haemagogus possuem habitos acrodendrofilos e primatofilicos (Marcondes and
Alencar 2010), o que, em caso de circulagéo viral aumenta as chances desta espécie
adquirir o YFV e transmiti-lo a outro hospedeiro durante os repastos sanguineos, uma
vez que os primatas sdo os principais amplificadores vertebrados do virus (Laemmert
et al. 1946). Ap6s uma alimentacdo sanguinea infectante, as fémeas susceptiveis do
mosquito permanecem infectadas pelo resto da vida. Quanto menor for o periodo de
incubacéo extrinseco (n) (acelerado em maiores temperaturas como as registradas no
verao) e quanto mais longevo for o mosquito (P) mais tempo ele permanecera apto a
transmitir o virus através da picada. Além disso, os Haemagogus apresentam alta
competéncia vetorial mesmo quando infectados com diferentes linhagens de YFV.
Estudo recente mensurou taxas de transmissao (virus viaveis encontrados na saliva
apos infeccao experimental) de 36.6%, mostrando que o virus foi capaz de atravessar
todas as barreiras até a chegada a saliva (Couto-Lima et al. 2017).

Portanto, a capacidade e a competéncia vetorial podem variar enormemente
entre as diferentes espécies de mosquitos, condi¢cdes geograficas, estacdes do ano e
linhagens de YFV. Na area endémica por exemplo, recoberta pelo bioma amazbnico,
o virus ja foi isolado em diversas espécies de Haemagogus, tais como Hg.
albomaculatus, Hg. equinus além de Hg. janthinomys, considerado vetor primario da
doenca. Mosquitos do género Sabethes, especialmente o Sa. chloropterus, também
foram encontrados naturalmente infectados e sao considerados o0s vetores
secundarios (Hervé et al. 1984; Vasconcelos et al. 2001c). Fora da regido endémica,
0 Hg. janthinomys é também considerado o vetor primario nas areas de transi¢cao entre
a Amazonia e o Cerrado e no Cerrado stricto senso onde também foram encontrados
Ae. scapularis, Sa. chloropterus, Sa. soperi e Sa. glaucodemus naturalmente
infectados (Dégallier et al. 1993; Vasconcelos et al. 1997, 2001a; Mascheretti et al.
2013). A depender da forca de transmissao o virus pode alcancar o extremo Sul do

pais, area subtropical recoberta pelo Bioma Pampas (Rio Grande do Sul), onde Hg.
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janthinomys néo € encontrado. Nesta regido, o virus foi isolado de Hg. leucocelaenus,
considerado o vetor primario, e de Ae. serratus (Cardoso et al. 2010). Além disso, Sa.
albiprivus foi encontrado naturalmente infectado em Missiones na Argentina, também
na regiao dos Pampas (Goenaga et al. 2012). Intrigantemente, na regido da Mata
Atlantica costeira onde a Febre amarela silvestre foi descoberta, ndo havia registros
de circulacdo do virus desde a década de 1940. No entanto ensaios experimentais
mostraram que populacdes de duas espécies coletadas na regido (Sa. albiprivus e
Hg. leucocelaenus) apresentaram alta competéncia vetorial (Couto-Lima et al. 2017).

A partir do reconhecimento da existéncia do ciclo silvestre, nos anos 1930,
mantido por espécies de mosquito competentes, foi possivel criar estratégias para se
detectar os casos que apareciam em forma de surtos epidémicos nos diversos estados
do Brasil. Uma das estratégias foi o desenvolvimento do viscer6tomo e do servi¢co de
viscerotomia para coleta e remessa de fragmentos de figado de pacientes falecidos
apos quadro febril agudo (Franco 1969; Costa et al. 2011). De fato, entre 1934 e 1967,
foram feitos diversos esfor¢cos para identificar, mapear e controlar os surtos.

Nessas décadas iniciais de investigacdo de febre amarela silvestre, a
confirmacgéo diagndstica era feita exclusivamente através de andlises morfolégicas
das amostras de figado dos pacientes que iam a 6ébito. Sabendo-se que apenas parte
dos casos evolui para Obito, os numeros obtidos a época sdo enormemente
subestimados. Mesmo assim, com base nos registros de FA silvestre disponiveis dos
anos 1932 a 1967 (condensados no quadro 1) e de 1960 a 2015 (mostrados na figura
2), nota-se que o virus circulou continuamente pelo pais, causando surtos de maiores
ou menores dimensdes, taxa de mortalidade média variando de 30 a 40% (Franco
1969; Monath and Vasconcelos 2015).

Quadro 1: Casos de febre amarela silvestre entre 1932 e 1976, de acordo com
a Unidade Federativa. Adaptado de Franco, 1969

Unidade da Federacdo |N° de casos | Unidade da Federacdo |N° de casos
Acre 14 Parana 91
Amazonas 17 Piaui 1
Bahia 15 Rio Grande do Sul 7
Espirito Santo 281 Rio de Janeiro 65
Goias 210 Rondbnia 2
Maranhéo 3 Roraima 5
Mato Grosso 115 Santa Catarina 40
Minas Gerais 417 Séao Paulo 329
Para 63 Total 1675
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Figura 2: Numero de casos de febre amarela silvestre no Brasil entre 1960 e
2015. Fonte OMS (http://ais.paho.org/phip/viz/ed_yellowfever.asp).

Com base na anélise dos dados epidemioldgicos historicos, postulou-se que 0s
maiores surtos ocorreriam em intervalos periédicos de aproximadamente sete a dez
anos, tempo necessario para a renovacdo de vertebrados susceptiveis, aliado a
caracteristicas ambientais favoraveis (Barrett 2003; Vasconcelos 2010). No entanto,
o virus circula de forma endémica e, aparentemente, perene na regido amazonica,
onde se concentram as maiores florestas do pais e, consequentemente o maior
namero de hospedeiros vertebrados e invertebrados (Vasconcelos 2003; Possas et
al. 2018). Nesta regido, o numero de casos humanos geralmente é baixo, por se tratar
de area de recomendacédo da vacina (onde a vacinacao é obrigatéria desde a infancia)
estabelecida pelo governo brasileiro (Romano et al. 2014). Quando encontra
condicdes propicias (tais como clima quente e tmido e grande numero de hospedeiros
susceptiveis), o virus se expande no territorio, dispersando-se provavelmente através
das matas de galerias para outras regides e biomas do pais, carreados
majoritariamente por mosquitos, mas também por PNHs e humanos, ocasionalmente
(Vasconcelos et al. 2001a; Vasconcelos 2010). Entre 1950 e 1999, as expansodes
territoriais da febre amarela se limitaram ao centro-oeste brasileiro, onde predomina o
bioma Cerrado (Vasconcelos et al. 2001a, 2004; Possas et al. 2018). Porém, nas duas
tltimas décadas, os ciclos de expansdes do virus aumentaram sua area de influéncia,

ao se expandir em direcdo ao Sul, sudeste e/ou nordeste, podendo alcancar a Mata
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Atlantica - outra floresta tropical imida, como mostra a figura 3 (Vasconcelos et al.
2003; Ribeiro and Antunes 2009; de Souza et al. 2011; Mascheretti et al. 2013; Moreno
et al. 2013; Romano et al. 2014).
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Figura 3: Esquema de disperséo do YFV a partir da floresta amazonica entre
1999-2010 (linha preta pontilhada) e de 2015 em diante, causando o surto atual (linha
branca cheia). Adaptado de Possas et al. (2018).

Nestas ondas de expansdo da febre amarela silvestre, o virus geralmente se
desloca de forma analoga a um incéndio, ou seja, avancando de um municipio afetado
para 0s municipios vizinhos até entéo livres do virus, e raramente retorna para areas
ja afetadas, uma vez que a maioria dos hospedeiros vertebrados morreram ou ficaram
imunizados através da exposi¢cdo ao virus circulante ou a vacina, no caso dos
humanos (Bugher et al. 1944; Taylor and Da Cunha 1946). Em geral, € durante as
expansdes para as areas ndo endémicas que sdo registrados 0s maiores niumeros de
casos humanos, em fungcé&o da menor cobertura vacinal. A procura pela vacina nestas
areas é baixa, seja por ndo vivenciarem a constante ameaca do virus ou por se tratar
de area cuja recomendacéo vacinal se iniciou apenas recentemente (Romano et al.
2014). De fato, o governo brasileiro tem aumentado as areas de recomendacéo de
vacinacdo em reposta as sucessivas expansdes do virus nas ultimas duas décadas,
como mostra a figura 4 (Romano et al. 2014). A vacinacao universal néo foi adotada

em funcéo do risco de efeitos adversos graves em decorréncia da vacina, estimado
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em aproximadamente 0.8 casos graves a cada um milhdo de doses aplicadas.
Portanto € necessario que que se faca analise do risco/beneficio antes de preconizar
a imunizacdo em massa (Vasconcelos et al. 2001b; Struchiner et al. 2004; Romano
et al. 2014).

1997

M Area com recomendacdo [ Area com potencial de transmissao Area sem recomendacao de vacinacao
permanente de vacinacao

Figura 4: Expansao gradual das éreas de recomendac¢édo de vacina contra a febre
amarela, preconizadas pelo ministério da saude. Fonte: Adaptado a partir de
Romano et al. 2014 (Romano et al. 2014). O mapa de 2019 foi obtido em
https://www.saude.gov.br/o-ministro/920-saude-de-a-a-z/febre-amarela/10771-
vacinacao-febre-amarela

Até o ano de 2016, toda a costa Brasileira desde o Piaui até o Rio Grande do
Sul era considerada &rea indene e, portanto, sem recomendacéo da vacina (Fig. 4). A
costa da regido Sudeste é recoberta por remanescentes de Mata Atlantica que, depois
da regido amazonica, abriga a maior diversidade de primatas ndo humanos do Brasil
(Chiarello 2003), fator que se correlaciona com o aumento do risco de reemergéncia
de febre amarela (Hamrick et al. 2017; de Almeida et al. 2018). Além disso, é a regido
qgue concentra 0s maiores adensamentos populacionais do pais. Apos deteccdo da
circulacdo do YFV no centro-oeste, entre 2014-2015, e um periodo de relativo siléncio,
o0 virus reemergiu no oeste de Minas Gerais e rapidamente se espalhou para a costa,

tomando os estados do Espirito Santo e Rio de Janeiro, onde o virus ndo era
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detectado desde a transicao entre os anos 30 e 40 (Possas et al. 2018). Condi¢des
ecoepidemioldgicas propicias, tais como grande numero de hospedeiros vertebrados
susceptiveis (humanos nédo vacinados e diversas espécies de PNHSs), presenca de
espécies de mosquitos reconhecidas tradicionalmente como vetoras, e despreparo da
vigilancia local para reconhecer e combater o agravo, contribuiram para a ecloséo de
um surto de febre amarela silvestre sem precedentes nos ultimos 80 anos (Possas et
al. 2018), como ilustra a figura 5, que consiste no mesmo grafico mostrado
anteriormente (Fig. 2), com o acréscimo dos casos confirmados no atual surto (2016

— 2018, dados 2019 ainda nao estéo disponiveis).
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Figura 5: Numero de casos de febre amarela silvestre no Brasil entre 1960 e
2018. Fonte OMS (http://ais.paho.org/phip/viz/ed yellowfever.asp) e MS

(http://portalms.saude.qov.br/saude-de-a-z/febre-amarela-sintomas-transmissao-e-

prevencao).

Entre dezembro de 2016 e margco de 2019, foram registrados 2.232 casos

humanos, dos quais 754 evoluiram para obito (Brasil 2017b, 2019b). No mesmo
periodo, foram confirmadas 1.536 epizootias em PNHSs, despertando preocupacao
com espécies ameacgadas de extincdo e endémicas do Sudeste (e.g. Brachyteles
arachnoides, Leontopithecus rosalia) (Chiarello 2003; Bicca-marques et al. 2017;
Brasil 2019a). O virus “varreu” os estados do Sudeste e alcangou o nordeste (Bahia)
e 0 Sul do pais (primeiramente o Parana e, mais recentemente, Santa Catarina)
levando o Ministério da Saude a ampliar a area de recomendacédo da vacina, como
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ilustra a figura 4, mapa de 2019, e mostrando que a onda de transmissdo continua a

avancar (Brasil 2019a).

B - Maléria

A malaria, doenga conhecida pelos quadros febris intermitentes, aliados a
esplenomegalia, parece acompanhar a histéria do homem ha muito tempo. Ha
registros datados de mais de 2.000 anos AC com descricdes muito parecidas com os
sintomas e sinais da maléria, e provenientes de diferentes civilizagdes (Cox 2010). Tal
como descrito para o YFV, até o final do século XIX ndo eram reconhecidos nem o
agente etioldgico, nem o modo de contaminacdo e a hipétese mais aceita na época
era a dos miasmas exalados a partir de pantanos, o que da nome a doenca. A palavra
malaria é derivada do Italiano e significa “Mau ar” em alusédo a ideia dos odores
pestilentos exalados dos pantanos e brejos. Ao contrario da febre amarela, o agente
etiologico foi descoberto antes do modo de transmissao.

O médico francés Alphonse Laveran investigava a doenca enquanto trabalhava
na Argélia, a partir de 1878, e conseguiu observar formas suspeitas em preparacdes
de sangue fresco de pacientes. Ele conseguiu observar o processo de exflagelacao e
ficou especialmente interessado e convencido de que aquele ser vivo era o causador
da doenca. Em 1881, Laveran relatou os resultados, descrevendo o Plasmodium
como agente etioldégico da maléria (Laveran 1881). A teoria de Laveran foi aceita apés
sua ratificacdo por cientistas proeminentes da época, como Louis Pasteur e Robert
Roux, e aprimoramento das técnicas de coloracdo, que permitiram a melhor
caracterizacdo do parasito (Garnham 1966; Cox 2010). O modo de transmisséo, no
entanto, permanecia desconhecido. Como no caso do YFV, os estudos de Manson
sobre a transmissao de filariose inspiraram as pesquisas sobre o possivel papel dos
mosquitos na transmissdo dos parasitos causadores da malaria. Os estudos
realizados por Ross, em 1898, e quase paralelamente por Grassi e colaboradores, em
1900, finalmente comprovaram a transmissdo via mosquito e incriminaram o0s
“‘mosquitos das asas pintada”, género Anopheles, que se criam abundantemente em
areas alagadas e pantanosas, confirmando a suposicdo de que estas estariam
associadas aos casos da doenca (Grassi et al. 1898; Ross 1898; Cox 2010). Estudos
posteriores confirmaram o papel do mosquito Anopheles como Unico vetor de maléaria
humana, e identificaram as principais espécies envolvidas na transmisséo ao redor do

globo, inclusive no Brasil, como sera mencionado a seguir (Deane 1986).
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A maldria humana € causada essencialmente por quatro espécies de
protozoarios do género Plasmodium (P. falciparum, P. vivax, P. malariae, P. ovale). E
uma das doencas mais letais do mundo e, apesar dos esfor¢os globais, estima-se que
219 milhdes de pessoas foram infectadas e 435.000 morreram em consequéncia da
doenca apenas em 2017 (WHO 2018b). Mais de 90% dos casos, inclusive dos fatais,
ocorreram no continente africano e foram causados por P. falciparum, transmitido por
Anopheles gambiae ou outra espécie desse complexo. No Brasil, no mesmo, ano
foram registrados cerca de 194.000 casos humanos, a maior parte concentrada na
regido amazonica e causada por P. vivax, tendo o Anopheles darlingi como principal
vetor (WHO 2018b; Brasil 2019c).

Apesar da antiguidade das evidéncias da presenca da malaria no Velho Mundo,
praticamente inexistem relatos de maléria na Ameérica pré-colombiana e nem nas
primeiras décadas poOs colonizacdo do Brasil. O primeiro relato de febres tercas e
guartads em indios Tupinambds data de 1587 e estima-se que plasmédios humanos
tenham chegado as Américas durante o trafico de escravos, em africanos e/ou
europeus mercantes infectados (Deane 1986). Nos séculos seguintes, a malaria era
comumente encontrada em areas alagadas e grandes baixadas litoraneas. Os surtos
aumentaram depois da abolicdo da escravatura, que contribuiu para a reducédo da méao
de obra e consequente abandono da limpeza de margens de acudes e outras colecbes
de &gua de grandes fazendas, favorecendo o desenvolvimento das larvas de
anofelinos do subgénero Nyssorhynchus nestes locais (Deane 1986; Oliveira-Ferreira
et al. 2010; Griffing et al. 2015). Os primeiros grandes surtos s6 foram registrados no
final do século XIX, quando ocorreu o ciclo da borracha na Amazénia levando muitos
imigrantes oriundos de area livre de maléria, a se estabelecerem na regido, causando
milhares de mortes.

Ao longo do século XX, a malaria estava distribuida por todo o Brasil e diversas
iniciativas visando ao controle e erradicagcdo da doenca foram desenvolvidas. As
principais se baseavam em tratamento profilaticos para populacéo e/ou trabalhadores
de areas afetadas atravées do quinino adicionado no sal ou em comprimidos, obras de
engenharia sanitaria para retificar rios e eliminar alagados, além de medidas de
protecéo individual como mosquiteiros nas redes/camas e telas nas janelas, reduzindo
significativamente os casos de malaria ao longo do século, apesar da descontinuidade
dos programas por questdes politicas ou sempre que o numero de casos baixava.

Dois acontecimentos do século XX sao dignos de nota: o primeiro foi a invaséao do An.
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gambiae, principal vetor africano que exibe grande capacidade vetorial, tendo sido
responsavel por epidemias de grandes dimensfes no nordeste entre as décadas de
1930 e 1940 (Oliveira-Ferreira et al. 2010; Griffing et al. 2015). A erradicacéo deste
mosquito com apoio da fundagdo Rockfeller e do staff do servico de febre amarela é
um feito histérico no controle de mosquitos vetores. E em segundo, a nova onda
migratoria para Amazonia, iniciada em 1960 durante movimento do governo para
povoar a regido com a construcao da estrada transamazonica e exploracao vegetal e
mineral. Hoje em dia, mais de 99% dos casos ocorrem na AmazoOnia, com
predominéncia de P. vivax. Mas, tendo em vista o foco desta tese, focaremos a partir
de agora na maléaria extra-amazoénica, especialmente a que ocorre no Rio de Janeiro.

Devido as altas taxas de letalidade e a caracteristicas epidemioldgicas
relacionadas a transmissdo — entre elas o pensamento de que seria uma infeccéo
transmitida apenas entre humanos, sem a participagcéo de outros vertebrados —a OMS
coordena um plano de reducédo de casos com vistas a erradicacdo da malaria no
mundo (WHO 2018a). No entanto, foi demostrado que ha pelo menos uma espécie de
Plasmodium de origem simiana capaz de infectar consideravel nimero de humanos
na natureza, o P. knowlesi (Singh et al. 2004; Cox-Singh and Singh 2008),
originalmente descrito como exclusivo de PNHs do sudeste asiatico. A comprovacao
de transmissdo zoonoética levou a pesquisas mais detalhadas e, a partir de
ferramentas moleculares mais modernas, demonstrou-se que as infecgbes por P.
knowlesi sdo muito mais frequentes do que se imaginava, mas eram confundidas com
P. malariae devido tanto a semelhancas morfolégicas dos parasitos no sangue quanto
clinicas (Chaudhury and Venkataramana 2017). A constatacdo da transmissdo
zoonética na Asia reduziu as pretensdes de erradicacdo da doenca e aumentou o
interesse no esclarecimento da importancia sanitaria de transmissdes do tipo PNH-
Vetor-Humano ao redor do mundo (Ramasamy 2014), inclusive no Brasil, onde a
malaria humana de origem simiana ja era tema de investigacdo desde os anos 1960
(Deane et al. 1966; de Arruda et al. 1989; Deane 1992).

O Brasil € o0 pais que alberga a maior biodiversidade de primatas do globo, com
118 espécies descritas até o momento (Paglia et al. 2012). Apesar desta diversidade,
apenas duas espécies de plasmaddios simianos foram encontradas no Brasil (Deane
1992). A primeira, P. brasilianum, foi descrita em 1908 por Gonder e Berenberg-
Gossler (apud Deane, 1992)(Deane 1992), a partir do exame do sangue de um uacari

ou macaco inglés (Cacajao calvus), importado da Amazodnia como atracdo de um circo
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europeu. Esta espécie é praticamente indistinguivel de P. malariae, parasita da
malaria quartd humana, apresentando apenas sutis diferencas morfologicas e
moleculares (Guimarées et al. 2012; Lalremruata et al. 2015). Ainda assim, os ciclos
esporogdnico no mosquito e esquizogonico tecidual no vertebrado séo idénticos. Por
todas essas e outras razbes, muitos autores acreditam que P. brasilianum e P.
malariae seriam uma mesma espécie ou que a primeira se trataria de uma
linhagem/cepa da segunda que teria se adaptado a PNHs do Novo Mundo (Coatney
1971; Deane 1992).

Plasmodium brasilianum possui ampla distribuicdo na natureza, tendo sido
encontrada em pelo menos 11 géneros das cinco familias de PNHs neotropicais
(Aotidae, Atellidae, Cebidae, Callitrichidae e Pitheciidae), em quatro das cinco regifes
brasileiras (exceto no centro oeste) estendendo-se até a Costa Rica, na América
Central (Deane 1992; Lourengo-de-Oliveira and Deane 1995; Figueiredo et al. 2015;
Alvarenga et al. 2017; Fuentes-Ramirez et al. 2017). Desde o inicio dos anos 1960, ja
se sabe que P. brasilianum é capaz de infectar humanos experimentalmente, seja por
inoculacdo de sangue de PNH infectados ou pela picada de anofelinos contendo
esporozoitas na saliva (Coatney 1971). A suspeita da possibilidade de ocorrerem
naturalmente infeccbes humanas por P. brasilianum passaram a ser consideradas.
Porém, essa hipétese ganhou reforco quando Arruda et al (1989) descreveram
elevada prevaléncia de anticorpos contra a proteina da superficie do esporozoita de
P. brasilianum/malariae em individuos que vivem em estreito contato com a floresta,
na Amazobnia, tais como indigenas, colonos rurais e garimpeiros. Os primeiros
registros de infeccdo humana por P. brasilianum foram publicados em 2015 a partir
da analise de sangue de indios lanomamis na Venezuela (Lalremruata et al. 2015).

A segunda espécie, Plasmodium simium foi descrita algumas décadas mais
tarde, por Fonseca, em 1951, apds a anélise de preparagfes sanguineas feitas a partir
de um bugio (Alouatta guariba clamitans) capturado em Itapecerica-SP para estudos
de febre amarela no ano de 1939 (Fonseca 1951). Assim como verificado entre P.
brasilianum e P. malariae, P. simium é praticamente indistinguivel de P. vivax
(Fonseca 1951; Deane 1992), causador da maléaria tercad em humanos. No entanto, P.
simium apresenta distribuicdo muito mais restrita, tendo sido encontrado apenas nos
géneros Alouatta e Brachyteles de vida livre e, mais recentemente, em Cebus e
Sapajus de cativeiro, oriundos da Mata Atlantica do Sudeste e Sul do Brasil (Deane
1992; Duarte et al. 2013; de Alvarenga et al. 2015; Buery et al. 2017). A area coincide
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com a regido onde os casos de maléria vivax-like tém sido reportados em humanos,
levantado a suspeita de transmisséo zoonotica.

De fato, desde 1966, ap6s um guarda florestal que trabalhava capturando
mosquitos em dossel da Mata Atlantica paulista ser infectado por Plasmodium simium,
Deane e colaboradores alertaram sobre a possibilidade da maléria humana autéctone
nesse bioma poderia ter origem simiana (Deane et al. 1966). Com efeito, a malaria
humana foi erradicada ha mais de 40 anos na maior parte das regides Sul e Sudeste
do Brasil, mas persistiu endémica ou epidémica em algumas areas, como nos locais
de grande influéncia da Mata Atlantica do litoral de Santa Catarina e Sao Paulo. Esta
forma é chamada de malaria das bromélias (Lutz 1903), pois é transmitida por
mosquitos Anopheles do subgénero Kerteszia especialmente An. cruzii e An. bellator
cujas larvas se criam na agua acumulada nestas plantas, muito abundantes na regiéo.
An. cruzii é primatofilica e acrodendrdéfila, tendo sida encontrada naturalmente
infectada e em simpatria com os casos humanos e simianos (Deane et al. 1984;
Rezende et al. 2009; Duarte et al. 2013; Neves et al. 2013; Kirchgatter et al. 2014).
Curiosamente, demonstrou-se que o comportamento de An. cruzii variava entre as
regibes pesquisadas, tendo sido assinalado como estritamente acrodendrofilo em
florestas de Santa Leopoldina (ES) e Sao Paulo (SP), mas eclético em Joinville (SC),
onde era capturado em proporcdes semelhantes na copa e no solo (Deane et al. 1971,
1984). A ocorréncia de focos de casos humanos coincidia exatamente com as regides
onde este vetor era abundantemente encontrado no solo. Além disso, em Santa
Catarina An. cruzii era coletado também em ambiente peri e intradomiciliar (Rachou
1946). Portanto, as campanhas de combate a malaria humana sé obtiveram sucesso
na reducdo dos casos quando mudaram o paradigma de controle, anteriormente
focado na eliminacdo de grandes colecdes de agua, para controle e destruicdo de
bromélias e de fragmentos florestais onde os An. cruzii se criavam, além da borrifacéo
de casas com inseticidas de acdo residual (Rachou 1952). Através do estudo do
movimento vertical (entre a copa e o solo) deste mosquito, postulou-se que ele poderia
transmitir plasmaodios entre PNHs e humanos, sendo o responsavel pela manutencéo
de focos isolados e enzootico de malaria na Mata Atlantica (Deane et al. 1971; Deane
1992).

Nas duas Ultimas décadas observou-se aumento expressivo de casos
autoctones de maléaria causada por parasita identificado como Plasmodium vivax em

regides montanhosas da Mata Atlantica do Sudeste brasileiro, nos estados de Sao
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Paulo, Espirito Santo e Rio de Janeiro (de Castro Duarte et al. 2008; Brasil et al. 2017;
Buery et al. 2017). Estes casos apresentam aspectos clinicos e epidemioldgicos
semelhantes, tais como baixa parasitemia, pacientes com histérico recente de viagens
para areas montanhosas cobertas por densa floresta Atlantica, e auséncia das
recaidas esperados nas infec¢des por P. vivax (Curado et al. 2006; Cerultti et al. 2007,
Brasil et al. 2017).

No Rio de Janeiro, pelo menos desde os anos 1990, sdo registrados casos
humanos autoctones de malaria de origem parasitaria desconhecida. Entre 2006 e
2014 registraram-se 46 casos. Porém, estes nUmeros aumentaram drasticamente em
2015 e 2016: em apenas dois anos houve um surto com o registro de 49 casos
comprovadamente autéctones, sem confirmacdo da origem dos parasitos (Fig. 6)
(Pina-Costa et al. 2014; Brasil et al. 2017). Todos os casos estavam distribuidos ao
longo da Serra do Mar, um complexo montanhoso coberto pelo mosaico florestal mais

bem preservado da regido (Pina-Costa et al. 2014).
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Figura 6: Numero de casos autdctones de malaria tipo-vivax em humanos entre 2006
e 2017 no Estado do Rio de Janeiro.

Apesar da hip6tese de origem simiana e da rica fauna local de PNHs composta
por seis géneros (Alouatta, Brachyteles, Callicebus e Sapajus — Familia Cebidae; e
Callithrix e Leontopithecus — Familia Callitrichidae) nenhum primata tinha sido
encontrado infectado com P. simium no estado (Deane 1992). Durante quase 30 anos
Lebnidas Deane realizou, com auxilio de seus alunos e colaboradores, a mais extensa
amostragem de PNHSs brasileiros para pesquisa de Plasmodium. Dos 4585 macacos

examinados, 148 estavam infectados com P. simium, sendo 146 Alouatta spp. e 02
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Brachyteles sp., capturados em S&o Paulo, Espirito Santo, Santa Catarina e Rio
Grande do Sul (Deane 1992; Lourenco-de-Oliveira and Deane 1995; Arruda 2010).
No entanto, nenhum Alouatta, hospedeiro original e principal do P. simium, fora
examinado no Rio de Janeiro devido as dificuldades de captura e a baixa densidade
populacional desta espécie a época.

A determinacao da origem do parasito é fundamental para a compreenséo da
epidemiologia e para o delineamento dos programas de erradicagcéo. Por isso, desde
2015, iniciamos um trabalho de captura de PNHs no estado do Rio de Janeiro, com o
objetivo de monitorar a frequéncia e a distribuicdo da infeccdo por plasmadios na
regiao afim de colaborar com a elucidacdo da origem dos casos humanos fluminenses
autoctones. As coletas foram concentradas geograficamente em torno desses casos
e permitiram o encontro da infecgdo natural por P. simium em dois bugios pela primeira
vez no Rio de Janeiro (Brasil et al. 2017). O sequenciamento completo do DNA (DNA-
mt) mitocondrial dos plasmddios encontrado no sangue destes animais e no de casos
humanos autéctone revelou elevada identidade entre eles e divergéncias moleculares
entre eles e amostras de P. vivax de outra parte do Brasil e do mundo. Além disso, o
DNA-mt dessas amostras simianas e os casos humanos fluminenses revelaram
compartilhar a presenca de Single Nucleotide Polymorphisms (SNPs), substituicdes
de um nucleotideo em regido especifica do genoma, cuja presenca serviria como
diagndstico diferencial entre P. vivax e P. simium (Brasil et al. 2017; de Alvarenga et
al. 2018). Esses achados ndo s6 confirmaram a origem simiana da malaria humana
autoctone fluminense, como permitiram que, doravante, se diferenciem os casos de
origem simiana ou ndo nas malarias tercas detectadas no Sul e Sudeste. Os artigos
contendo estas informacgdes estao apresentados nos anexos | e Il deste documento.

No entanto, devido as dificuldades inerentes a captura de bugios, tais como a
alimentacdo predominantemente folivora que torna o uso de armadilhas ineficaz, o
habitat acrodendréfilo e o declive acentuado dos terrenos onde habitam que impedem
a projecao de dardos anestésicos, o referido trabalho (Brasil et al. 2017) analisou
apenas trés PNHs, com distribuicdo geografica restrita. Além disso, mesmo outros
PNHs de vida livre como por exemplo saguis (Callithrix sp.) e macacos prego (Sapajus
sp.) capturados para pesquisas ecoldgicas ou sanitarias (estudos de febre amarela ou
Trypanosoma cruzi) ndo foram examinados em busca de plasmaédios, devido a falta

de colaboracdo entre grupos ou a baixa volemia encontrada nestes macacos
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menores, 0 que gerou uma lacuna no entendimento da circulacéo de plasmadios no
RJ.

1.3 Justificativa

Desde o inicio dos anos 2000, o perfil da febre amarela (FA) silvestre vem
mudando no Brasil, influenciado pelos padrbes de migracdo, expansao urbana,
mudancas climéticas e comportamentais e deslocamento de pessoas nao vacinadas.
A continua expansédo da febre amarela silvestre da area tradicionalmente endémica
(Regido Amazodnica) para o sul e para o leste do Brasil, aproximando-se de areas
densamente povoadas e com baixa cobertura vacinal, como o Rio de Janeiro (RJ),
despertou o interesse para a realizacao deste trabalho. Necessitava-se investigar a
receptividade e vulnerabilidade do RJ a circulacdo do YFV a partir do exame de PNHSs,
mosquitos e das condi¢des sbcio geograficas que pudessem propiciar a entrada e a
circulacdo do virus da FA no RJ. Surpreendentemente, quando nosso estudo ja estava
avancando na realizacéo das coletas, o YFV reemergiu na Mata Atlantica do Sudeste,
area considerada indene por quase 80 anos causando um surto sem precedentes,
impondo-se a necessidade de respostas a comunidade cientifica e leiga frente a novos
questionamentos como: a origem do virus, as espécies de mosquitos envolvidas (e as
nao envolvidas) na transmissdo, as espécies de PNHs acometidas e principais
hospedeiros, a caracterizagdo molecular do virus circulante e possibilidade de
perenizacdo do virus na Mata Atlantica e do ressurgimento da transmisséo urbana
erradicada ha décadas no pais.

Desde os anos 1990, a regido serrana fluminense, onde a malaria também fora
erradicada ha décadas, tem registrado casos humanos autéctones de malaria tipo-
vivax de origem desconhecida. Um surto pouco antes daquela pelo YFV, em 2015 e
2016, contabilizou 49 casos, sem se confirmar a origem dos parasitos ou se
detectarem casos indices importados de area endémica. Nenhum PNH de vida livre
tinha sido achado naturalmente infectado com plasmodio no RJ e bugios, género
Alouatta, hospedeiro original e principal do P. simium, havia sido examinado no RJ,
principalmente devido a grande dificuldade imposta na localizacéo e captura destes
animais. O exame desse e de outros PNHs, em especial das localidades onde houve

registro de casos humanos, assim como a verificagao de identidade entre os parasitos
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infectando esses dois hospedeiros vertebrados, seriam fundamentais para a
determinacdo da origem do parasito e, a partir disso, para o delineamento dos
programas de erradicacdo desta doenca. A ocorréncia de um ciclo zoonoético poderia
ser um grande empecilho no controle, sobretudo na regiao extra-amazonica. A captura
e exame de PNHs de vida livre tornou-se indispensavel também no esclarecimento
desta malaria autoctone de Mata Atlantica.

Se a captura de PNHSs de vida livre ja é dificil em alguns casos, a obtencao de
suficiente amostras de sangue para varias investigagfes também era um obstéculo.
O méximo aproveitamento de amostras sanguineas de PNHs nos permitiu examina-
los para malaria e YFV, ou mesmo para outros arbovirus da mesma familia. Esse
aproveitamento se justifica pelo fato de que, em 2015, também ocorreu a deteccéo
das primeiras infec¢Bes pelo virus ZIKV no Brasil. As caracteristicas comuns entre
ZIKV e YFV (ambos séo Flavivirus de origem Africana, onde exibem um ciclo silvestre
mantido entre PNHs e mosquitos) despertaram preocupacdo com a possibilidade de
estabelecimento de um ciclo silvestre do ZIKV nas américas, tal qual o YFV, no inicio
do século passado, reduzindo as chances de sua erradicacdo. A susceptibilidade de
PNHs neotropicais infectados experimentalmente e o relato de infeccbes naturais
destes animais nas proximidades dos surtos humanos, aumentaram tal preocupacao.
N&o se sabe se o0 virus ja teria invadido o ambiente silvestre, se tem condicfes de se
manter e se ha mosquitos competentes para transmiti-lo neste nicho ecoldgico.

Em suma, as mudancas observadas na circulagdo da febre amarela silvestre
gue culminou no surto de dimensdes catastréficas, 0 aumento de casos de maléaria
tipo-vivax de origem desconhecida no Rio de Janeiro € o risco de “silvestrizagcao” de
arbovirus emergentes no pais dilataram a necessidade de realizacdo de grandes
expedicbes de campo para avaliagdo dos hospedeiros silvestres (mosquitos e
macacos) potenciais destes parasitos. Por isso, a partir de 2015 iniciamos uma
sequéncia de expedi¢cbes de campo nas matas do RJ e de suas fronteiras com o
objetivo de encontrar, capturar e examinar uma amostragem robusta destes animais

afim de reconhecer a fauna existente e os eventuais parasitos zoonoticos associados.
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2 OBJETIVOS

2.1 Objetivo Geral

Investigar aspectos epidemioldgicos relativos aos surtos zoonéticos de febre

amarela e malaria que, recentemente, atingiram o estado do Rio de Janeiro.

2.2 Objetivos Especificos

)

Aprimorar abordagens e métodos de captura da fauna de PNHSs de vida
livre em Mata Atlantica, no estado do Rio de Janeiro (RJ) e suas
fronteiras, com vistas a monitorar a circulacdo dos agentes zoonaéticos

nesses vertebrados;

Investigar a origem dos plasmadios responsaveis pelos casos de maléaria
no Rio de Janeiro e confirmar o carater zoonético da maléaria autéctone

de Mata Atlantica no estado.

Il.La) Otimizar o uso de amostras sanguineas de PNHs com a
padronizacdo de técnica molecular para a deteccdo de plasmédios em
coagulos sanguineos desses animais e de humanos;

Il.b) Realizar inquérito da infeccao plasmodial nos PNHs de vida livre;
Il.c) Determinar, molecularmente, a identidade dos plasméddios
detectados em PNHs com aqueles responsaveis por infecgbes humanas

simpatricas

Il.d) Determinar o reservatorio animal da maléria ter¢ad benigna causada

por Plasmodium simium no estado;
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1)

Investigar aspectos da transmissdo do YFV no Rio de Janeiro e em

outras areas do Sudeste, especialmente naquelas limitrofes ao estado;

lll.a) Investigar a fauna e a frequéncia espago-temporal de mosquitos
silvestres e as taxas de infeccdo natural pelo YFV antes e durante a
transmissao recente em focos no Sudeste, visando a determinacdo dos

vetores primarios;

lll.b) Investigar as provéaveis rotas de disseminacdo do YFV antes e

durante o surto no Sudeste;

lll.c) Descrever a persisténcia da circulagéo do YFV no Sudeste durante
trés estacdes sazonais de transmissdo independentemente de

reintroducéo do virus de outra regido;

lll.d) Realizar inquérito virolégico e sorologico em PNHs de vida livre
visando a esclarecer aspectos epidemiolégicos da transmissao

epizodtica do YFV;

lll.e) Investigar evidéncias de ressurgimento da transmissao urbana do
YFV e de circulacédo de outros arbovirus, com énfase no ZIKV, antes,
durante e depois dos surtos de YFV e ZIKV, através da pesquisa de
infeccdo natural em mosquitos e PNHs de vida livre e de inquérito

soroldgico em PNHSs.
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3 MATERIAL E METODOS

As metodologias empregadas para o alcance do objetivo geral e de cada um
dos objetivos especificos é detalhada nas respectivas sec¢des de Material e Métodos
dos artigos publicados em revistas cientificas, produzidos ao longo do
desenvolvimento desta tese.

O presente trabalho demandou a captura e analise de mosquitos e de PNHs
essencialmente em fragmentos da Mata Atlantica do estado do Rio de Janeiro e de
algumas areas de seus estados fronteiricos, isto é: Minas Gerais, Sao Paulo e Espirito
Santo. ApGs a eclosao do surto de febre amarela a area de coleta foi eventualmente
ampliada visando a investigar municipios com suspeita de circulagéo recente do YFV
e, a convite do Ministério da Saude, participamos de esforcos de coleta, por exemplo,
em Salvador (BA). As capturas e métodos de exame foram amparados por licencas
dos 6rgéos federais (N° ICMBIO Sisbio 41837-3, 54707-6, 52472-2) e estaduais (L-
012/2016, L-019/2018) e por autorizacdo do comité de ética institucional no uso de
animais (CEUA Fiocruz/IOC — L004/2015, L037/2016), cujas cOpias estao disponiveis
no anexo V desta tese.
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4 RESULTADOS

Os resultados seréo apresentados em oito artigos cientificos publicados, em que
o candidato figura como primeiro autor, complementados por quatro artigos publicados
em colaboracdes e reunidos nos Anexos | a IV.

Tendo em vista que o trabalho dependia do sucesso na captura de PNHSs, o
primeiro artigo (4.1) descreveu os principais desafios enfrentados nos terrenos de
Mata Atlantica e a estratégia que desenvolvemos para supera-los, sobretudo para a
captura de animais do género Alouatta, através da construcdo de uma rede de
informacdes.

Outro gargalo enfrentado foi a dificuldade de obtencédo de volume de sangue
necessario para os testes moleculares e soroldgicos visando a detec¢do tanto de
plasmodios quanto de arbovirus, assim como de anticorpos anti-arbovirus numa
mesma amostra. O desafio era maior, tanto menor fosse o PNH capturado devido a
baixa volemia dos menores grupos como 0s saguis, por exemplo. Para contornar este
problema, aventou-se a possibilidade de aproveitar o codgulo sanguineo para extrair
o DNA e diagnosticar eventuais infec¢cdes por Plasmodium ao invés do uso do sangue
total, reservando-se o0 soro para os demais testes. Desta forma o segundo artigo (4.2)
descreve de maneira inédita o uso de coagulos para deteccédo de duas espécies de
Plasmdédios em PNHs, e mesmo em humanos, mesmo com baixa parasitemia.

O terceiro artigo (4.3) descreve os resultados da maior amostragem de
primatas de vida livre realizada no Rio de Janeiro para inquérito de Plasmodium. As
taxas de infec¢Bes por P. simium e P. brasilianum/malariae sdo descobertas pela
primeira vez no estado e discutidas em funcao da espécie de PNH, da distribuicdo no
espaco e da sobreposicdo geografica com casos humanos autéctones de malaria
terca benigna provisoriamente identificadas como decorrentes da infeccao pelo P.
vivax. Os resultados, juntamente com os anexos | e Il, apontam para a origem simiana
das infec¢cdes humanas, a identidade do agente como sendo o P. simium, o carater
zoonotico da transmissao e os bugios como o unico reservatoério conhecido do parasito
no RJ.

Em seguida, os artigos tratam de resultados sobre a investigacdo da febre
amarela e de outros arbovirus. Assim, o quarto artigo (4.4) descreve os resultados da

maior investigacdo entomoldgica em torno do surto de febre amarela silvestre no
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Sudeste do Brasil. Quase 18 mil mosquitos foram capturados em 44 localidades e
examinados, antes e depois do surto, permitindo-se descrever a abundancia, riqueza,
diversidade e frequéncia de mosquitos nos focos amarilicos e fora deles, assim como
identificar os vetores primarios e secundarios da transmissao silvestre do YFV e suas
respectivas taxas de infecgdo. Esse artigo e 0 anexo Il também descrevem resultados
de investigacdo entomoldgica e virologica quanto a ocorréncia de transmisséao do YFV
por mosquitos domésticos e peri-domiciliares, como Ae. aegypti e Ae. albopictus.

No quinto artigo (4.5), juntamente com o anexo IV mostramos os achados
moleculares, genéticos e filogenético do YFV, onde descrevemos a assinatura
molecular correspondente a alteracBes nucleotidicas de aminoacidos existente no
genoma do virus que causou a epidemia no Sudeste, demonstramos que ela estava
presente tanto nos mosquitos quanto nos humanos e macacos, discutimos as
potenciais implicacdes destas alteracbes no genoma na estrutura do virus, na
transmissdo vetorial e na gravidade do surto, e delineamos provaveis rotas de
disseminacédo do YFV no RJ, uma ao sul ou porcao costeira a Serra do Mar e outra
ao norte ou na porgao continental desta serra.

No sexto artigo (4.6), demostramos que duas linhagens do YFV do genotipo
Sul Americano 1E circularam em Goias antes e simultaneamente a epidemia no
Sudeste, resultantes de introduc¢des virais independentes na bacia do rio Araguaia.
Apenas uma dessas linhagens parece ter gerado o surto na regido Sudeste, exibindo
a mesma assinatura molecular associada ao surto atual do YFV. Mostramos que essa
linhagem seguiu dois caminhos de disseminacéo fora do GO, originando duas sub-
linhagens principais do YFV: uma que parece ter se disseminado até nordeste de MG
e, em sequéncia, atingido o ES e RJ, onde se dividiu nas duas cadeias descritas no
artigo 4.5; e a outra se espalhou do sudoeste de MG para SP, seguindo a bacia do
Parana.

O sétimo artigo (4.7), a partir de analises moleculares e filogeograficas e
genomas do YFV do RJ entre 2017 e 2019, demonstra, pela primeira vez, que o YFV
€ capaz de se manter numa mesma area de Mata Atlantica do Sudeste por pelo menos
trés estacdes sazonais de transmissdo, sem necessidade de introducdo de nova
linhagem ou sub-linhagem viral vinda de &reas enzoodticas do Centro-Oeste ou
Amazonia.

A procura da infeccao natural por YFV, e também pelo ZIKV, em PNHSs, assim

como de outros 33 arbovirus em mosquitos silvestre, rurais e peri-urbanos, a

35



investigacdo da ocorréncia de anticorpos contra YFV e ZIKV em PNHs capturados
antes, durante e ap0s surtos produzidos por estes dois virus sdo descritas no ultimo
e oitavo manuscrito (4.8). A infecédo por YFV foi detectada especialmente em bugios,
mas também em saguis. Anticorpos neutralizantes anti-YFV nédo foram detectados
nesses animais, mas sim em macacos-prego, animais aparentemente mais
resistentes a infeccédo pelo YFV. Os resultados ndo mostraram que evidéncias de
circulacao do YFV no RJ antes do surto em curso, nem de transmisséao urbana do YFV

e nem de instalagao de transmisséo selvagem do ZIKV no Sudeste.
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4.1 Artigo 1. Capture of Alouatta guariba clamitans for surveillance of sylvatic
Yellow Fever and zoonotic Malaria: which is the best strategy in the tropical Atlantic

Forest?

Referéncia Bibliografica: Abreu, FVSd, dos Santos, E, Gomes, MQ, Vargas, WP,
Passos, PHdO, Silva, CNe, Araugjo, PC, Pires, JR, Romano, APM, Teixeira, DS,
Lourenco-de-Oliveira, R. Capture of Alouatta guariba clamitans for the surveillance of
sylvatic yellow fever and zoonotic malaria: Which is the best strategy in the tropical
Atlantic Forest? Am J Primatol. 2019; 81:e23000. doi: 10.1002/ajp.23000

Situagdo do manuscrito: Publicado na revista American Journal of Primatology.
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Abstract

Howler monkey capture is an arduous and expensive task requiring trained and
specialized professionals. We compared strategies and methods to most efficiently
capture Alouatta guariba clamitans in remnants of the Atlantic Forest in Rio de Janeiro
and its bordering states of Minas Gerais and Sao Paulo. We tested whether or not the
success of expeditions in the forest with anesthetic darts, nets, and baited traps
differed with and without the support of an information network, a contact chain
built with key institutions and inhabitants to continuously monitor howler monkey
presence. The influence of forest conditions (vegetation type and fragment size) upon
darting success was also evaluated. We captured 24 free-living A. guariba clamitans.
No howler monkey was caught with traps, probably due to the predominantly folivore
feeding to high local plant diversity providing a great variety of food options.
Captures based on an information network were significantly more efficient in terms
of numbers of caught monkeys than without it. Captures with darts were
considerably more efficient when performed in semideciduous forests and small
forest fragments as opposed to ombrophilous forests or large woods. Although we
walked great distances within the forest searching for howler monkeys, all but one
animal were captured at the forest fringes. Hindrances to search and the darting
method in the Atlantic Forest, for example, the steep terrain, high tree canopies, hunt
pressure, and low A. guariba clamitans population density, were mitigated with the use
of the information network in this monkey capture. Moreover, the information
network enhanced the surveillance of zoonotic diseases, which howler monkeys and

other nonhuman primates are reservoirs in Brazil, such as malaria and yellow fever.

KEYWORDS
anesthetic dart, howler monkey, information network, trapping
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1 | INTRODUCTION

The capture of nonhuman primates (NHPs) has been performed
for several scientific purposes, such as genetic, ecological, or
sanitary aims. Traps are widely adopted for small and frugivorous
neotropical primates capture (Watsa et al,, 2015). However, the
capture of wild howler monkeys is an arduous and expensive task
requiring trained and specialized professionals. Howler monkey
groups prefer the high forest canopies and feed predominantly on
leaves, complicating access and reducing the efficacy of fruit-
baited traps (Brasil, 2017a). Few authors have reported success
in trapping howler monkeys such as Aguiar et al. (2007),
capturing 70 Alouatta caraya with traps installed in the tree
canopy. Therefore, despite the complexity and high risk of animal
injury or even death, the most common technigue for Alouatta
capture is the anesthetic dart gun. With this method, 130
Alouatta palliata were captured and marked in La Pacifica, Costa
Rica, between 1973 and 1975 (Scott, Junior, & Malmgren, 1976),
and 688 from 1973 to 1991 (Teaford & Glander, 1991), in
a dry and deciduous forest environment within small woods
surrounded by pastures (Clarke, Zucker, & Scott, 1986; Scott
et al., 1976). There also have been reports of success with
the same method in capturing howlers for ecological or
epidemiological studies in Argentina, Costa Rica, Venezuela, and
Panama, where 20-100 specimens were captured in a single
month (Martinez, Kowalewski, Salomon, & Schijman, 2016;
Milton, Lozier, & Lacey, 2009; Rumiz, 1990; Scott et al., 1976).
In Brazil, the methodology was widely adopted during the
2008-2009 YFV outbreak in Rio Grande do Sul, where more
than 270 animals were captured (Brasil, 2017a). Although the
dart methodology is well established, little has been discussed on
the importance of involving institutions and local inhabitants
before and after the field expeditions. Approaches based on
ethnoprimatology can provide clues and methods to take
advantage of local resident knowledge and interaction with
NHPs during the fieldwork (Jones-Engel, Engel, & Fuentes,
2011), contributing in the construction of an information
network as a means of optimizing capture efforts.

NHPs can harbor several parasites infectious to man. In Brazil,
since 1966, human autochthonous malaria in areas under the
influence of the Atlantic forest has been suspected to have simian
origin caused by Plasmodium simium, the original and primary
host being howler monkeys, genus Alouatta (Deane, 19%92). The
confirmation of this zoonotic cycle has only been achieved very
recently by molecular examination of local Alouatta (Brasil et al.,
2017; Buery et al., 2017).

Sylvatic yellow fever is a viral zoonotic disease accidentally
transmitted from wviremic NHPs to man by arboreal primatophilic
mosquitoes. Recently, the virus (YFV) has re-emerged in the Atlantic
Forest, Southeast Region, causing numerous human cases and deaths
besides having a huge impact on NHP biodiversity resulting from
thousands of epizootic events (Bonaldo et al., 2017; Brasil, 2017b).
Species of genus Alouatta are among the most susceptible to the YFV

considering the number of dead animals or even population
extinctions during epizooties (Aradjo et al, 2011; Moreno et al.,
2013; Moreno et al, 2015). The new affected area corresponds to
the territory of three Alouatta taxa: A. caraya, A. guariba guariba, and
mostly, A. guariba clamitans, the brown howler monkey, which has
been the most affected since the beginning of this YFV expansion
(Almeida et al., 2012) and the only Alouattinae found in Rio de Janeiro
(RJ). Yellow fever surveillance includes active investigation,
which consists of capturing free-living NHPs followed by the
collection of blood samples for early detection of the virus and/or
specific antibodies. This action aims to obtain evidence of viral
circulation for the risk prediction of YFV transmission to human
populations (Brasil, 2017a).

In 2015, we initiated a program for NHP capture focusing on
howlers in response to the expansion of the YFV toward RJ and the
increase in the number of autochthonous malaria cases in the state.
Herein, we compare strategies and methods to most efficiently
capture A guariba clamitans in remnants of the RJ Atlantic Forest and
its borders. Particularly, we wanted to test whether or not the
capture success with darts or nets differs with or without the support
of an information network composed of several kinds of agents,
mostly from key institutions and residents in target areas. In addition,
we wanted to find out the possible wvariation of dart capture
efficiency in different forest types and fragment sizes. Finally, baited
trap application on tree platforms for howler capture was evaluated

in two different forest environments.

2 | DESCRIPTION

2.1 | Ethical statement

Qur methods and protocols were previously approved by the
Institutional Ethics Committee for Animal Experimentation (Protocol
CEUA/IOC-029/2016, license L-037/2016) and by Brazilian Ministry
of the Environment (SISBIO 41837-3 and 54707-4) and Rio de
Janeiro’s Environment agency (INEA 012/2016 and 01%/2018). The
research adhered to the American Society of Primatologists

Principles for the Ethical Treatment of Nonhuman Primates.

2.2 | Capture efforts

The following two main strategies were tested to capture A. guariba
clamitans between 2015 and 2017: (a) Expeditions with active
searches employing the use of anesthetic dart guns in the forest
without any previous alert from an information network, and,
alternatively, (b) the construction of an information network with
key institution and resident contacts incorporating the use of
anesthetic dart guns, canopy baited traps, or nets upon alerts raised
in this information network.

Besides, the efficiency of capture with anesthetic darts was
evaluated under influence of two different forest environments
(semideciduous seasonal forests vs. ombrophilous forest) and two
fragment size categories (<100 ha vs. =100 ha).
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2.2.1 | Anesthetic dart capture during the
expeditions without any previous alert from the
information network

Seven long-term capture expeditions were orchestrated with an
average duration of 13.5 days each. Six expeditions occurred in the
regions of dense ombrophilous forest, covering 13 municipalities in
82 days, 63 of which were entirely devoted to the active search of
howlers in the forest, the remaining days being spent journeying
between forest fragments and inspection areas. One expedition was
on the western slope, in the semideciduous seasonal forest, covering
four municipalities in 13 days, 9 of which were totally devoted to
howler search (Table 1). The howler search fieldwork was conducted
by three to six trained investigators with a local guide entering the
forest as quietly as possible. When howlers were encountered,
anesthetic darts were targeted at the lower limbs of the largest
animals in the group. The collection, biosafety, and anesthesia
protocols complied with the rules and regulations of the Brazilian
Ministry of Health (Brasil, 2017a). The darts contained a combination
of ketamine (15 mg/Kg), midazolam (1 mg/Kg), and levomepromazine
(1mg/Kg), and alternatively, an association of tiletamine and
zolazepam (4-5 mg/Kg). After anesthesia, a large nylon net was
opened to catch the falling anesthetized animals. In some cases, the
fall was induced by shaking the tree branch, supporting the animal
with a rope. After sample collections and complete recovery of
anesthetic effects, animals were released in the same place during
the daytime. Only one monkey was injured by fracturing one femur
during the fall while anesthetized, which was afterward treated and
kept in a primate-breeding center (Centro de Primatologia do Rio de
Janeiro—CPRJ).

222 | Information network-based
captures—development and operation

The network was developed by establishing long-distance and
personal contacts with three main types of agents/actions: (a)
Residents, health agents, environmental guards, conservation unit
managers, and local guides living in the target municipalities. To raise

awareness about the importance of primate surveillance, we

3of9
S Wi ey
personally interviewed these agents in the field during the expedi-
tions or short-term trips (1-3 days) before capture expeditions. We
also organized lectures in local schools, community centers, and
health departments aiming to amplify the network. (b) Patients
affected by autochthonous malaria who usually have a secondary
residence in the target area, introducing us to local residents, which
were added to the groups amplifying the network. (c) We established
collaborations with primate research groups working in several areas
in the state of RJ.

Groups composed of all agents were created on WhatsApp
mobile messenger application (WhatsApp Inc., Delaware Corpora-
tion, CA) for each location. Besides contact through WhatsApp, we
made periodic phone calls and sent messages to key agents.
By receiving information in real time, the howler monkey presence
in specific sites, situation, and time was continuously monitored in
each area even in our absence. Short-term capture trips to target
areas were elaborated (Table 1) whenever our network agents
efficiently informed the presence of healthy or sick howler monkeys

in their locality.

2.2.3 | Installation of canopy traps in platforms

Two platforms were established with the main purpose of baiting
and trapping whole groups of A. guariba clamitans, the traps being
designed according to Aguiar et al. (2007). The selected trees for
installation of both platforms were defined according to sugges-
tions from the members of the information network (arrows in
Figure 1). The trap front and back doors were kept open for
2 months to allow free circulation, enhanced by the continuously
replenished baits. Afterward, the back door was sealed but the
entrance remained open for the animals to access the bait, and
about 8 kg of fresh fruits and vegetables was renewed every
3 days. The regular bait was banana, mango, guava, corn, and
coconut. Eventually, other options such as peas and string beans
were tested in an attempt to provide food closer to the
predominantly folivorous Alouatta diet. Platform 1 was set at a
20-meter height in the Municipal Natural Park of Atalaia, a large
forest fragment of approximately 1,183 hectares located at an

altitude of 120 meter on the plains of the Macaé municipality,

TABLE 1 MNumber of howler monkeys captured according to strategies, capture methods, and forest characteristics

Total days  Total captured

Strategies spent howlers
Expeditions without the information 95 9

network alert
Expeditions with the Information 23 15

network alert
Platform baited trap 336 0
Total 454 24

Capture Vegetation type Fragment size
methadology SDF* ODF® Upto 100ha > 100ha
9 (dart) 4(9) 5 (63) 8 (29) 1(43)

3 (dart), 12 (net) 9 (11) 6(11) 10 (12) 5 (10)

0 (trap) 0(175) 0(161) 0 (161) 0 (175)
_ 13(195) 11(235) 18 (202) 6 (228)

Note: The number of working days searching for monkeys in each kind of forest and forest fragment size in parenthesis.

*Semideciduous seasonal forest.
“Ombrophilous dense forest.
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on the east side of Serra do Mar, 166 kilometers from the city of
Rio de Janeiro, where our laboratory is located. The predominant
vegetation is the dense ombrophilous lowland type (IBGE, 2012).
Platform 2 was placed at a 12-meter height on a farm located on
the western slope of Serra do Mar in the municipality of
Sumidouro at an altitude of 1,080 meter and 147 kilometers from
Rio de Janeiro. This forest consists of about 60 hectares of
connected patches of predominantly semideciduous seasonal
vegetation type in which the tree canopies were lower than those
of the platform 1 area. According to reports of our information
network, the high branches of few trees were the only passage for
a group of howlers to cross an unpaved road that separates two
forest fragments. We pruned these branches and linked the
platform to the trees located on the opposite side of the road
with ropes intending to force the animals to pass close to the
trap entrance. Cameras with a motion infrared sensor were
installed for 24-hr surveillance of the visiting animals in both
platforms. Platform 1 was monitored for 23 weeks, from
September 2015 to February 2016, the end of the dry and
beginning of the wet seasons, respectively, while platform 2 was
monitored for 25 weeks, between July and December 2016,
essentially the dry season.

2.3 | Study area

The fieldwork was carried out between May 2015 and June 2017 in
several locations in the Atlantic Forest, in RJ as well as frontier sites
in the Southeastern states of Minas Gerais (MG) and Sao Paulo (SP;
Figure 1). Due to deforestation, forests with ecological conditions to
support larger NHPs have essentially been reduced to fragments on
hilltops scattered in lowlands or mountain valleys and escarpments of

O Searched arcas without success
Captured Aloutta during expeditions

® Captured Aloutta with informations nef alert
Platform location

“Serra do Mar” (Ribeiro, Metzger, Martensen, Ponzoni, & Hirota,
2009), which makes RJ different from other regions where howler
monkeys have been captured. Serra do Mar is a mountain chain
forming a large and long ecological corridor (CEPF, 2005). Its eastern
slope, facing the ocean, has the largest continuous forest in the state
and sustains primary or secondary dense ombrophilous forest
predominant vegetation (IBGE, 2012). On the western slope, toward
MG, the vegetation is replaced by semideciduous seasonal forest
(IBGE, 2012) exhibiting high degrees of fragmentation (Figure 1). The
choice of capture areas took into account scientific papers reporting
howler occurrence, recent human malaria cases, and the existence
of important river basins and denser forests, connecting states and
wooded fragments, which may serve as a corridor for NHPs and
YFV dispersal.

2.4 | Statistical analyses

The capture efficiency (CE) and its standard deviation (SD) were
calculated by dividing the number of captured howlers by the
capture effort (number of days spent in the capture) considering
the sampled forest fragment. First, the CE was compared between
the strategies with or without the use of an information network
through a two-sided Kruskall-Wallis test, since this parameter was
non-normally distributed (Shapiro-Wilk, p <.05). Subsequently, the
CE of searches with anesthetic darts was contrasted between forest
types (semideciduous seasonal and dense ombrophilous) and forest
fragment sizes (smaller or larger than 100 ha) with the same
statistical test. p-values were adjusted for multiple comparisons
according to the Bonferroni criteria and were considered
statistically significant when these values were equal to or less
than .05. The response variables were not correlated according to

Rio de Janeiro

Minas Gerais

FIGURE 1 Satellite image of Rio de Janeiro showing sampled areas, relief, and vegetation. Red circles represent Alouatta captured
with active searching during expeditions. Yellow circles represent Alouatta captured after our network alert. White transparent circles
represent areas where we performed active search during expeditions but failed to capture Alouatta. White arrows indicate the locations of

platforms 1 and 2
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variation inflation factors (VIFs; i.e., VIF <5). All statistical analyses
were performed with R version 3.0.2.

3 | EXAMPLES

Between 2015 and 2017, 24 wild A. guariba clamitans were captured
and examined, nine during the active search in the forest without any
previous alert from an information network, and 15 based on the
information network (Table 1).

3.1 | Effects of the information network

The captures based on the information network alert were more efficient
(Kruskal-Wallis, p < .05; Figure 2). On average, 0.92 howlers (SD =0.4)
were captured per day during efforts based on alerts from the network
versus 0.19 (5D =0.4) without the alert of the network information.

Of the 15 howlers captured based on the information network, six
(40%) were reported by conservation unit managers, six (40%) by
residents, two (13.3%) by other researchers, and one (6.6%) by the
municipal health department manager. Six were captured in dense
ombrophilous forests and nine in semideciduous. Concerning capture
methods, 12 were captured with nets as they were either sick (n=8) or
easily attracted by fruits regularly offered by neighboring farmers (n= 4)
and three with anesthetic darts in two field expeditions of 2 days each.

Importantly, during the YFV outbreak in Rio de Janeiro
(2017-2018), the information network enabled us to find and collect
material from 14 other sick, agonizing, or dead A. guariba clamitans
besides two marmosets (genus Callithrix), but they were not included
in the analysis to prevent bias in our statistical comparison of capture
method efficiency.
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FIGURE 2 Boxplot of the capture efficiency (CE), of the two
strategies tested: With and without the support of the
Information Network. Different letters mean statistical difference
(Kruskall-Wallis; p < .05)
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3.2 | Effects of forest characteristics in dart
capture efficiency

In total, 12 howlers were captured using darts, being seven in
semidecidual and five in dense ombrophilous forest. The CE, when
using anesthetic darts, was significantly higher in semideciduous
seasonal forest (0.56 howler/day on average, 5D: 0.67) compared to
the ombrophilous forest (0.051 howler/day on average, SD: 0.1;
Kruskall-Wallis, p <.05; Figure 3a).

Regarding fragment size, 11 howlers were captured in those
considered small (up to 100ha) and one in those termed large
(*100 ha). The forest fragment size also influenced the capture
success with darts. The CE (0.4 howler/day on average, 5D: 0.5) in the
29 days of work in seven small forest fragments (0.5-100 ha) was
significantly higher than those captured in 43 days of work in 17
large fragments (=100 ha, corresponding to 0.01 £0.03 howlers/day;
Kruskall-Wallis, p <.05; Figure 3b).

Although we walked great distances and spent a lot of
time in search of howler monkeys (up to 8 search hours per day),
11 of the 12 dart-captured animals were obtained less than
1km from the forest fringe. Only one animal was captured deep

inside the forest.

3.3 | Trapping evaluation

Mo howler monkey entered the traps or consumed the scattered
fruits in proximity even after more than 23 weeks of the food supply
in the two study areas. The target howler monkey groups were
frequently detected using the highest arboreal branches above
platform 1 and crossing the ropes installed close to platform 2
(Figure 4). After 4 weeks of baiting, a group of capuchin monkeys
(Sapajus nigritus) began to access trap 1 (Figure 5a), of which we
captured and examined two. The camera trap caught several rodents,
marsupials, and birds consuming the bait and made the first record of
a kinkajou Potus flavus in the Atalaia Park (Figure 5b).

After our survey, the traps were removed and the platforms were

maintained for utility by other researchers, mostly for bird watching.

4 | COMPARISON AND CRITIQUE

This was the first time that different strategies for A guariba
clamitans capture were evaluated in different forest types and
distinct fragment sizes of the Atlantic Forest. We showed that
through an information network, it was possible to collect and
examine more animals in less time. The number of animals we
examined based on alerts from the information network was 66.6%
higher than that obtained in active search without it. Both the
capture time and the expended financial resources have significantly
dropped with the network. In addition, during the YFV outbreak, the
information network helped in reducing the time between finding

monkeys and the laboratory diagnosis, contributed to rapid
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FIGURE 3 (a) Boxplot of the CE in two types of vegetation: Semideciduous seasonal and dense ombrophilous. (b) Boxplot of the CE in two

categories of fragments sizes: Small (up to 100 ha) and large (more than 100 ha). Different letters mean statistical difference (Kruskall-Wallis;

p < .05). CE, capture efficiency

notification in the state of Rio de Janeiro, minimizing the damage to
the human population bordering the epizootics.

Although the elevated costs and high injury risks, the most
popular technique for howler capture is the anesthetic dart, with
which populations of Alouatta have been monitored for decades in
different regions in Latin America (Martinez et al., 2016; Rumiz,
1990; Scott et al., 1976). These studies were conducted in highly
fragmented or isolated patches of woods, in essentially flat terrains,
generally covered with secondary semidecidual forests (Froehlich,
Thorington, & Otis, 1981; Martinez et al., 2016; Milton et al., 2009;
Rumiz, 1990; Scott et al., 1976).

However, we had lower capture success in Rio de Janeiro,
especially when working in the dense ombrophilous forest type and
in larger fragments (>100 ha). The dense ombrophilous forest in Rio
de Janeiro has a canopy over 20 meters in height, composed of
several intermediate tree limbs that reduce visibility and hamper

efficient dart gun procedure. In addition, the steep terrain may
provide lower vegetation sustenance, consequently, decreasing
food availability, which results in lower primate densities (Assum-
pcao, 1983; Pinto, Claudia, Costa, & Fonseca, 1993). In general,
large forest fragments also present reduced monkey densities by
favoring dispersal and movement. Also, this kind of forest may
harbor large predators and competitors (Gonzélez-Solis, Guix,
Mateos, & Llorens, 2001). Besides, the hunting pressure reported
by residents, park managers, and environmental guards during the
interviews, may have contributed to the scared behavior of the
howlers in Rio de Janeiro (Aradjo, Souza, & Ruiz-Miranda, 2008;
Gonzalez-Solis et al, 2001; Pinto et al., 1993). Together, these
factors may explain the capture difficulty, reinforcing the
importance of other methodologies in this type of environment.
The great advantage of darting for yellow fever surveillance in
NHPs is the mobility since it allows sampling different areas of

FIGURE 4 A guariba clamitans crossing the road through the rope, very close to the baited trap in platform 2. It never entered or examined
the platform or the baits. Panoramic image was assembled using the software Microsoft Image Composite Editor 2.0 (ICE)
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FIGURE 5 Records of animals consuming the bait inside the trap installed at platform 1. (a) Group of Sapajus nigritus. (b) First record of
kinkajou (Potus flavus) in the Atalaia Park. It is possible to distinguish two kinkajou and an opossum

interest at any time (Brasil, 2017a). However, our results indicated
that this application should be prioritized either in small and flat
fragments of semideciduous secondary forest or on islands due
to the confined area limiting animal dispersal, facilitating animal
encounter. Due to the difficulties reported, we recommend monitor-
ing based on the construction of an information network before
captures, especially for the mountainous region (Serra do Mar) in the
Brazilian southeastern states. As an initial approach, active search
and howler capture with dart guns would be recommended at the
fragment fringe as well as at sites with constant sightings of Alouatta
previously reported by local inhabitants and the information
network. Finally, net capture seems to be the simplest and cheapest
technique in the case of diseased or baited animals reported by the
information network.

Intriguingly, all but one A. guariba clamitans were caught less
than 1km from the forest fringe in Rio de Janeiro, which may
suggest that long hikes in rough terrain deeper into the forest were
inefficient. Probably the team movement within the forest might
have startled the howler monkeys, inducing them to disperse or
hide, especially under the hunter pressure reported by residents.
The same was observed by Jones and Bush (1988) when capturing
Cercopithecus. The only animal we captured deep inside the forest
was encountered on a flat and well-marked trail in Ilha Grande State
Park, Angra dos Reis, a protected and isolated island, which
facilitated howler encounter (Oliveira, 2011).

The use of baited traps is inefficient for capturing howlers
because they have a predominantly folivore feeding habits and
can forage on dozens of tree species as well as consume sprouts,
flowers, and fruits depending upon availability (Aguiar et al.,
2007; Chiarello, 1994). Despite this, one study reports the
success in capturing 70 Alouatta caraya in the Parana river basin,
Southern Brazil (Aguiar et al., 2007). In contrast, we failed to trap
A. guariba clamitans in Rio de Janeiro. We attribute this failure to
the following factors: (a) Higher plant and animal richness and
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diversity in RJ, providing more options to the howler monkeys
and discouraging bait attraction. Moreover, baits were consumed
more rapidly by birds and other mammals, differently from that
reported in the isolated areas in Parana (Aguiar et al., 2007). (b)
Interspecific behavioral difference: The species trapped by
Aguiar et al. (2007) was Alouatta caraya, commonly found in very
disturbed secondary forests, presenting a more diverse diet than
brown howlers when in sympatry (Agostini, Holzmann, & di
Bitetti, 2010). The predominantly folivore feeding habits to-
gether with differences in population densities and group size
could essentially explain the reduced attraction of A. guariba
clamitans to the bait offered in our traps. Perhaps, a long-term
program of baiting in special circumstances (very small forest
fragments, low availability of preferred food, long dry season, and
absence of competitors) may increase the chance of A. guariba
clamitans allurement to traps but demands great physical effort
and human resources.

Our results demonstrate that the most efficient strategy to
enhance howler monkey capture in the Atlantic Forest is the
use of an information network. Its creation requires an initial
investment of time and we emphasize the importance of involving
health and environmental agencies with the inclusion of reserve
managers, environmental guards, and hiker associations in the
information network as these agents deal daily with natural
environments and are usually the first to come across sick or dead
animals. Currently, technology is a helpful tool. Message exchange
apps such as WhatsApp or Telegram facilitate communication,
providing comprehensive and cost-effective interaction among the
agents involved. Hence, it is an efficient and inexpensive method of
monitoring the primate population, according to the researchers to
take advantage of the best methods to capture howlers according to
the species, and ecological aspects. Its application can be
adopted for the collection of samples destined for ecological,
evolutionary, and especially, epidemiological studies, with the
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objective of understanding zoonotic diseases and predicting

epidemics threatening man.
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Abstract

infections.

malaria surveillance in the Atlantic Forest.

Background: Zoonotic infections with epidemic potential, as non-human primate malaria and yellow fever (YF), can
overlap geographically. Optimizing a small blood sample for diagnosis and surveillance is of great importance. Blood

are routinely collected for YF diagnosis and blood clots usually discarded after serum obtention. Aiming to take sam-

ple advantage, the sensitivity of a PCR using extracted DA from long-term frozen clots from human and non-human
primates for detection of Plasmodium spp. in low parasitaemia conditions was assayed.

Results: Malaria diagnosis with DNA extracted from blood clots generated results in agreement with samples
obitained with whole bload, including mixed Plasmeodium vivax/simiom and Plasmadium malariae/Brasilfanurm

Conclusion: Blood clots from human and non-human primates may be an important and low cost source of DNA for

Keywords: Blood clot, Plasmodium, Alouatta guariba clamitans, Mon-human-primates, Yellow fever, Atlantic Forest

Background

Some zoonotic infections with epidemic potential may
overlap geographically. Their surveillaince and follow-
up during epizooties and epidemics depends upon the
screening for distinct infectious agents often in a single
blood sampling from animal reservoirs. Frequently, res-
ervoirs are low weight animals, and sometimes, hypovol-
aemia at the sampling moment prevents the collection
of the ideal amount of blood. Therefore, optimizing the
blood sample may be critical for diagnosis of different
infections at the time.
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MNon-human primates (NHPs) are reservoirs of main
zoonotic agents, such as Plasmodium spp. and yellow
fever virus (YFV). For instance, in South America, the
YFV coexists in the same areas where Plasmoditm spp.
from NHP origin has been recorded for decades [1-3].
Thus, simultaneous surveillance of these zoonotic infec-
tions in a single NHP blood sampling is very important.

Recently, outbreaks of human malaria and YF acquired
in the sylvatic transmission cycle have been reported
in the Atlantic Forest localities in Southeast Brazil, the
states of Espirito Santo (ES) and Rio de Janeiro (R]) were
the most affected by both outbreaks [4-8]. Indeed, the
most severe yellow fever outbreak in the last seven dec-
ades reemerged in the Atlantic Forest areas with 689
humans and 1394 NHPs confirmed deaths [7, 9]. In the
same way, outbreaks cansed by Plasmodium simium, a
NHP parasite closely related to Plasmodium vivax, have

© The Author(s) 2018, This article is distributed under the terms of the Creative Cormmaons Attribution 4.0 Intemational License
{hmporeativecommons. cealicenses/oyf4.0/), which permits unnestricted use, distribution, and reproduction in any redium,
peowvided you give appropriate credit o the onginal authon(s) and the sounce, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Corremons Public Domain Dedication waiver (hitpedcreathecommanuong

publicdomaingzen 1.0 applies 1o the data made available in this amicle, unless othensise stated.
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been recently reported [1, 5, 10-14], as well as outbreaks
by Plasmodium brasiliamaon, another New World NHP
malaria parasite morphologically indistinguishable to
Plasmodium malariae [1]. Conventional PCR protocols
for malaria diagnosis are adopted worldwide [e.g. 15, 16]
and also do not distinguish P vivax and P malariae from
P simivm and P brasilianum, respectively [5, 12, 17]. It
has been postulated that P vivax can only be differenti-
ated from P simiwm by two specific Single Nucleotide
Polymorphisms (SNPs) in mitochondrial DNA from
human or NHP red blood cells or whole blood [5, 6,
18]. Plasmodium simiwm parasitaemia is usually low to
scanty both in NHP and human hosts. Concerning YFV,
the Brazilian Ministry of Health preconizes the active
surveillance of NHPs, which requires their capture with
traps or anesthetic darts together with blood sampling
for serological and molecular assays. Thus, blood is regu-
larly collected in tubes without anticoagulant to obtain
serum [19], mormally the blood clot discarded after
serum collection.

The main host of both P simium and the YFV in South-
eastern and Southern Brazil are howler monkeys, genus
Alouatta [1, 19]. These animals hardly ever enter traps
and their capture in the forest canopy is difficult and
expensive. Due to the difficulties to obtain blood samples
from wild howler monkeys and other neotropical NHPs,
it is important to optimize such samples. Therefore,
the methodology proposed by Lundblom et al. [20] was
improved and assayed for the detection of Plasmodium
spp. DNA in blood clots from man and NHPs taking into
account the low parasitemia conditions frequently asso-
ciated with these malaria infections.

Table 1 PCR results from whole blood and blood clots
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Methods

Mon-human primate samples

During a YFV surveillance in 2016, two Alouatta guariba
clamitans (M1 and M3) and one Callithriz hybrid (M2)
(Table 1) were captured in the Atlantic Forest areas of
Rio de Janeiro state, Brazil, under the technical guide-
lines of sampling and security measures [19]. A total of
5 and 3 mL of venal blood was, respectively, collected
from femoral puncture of M1/M3 and M2 and then
equally split into two tubes, one without anticoagulant
and the other containing EDTA. Following centrifuga-
tion (2000¢ x 10 min), sera, clot, plasma and whole blood
samples were stored at —80 *C until DNA extraction.
Whole blood and clot samples were not depleted of leu-
cocytes and platelets.

Human samples

Five mL blood samples collected in January 2017 from P
vivax patients (H1 and H2) infected in the Atlantic For-
est areas of Rio de Janeiro state, Brazil and from a clini-
cally healthy donor (H3) were used. Both whole blood
and blood clots were obtained, processed and stored as
described for NHP samples.

Parasitological diagnosis

Giemsa-stained thick and thin blood films of human and
NHP samples were examined prior to PCR assays. Sam-
ples H1, H2, M1 and M3 were positive, displaying 208,
368, 300 and 40 malaria parasites/pl, respectively. The
remaining two samples, a human (H3) and one NHP
(M2) were negative (Table 1).

according to malaria species and estimated parasitaemia

according to microscopy examination (thick and thin blood film)

Code Species Parasitaemia PCR™: whole blood PCR™: 1st blood clot PCR* 2nd blood clot ~ PCR™ 3rd blood clot
(parasites/uL) DMA extraction® DNA extraction® DMA extraction®

HI1 Hamo sapiens 208 Plasmodium; Pvivag®  Plosmodium; P vivax'®  Plasmodium; B vivog® Plasmodium; P vivag®

H2 Hame sapiens 368 Plasmodium; Pvivag®  Plosmodium; P vivax®  Plasmodium; B vivax/®  Plasmodiurm; P vivax/?

H3 Hamo sapiens 1] - - - -

M1 Alouatta g. dlamitons 300 Phasrmodiurm; P vivagP Plasmodiurm; P vivaxP Plasmodiurm; B vive®  Flasmodiumg P viva?
simium and P simiuvm and P sirmiurm and P simium and P
malarioe/R brasilianum  molanioe/P brasilianum  malaricedF brasi- malarigesF brasiianum

Banum
M2 Callithrix hybrid o - - - _
M3 Alowatta g. clamitons 40 P malariae/P brasiianum P malaricesF brasiianum P malarioe/P brasi- P malariae/P brasiianum

Rarum

* Gene largels were cysteine protsinase for P v, soflNA for B malasiae and 185 rRMA for genus Plasmodiurm; ® DNA extractions from clots disrupted by high-speed

shaking (600D rpmy40 5) in lysis buffer, without glass beads; — negative result
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DNA extraction and PCR

After thawing, 600-800 pL of lysis buffer (AL lysis buffer
provided in Qlamp® DNA mini kit, Qiagen) were added
to 300-400 pL (2:1) of each blood clot in tubes containing
or not glass beads, a high-speed shaking (6000 rpm/40 s;
Bertin Precellys 24) was performed for clot disruption.
Afterwards, this DNA was extracted with the QlAamp®
DNA mini kit, according to manufacturer’s instructions,
except for the elution step volume that was made in 50
instead of 100 pL. The unprocessed whole blood DNA
was extracted from around 600 pL with both the same kit
and elution procedures. In order to check DNA extrac-
tion efficiency, 3 sets of extractions were realized with the
same blood clot sample, as already described. The pres-
ence of gDNA was evaluated after electrophoresis (110
A/1 h) on ethidium bromide agarose gel under UV light.
To check PCR assay precision, these samples were tested
in three replicates (intra-assays) on each of three different
days (between assays).

For the conventional PCR assays, all DNA samples were
tested for 18 s rRNA Plasmodium genus-specific gene
[21], and than for cysteine proteinase P vivax [22] and
sstRNA P malariae genes [15]. The sensitivity threshold
of the genus [21] and P, vivax assay [22] specific protocols
optimized and routinely used are 0.5 and 0.019 parasites/
pL respectively, while that of the P malariae PCR is of
1 parasite/pL according to the authors [15]. PCR prod-
ucts were visualized under UV light after electrophore-
sis on 2% agarose gels. DNA from patients infected by
P. vivax or P malariae was the positive control in each
round of amplification. Non-infected human and NHP
DNA as well as blank samples (no DNA) were the nega-
tive controls.

Sensitivity comparison assay

In order to compare the sensitivity of PCR based on blood
clots we used similar quantities of blood cells from whole
blood and blood clot samples from another A. g. clami-
tans (M3) naturally infected with P malariae (parasitae-
mia of 120 parasites/pL). Blood clots are composed of red

Table2 PCR results from different Plasmodium malariae concentrations of blood clot and

from an infected Alouatta g. clamitans (M3) monkey
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and white blood cells, platelets and fibrin, which together
roughly correspond te almost 50% of all human and
NHP blood volume. Thus, aiming to equalize the amount
of blood cells we used 300 pL and 600 pL of clot and
whole blood, respectively. Whole blood and disrupted
blood clot samples were diluted (1:2, 1:4, 1:10; 1:100;
1:1000; 1:10,000, 1:100,000) (Table 2) and DNA extrac-
tions from each dilution were processed for P malariae
PCR amplification, as described above [15]. In addition,
we performed PCRs assays changing the last hold cycle
of the first and second rounds to 58°-5 min instead of
58°-2 min and 72°-10 min instead of 72°~5 min as well
as the number of cycles in the second round changed to
35 instead of 30.

Results

The PCR results with DNA extracted from clots were
in agreement with those of the whole blood (Table 1).
Concerning extraction without beads, there were small
residual fragments, but they were dissolved in subse-
quent incubations, the gDNA strongly detectable under
UV light. Thus, the DNA clot PCR results reported
herein were from disruptions performed without glass
beads. H1 and H2 samples were PCR positive for genus
Plasmodium and P. vivax and negative for P malariae,
whereas M1 (A. g clamitans) was positive for genus, P
vivax and P malariae. Despite the low parasitaemia,
samples were consistently intra-assay (repeatability) and
between assay (reproducibility) positive on the 3 different
days (Table 1). Inversely, clot disruption with glass beads,
besides requiring centrifugation steps, generated a weak
and indistinct gDNA band under UV light, PCR reac-
tions negative regardless of the PCR target.

Concerning sensitivity, P malariae was detected in
blood clot and whole blood of M3 till the dilution of 1:10
and 1:100 that corresponds to 4 and 0.4 parasites/pL,
respectively. By increasing the number of cycles of the
PCR, the limit of detection (LoD) increased to 0.4 para-
sites/pL for blood clot samples and to 0.04 parasites/pL
for whole blood samples (Table 2).

whole blood samples

M3 Alouatta g. clamitans Dilutions
Conditions Sample 1 1:2 1:4 1:10 1:100 1:1000 1:10,000 1:1,000,000
Regular PCR® conditions Blood clot® + + + + — — — _
Whole blood + + + + + - — _
Improved PCR® conditions Blood clot® + - + + + - — —
Whole blood + + + + + + — _

? The gene target was ssTRNA; b DNA extractions from clots disrupted by high-speed shaking (6000 rpm/40 5) in lysis buffer, without glass beads; + and —: positive

and negative result, respectively
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Discussion

Human and non-human primate blood clots could be
important sources of DNA that can be advantageous for
Plasmodium spp. detection even in low parasitaemias. This
is the first report of blood clots for the detection of Plasmio-
dirm DNA in NHPs as well as an unprecedented descrip-
tion of P vivax/simium and P malariae/brasilianum
detection in clot samples even with low parasitaemias. In
fact, blood clot disruption with high speed shaking was
only reported for the detection of P falciparum in larger
volume samples of human blood clots with no information
of a precision (repeatability and reproducibility) param-
eter [20]. It was also demonstrated that the LoD from the
clot was smaller than that of whole blood under standard
PCR conditions. However, when the number of cycles was
changed, the sensitivity increased for both clot and whole
blood samples. Thus, increasing the number of cycles can
compensate a possible loss of sensitivity for blood clots
with very low parasitaemia. Therefore, the use of often-
discarded blood clots allows the investigation of malaria
parasites in the same blood sampling from which serum
was extracted for simultaneous surveillance of YEV as well
as other arboviruses in NHPs.

Interestingly, the high-speed shaking technique with-
out the use of beads exhibited best blood clot disruption
performance. This corresponds to an advantage by reduc-
ing risk of contaminations due to handling as described
for other disruption techniques [23-25]. In addition to
malaria diagnosis, PCR templates from NHP blood can
be used for epidemiological, ecological and evolution-
ary purposes. In fact, NHP trypanosomes infecting man,
such as Trypanosoma cruzi, can be even more sensi-
tively detected in blood clots when compared to whole
blood and leukocyte samples [26] or serum in the case of
detecting fungi causing aspergillosis in man [27].

Furthermore, human blood clots stored at —20 °C from
1 to 2.5 years were still useful for the investigation of sin-
gle-nucleotide polymorphisms [28]. Indeed, PCR results
with blood clots were essentially equivalent to whole blood
(Tables 1, 2), as demonstrated in this paper with blood clots
stored at —80 °C for around 2 years, revealing the mainte-
nance quality of the DNA template. Consequently, blood clot
storage may be also a stable source of primate genetic sam-
ples for several phylogeny, dispersion and gene flow studies
as whole blood tissues, hair or even feces, which have already
been adopted as DNA sources by several researchers [29-33]
(non-exhaustive list). Along with increasing deforestation,
studies of habitat fragmentation effects, especially in small
populations of endangered NHPs, are necessary to support
management strategies [34], and clotted blood could also be
a stable genetic bank for several populations.

Finally in view of the results reported here, we sug-
gest that the Brazilian Ministry of Health surveillance
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protocols recommend NHP blood clot collection stor-
age and examination. This would indeed correspond to a
low-cost initiative that could optimize the results of NHP
capture and safety as well as contribute to knowledge
expansion in different fields of primatology and epidemi-
ology for the protection of man against zoonotic diseases.

Conclusion

In conclusion, blood clots can be a valuable source of
genetic information, optimizing costs, handling time and
reducing the amount of blood collected from each sub-
ject. Thereby, the creation of a blood clot bank could aid
the resolution of several ecological, evolutionary and epi-
demiological issues.
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Abstract

Background

Although malaria cases have substantially decreased in Southeast Brazil, a significant
increase in the number of Plasmodium vivax-like autochthonous human cases has been
reported in remote areas of the Atlantic Forest in the past few decades in Rio de Janeiro
(RJ) state, including an outbreak during 2015-2016. The singular clinical and epidemiologi-
cal aspects in several human cases, and collectively with molecular and genetic data,
revealed that they were due to the non-human primate (NHP) parasite Plasmodium simium;
however, the understanding of the autochthonous malarial epidemiology in Southeast Brazil
can only be acquired by assessing the circulation of NHP Plasmodium in the foci and deter-
mining its hosts.

Methodology

A large sampling effort was carried out in the Atlantic forest of RJ and its bordering states
(Minas Gerais, Sado Paulo, Espirito Santo) for collecting and examining free-living NHPs.
Blood and/or viscera were analyzed for Plasmodium infections via molecular and micro-

scopic techniques.
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Principal findings

In total, 146 NHPs of six species, from 30 counties in four states, were tested, of which
majority were collected from RJ. Howler monkeys (Alouatta clamitans) were the only spe-
cies found infected. In RJ, 26% of these monkeys tested positive, of which 17% were found
to be infected with P. simium. Importantly, specific single nucleotide polymorphisms-the
only available genetic markers that differentiate P. simium from P. vivax-were detected in
all P. simium infected A. clamitans despite their geographical origin of malarial foci. Interest-
ingly, 71% of P. simium infected NHPs were from the coastal slope of a mountain chain
(Serra do Mar), where majority of the human cases were found. Plasmodium brasilianum/
malariae was initially detected in 14% and 25% free-living howler monkeys in RJ and in the
Espirito Santo (ES) state, respectively. Moreover, the malarial pigment was detected in the
spleen fragments of 50% of a subsample comprising dead howler monkeys in both RJ and
ES. All NHPs were negative for Plasmodium falciparum.

Conclusions/Significance

Our data indicate that howler monkeys act as the main reservoir for the Atlantic forest
human malarial parasites in RJ and other sites in Southeast Brazil and reinforce its zoonotic
characteristics.

Author summary

The present work comprises an unprecedented capture effort and large-scale field survey
of Plasmodium species in non-human primates (NHPs) in R], a state recording three-
decade history of autochthonous human cases of benign tertian malaria lacking epidemio-
logical clarification of their origin. This is the first study to describe the infection rates by
Plasmodium spp. in free-living NHPs in R], thereby matching the spatial distribution of P.
simium in NHP with that of the local human cases of benign tertian malaria occurring
due to this parasite. This study confirmed howler monkeys as the only reservoir of this
zoonotic malarial parasite in R] and reported that specific single nucleotide polymor-
phisms were present in all P. simium infected howler monkeys, despite their geographical
origin of malarial foci. Moreover, this is the first study to record P. brasilianum/malariae
in free-living NHPs from R], and to illustrate their widespread distribution in this state.
Collectively, these findings help us in evaluating the simian malaria prevalence in the
Atlantic Forests and in assessing the zoonotic characteristics of autochthonous human
malaria in Rio de Janeiro, thus providing assistance in shaping surveillance and control.

Introduction

In Brazil, more than 99% of malarial infections are acquired from the Amazon, and few iso-
lated cases are occasionally found and recorded in regions outside the Amazon [1]. Malaria
transmission was considered eradicated from South and Southeast regions of Brazil approxi-
mately 40 years ago [1]; however, in the last three decades, a significant increase in autochtho-
nous malarial cases by Plasmodium vivax-like parasites in the Atlantic Forest areas in
Southeast Brazil, where no index case that could have introduced the parasite from a malaria
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endemic region, has been reported [1,2]. These cases present similar parasitological, clinical,
and epidemiological characteristics, such as low parasitemia, no P. vivax expected relapses,
and recent visits to dense rain forest areas, where the bromeliad-inhabiting Anopheles mosqui-
toes belonging to the subgenus Kertezsia, specially An. cruzii, are found [2-4]. An. cruzii is the
main vector of “bromeliad malaria”, which is endemic in South and Southeast Brazil, and is
the only known natural vector of simian malaria in the country [5]. This particular epidemio-
logical context revived the hypothesis raised by Deane et al. in the 1960s regarding the exis-
tence of human malaria cases of simian origin in Brazil. Specifically, these authors reported a
human natural infection attributed to the Neotropical primate parasite P. simium Fonseca [6]
in Sao Paulo (SP), Southeast region [7]. The patient presented a benign tertian malaria after
being exposed to the mosquito bites during a tree-canopy entomological survey in a forest
densely populated by An. cruzii. The description of vertical movement of An. cruzii between
the canopy and ground level in the Atlantic rain forest of Southern Brazil reinforced Deane’s
hypothesis that part of the transmission of bromeliad malaria in Southern and Southeastern
Brazil would be of zoonotic character, with monkeys being the parasite reservoir [5-8].

Two species of Plasmodium have been described in the Neotropical non-human primates
(NHP): P. brasilianum Gonder e Berenberg-Gossler (1908) and P. simium, almost indistin-
guishable from the human malaria parasites P. malariae and P. vivax, respectively [5,6,9].
Besides subtle morphological variations [2,5], molecular markers such as microsatellites and
single nucleotide polymorphisms (SNPs) were the only differences so far described between P.
malarige and P. brasilianum, and P. vivax and P. simium [2,10,11]. P. brasilianum is widely
distributed compared to P. simium, with its presence from México to Southern Brazil, thereby
infecting at least 11 genera of the five families of Neotropical primates (Aotidae, Atelidae, Cal-
litrichidae, Cebidae, and Phiteciidae) [5,12-15]. In contrast, P. simium has been found essen-
tially in species belonging to two genera (Alouatta sp. and Brachyteles sp., family Atelidae) [5],
from the Atlantic forest of South and Southeast Brazil.

To completely understand the epidemiology of recent autochthonous malaria in Southeast
Brazil, it is necessary to confirm the circulation of NHP Plasmodium sp. in the transmission
foci as well as to determine the parasite reservoirs. Studies on the prevalence of P. simium and
P. brasilianum infections in NHPs and their potential reservoirs in Southeast Brazilian states
were conducted during 1960-1990s. Almost 800 NHPs were sampled and their blood slides
were examined by microscopy, which is a less sensitive technique compared to the molecular
assays, thus recording a variation in the Plasmodium infection from 10.9% in the states of Espi-
rito Santo to 56.5% in SP [5]. During these surveys, only free-living lion-tamarins (Callitrichi-
dae) were examined within RJ and all were negative to malaria parasites [16]. However, R]
recorded 110 autochthonous human cases of benign tertian malaria between 2005 and 2018,
with an outbreak in 2015-2016 of 49 cases [1,2]. Interestingly, all these human infections were
acquired at the R] sites located along Serra do Mar, an extensive mountain chain covered by
the best-preserved rain forest mosaic in Southeast Brazil. This biome harbors a rich NHP
fauna comprising species of six genera (Alouatta, Brachyteles, Callicebus, Callithrix, Leontophi-
tecus, and Sapajus) [17], with An. cruzii being the most common anopheline mosquito [18].
Consequently, the hypothesis of simian origin in these R] malarial cases has been raised [5,7].
In response, multidisciplinary malaria studies including clinical, epidemiological, parasitologi-
cal, and molecular approaches have been conducted in R] [2,4,19]. More recently, the molecu-
lar studies of parasites infecting humans and three howler monkeys clearly demonstrated that
they shared the same P. simium parasite [2]; however, to date, scarce number of wild NHPs of
few species from only three out of numerous autochthonous malaria foci in R] and surround-
ings could be examined [2]. This study presents the largest sampling effort ever carried out in
the Atlantic forest of RJ and its borders for capturing and examining free-living NHPs in order
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to describe the geographical distribution and frequency of simian malaria, as well as to deter-
mine the local animal reservoirs and confirm the identity of the parasite infecting humans and
NHPs in the autochthonous malaria foci.

Material and methods
Study area

The work was carried out between May 2015 and January 2019, with a total of 120 days of
fieldwork at 44 sites in 30 counties of the Atlantic Forest biome, mainly in R] but also in its
bordering areas including the states of Minas Gerais (MG), ES, and SP. In this survey, we
included forest fragments from lowlands areas to mountain valleys and escarpments of moun-
tain chains such as Serra do Mar, which divides the state territory into two sides, one facing
the ocean (hereinafter called the coastal slope) and other the continent (continental slope)
[20,21]. The choice of capture areas considered the local existence of NHPs, recent human
malaria cases as well as alerts from the information network built with key institutions to con-
tinuously monitor the presence of howler monkeys, as previously described [21].

Capture and sample collection

The expeditions included up to 10-day surveys in the forests, conducted by 2-6 trained people
in the target areas to search NHPs. The capture method was selected according to the NHP
species, behavior, and size [22]. Briefly, Tomahawk model traps baited with banana were used
for Callithrix, Leontopithecus, and Sapajus genera [22,23]. The traps were opened early during
daytime and were inspected every hour until 3:30 pm, when they were closed. The captured
animals were anesthetized with ketamine (15 mg/kg) + xilazine (0.5 mg/kg). Anesthetic darts
containing ketamine (15 mg/kg), midazolam (1 mg/kg), and levomepromazine (1 mg/kg), or
alternatively, a combination of tiletamine and zolazepam (4-5 mg/kg) were used for the
Alouatta and Brachyteles genera, as well as for one titi monkey (Callicebus) [21,24]. Sick ani-
mals reported by the information network during the 2017-2018 yellow fever epizooties [25]
were captured with nets [21]. A sample of 3-6 mL of blood was collected from the anesthetized
or recently dead animals. Thick and thin blood films were immediately prepared, and the
remaining blood was allowed to coagulate. After collections and the complete recovery from
anesthesia (2-3 h), they were released to their habitats during the daytime from where they
were captured. Liver samples were obtained from dead animals, which recently died due to yel-
low fever or any other disease. Liver and blood samples were stored at —80°C until DNA
extraction. Importantly, only one monkey was injured during the fall post anesthesia, which
was then treated and kept in a primate-breeding center (Centro de Primatologia do Rio de
Janeiro—CPR]) [21].

Malaria diagnosis

Giemsa’s solution stained thick and thin blood films were examined under a microscope with
a 100x oil-immersion objective by two trained and independent microscopists. DNA was
extracted from the blood clots as previously described [26] and from the liver samples [27]
using the QIAGEN DNeasy mini kit according to manufacturer’s instructions. Molecular diag-
nosis was made via conventional PCR. All DNA samples were tested in triplicate for 185 rRNA
Plasmodium genus-specific gene [28,29], and then for cysteine proteinase P. vivax and ssTRNA
P. malariae and P. falciparum genes, as previously described [29,30]. The sensitivity thresholds
of the protocols used were 0.5, 0.019, 1.0, and 1.0 parasite per uL for the Plasmodium genus, P
vivax, P. malariae, and P. falciparum assays, respectively [28-30]. Moreover, an internal
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control (betaglobin primers) was used to assess eventual enzyme inhibitors that could generate
false negative results and all the samples generated betaglobin amplicons.

P. vivax-positive samples were subjected to P. simium differential diagnosis based on a
mitochondrial SNP, the only genetic marker available to differentiate them [2,10]. The molec-
ular diagnosis was performed via nested-PCR of coxI gene fragment and subsequent enzymatic
digestion, using primers and a previously described protocol, which detected 3.12 parasites/uL
[10]. All the PCR products were visualized under UV light after electrophoresis on 2% agarose
gels.

Histopathological analysis

Spleen fragments of a subsample comprising 16 howler monkeys (12 from RJ and 4 from ES),
presumably found dead due to yellow fever, were fixed in Carson’s formalin-Millonig [31] and
further processed according to the standard histological techniques for paraffin embedding.
Sections (5-pm-thick) from each block were stained with hematoxylin-eosin [32] or Lennert
Giemsa [33] and analyzed for malarial pigments under an AxioHome microscope equipped
with an HRc Axiocam digital camera (Carl Zeiss, Germany).

Ethical issues

The collection methods, biosafety, and anesthesia protocols adhered to the Brazilian law
(11.794 of July 8, 2008) on the use of animals in scientific research, and complied with the
rules and regulations of Brazilian Ministry of Health [22], having been previously approved by
the institutional Ethics Committee for Animal Experimentation of Instituto Oswaldo Cruz
(protocol CEUA/IOC-004/2015, license L-037/2016) and by Brazilian Ministry of the Environ-
ment (SISBIO 41837-3 and 54707-4) and Rio de Janeiro’s Environment agency (INEA 012/
2016 and 019/2018). The research also adhered to the American Society of Primatologists Prin-
ciples for the Ethical Treatment of Nonhuman Primates.

Results

In total, we examined 146 animals belonging to six species from 30 counties in four Brazilian
states, with majority of animals being from R]J (S1 Table and Fig 1); of these, 130 animals were
screened by microscopy and PCR using blood samples, seven by microscopy and PCR from
blood samples and histopathology of spleen fragments, and nine by PCR of viscera and histo-

pathology of spleen fragments.

Despite their geographical origin, the only NHP species found to be infected with Plasmo-
dium was the howler monkey Alouatta guariba clamitans (Table 1). The PCR method was
more sensitive compared to the microscopic examination of blood films, which eventually
failed to detect Plasmodium in two infected howler monkeys, one harboring P. simium and
another P. brasilianum/malariae (Table 1). Nevertheless, the results suggest that infected
howler monkeys generally exhibit detectable parasitemia during microscopic examination of
blood slides, for both Plasmodium species. The parasitemia ranging from 15-300 parasites/pL
(median = 40 p/pL). Trophozoites were the most commonly visualized blood forms; however,
schizonts and gametocytes were also detected (Fig 2). In addition, by using PCR, we were able
to detect both Plasmodium species in four animals from liver, spleen and blood samples, which
showed concordant diagnostic results.

Only 12 NHPs were examined from the bordering states of R], being two howler monkeys
from MG and four from ES and none of these were infected by P. simium. One of the four
examined A. clamitans from ES was PCR positive for P. brasilianum/malariae (25%; Table 1).

PLOS Neglected Tropical Diseases | https:/doi.org/10.1371/journal.pntd.0007906 December 9, 2019 5/17

58



@ PLOS NEGLECTED
~z) o TROPICAL DISEASES Howler monkeys are the reservoir of zoonotic malaria parasites in the Atlantic forest

NHP capture points

Alonatta g. clamitans
Callithrix sp.
Sapajus nigritus
Leomophitecus rosalia
Brachyteles hypoxanthus
ES

Callicebus nigrifrons

Land use and cover
I Forest
Agriculture and Pasture
I Sand vegetation
Il Mangrove
BN water
Sand Dunes MG
I Urban areas

Fig 1. Map presenting collection points of non-human primates in Rio de Janeiro and bordering states in Brazil.
Each circle represents one examined NHP. The figure was prepared using free software QGIS 2.18.

https://doi.org/10.1371/journal.pntd.0007906.9001

Regarding RJ, 11 (26.1%) howler monkeys were infected with malarial parasites during
sampling and, among these, seven (16.7%) were infected by P. simium, the causative agent of
the autochthonous human malaria in this state (Tables 1 and 2). Importantly, the unique spe-
cific P. simium SNPs used to distinguish P. simium from P. vivax were detected in 100% of
these tertian malarial parasite infected howler monkeys. Moreover, most of these animals orig-
inated from the coastal slope of Serra do Mar, where counties face the ocean and are influenced
by its humidity, where several human cases have been recorded in the last decade (Table 2 and
Fig 3). Six A. g. clamitans from R] were infected by the quartan-malarial parasite P.

Table 1. Alouatta g. clamitans captured and examined per state, with the infection rate for each Plasmodium species and detection method for the present and pre-
vious infections. Number (%).

State | N Total with P. P. brasilianum / P. simiun and P. brasilianum/ P. falcipa- Diagnosis Malarial
Pl di imi malariae malariae rum Pig 8
Blood slides Only | N | Positive
+PCR PCR
R] |42 11 (26.1) 5(11.9) 4(9.5) 2(4.7) - 7 4* 12| 6(50)
ES | 4 1(25.0) - 1(25.0) - - NR 1 4 | 2(50)
MG | 2 - 2 - 2 3 = 2 - 3
TOT. | 48 12 (25.0) 5(10.4) 5(10.4) 2(4.1) - 7 5 16 | 8(50)

*“Two harboring P. simium and two with P. malariae/brasilianum. NR: not realized, as they were found dead during a yellow fever outbreak.

*Search in spleen tissues in a subsample comprising dead animals.

https:/doi.org/10.1371/journal.pntd.0007906.t001
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Fig 2. Giemsa’s solution-stained thick (A-D) and thin (E-I) bl ples, and histopathological analysis of h 1

4

d spleen fr of howler monkeys that were lly infected with Pl dium in Rio de Janei state, Brazil,

(1) hypertrophy of red pulp with malarial pigments and white plulp atrophy and (K) details of malarial pigments in the red| pulp.
https://doi.org/10.1371/journal.pntd.0007906.q002
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Table 2. Plasmodium-positive howler monkeys, based on their plasmodial species, county, year, slope of capture, and occurrence of autochthonous human cases of
benign tertian malaria, recorded in the respective county and the year of detection in Rio de Janeiro.

Plasmodium infections in NHP Previous NHP Plasmodium Human “vivax-like” cases
+ L8
Serra do Mar County NP (%) | Parasitemia (p/mm’) |  Plasmodium species infection N Year
Slope
Coastal Miguel Pereira | 2 (50) 40 P. brasilianum 0of 1 10 2015-2017
300 P. simium + P.
brasilianum
Macaé 1 25 P. simium 3o0f3 12 2011, 2013, 2015-
(16.6) 2017
Petropolis 1 (100) 0 P. simium NA 3 2015-2016
Angra dos 4 (40) 0 P. brasilianum lof4 3 2015,2017
Reis NR P. brasilianum
250 P. simium
NR P. simium
Continental Teresopolis® 1 40 P. brasilianum NA 0 _
(33.3)
Sumidoure | 2 (100) 15 P. simium NA 0 _
240 P. simium + P. NA 0 _
brasilianum

NP = number of Plasmodium positive howler monkeys.
*Eight howler monkeys were found dead due to yellow fever virus (YFV), with Plasmodium-negative results (PCR and/or blood slides) in three counties where
Plasmodium-positive howler monkeys were found. Histological preparations of spleen fragments revealed malarial pigment in four (50%) of these PCR-negative

animals, suggesting previous infections.

*The P. brasilianum infection was found in the district of Agua Quente, in the continental side of Teresopolis. NA = viscera non available.

https://doi.org/10.1371/journal.pntd.0007906.t002

brasilianum/malariae (14.3%), of which two were co-infected with P. simium (Tables 1 and 2).
All samples were negative for P. falciparum parasites.

Previous malaria infections could be investigated by searching the malarial pigment in a
subsample of 16 dead howler monkeys. Accordingly, the malarial pigment (Fig 2) was detected
in the spleen fragments of five out of 13 animals with negative PCR at the time of death and, as
expected, in three animals with positive PCR (Table 1). Interestingly, this pigment was found
in the spleen samples of 50% (eight out of 16) of dead howler monkeys in both R] (six of 12)
and ES (two of four), indicating that malarial parasite is frequent in monkeys from both states.

Howler monkeys were examined from 15 counties in R], of which 6 counties presented rec-
ords of autochthonous human malaria in the last years. Present infections by P. simium were
diagnosed in howlers from four (66.6%) of the surveyed counties reporting human cases of
benign tertian malaria in the state, and in a neighboring county (Sumidouro) where the
human cases were never detected (Fig 3). Interestingly, in Macaé, where the highest number of
human cases was recorded, all dead howler monkeys had malarial pigments in their spleen,
suggesting that simian malaria is highly enzootic in that county (Table 2).

Discussion

The present study demonstrates an unprecedented capture effort and large-scale field survey
of plasmodial species in NHPs in R], a state recording a three-decade history of autochthonous
human cases of benign tertian malaria [1,2]. To our knowledge, this is the first study to
describe the NHP infection rates by Plasmodium, and match the spatial distribution of P.
simium in NHP with the local human cases previously recorded; howler monkeys were the
only confirmed reservoirs of this zoonotic malaria in the state, and the presence of specific
SNPs was demonstrated in all P. simium infected howler monkeys, despite their geographical
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@ Malaria infections in free-living Alouatta Land use and cover
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Fig 3. Map presenting the distribution, number, and Plasmodium infections of the ined Alouatta g. clamitans in
Rio de Janeiro. Brown shaded areas represent the counties with registered autochthonous malaria in humans: 1. Macaé, 2.
Nova Friburgo, 3. Cachoeira de Macacu, 4. Teresopolis, 5. Sapucaia, 6. Guapimirim, 7. Petrépolis, 8. Magé, 9. Duque de
Caxias 10. Miguel Pereira, 11. Angra dos Reis. Number 12 represents Sumidouro, where human cases were not detected. The
figure was prepared using free software QGIS 2.18.

https://doi.ora/10.1371/journal.pntd.0007906.9003

origin. Although P. brasilianum/malariae has already been found in captive NHPs from R]
[13], this is the first study to demonstrate that this parasite species was located in free-living
NHPs, thereby contributing to its widespread distribution and zoonotic potential in the state.
P. simium and P. vivax have similar morphologies [5], immune response [34], and several
genetic targets [35,36], for example, PCR based on 18S SSU rRNA, largely used for malaria
diagnosis in humans [30], was unable to distinguish these parasites [10,13]. The only genetic
markers that can differentiate P. simium from P. vivax are the SNPs (3535 T>>C and 3869
A>QG) in the 6 Kb region of the mitochondrial genome [2]. Excluding the taxonomic issue and
focusing on public health impacts, our results confirm that, to date, the P. simium specific SNP
is carried by all parasites isolated from NHPs in the Atlantic Forest, which is in accordance
with the study by Alvarenga et al. (2018) [10]. Furthermore, P. simium was detected in howler
monkeys captured in five out of 11 counties recently reporting autochthonous human malaria
cases in R]J (Fig 2). Despite numerous efforts, we failed in capturing howler monkeys in four
malarial foci due to some local hindrances such as the hunting pressure that scared the mon-
keys, steep terrains, and low A. g. clamitans population densities [21,37]. Nevertheless, the
strong geographical overlap of howler monkey and human infections by parasites displaying
specific P. simium SNPs in five of six malarial foci, strengthens the importance of howler mon-
keys as the main reservoir of benign tertian human malaria over the zoonotic transmission
areas in Southeast Brazil [4,5,38,39]. Howler monkeys have also been by far the NHPs most
commonly parasitized with both P. simium and P. brasilianum in Southern and Southeastern
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Brazil [5,40]. Besides their susceptibility to Plasmodium infection [5], their acrodendrophilic
behavior, huge bodies, and the slower movement through the tree canopies (compared to the
smaller monkeys) [41] may make them more prone to mosquito biting vectors. Importantly,
the detection of malarial pigment in spleen fragments of eight (50%) of the subsample consist-
ing of 16 howler monkeys from R] and ES, some of which were Plasmodium-negative by PCR
at the time of death, suggest that simian malaria is very frequent in this species. Indeed, in
some areas with the highest human cases (e.g., Macaé), four out of six (66.6%) howler monkeys
were exposed to Plasmodium sp., when considering those with present and past malarial infec-
tions. This finding may also suggest that spontaneous healing from malarial infections may
occur in the howler monkeys found in nature, as observed in the P. simium experimental infec-
tions in certain Neotropical NHPs [42] and in a human natural infection [7].

The frequency of P. simium infection in free-living howler monkeys in RJ (16.6%) was
higher than that previously found in the bordering state of SP (5.8%) [39]; however, it was
lower than that found in the entire South and Southeast Brazilian regions (26.3-35%) [5,43].
No previous data are available for comparison in R], as this was the first time that howler mon-
keys were captured in the state in a systematized manner. A. g. clamitans was also the only
free-living NHP from R] in which blood forms by microscopy and plasmodial DNA were
detected. Recently, DNA but not blood forms of P. simium was detected in captive Cebus and
Sapajus from the Southeast [27]. The parasite could be unable to establish the erythrocytic
cycle or erythrocytic infection could be transitory, due to unspecificity during cell invasion or
host immune competence. Thus, their role as a reservoir for zoonotic malaria in the region
remains unclear [27]. P. brasilianum DNA was detected in captive capuchin, titi, howler, and
owl monkeys, as well as in tamarins and marmosets [13,27], most of these being exotic species,
that are not found in R]. All these NHPs were confined in a breeding institution CPR] located
in a well-known simian malarial enzootic transmission area in R]. Therefore, it was suspected
that the local ecological conditions favored the accidental infection of these captive NHPs by
parasites carried from infected free-living howler monkeys. Moreover, one free living speci-
men was infected by P. simium near CPR] [27]; however, no evidence is available confirming if
the parasite DNA found in the blood of these captive animals implies that they really undergo
Plasmodium infections or only bear a transient parasitemia. Nevertheless, it is important to
continuously monitor their potential role as a zoonotic Plasmodium reservoir, besides howler
monkeys.

Although P. brasilianum has been found in several NHP genera [5,44-48] around other
Brazilian regions, the previous studies conducted in Brazilian Atlantic forest and Cerrado
biomes did not find any capuchin (56 examined) or marmosets (out of 44) infected with Plas-
modium [39]. Similarly, more than 270 marmosets and lion-tamarins from the Southeast
region were Plasmodium negative [5]. Splenectomized capuchins remained uninfected when
injected with P. simium infected blood, whereas splenectomized marmoset endured low para-
sitemia [42]. Thus, the epidemiological role of other NHPs besides howler monkeys in the zoo-
notic transmission of malaria in Southeast Brazil, including the R]J state, if any, is presumably
negligible.

P. brasilianum/malariae was found in a frequency similar to that of P. simium, six (14.3%)
versus seven (16.7%), respectively—in howler monkeys from R], and mixed infections were
recorded in two (4.6%) animals. P. brasilianum/malariae was the only malarial parasite
detected in A. clamitans from ES (Table 1). Besides, the geographical co-occurrence of these
parasites seems to be frequent in R], as it was revealed in three out of five counties, wherein
howler monkeys were detected with the malarial parasites (Fig 2). Interestingly, despite this
coincident distribution and similar frequency of P. brasilianum/malariae and P. simium in R],
autochthonous human cases in this state have been diagnosed microscopically and/or
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molecularly as benign tertian malaria due to P. vivax for decades [1,5,7,38,49,50]. In particular,
P. simium was only identified by molecular tests and DNAmt sequencing as the causative
agent in the 2015-2016 malaria outbreak in R], wherein the patients were essentially nonresi-
dents of foci [2]. Nevertheless, six human asymptomatic infection by P. malariae were detected
by PCR in residents of Guapimirim in R], in 2011 [19], and a subsample of reactive local indi-
viduals for any plasmodial species revealed antibodies against erythrocytic antigens of P.
malariae in 30.9%. The hypothesis of infection of NHP origin due to P. brasilianum was pro-
posed because no index case of introduced or imported human case of P. malariae was identi-
fied in Guapimirim, and because the cases had close contact with the Atlantic forest [19].
Similar situations have been reported in neighboring states, covered by the Atlantic forest,
simian malarial parasite in the Amazon [5,14] that is experimentally found to infect humans,
either by inoculation of parasitized monkey blood or by the bite of infected mosquitoes [9].
High prevalence of antibodies against sporozoites antigens and erythrocytic forms of P. brasi-
lianum/malariae in people living or frequently working in the Amazon forests (e.g., Indians,
miners, settlers) of Brazil, French Guiana, and Venezuela suggested infection of this simian
quartan malaria parasite in humans [55-57]. Infections by P. brasilianum/malariae in humans
would be, therefore, expected to occur in R] and other southeast states where P. simium has
been described. In particular, the natural vector of both parasites is the same (An. cruzii) [5].
However, it remains unclear why malaria cases due to P. brasilianum/malariae have not been
consistently reported in the state. Further, strengthening of malaria surveillance either in resi-
dents or visitors of the Atlantic forest to evaluate the zoonotic potential of P. brasilianum/
malariae in South and Southeast Brazil is recommended [1].

Noteworthy, most of the P. simium and P. brasilianum/malariae-infected howler monkeys
(eight of 11;73%) were from the forest coastal slope of Serra do Mar, where all autochthonous
human malaria cases have been acquired [2,19]. At least two main premises may explain this
geographical association: from the entomological and climatic view point, the higher relative
humidity in the costal slope [58,59] may increase An. cruzii survival rates, supporting the spo-
rogonic cycle of the Plasmodium. Sea moisture also favors the density of epiphyte shade bro-
meliads, the larval habitat of An. cruzii, and generates higher rainfall indexes [58,59], which in
turn increases the amount of water accumulated in the vector larval habitats, positively influ-
encing the mosquito density. Greater longevity and density directly influence the vector capac-
ity of the mosquito to transmit Plasmodium [60,61]. Vector competence is governed by
genetics of vector population, and therefore, influences Plasmodium transmission dynamics
[61,62]. Indeed, Deane (1992) has emphasized that environmental conditions highly influence
the presence and densities of Neotropical NHP hosts, bromeliads, and An. cruzii, and conse-
quently, define the occurrence or absence of simian malaria in nearby sites. Moreover, two
genetic lineages of An. cruzii with partial reproductive isolation have been recently described
in Serra do Mar, one curiously occurring in the coastal region and another in the continental
slopes [63]. Compared to the continental side, coastal slopes of Serra do Mar comprise a higher
number of sites where people from major cities choose to reside in country houses in the forest
and include ecotourism areas such as waterfalls and natural parks attracting many visitors
(personal observation). As elaborated, the autochthonous human cases in the Atlantic forest in
R]J have been reported mainly in the nonresidents [1,2,19]. Collectively, the environmental,
entomological, ecological, and epidemiological characteristics seem to indicate that the costal
slope of Serra do Mar is the riskiest place to acquire malaria of NHP origin. Protective mea-
sures such as the use of repellents and long clothes should be encouraged specifically for those
who live or practice ecotourism in this slope.
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During the present study, a YFV outbreak erupted in the Southeast Brazil, a region without
records of this virus presence for almost 80 years [25,64]. Hundreds of epizootics of NHPs
were reported, causing a significant impact on the population size of howler monkeys, an
extremely susceptible host to YFV [22,65-70]. Considering the role of the howler monkeys as
a reservoir of Plasmodium infective to humans, it is plausible to suppose that dynamics of zoo-
notic transmission of malaria will undergo short or mid-term changes in RJ and bordering
states affected by the YFV epizooties. In this context, we postulate that the rapid decrease of
Alouatta populations would also reduce the source of plasmodial infection to An. cruzii, which
would further hamper the circulation of Plasmodium sp. in the Atlantic forest. Despite the
short duration since the 2016-2018 YFV epizootics, records from the Brazilian Ministry of
Health surveillance program seem to confirm this scenario. In fact, there was an abrupt drop
in the human malaria case records between 2018 and 2019 (only one autochthonous case)
[71], which was contradictory with the numbers reported between 2006 and 2014, when 4.7
cases were registered per year, on an average [2]. If the reduction of autochthonous malarial
cases in the Atlantic Forest is a consequence of the Alouatta deaths, leading to plasmodial
sources reduction, the role of howler monkeys for the occurrence of malaria in the Atlantic
Forest would be reinforced.

Previous sampling efforts on examining free-living NHPs in the Southeastern Atlantic For-
est over the last 30 years revealed limited geographical coverage, with samplings essentially
limited to the wildlife rescues or carried out in areas close to cities, or were based on few indi-
viduals [4,38,39]. As a result, our data contribute in understanding the simian malarial parasite
distribution and frequency as well as the zoonotic characteristics of autochthonous human
malaria in R], which in turn provides assistance in shaping surveillance and control. The evi-
dence of the NHP origin of parasites infecting humans and the widespread occurrence of
anophelines vectors in the Southeast region increased the concern of the reemergence of
endemic or epidemic autochthonous transmission in the region independent of the enzootic
cycle [2]. However, it is not clear whether the parasitemic humans infected by the bite of An.
cruzii carrying esporozoites of P. simium acquired from howler monkeys could be a source of
infection to An. cruzii or any other malarial vector present in the region. It is known that P.
simium infected humans usually display scanty to null parasitemia, and can be cured spontane-
ously in few days without treatment and any relapse; moreover, the molecular detection of par-
asites during treatment follow-ups has been described [2,5]. Besides, all autochthonous human
cases of benign tertian malaria detected for decades in Southeast have reported recent contact
with the P. simium enzootic forest, and no secondary transmission directly derived from a
human infected in the zoonotic cycle has ever been detected outside the sylvatic foci. These
epidemiological and parasitological profiles appear to indicate that humans are not a source of
P. simium infection for mosquitoes. Thus, determining vector competence of An. cruzii and
other traditional human malaria vector occurring in the Southeast region (e.g., An. darlingi,
An. Aquasalis, and An. albitarsis) for transmitting P. simium and P. brasilianum between
humans and from NHPs and humans and vice-versa is imperative.
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ABSTRACT

The yellow fever virus (YFV) caused a severe outbreak in Brazil in 20162018 that rapidly spread across the Atlantic Forest
in its most populated region without viral circulation for almost 80 years. A comprehensive entomological survey
combining analysis of distribution, abundance and YFV natural infection in mosquitoes captured before and during
the outbreak was conducted in 44 municipalities of five Brazilian states. In total, 17,662 mosquitoes of 89 species were
collected. Before evidence of virus circulation, mosquitoes were tested negative but traditional vectors were
alarmingly detected in 82% of municipalities, revealing high receptivity to sylvatic transmission. During the outbreak,
five species were found positive in 42% of municipalities. Haemagogus janthinomys and Hg. leucocelaenus are
considered the primary vectors due to their large distribution combined with high abundance and natural infection
rates, concurring together for the rapid spread and severity of this outbreak. Aedes taeniorhynchus was found infected
for the first time, but like Sabethes chlorepterus and Aedes scapularis, it appears to have a potential local or secondary
role because of their low abundance, distribution and infection rates. There was no evidence of YFV transmission by
Aedes albopictus and Aedes aegypti, although the former was the most widespread species across affected
municipalities, presenting an important overlap between the niches of the sylvatic vectors and the anthropic ones.
The definition of receptive areas, expansion of vaccination in the most affected age group and exposed populations
and the adoption of universal vaccination to the entire Brazilian population need to be urgently implemented.
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Introducti
IrGauCon (YFV), which has originated in Africa and spread to

Yellow fever (YF) is a viral disease that decimated popu-
lations and harmed commercial routes in the Americas
in the nineteenth century and continues to induce a
heavy public health burden by annually causing thou-
sands of cases and deaths in Africa and South America
despite the existence of effective vaccines [1,2]. The etio-
logical agent of this disease is the yellow fever virus

the Americas and the Caribbean probably during the
seventeenth—nineteenth centuries. The discovery that
YFV is transmitted by the bite of the domestic mosquito
Aedes (Stegomyia) aegypti revolutionized the under-
standing of its epidemiology and guided control and
protection measures for urban human populations
early in the twentieth century [3-5].
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Since the 1930s, two main YFV transmission cycles
have been described: the sylvatic, in which the virus is
transmitted by arboreal mosquitoes between non-
human primates (NHP) in the forest and where
humans can be incidentally infected [6-8] and the
urban, maintained between Ae. aegypti and humans
[9]. An intermediate/rural cycle has been so far
described only in Africa [10]. While the transmitters
in the sylvatic and intermediate cycles in Africa are
Aedes mosquitoes of the subgenera Stegomyia and
Diceromyia, this role is played by species of genus Hae-
magogus and Sabethes in the New World, considered
the primary and secondary sylvatic vectors respectively
[10]. If the elimination of the urban cycle is feasible as it
has occurred very rarely in the Americas since 1942,
the enzootic sylvatic one is considered ineradicable
[8,11]. The sylvatic cycle consists of a permanent threat
both for its spillover to an urban cycle in the nearby of
highly Ae. aegypti infested locals as well as for the
emergency of epidemics where vaccination coverage
in risk areas is inadequate [11,12]. This was the case
of the severe outbreak recorded in southeastern Brazil
in 2016-2018 [11,13].

Intriguingly, no record of YFV circulation had been
detected since the 1930s in the Atlantic Forest zone in
Brazil, the biome where sylvatic transmission was first
discovered [14,15]. Hence, in contrast with the peren-
nial transmission focus represented by the endemic/
enzootic Amazon region and epizootic/YFV emerging
areas in the Cerrado biome, the Brazilian health auth-
orities have excluded this east-coastal zone from the
YFV national vaccination program for decades
[9,11,12]. Between the mid-twentieth century and
1999, YFV expansion and retraction waves originated
in the Amazon have spread southward across the Cer-
rado, but extra-Amazon epizootics and epidemics were
essentially limited to the Central-West region. How-
ever, from 2000 on, YFV expansion waves have
reached the pampa biome in the southernmost Brazi-
lian state and progressively spread eastward across
the Cerrado. In late 2016, it spilled over from the Cer-
rado into transition zone between this biome and the
Atlantic Forest in Minas Gerais state (MG) and rapidly
spread across this last biome in the southeast. This
region records the highest population densities in the
country, but vaccination coverage against YFV was
almost null at that moment. Then, the country’s largest
outbreak of sylvatic YF erupted, and rapidly spread in
the southeast states of MG, Espirito Santo (ES), Rio de
Janeiro (R]) and Sdo Paulo (SP) [11,16]. In less than
two years, it has caused 2,058 confirmed human cases
and 689 deaths, rates not observed since the first half
of the twentieth century. It also caused a huge impact
on NHP biodiversity as consequence of thousands of
epizootic events [17,18]. The outbreak spread more
than 900 km at an estimated speed of around 3km a
day [13,19]. The movement of paucisymptomatic and
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asymptomatic viremic humans and displacement of
infected mosquitoes has been suggested as the main
factors inducing this rapid spatial spread [11]. There-
fore, defining the main vectors involved in the sylvatic
transmission is critical in understanding the main eco-
logical risk factors driving this unprecedented outbreak
and guiding public health measures.

We conducted a comprehensive entomological sur-
vey based on a combined analysis of distribution, abun-
dance and YFV natural infections in mosquitoes before
and during the outbreak in the Brazilian states affected
by this sanitary disaster in order to determine the pri-
mary vectors in the sylvatic cycle, and clarify the role of
anthropic and domestic mosquitoes such as Ae. (Stego-
myia) albopictus and Ae. aegypti.

Results

In total, 17,662 mosquitoes (15,398 adults and 2,264
immatures) belonging to 89 species were collected
(Table 1).

Collections before the yellow fever outbreak: During
this period, 5,341 mosquitoes were collected in 28
municipalities in R] and in two bordering states (5P
and MG). Haemagogus leucocelaenus was the most
widespread species, being detected in 78.5% of sampled
municipalities. In addition, it was the second most
abundant species, accounting for 9.8% of total adult
caught mosquitoes. Regarding other traditional YFV
vectors, Hg. janthinomys and Sabethes chloropterus
were detected in 39.2% and 10.7% of the municipalities
surveyed before virus circulation, with a relative abun-
dance of 1.6% and 0.21%, respectively (Figures 1 and 2,
Table 1 and S1).

In addition, Aedes scapularis and Ae. albopictus were
respectively the second and fourth most widespread
species, present in 67.9% and 57.1% of surveyed muni-
cipalities prior the outbreak. While Ae. scapularis was
the most abundant species (20.6%), Ae. albopictus
accounted for 6.1% of abundance (Table 1 and S1).
Remarkably, Psorophora ferox and Sabethes albiprivus
were among the most captured mosquitoes prior the
outbreak (Table 1), with relative abundance >2%,
being detected in 42.9 and 28.6% of sampled municipa-
lities, respectively.

Collections during the yellow fever outbreak: In this
epidemiological context, 10,057 mosquitoes were col-
lected in 21 municipalities, five of which (20%) had
also been sampled before YFV transmission. Remark-
ably, the density and abundance of Hg. janthinomys
tripled in relation to the pre-epidemic period, while
that of Hg. leucocelaenus continued to be high (Table
1, 51 ad 52). These Haemagogus species were detected
in 57% and 71% of municipalities with local active YFV
transmission, respectively. Intriguingly, Ae. albopictus
was the most widespread (present in 95% of municipa-
lities) and the fifth most abundant species (relative
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Table 1. Mosquitoes species in decreasing order of adults collected befere and during the YFV outbreak, from May 2015 to May 2018, in 44 municipalities of four Southeast Brazil states and Bahiaian in the
Northeast: We also present life stage, number of pool tested, number of positive pools, infection rates and percentage of presence in the sampled municipalities.

Mo Adult. No Adult. No Total Relative abundance No of No Mosquito Pools tested” 9% of tested Pres. bel,!(%) Pres. dur“(%)
before during adult. (%) immature total (Positives) pools MIR® ML n=18 n=21
Ae. scapularis 1096 1870 2966 19262 o 2966 403(1) 729 054 054 679 85.7
Ae. taeniorhynchus 219 24328 2647 17191 o 2647 199(1) 675 059 059 71 238
Hg. leucocelaenus 525 895 1420 9222 M9 2839 327141) 832 3492 3765 785 714
Ae. albopictus 329 478 807 5241 439 1246 262(0) 876 o ] 571 952
Hg. janthinomys B89 527 6816 4.001 27 843 162(20) 942 3448 3635 392 571
Li. durhamii 13 384 515 3345 3 518 118(0) 634 o ] 60.7 76.2
Sa. albiprivus 132 302 434 2819 42 476 173(0) 920 o o 286 429
Ps. ferox 180 122 302 1.961 ] 302 60(0) 698 o ] 429 571
Sh. fluviatilis m 33 204 1325 ] 204 27(0) 730 o ] 357 143
Wy. confusa l 121 192 1247 o 192 41(0) 569 o o 250 381
Sa. petrocchiae’ [ 178 178 1136 o 178 17(0) 395 o o 00 48
Ae. serratus &7 73 140 0909 o 140 37(0) 841 o o 214 429
Wy. pilicauda 90 4 131 0.851 0 131 19(0) 59.4 o ] 393 238
Ae. aegypti 52 61 13 0734 o 13 30(0) 750 [} o 07 286
Ru. humboldti 98 12 110 0714 o 110 23(0) 821 [ o 250 19.0
Wy. aporonoma/ 26 B3 109 0708 o 109 29(0) 537 o o 357 524
staminifera
Ae. terens 7 26 103 0.669 128 3 30(0) B33 o ] 357 381
On. personatum 79 18 97 0630 8 105 20(0) 74 o o 214 286
Ps. albipes 92 1 93 0.604 o 93 10(0) 769 o o 36 48
Tr. pallidiventer 57 36 93 0604 0 93 32(0) 727 0 0 29 331
Ru. frontosa 70 17 87 0.565 ] 87 20(0) 69.0 o ] 393 238
Ma. indubitans 1 Bl 82 0533 o 82 13(0) 813 o o 36 48
Li. pseudomethisticus 59 16 75 0487 o 75 16(0) 696 [ o 214 138
Wy. paimata/galvaoi 35 24 59 0383 o 59 1000) 667 o o 179 143
Sa. fabriciifundosus 9 46 55 0357 0 55 19(0) 792 o ] 107 286
Wy. medioalbipes 12 41 53 0344 o 53 15(0) 556 [} o 36 238
Tr. digitatum 36 4 50 0325 o 50 17(0) 654 [ o 250 333
Wy. mystes n 32 43 0279 o 43 18(0) 621 o o 179 381
Sa. chioropterus n 31 42 0273 ] 42 2101) 100.0 38 132 107 286
Cx. quinquefasciatus 9 Ell 40 0.260 ] 40 3(0) 23 o ] 71 15.0
Sa. aurescens n 7 38 0247 12 50 12(0) 857 o o 286 95
Wy. davisi 17 13 30 0195 o 30 6(0) 750 o o 179 48
Ma. titillans 9 20 29 0188 o 29 3(0) 333 o o 71 143
Wy. bonneifdeanei 18 7 25 0162 0 25 7(0) 700 o 0 107 143
Sa. melanonymphe 17 5 22 0143 7 23 13(0) 1000 o o 179 138
Ru. cerqueirai 16 5 n 0136 o n 5(0) 556 [ o 7 143
Tr. castroifsimilis 20 1 21 0136 0 21 6(0) 857 0 0 143 48
Wy. incaudata 1 10 n 0136 0 7 7(0) 70.0 0 0 107 143
Wy. edwardsi 15 5 20 0130 o 20 5(0) 556 [} o 143 143
Cg. juxtamansonia o 17 17 AR 1) o 17 6(0) 857 [ o 00 143
Wy. bourroulifforcipenis 3 14 17 [IARIY) o 17 8(0) 615 o o 71 238
Wy. lutzi 5 12 17 o110 6 3 4(0) 308 o ] 143 19.0
Sa. identicus [ 10 16 0.104 1 17 10(0) 76.9 o ] 179 286
Tr. compressum 2 14 16 0.104 o 16 100 83 o o 71 143
Ae. fluviatilis 4 10 14 0091 9 23 6(0) 1000 o o 7 95
Cq. venezuelensis 3 10 13 0.084 o 13 5(0) 500 o o 71 95
Sa. intermedius 8 3 1 0.071 0 n 6(0) 857 0 0 143 95
Ru. reversa/thecbaldi 10 o 10 0.065 0 10 2(0) 500 0 0 143 00
Cq. nigricans 0 8 8 0.052 0 8 1(0) 500 0 0 0.0 48
Ps. lutziifamazonica 2 & 8 0.052 0 ] 5(0) 100.0 o 0 36 9.5
Sa. purpureus’ 1 7 8 0.052 0 g 300) 100.0 0 0 36 95
Li. flavisetosus 0 7 7 0.045 0 7 0(0) 0o 0 0 00 143
Ae. fulvithorax 4 2 6 0.039 0 & 3(0) 600 o 0 107 48
Wy. pailidoventer 6 ] 13 0.03% 0 & 2(0) 100.0 o 0 36 0.0
Ca albn:osm 0 5 5 0.032 0 5 300) 100.0 0 0 00 95
2 3 5 0.032 0 5 #0) 300 0 0 71 95
Sa Mmmam 0 5 5 0.032 0 5 2(0) 867 0 0 0.0 95
Sa. xyphydes 2 3 5 0.032 0 5 40) 100.0 o 0 36 143
Wy. dyari 0 5 5 0.032 0 5 1(0) 500 0 0 00 95
Ae. condolences’ 0 4 4 0.026 0 4 1(0) 100.0 o 0 00 48
Ae. rhyacophilus 0 4 4 0.026 0 4 2(0) 500 0 0 0.0 143
An. fluminensis 4 o 4 0.026 0 4 o 0o 0 0 36 00
Wy. theobaldi 4 o 4 0.026 0 4 2(0) 100.0 0 0 71 00
Wy. antunesi 3 ] 3 0019 0 3 2(0) 100.0 o 0 36 0.0
Wy. oblita 2 1 3 0019 26 9 100) 500 0 0 71 48
Ae. argyrothorax 0 2 2 0013 0 2 2(0) 100.0 0 0 00 95
Tr. soaresi 0 2 2 0013 0 2 o 0o 0 0 00 95
Wy. codiocampa 0 2 2 0013 0 2 2(0) 1000 ] 0 36 0.0
Wy. longirostris 2 o 2 0013 0 2 2(0) 100.0 0 0 71 0.0
Wy. melanoc 1 1 2 0.013 0 2 2(0) 100.0 0 0 36 48
Cq. hermanai’ 0 1 1 0.006 0 1 100 100.0 0 0 0.0 48
Cq. shannoni 0 1 1 0.006 0 1 (0) 1000 0 0 00 48
Ps. pseudomelanota’ 1 o 1 0.006 0 1 o 0.0 0 0 36 00
Sa. quasicyaneus 0 1 1 0.006 0 1 1M0) 100.0 0 0 00 48
Wy. arthrestigma’ 0 1 1 0.006 0 1 ] 0.0 o 0 00 48
Wy. cerqueirai 1 0 1 0.006 0 1 M0) 1000 0 0 00 48
Wy. exallos” 1 o 1 0.006 0 1 100) 100.0 0 0 36 00
Wy. knabi’ 0 1 1 0.006 0 1 1M0) 100.0 0 0 00 48
Wy. shannoni 0 1 1 0.006 0 1 ] 0.0 o 0 00 48
Other taxa’ 1276 1799 3075 19.970 137 3z 405 (0) 55.5 o 0 - -
Total 5341 10057 15398 100 2264 17662 2738(64) 713 - - - -

"Relative abundance is calculated by dividing the number of adults of one species by the number of adults of all species x 100. “Number of adult pools tested; *Minimum Infection Rate = No of positive pools/No of same spedies adults analyzed
% 1000; *Maximum ukellhood Estimate per 1000 mosquitoes = 1— (1=¥/X)"™ where ¥ is the number of positive puuls,X is the total number of pools, and m is the size of each tested pool; *Percentual of municipalities where each species was
found before the outbreak; ® Fer(enge of mumupalmes whele aam species was found during the outbreak. ?Other taxa were represented by: Culex sp.; Wyeomyia sp.; An. cruzii; Cx. nigripalpus; Sabedlﬁ sp.; Runchomyia sp.; Aedes sp.;
Coquillettidia sp.; Limatus sp.; Psorop sp. sp.; Mansonia sp.; Trichoprasopon sp.; Cx. declaratar’; Aedeomyia sp.; Lutzia sp.’ Culex mmmmf An. bellator; An. lutzi; An. tatus; An. neivai; sp.

We marked with * those taxa with amb\guous dassrﬁcmmn due to the existence of complex of cryptic species.
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Minas Gerais Espirito Santo

3 Municipalities sampled before the outbreak

[ Municipalities sampled during the outbreak

[ Municipalities sampled both before and
during the outbreak

Rio de Janeiro

Atlantic Ocean

0 50km

Figure 1. Brazilian municipalities sampled before, during and both before and during local YFV transmission. 1 — Além Paraiba; 2 -
Belo Horizonte; 3 — Cachoeiras de Macacu; 4 - Cordeiros; 5 — Guapimirim; 6 — Itamonte; 7 - Itanhandu; 8 - Magé; 9 — Miguel Pereira;
10 - Niter6i; 11 — Nova Friburgo; 12 - Paraty; 13 - Petropolis; 14 - Pirai; 15 — Porcitincula; 16 — Queluz; 17 - Resende; 18 - Rio Claro;
19 - Rio de Janeiro; 20 - Silva Jardim; 21 — Sao Sebastiao do Alto; 22 — Saquarema; 23 — Sumidouro; 24 — Trés Rios; 25 — Belmiro
Braga; 26 — Casimiro de Abreu; 27 — Domingos Martins; 28 — |batiba; 29 — Juiz de Fora; 30 - Mangaratiba; 31 — Manhumirim; 32 -
Marica; 33 — Nova Iguacu; 34 — Salvador; 35 - Serra; 36 — Simonésia; 37 — Valenca; 38 - Vitoria; 39 - Volta Redonda; 40 — Angra dos
reis; 41 — Carmo; 42 - ltatiaia; 43 — Macaé; 44 - Teresopolis.

abundance = 4.75%) during the outbreak (Tables 1 and
S1). Although Ae. taeniorhynchus was the most abun-
dant species in the total collections made during the
outbreak (24.1%), its distribution was restricted to

in only one affected municipality (Simonésia - MG)

located in the transition between the Atlantic Forest

and Cerrado biomes (Tables 1 and S2, Figure 3).
Virus detection: RNA of 2,738 pools, containing

five coastal lowland municipalities under influence of
the Atlantic Forest biome. Sabethes albiprivus was the
most widespread and abundant species of the genus,
while Sa. petrocchiae although abundant, was collected

75

10,537 adult mosquitoes from 85 species, was extracted
and tested for YFV. Virus genome was detected in 64
pools (2.3%) containing 323 mosquitoes belonging to
five species: Hg. janthinomys, Hg. leucocelaenus,
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R O

Minas Gerais

Espirito Santo

Rio de Janeiro

Atlantic Ocean

I Hg. leucocelaenus

B Hg. janthinomys

[0 Hag. leucocelaenus + Hg. janthinomys

[ Hg. leucocelaenus + Sa. chioropterus

3 Hg. janthinomys + Sa. chioropterus

[ Hg. leucocelaenus + Hg. janthinomys + Sa. chioropterus

[ No detection of Hg. leucocelaenus, Hg. janthinomys, Sa. chioropterus

Y Hg. leucocelaenus + Hg. janthinomys + Ae. scapularis + Ae. taeniorhynchus

Positive species for Yellow Fever virus:
W Hg. leucocelaenus + Hg. janthinomys

@ Hg. janthinomys

A Sa. chloropterus

Figure 2. Haemagogus leucocelaenus, Hg. janthinomys and Sabethes chloropterus distribution along sampled municipalities. Geo-
metric forms represented species found positive for yellow fever virus per municipality.

Sa. chloropterus, Ae. scapularis and Ae. taeniorhynchus
(Tables 1 and 2). Positive mosquitoes were detected in
42.8% of surveyed municipalities (9/21) in three Brazi-
lian states: 6 out of 17 from R] (59 positive pools), two
out of five from MG (3 positive pools) and one out of

76

four from ES (2 positive pools) (Tables 2 and S3). Posi-
tive pools were found in mosquitoes captured in 2017
and 2018. No positive mosquito was found prior the
detection of signals of YFV circulation in the respective
municipalities. Also, YFV was not found in any pool of
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Figure 3. Percentage of abundance (1st graph) and presence (2nd graph) of the 29 most abundant species considering both before

(between may/2015 and Jan/2017) and during YFV outbreak (between fev/2017 and may/2018) moments. 3rd graph shows the
Maximum Likelihood Estimate (MLE) from the same species. Name of cryptic species e.g. Hg. janthinomys, Wy. aporonoma/stami-

nifera, Wy. palmata/galvaoi, Sa. fabricii/undosus are abbreviated.
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Table 2. Description of YFV-positive mosquito pools. ES: Espirito Santo; RJ: Rio de Janeiro; MG: Minas Gerais.

Days between first YFV
Municipality (Positive Tested pools Relative Human signals® and mosq.
State pools) Species (Positive) MIR" MLE® abund? (%) Collection date cases” collections
ES  Domingos_Martins (2)  Hg. janthinomys 1(1) 1000 39 /2317 25 3 (M)
Hg. levcocelgenus 4(1) 66.6 676 71 22317
Rl Macaé (1) Ha. janthinamys 6 (1) 588 555 17 426117 5 22 (M)
Marica (39) Hg. janthinomys 5(2) 1428 1535 04 5/5 and B/5/17 3 18 and 21 (H/M)
Hg. leucocelaenus 100 (35) 2819 1016 122 5/4-BM17 17-21 (H/M)
Ae. scapularis 72(1) 21 21 216 5/6/17 19 (H/M)
Ae. tagniorhynchus 164 (1) 06 06 526 5/6/17 20 {H/M)
Teresdpolis (2) Hg. janthinomys 19 (1) 131 134 187 1211917 23 5 (M)
Hg. leucocelaenus 18 (1) 196 191 157 1211917 5 (M)
Nova Iguagi (1) Hg. janthinamys &(1) 294 294 216 1/9/18 0 4 (M)
Valenga (15) Hag. janthinomys 40 (12) 705 801 366 1/18192426/18 40 11,12, 17,19 (H)
Hg. levcocelaenus 33(3) 32 237 236 1/24/18 17 (H)
Angra dos Reis (llha Sa. chloropterus 11(1) 1000 _ 07 2718 57 3(M)
Grande) (1)
MG Belmiro Braga (2) Hg. janthinamys 24(1) 108 109 245 1/25/18 1 19 (M)
Hg. leucocelaenus 18 (1) 135 133 238 1/18/18 8 (M)
Juiz de Fora (1) Hg. janthinomys 1(1) 3333 _ 179 1/27/18 43 24 (M)

Minimum Infection Rate = No of positive pools/No of same species adults analyzed = 1000; Maximum Likelihood Estimate per 1000 mosquitoes = 1= 1=/
X)"™ where ¥ is the number of positive pools, X is the total number of pools, and m is the size of each tested pool; *Relative abundance = (Number of
adults of the same spedes/No total of adults) x 100; *fF human cases detected in the same epidemic pericd in which mosquito collections were carried
out. *Epizootic events in NHPs (M) andfor human (H) hospitalizations with dinical suspicion of YF.

mosquitoes caught in Salvador (BA) where YFV epi-
zootics were confirmed just prior collection (Figures
2 and 3).

Haemagogus janthinomys and/or Hg. leucocelaenus
were the species found infected in all localities where
positive mosquitoes were detected, except in Angra
dos Reis - Ilha Grande, R], where Sa. chloropterus
was the only positive species although Hg. leucocelae-
nus was present (Figure 2). Haemagogus janthinomys
displayed higher infection rates (MIR and MLE) than
Hg. leucocelaenus in most localities (Table 2). Aedes
scapularis (MIR=2.1, MLE=2.1) and Ae. taenior-
hynchus (MIR = 0.6, MLE =0.6) were found infected
only once, coincidently in the same municipality (Mar-
ica, RJ), where Hg. leucocelaenus (MIR = 81.9, MLE =
101.6) and Hg. janthinomys (MIR=142.8, MLE =
153.5) were also detected naturally infected (Table 2,
Figure 3).

Additionally, we tested 976 adult Hg. leucocelaenus
and 19 Hg. janthinomys obtained from eggs collected
in the same areas (Domingos Martins, Macaé, Marica,
Valenca, Teresopolis and Belmiro Braga) and time in
which infected females were detected, but all were
negative, providing no evidence of vertical
transmission.

Although widespread in municipalities suffering
YFV outbreaks, all Ae. aegypti specimens were found
negative, even when collected around houses inhabited
by viremic dwellers infected in the sylvatic cycle.

Discussion

At the beginning of 2017, YFV reached Brazilian
coastal states both in the southeast and northeast
(BA), Atlantic Forest regions considered YFV-free
and without vaccine recommendation for decades
[9,17,20], causing a major sylvatic outbreak and

devastating epizootics among NHPs in 2017-2018.
During almost 80 years without YFV circulation, the
southeast region under influence of the Atlantic Forest
underwent significant environmental changes and a
remarkable 368% increase in human population den-
sity that potentially influenced mosquito fauna distri-
bution, diversity and abundance [11]. Changes in
mosquito communities would potentially govern vec-
tor species status and might shape arbovirus trans-
mission patterns [21].

Our results were based on extensive mosquito
sampling, which covered approximately 1300 km
between the northernmost and southernmost surveyed
municipalities (Salvador — BA and Paraty — R]), in the
four most affected states, through a combined analysis
of mosquito distribution, abundance and YFV natural
infections before and during the outbreak. Although
there had been no evidence of YFV circulation for
nearly 80 years at 28 municipalities where we sampled
mosquitoes before the outbreak, traditional YFV vec-
tors were alarmingly detected in most of them (82%),
revealing the high local receptivity to sylvatic YFV
transmission. Therefore, its establishment in the
coastal Atlantic Forest was only a matter of time.

Altogether, results obtained during the outbreak
indicate Hg. janthinomys and Hg. leucocelaenus as the
main sylvatic YFV vectors in the region. The genome
sequencing of viral RNA detected in these mosquitoes
(e.g. GenBank accession numbers MF423373 and
MF423374) confirmed the occurrence of a unique mol-
ecular signature of fixed amino acid mutations in
highly conserved positions at N53 and NS5 proteins
in YFV causing the current Brazilian outbreak
[13,16]. Other taxa found naturally infected, such as
Sa. chloropterus, Ae. scapularis and Ae. taeniorhynchus
appear to have a local or secondary role and, therefore,
low epidemiological importance either because of
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reduced abundance and distribution (Sa. chloropterus),
or as for the low infection rates (Ae. scapularis) com-
bined with distribution limited to coastal lowlands
(Ae. taeniorhynchus). Noteworthy, natural infections
were detected only in mosquitoes captured between 3
and 24 days after glimpsing the first signal of YFV cir-
culation (mostly epizootics) in the respective area, and
no vertical transmission in mosquitoes was detected. A
total of 5,703 mosquitoes belonging to 84 other species
tested negative and showed no obvious role in YFV
transmission in this outbreak.

Haemagogus janthinomys has been found several
times infected with YFV in Brazil and other American
countries and is considered the primary vector across
Brazilian biomes for the last decades, namely the Ama-
zon endemic region, the emergence zones in the tran-
sition between Amazonia and Cerrado, as well as in
the Cerrado stricto sensu [21,22]. It had been also
recognized as primary vector in the 1930-1940s epi-
demics in the Atlantic Forest [23]. Our current data
reinforce the key role of Hg janthinomys in the
2016-2018 outbreak, that is: density, abundance and
distribution increasing during the outbreak (3.0 fold),
highest displayed infection rates and favorable behav-
ior, as discussed hereafter. Haemagogus leucocelaenus,
whose role in sylvatic YFV transmission in the Amer-
icas was almost neglected until last decade, is herein
considered as primary vector due to its very high distri-
bution and abundance in surveyed munmicipalities
during the outbreak as well as the noteworthy natural
infection rates. During the investigation of YFV epi-
demics in inland southern Brazil, where Hg. janthi-
nomys was not found [24,25], Hg. leucocelaenus was
considered to play an important role in the trans-
mission, although still regarded as secondary vector.
The species was also found naturally infected in Sio
Paulo during the sylvatic YF outbreak in 2009, when
Hg. janthinomys and Sa. chloropterus were tested nega-
tive [26]. Although, Hg. janthinomys had higher infec-
tion rate values than Hg. leucocelaenus in most
surveyed YFV foci as it is usually described in the lit-
erature [22], the latter occurred in greater abundance
and was more distributed across the southeastern
YFV transmission territory, which reinforces its impor-
tance in the maintenance and dissemination of YFV in
this region. In all municipalities where YFV was
detected in mosquitoes, Hg. janthinomys or both Hg
janthinomys and Hg. leucocelaenus (56%) were found
infected, except for [lha Grande where only Sa. chlorop-
terus was found carrying the virus. Curiously, natural
infections of both species in the same transmission
area was described in one R] site during the 1930s
[27]. This suggests that the concurrence of the two
species in YFV transmission may be typical and recur-
rent in the coastal Atlantic Forest, distinctly from other
YFV endemic or epidemic South American biomes like
the Amazon and Cerrado.

Species of Haemagogus exhibit primatophilic habits
[28], which facilitates their contact with YFV infected
NHPs and virus transmission to both human and
NHPs. Collectively, their competence to amplify, disse-
minate and transmit the virus [28-30] as well as the
high abundance, distribution, primatophilic behavior,
arboreal feeding habits and large flight range may
have contributed to the magnitude, severity and rapid-
ity of spread of the 2016-2018 outbreak in this region
[31,32]. Haemagogus leucocelaenus seems to exhibit
greater plasticity of habitats and blood feeding patterns
than Hg. janthinomys [24,33]. Haemagogus leucocelae-
nus may colonize secondary and modified forest
patches, while Hg. janthinomys would be more strin-
gent in terms of climatic and environmental conditions
[24,34]. While Hg. janthinomys bites much more fre-
quently at the canopy level, Hg. leucocelaenus usually
attacks on lower forest strata, although both mosquitoes
may disperse vertically in the forest [30,31]. Indeed, we
captured an impressive number of Hg. janthinomys (4th
most abundant species during the outbreak) at the
ground level in the forest, as well as in the forest fringe
and in open fields. The lower mean tree canopy height
and vegetation density in most surveyed municipalities
may sustain less amount and diversity of vertebrate
hosts, which may have forced Hg janthinomys to
explore the ground level and the open fields. In
addition, the topography of forest fragments in most
YFV affected municipalities in the southeast may
further influence this behavior, as previously suggested
to occur with the canopy feeder mosquito Anopheles
cruzii in the region [35,36]. The combination of behav-
ioral and biological characteristics of these two Haema-
gogus species may also help to understand the estimates
of virus spread of 3.5-5 km/day in this Brazilian out-
break [11,13,37]. In fact, Hg. janthinomys and Hg. leu-
cocelaenus have high dispersion capacity between forest
fragments, and may bite distant from the woods and
even indoors [11,37,38]. It is important to mention
that we found infected Hg. janthinomys in forest frag-
ments as small as 7 hectares, some of which are contig-
uous to urban neighborhoods and remote urbanized
high income borough settled in recently cut forest val-
leys. The growth of cities and the search for a more
bucolic life have put people closer to fragments of forest
increasing the exposure of people to the sylvatic mos-
quito bites in this region [11]. Therefore, taking into
account the estimated flight range of these main vectors
[37], vaccination campaigns in affected municipalities
must consider not only people visiting or living in the
close vicinity of forest, but also those who live or circu-
late at distances as large as 12 km from early detected
epizooty.

This is the first time that Sa. chloropterus is found
infected with YFV in the Atlantic Forest biome. The
infected Sa. chloropterus was recovered when the out-
break reached a large island around 2 km apart from



the continent (Ilha Grande, in Angra dos Reis) where
we did not find any Hg janthinomys, both before
and during the outbreak. At the time of mosquito col-
lection, we found 10 carcasses and 5 dying howler-
monkeys on the inspected trails. Interestingly we had
found Hg. leucocelaenus in collections made before
the outbreak. Sabethes chloropterus showed low abun-
dance and was limited in distribution throughout the
sampled area and time, a characteristic previously
described [39,40]. Its canopy-feeding behavior and
essentially sylvatic distribution may facilitate the con-
tact with infected NHPs. But, our findings suggest a
secondary role of Sa. chloropterus as YFV vector in
this region of the country.

In contrast to the above-mentioned Haemagogus
and Sabethes mosquitoes, Aedes scapularis and Ae. tae-
niorhynchus are opportunistic mosquitoes, whose bit-
ing peak occurs primarily in twilight at ground level
of fragmented forest, the forest edge and open fields
[41]. Thus, the opportunities of these Aedes mosquitoes
to bite NHPs in the forest canopy are limited. Aedes
scapularis is experimentally competent to transmit
YFV [42,43], and occasionally becomes infected in
nature [21]. Nevertheless, its role in the current out-
break, even as a secondary vector, seems to be little rel-
evant as we found only one positive pool despite this
species’ great abundance and distribution across YFV
foci, both in the lowlands and mountain slopes. We
believe our report of YFV natural infection in Ae. tae-
niorhynchus is novel. However, as we examined whole
bodies of non-blood-fed mosquitoes, we cannot ensure
whether YFV replication would be only limited to the
midgut or already present in the salivary glands of
the infected specimens. While YFV outbreak affected
sites of various reliefs including mostly mountain val-
leys and slopes, the distribution of Ae. taeniorhynchus
is limited to the coastal lowlands. Its competence to
experimentally transmit YFV is controversial to null
|43,44]. Our detections of natural infections in these
Aedes species occurred exclusively in a forest fragment
undergoing a sylvatic transmission of great force illus-
trated by records of very recently confirmed epizootics
in howler-monkeys and human fatal cases nearby and
where we collected 40 positive pools of Hg. janhti-
nomys and Hg. leucocelaenus in one week. So, it is likely
that Ae. scapularis and Ae. taeniorhynchus only become
infected in environments and moments when the avail-
ability of viremic hosts infected by the bite of Haema-
gogus mosquitoes is very high. Thus, natural infections
in these mosquitoes, especially in Ae. taeniorhynchus,
should be considered with caution as they do not
assure this species playing any important role in the
spread of YFV.

Despite our large sample effort, species considered
as potential vectors and found naturally infected with
YFV in other areas (e.g. Ae. serratus [24], Ae. albopictus
|43], Sa. albiprivus and Psorophora species [29,45-48])
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were negative in the present study, even when captured
in large quantities and in sympatry with the infected
Haemagogus. Sa. albiprivus was the most abundant
and well distributed species of Sabethes, both in arid
areas of Cerrado, in dense Atlantic Forest as well as
in transition between these biomes, and has proved
to be competent to experimentally transmit YFV
[29]. Therefore, Sa. albiprivus may play a very second-
ary role on YFV maintenance, even if not detected in
the present study.

We did not find any natural infection when analyz-
ing numerous Ae. albopictus from areas with large
numbers of human cases and/or confirmed epizootics
(e.g. llha Grande, Valenca and Juiz de Fora). Brazilian
Ae. albopictus may experimentally transmit YFV of the
South American genotype, and it has been shown that
YFV has the potential for adaptation to this mosquito
with augmentation of virus titers in the saliva following
successive contacts [29,49-51]. Additionally, this
species was the most disseminated in the municipalities
sampled during the outbreak in the southeast, the Bra-
zilian region most infested by this mosquito [52]. Sev-
eral authors warn that Ae. albopictus may act as bridge
vector and would represent a threat of YFV reurbaniza-
tion or facilitating enzootic spillovers with establish-
ment of YFV into an intermediate/rural cycle due to
its ecological plasticity and ubiquitous environmental
distribution [11,52,53]. An important overlap of
expanded niches of the sylvatic primary vectors, Hg.
janthinomys and Hg. leucocelaenus, and the anthropic
ones, like Ae. albopictus, in the Atlantic Forest biome
has been observed in the last decades [11]. Therefore,
it is advised to urgently design and apply surveillance
and control measures concerning this mosquito in
areas with transmissions and at risk.

Urban YF has not been recorded in Brazil since
1942. However, there is a great concern about urban
YFV reemergence due to high infestation indices of
Ae. aegypti in periurban and urban areas very close
to the sylvatic cycles in the low vaccination coverage
municipalities, such as those affected by the outbreak
in southeastern Brazil [12,15,20]. All Ae. aegypti speci-
mens we captured during the outbreak, including those
sampled around houses inhabited by viremic humans
infected in the sylvatic cycle, tested negative for YFV.
However, the low vaccination coverage, the presence
of Hg. leucocelaenus in several urban parks, the proxi-
mity of NHPs in several cities with the arrival of YFV-
viremic humans seeking medical care in urban centers
infested with Ae. aegypti are among the factors that
may increase the risks of YFV reurbanization in the
south and southeast, the most populated region of
the country [11]. Most surveyed municipalities in
southeastern Brazil have frequently endured urban epi-
demics of other Ae. aegypti-transmitted viruses, includ-
ing dengue, chikungunya and Zika. It fact, YFV
circulated intensely in 2017-2018 where Ae. aegypti is
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very active. Together, these facts indicate that reducing
Ae. aegypti populations and vaccinating urban popu-
lations near sylvatic outbreaks is more critical than
ever.

The 2016-2018 sylvatic outbreak was the most
severe in the last eight decades. Understanding the
causes of this severity needs virological, primatological,
ecological, epidemiological and immunological studies
[11,13,16,54]. YFV transmission is a complex and mul-
tifactorial phenomenon involving social, ecological and
biological issues, among which the entomological com-
ponent is crucial. Here, by describing the distribution
and abundance of potential transmitters and defining
the primary vectors throughout the region touched
by the outbreak, we could advise proper control
measures as well as assemble essential knowledge on
this intricate epidemiological event.

Entomological and virological surveillance must be
urgently and permanently considered from northeast
to south Brazil to rapidly define receptive and vulner-
able areas as well as early detection of virus circulation,
for better assessment of the risk areas and prediction of
future spread, and thus target a quick extension of vac-
cination in expanded risk areas and prioritize the most
affected age group using mobile immunization units,
simultaneously moving toward the universal routine
YFV vaccination for the entire Brazilian population.

Material and methods

Study chronology: Mosquitoes collections were per-
formed in 44 municipalities in two distinct epidemiolo-
gical situations: before and during the YFV outbreak.
From May/2015 to June/2017, 12-15 days mosquito
samplings were carried out in 28 municipalities before
any local identification of YFV transmission, in order
to evaluate receptivity for YF reemergence and early
detect this arbovirus circulation. From Jan/2017 to
May/2018, 1-8 days mosquito collections were con-
ducted in 21 municipalities with suspected or
confirmed YFV foci, i.e. where human cases or epizoo-
tic events had just been locally recorded. Among these
21 municipalities, 16 were surveyed for the first time
and 5 had already been sampled before the outbreak
(Figure 1).

Study areas: The criteria for selection of sampling
municipalities were distinct according to the above-
mentioned aims and epidemiological situations, ie.
before or during local YFV circulation (Figure 1). In
the first situation, surveyed municipalities (N=28)
belonged to R] and to bordering states (MG and SP).
These municipalities were selected to include a variety
of ecological and environmental conditions.

Twenty-one municipalities with YFV transmission
locally confirmed were surveyed, being 20 in the
three most affected states (MG, ES and R]), that
recorded a total of 73.5% of confirmed human cases,

and one in Bahia (BA) where only NPH infections
were confirmed. We selected five out these municipali-
ties because they had been surveyed prior to local YFV
transmission, and the remaining 16 municipalities
were chosen taking into account the local incidence
of human cases and epizootic records and the proxi-
mity to the great metropolitan areas in R], ES, MG
and BA (Figure 1).

Entomological surveys: In all 44 surveyed municipa-
lities (Figure 1), adult mosquitoes were caught with
aspirators and nets during incursions into forest
patches and their edges as well as near houses. Speci-
mens were frozen in liquid N, or dry ice in the field,
and kept under the same conditions of freezing during
transport to our laboratory at Instituto Oswaldo Cruz
(I0C) in Rio de Janeiro.

In seven municipalities (Belo Horizonte and Simo-
nésia — MG, Domingos Martins and Serra — ES, Marica
and Casimiro de Abreu — R], and Salvador — BA), adult
mosquitoes were also collected using BG-Sentinel traps
(Biogentes) baited with CO, Twelve BG traps were
continuously operated per area for 3-5 days. They
were installed at each 100 m (0, 100, 200, and
300 m) along three transects from the edge to deep
into the forest fragments, as described in more details
elsewhere [53].

Ovitraps baited with an infusion of dry leaves found
on forest ground and three wooden paddles each were
settled for 7-12 days at the canopy of 15-30 trees per
area. Paddles found with eggs were immerged in
dechlorinated water for egg hatching, and larvae were
reared until adult stage in the laboratory. Larvae were
also sampled from all detected natural larval habitats
(e.g. bromeliads, trees-holes, bamboo internodes) and
reared until adult.

In the laboratory, field and laboratory emerged adult
mosquitoes were identified under a stereomicroscopy
on a cold table [55]. Voucher specimens were deposited
at the CCuli Collection, at [OC (url: http://cculi.fiocruz.
br/index). Haemagogus janthinomys, a common
species widely distributed across South America, and
Haemagogus capricornii are sympatric in southeast
Brazil. Their adult females and immature forms are
morphologically indistinguishable, the few distinctive
characters are in male genitalia [56]. When available,
male genitalia of Haemagogus collected in all munici-
palities were examined. However, males with the phe-
notype corresponding to Hg. capricornii were found
only in Valenga (R]). Therefore, we used the name
janthinomys to refer to specimens potentially belong-
ing to either taxa.

The major part of captured adults was pooled (<10
individuals each) according to species, sampling
locality and date, and subsequently homogenized in
250-1000 pL of L-15 culture medium by using the Pre-
cellys 24 tissue homogenizer in bead tubes. Homogen-
ates were kept at —80°C for posterior viral genome



detection. Only non-blood-fed mosquitoes were
analyzed.

Virus detection: After centrifugation (9600 g,
10 min, 4°C), RNA was extracted from 140 pL of
supernatant using the Qiagen RNA Viral Kit following
the manufacturer’s recommendations. RNA from mos-
quitoes obtained in the first half 2017 were screened by
conventional RT-PCR while the remaining samples
were examined by RT-qPCR. Details for RT-PCR
protocol were previously described [16]. Briefly, the
set of primers utilized in the conventional PCR
were 5-CTGTGTGCTAATTGAGGTGCATTG-3
and 5'-ATGTCATCAGGCTCTTCTCT-3', targeting
nucleotides 9 to 663, between 5" and PrM regions of
the YFV genome. Infections were diagnosed by the
specific detection of this single amplicon with the likely
YFV amplicon size of 650 bp. Obtained amplicons
were purified using Qiagen QIAquik PCR purification
kit following the manufacturer’s recommendation. For
confirmation, the amplicons were directly sequenced
without molecular cloning. Nucleotide sequencing
reactions were performed using the ABI BigDye
terminator V3.1 Ready Reaction Cycle Sequencing
Mixture (Applied Biosystems) according to manufac-
turer’s recommendations. Nucleotide sequence was
determined by capillary electrophoresis at the sequen-
cing facility of Fiocruz-R] (RPTO1A - Sequenciamento
de DNA - RJ). Raw sequence data were aligned and
edited using the SegMan module of LaserGene
(DNASTAR Inc.). Edited nucleic acid sequences were
compared to other YFV strains available at the
Gen-Bank database using The Basic Local Alignment
Search Tool (BLAST) (url: http://blast.ncbi.nlm.nih.
gov/Blast.cgi).

For RT-gPCR, viral RNA was reverse transcribed
and amplified using the TagMan Fast Virus 1-Step
Master Mix (Applied Biosystems) in an Applied Bio-
systems StepOnePlus Instrument. For each reaction
we used 300 nM forward primer (5'-GCTAATT-
GAGGTGCATTGGTCTGC-3, genome position 15-
38), 600 nM reverse primer (5'-CTGCTAATCGCT-
CAACGAACG-3, genome position 83-103) and
250 nM probe (5FAM-ATCGAGTTGCTAGGCAA-
TAAACAC-3'TAMRA, genome position 41-64).
Samples were run in duplicate, with deionized water
serving as negative control for extraction and PCR
reactions. The reverse transcription was performed at
50°C for 5 min. The gPCR conditions were 95°C for
20 s, followed by 40 amplification cycles of 95°C for
15 s and 60°C for 1 min. Copy numbers of YF genomic
RNA were calculated by absolute quantitation using a
standard curve for each run. To construct the standard
curve, an amplicon was cloned comprising the genomic
region 1 to 865 of the isolate ES-504 (GeneBank acces-
sion number: KY885000) using pGEM-T Easy Vector
(Promega) to serve as a template for in vitro transcrip-

tion. The RNA was transcript with mMessage
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mMachine High Yield Capped RNA Transcription
Kit (Invitrogen) using SP6 enzyme and purified using
MEGAclear Kit (Ambion) according to manufacturer’s
instructions. The purity of the transcript was verified
using NanoDrop 8000 Spectrophotometer (Thermo
Scientific), and the concentration of the RNA was
determined using Qubit 2.0 Fluorometer (Invitrogen).
The standard curve was generated by serial ten-fold
dilution (ranging from 10 to 10° copies/reaction) of
the transcript. The limit of detection under standard
assay conditions was approximately 40 viral RNA
copies/mL. Confirmation of YFV diagnose was done
by amplifying and sequencing the 650 bp amplicon as
described above.

Standardization of RT-qPCR assays was done from
serial dilutions (107! to 107'") of one confirmed wild
mosquito positive sample, mixed or not with hom-
ogenates of negative Ae. aegypti from our laboratory
colony. The sensitivity of the test was compared in tri-
plicate with that of conventional RT-PCR. Conven-
tional RT-PCR and RT-qPCR detected the virus
genome until 1077 and 10~ dilution, respectively.

Data analyses: Quantitative and qualitative fauna
data were analyzed in Microsoft Excel software. Two
infections rates were used: Minimum Infection Rate
(MIR) was calculated by dividing the number of
infected pools by the total number of adult mosquitoes
of the same species collected in the same area, multi-
plied per 1000. Maximium Likelihood Estimate
(MLE) per 1000 adult mosquitoes was obtained using
the formula 1— (1=Y/X)'™ where Y is the number
of positive pools, X is the total number of pools, and
m is the size of each tested pool [57]. Maps were con-
structed in Arcgis webmap version.

Ethical statements: Mosquito collections in the
Atlantic Forest were approved by local environmental
authorities (SISBIO-MMA licenses 54707-2 and
52472-2, INEA license 012/2016012/2016 and
PNMNI license 001/14-15). This study did not involve
endangered or protected species.
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Abstract

Southeastern Brazil has been suffering a rapid expansion of a severe sylvatic yellow fever virus (YFV) outbreak since late
2016, which has reached one of the most populated zones in Brazil and South America, heretofore a yellow fever-free zone
for more than 70 years. In the current study, we describe the complete genome of 12 YFV samples from mosquitoes, humans
and non-human primates from the Brazilian 2017 epidemic. All of the YFV seguences belong to the modern lineage (sub-
lineage 1E) of South American genotype |, having been circulating for several months prior to the December 2016 detection.
Our data confirm that viral strains associated with the most severe YF epidemic in South America in the last 70 years display
unigue amino acid substitutions that are mainly located in highly conserved positions in non-structural proteins. Our data also
corroborate that YFV has spread southward into Rio de Janeiro state following two main sylvatic dispersion routes that
converged at the border of the great metropolitan area comprising nearly 12 million unvaccinated inhabitants. Our original
results can help public health authorities to guide the surveillance, prophylaxis and control measures required to face such a
severe epidemiological problem. Finally, it will also inspire other workers to further investigate the epidemiological and
biological significance of the amino acid polymorphisms detected in the Brazilian 2017 YFV strains.

INTRODUCTION non-human primates (NHPs) and wild arboreal mosquitoes
Yellow fever (YF) is a viral disease that is transmitted by the of genus Aedes, Haemagogus and Sabethes can accidentally
bite of infected mosquitoes in Africa and South America. It infect man, and (2) the urban cycle, in which inter-human
affects around 200 000 people annually, mostly in Africa [1- transmission is ensured by the domestic and anthropophilic
3]. There are two main epidemiological cycles: (1) the enzo- mosquito Aedes aegypti [3]. While only the sylvatic cycle has
otic sylvatic cycle, in which the virus is transmitted between been reported in Brazil and most South American countries
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recent common ancestor; V, valine; VTFM, variable target function method; YF. yellow fever; YFV, yellow fever virus; ZIKV, zika virus.
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in the last 75 years, in Africa people may acquire the infec-
tion in both cycles, as well as in an intermediate cycle occur-
ring in rural areas close to forests 2, 4].

The aetiological agent is the yellow fever virus (YFV) (genus
Flavivirus, family Flaviviridae), presenting a single-positive-
sense RNA genome containing a 5" end cap structure that is
translated in a single immature polyprotein precursor. The
precursor polyprotein is cleaved by viral and cellular pro-
teases into structural proteins (capsid, C; envelope, E; and
membrane protein, M) and non-structural proteins (NSI1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5) [2]. The currently
circulating YFV strains probably arose within the last
1500 years in Africa, where five genotypes have been docu-
mented, with two coming from West Africa (West Africa I
and II) and three coming from East and Central Africa (East
Africa, East/Central Africa and Angola) [5, 6]. Together with
the invasive mosquito Ae. aegypti, the YFV spread from
Africa to the Americas, probably during the 17th and 18th
centuries, generating two genotypes from the Western Afri-
can ancestor (South America I and II) [5-7]. South American
genotype I is the most disseminated and frequently detected
genotype during epizootic and epidemic waves in Brazil and
the other countries of South America [8, 9]. Until the 1990s,
the transmission area in Brazil was primarily limited to the
Amazon forest in the North region and the savanna-like cer-
rado in the Central-West region. However, in two decades,
the YFV territory has progressively expanded southward and
eastward, reaching the Atlantic forest and other biomes of the
country’s most populated regions [10]. During this boundary
expansion, five viral sub-lineages (1A to 1E) emerged succes-
sively within genotype I, as distinguished by analysis of partial
nucleotide sequencing of the YFV genome [8, 9, 11]. Most
recently, South America genotype I was divided into two
major lineages, denominated as the old (sub-lineages: Old
Para, 1A, 1B and 1C) and the modern lineages (sub-lineages:
Trinidad and Tobago, 1D and 1E) [11, 12].

A rapid expansion of the YFV area has been reported since
late 2016 in southeastern Brazil [13, 14]. From December
2016 to May 2017, the YFV spread quickly from the transi-
tion zone between the cerrado and the inland Atlantic forest
of Minas Gerais state (MG) to the coastal areas in the Espirito
Santo (ES) and Rio de Janeiro (R]) states, and then
approached densely populated areas close to the rain forest
that had insignificant vaccination coverage. In a few months,
around 3850 NHPs died, and nearly 800 human cases with
435 deaths were registered, of which 274 had been confirmed
as YF by July 2017 [13, 14]. Interestingly, the analysis of two
genome sequences obtained from howler monkeys from ES
state during the ongoing outbreak confirmed that they cluster
within the sub-lineage 1E. Furthermore, these strains revealed
new polymorphisms comprising several amino acid substitu-
tions, mainly located in the components of the viral replicase
complex, in the protease domain of the NS3 protein (NS3pro)
and in the methyltransferase (MTase) and RNA-dependent
RNA polymerase (RdRp) domain of the NS5 protein [15]. It
was unclear, however, whether the observed amino acid
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substitutions are genetic signatures of the most recent YF out-
breaks, as few complete genomes of current circulating viral
strains were available [8, 15].

In this study, we elucidated the complete genome sequence
of 12 YFV strains from 3 hosts (NHPs, mosquitoes and
humans) involved in the transmission cycle of the current
Brazilian outbreak in two southeastern states (R] and ES).
Since only a few complete YFV genomes are available, these
new YFV sequences will contribute to a better understand-
ing of the natural history of YF [16, 17]. Further, the YFV
sequences were analysed to establish whether previously
observed specific amino acid changes are fixed in other
recent YFV samples and therefore constitute a molecular
signature of the 2017 YFV. To determine the position of
these amino acid substitutions in NS§3pro and NS5 proteins,
we created homology models for NS3 and NS5. Moreover,
we performed phylogenetic and evolutionary studies to
determine the genotypes of the YFV strains, estimate the
time to the most recent common ancestor (TMRCA) of Bra-
zilian YFV 2017 samples obtained from R] and ES and
research the main routes of viral dissemination in R] state.

RESULTS

YFV samples’ geographical distribution and
genome characterization

To provide a substantial insight into the epidemiology of the
outbreak, over a short period (from February to June 2017) we
collected YFV samples from 5 distinct infected host species,
including mosquitoes, NHPs and humans, from 11 localities
belonging to 3 main river basins throughout the current epi-
demic/epizootic territory of the ES and RJ Atlantic coast
(Table 1, Fig. 1). We analysed the whole YFV genome of 12
samples: 2 from mosquitoes belonging to 2 species [ Haemago-
gus leucocelaenus (pool of 5 mosquitoes) and Hg. Janthinomys
(1 mosquito)], 6 from NHPs (4 howler monkeys and 2 mar-
mosets) and 4 from human cases (Table 1).

A comparison of all the southeast Brazilian outbreak YFV
genomes reveals low genetic variation, with an average
nucleotide identity of 99.8 % and amino acid identity values
ranging from 99.9 to 100 %. However, some of the nucleo-
tide variations are non-synonymous, leading to new amino
acid substitutions in the polyprotein sequence (Fig. SI1,
Table S1, available in the online version of this article).
Regardless of the host, all of the analysed 2017 YFV Brazil-
ian genomes display a set of nine unique amino acid substi-
tutions. Remarkably, a comparison with all of the complete
YFV genome sequences available to date confirmed that
these polymorphisms are only present in the Brazilian
strains from the ongoing outbreak (Fig. $2). They localize at
the C protein (V108I; C residue 108), at NS3pro (E1572D;
R1605K; NS3 residues 88 and 121, respectively), at NS5 in
MTase domain (K2607R; V2644I; G2679S; NS5 residues
101, 138 and 173, respectively) and at NS5 in the RdRp
domain (V3149A; N32155; NS5 residues 643 and 709,
respectively) (Fig. S1). Nevertheless, the partial nucleotide
sequence from H189 also displayed all of the amino acid
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Table 1. Yellow fever virus samples collected in the 2017 Brazilian outbreak

Haost

Sample ID (Genbank accession number)

Hg. leucocelaenus
Hg. janthinomys

Alouatta clamitans
(howler-monkey)

Callithrix jacchus/penicillata
(marmoset)

Human cases

PA193 - (MF423373)
PA196 - (MF423374)
ES-504* - (KY885000)
ES-505* - (KY885001)
RJ87 - (MF423375)
RJ94 - (MF423376)
RJ95 - (MF423377)
RJ96 - (MF423378)
RJ97- (MF538785)
RJ104 - (MF538786)

HI189% (MG550109)

H190 - (MF538782)
HI191 - (MF538783)
HI196 - (MF538784)

H199 - (MF434851)

Date of collection Location Geographical
coordinates
21/02/2017 Areinha, Domingos 20° 17° 08" S 407 50"
Martins - ES 15" W
23/02/2017 Areinha, Domingos 20° 177 08™ S 407 507
Martins - ES 15" W
20/02/2017 Areinha, Domingos 20° 17° 0B" § 40° 50"
Martins - ES 15" W
22/02/2017 Areinha, Domingos 20° 17" 08" § 40° 50"
Martins - ES 15" W
04/04/2017 Atalaia, Macaé - R] 227 18" 316" § 42° 00"
07" W
13/04/2017 Cabeceira do Sana, 277 147 231" § 427 09"
Macaé = R] 05.0" W
19/04/2017 Santa Fé, Carmo - R 217 53 05.0" § 42° 327
297" W
19/04/2017 Santa Fé, Carmo = R 217 53" 0507 § 427 327
97" W
21/04/2017 Araras, Petrdpolis - BJ 27 2¥ 5117 S 4¥F 10°
56.5" W
05/06/2017 Caneca Fina, 227 297 3597 § 427 567
Guapimirim - R] 589" W
18/04/2017 Bananal, Marici - R] 227 55" 25.3"S 42° 43"
17.1°W
16/03/2017 Sao Fidélis = R] 217 38" 17.2" 5 41° 45"
492" W
18/03/2017 Casimiro de Abreu - B 227 297 105" § 427 127
06.2" W
26/02/2017 Porciincula - RJ 207 49" 175" § 417 547
386" W
25/04/2017 Silva Jardim = RJ 27 27 4297 § 477 187
286" W

*YFV ES504 and ES505 have been previously described [13].
fPartial genome sequence.

changes detected in the other sequences, except for the
mutation in the C protein. Moreover, all 2017 Brazilian
YFV sequences also share an amino acid change at position
N/D2803S (NS5 residue 297). This amino acid substitution
was also present in a unique Venezuelan strain isolated in
2006 (GenBank accession no. KM388818). We also identi-
fied additional amino acid substitutions that are not present
in all of the 2017 Brazilian genomes analysed in this work
(Fig. S1). Accordingly, the YFV H199 sequence shows a
change from an alanine (A) to a serine (S) at the 826 amino
acid position, corresponding to the NS1 protein (position
48). The YFV genomes RJ95, R]96, RJ97, H191 and PA193
present a substitution from an isoleucine (I) to a valine (V)
at position 2176 (NS4A, position 77).

Modelling and structural analysis of NS2B/NS3 and
NS5 proteins

To gain some insight into the structural location and func-
tional effects of the amino acid substitutions in the YFV NS3
and NS5 proteins, we built tridimensional models based on
the crystallographic structures of flavivirus homologue pro-
teins. The complete YFV NS3 model was constructed by uti-
lizing the crystal structure of the DENV NS3 protease/
helicase (PDB: 2VBC), displaying 51 % identity and 96 %
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coverage; the Zika virus NS3 protease domain (PDB: 5GJ4),
with 56 % identity and 27 % coverage; and the YFV NS3 heli-
case domain (PDB: 1YKS), as aligned in Fig. S3. The three
different templates were adopted as a consequence of the
need to build a model of the complete protein, joining
together the protease and helicase domains, focusing on their
correct relative orientation, which was mainly achieved
through the hinge domain featured in the DENV template
structure. The NS2B/NS3 interface was based upon ZIKV
crystallographic structure 5GJ4. The three active site residues
of the NS3 protease domain were conserved in the YFV target
sequence and the DENV and ZIKV template sequences. The
YFV NS5 models were built based on the Japanese encephali-
tis virus NS5 protein (PDB ID: 4K6M), presenting 60 % iden-
tity and 98 % coverage (Fig. S4).

The effect of the amino acid substitutions on both NS3 and
NS5 proteins was evaluated through hydrogen bond forma-
tion and electrostatic analysis. The two substitutions found
in NS3, E88D and R121K (polyprotein positions: E1572D
and R1605K, respectively) are conservative and, as such,
they showed little impact on the surface electrostatic poten-
tial (Fig. 2c, d) when we compared the 2010 and 2017 YFV
NS3 proteins. For the E88D substitution, a small structural
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Fig. 1. The spatiotemporal spread of the yellow fever outbreak in southeast Brazil from December 2016 to May 2017 according to the
Brazilian Ministry of Health [13], and geographical origins of the yellow fever virus (YFV) samples according to states, river basins,
hosts and YFV sub-clades A (red) and B (green). The black square corresponds to the H189 sample, for which only partial sequences
of the YFV genome were obtained. Brazilian states: ES, Espirito Santo; MG, Minas Gerais; RJ, Rio de Janeiro; SP, Sao Paulo. The
hatched areas correspond to the great metropolitan (GM) areas of Rio de Janeiro and Vitéria.

change was observed, which mainly consisted of lysine 174
(polyprotein position: K1658) side-chain displacement due
to the loss of a hydrogen bond with the protein backbone
(Fig. 2e, f). On the other hand, the R121K substitution is
located near the NS2B binding groove and might influence
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the interaction between these two molecules. Hydrogen
bond analysis indicated that K121 could favour the forma-
tion of a hydrogen bond with threonine 77 of NS2B (poly-
protein position: T1431), whereas such interaction was not
identified in the 2010 model (Fig. 2a, b). This interaction
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YFV 2010

YFV 2017

Fig. 2. Tridimensional models of the 2017 YFV and 2010 Venezuelan NS2B-NS3 protein complex developed by comparative modelling.
Cartoon and surface electrostatic potential representation of the R121K (polyprotein residue 1605) substitution (a, b), whole complex
(c. d). and E88D (polyprotein residue E1572D) substitution (e, f). The molecular surface is coloured according to the electrostatic poten-
tial, where red, white and blue correspond to acidic, neutral and basic potentials, respectively. NS2B is shown in green. Thick black

lines represent hydrogen bonds (a, b, e, f).

could, in turn, modulate the NS3-NS2B binding affinity,
and thus the protease efficiency.

The three first amino acid substitutions in NS5 are clustered
in the MTase domain, whereas the remaining ones are in
the RdRp domain (Fig. 3a). All amino acid substitutions at
the MTase domain are conservative, but they are spatially
adjacent. The arginine 101 (polyprotein position: R2607)
alpha carbon is 9.7 A away from that of the isoleucine 138
(polyprotein position: 12644), which in turn is 10.6 A away
from the serine 173 alpha carbon (polyprotein position:
$2679). These three residues face the RdRp domain tunnel
opening (Fig. 3b), which presents a basic electrostatic profile
to accommodate the YFV RNA molecule (Fig. S5), which
suggests that they might influence the enzyme activity.
Additionally, the N297S substitution (polyprotein position:
N/D/S 2803) from the RdRp domain, although conservative,
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is located near the hinge domain. The remaining two amino
acid alterations — V643A (polyprotein position: V/A3149)
and N709S (polyprotein position: N/S3215) - are located at
the protein surface and are also conservative. Molecular
dynamics simulation analysis revealed that mutations in the
NS5 protein from the 2017 sample show a decrease in fluc-
tuation around the hinge region (Fig. S6).

Evolutionary and phylogeographical analyses
Phylogenetic analysis of prM/E sequences indicated that all
of the 2017 YFV Brazilian strains cluster inside sub-lineage
1E of the modern lineage of South America genotype I in a
monophyletic clade with high support (bootstrap=87 %)
(Fig. S7). The same clustering pattern was obtained when
we performed phylogenetic analyses on either NS3 or NS5
nucleotide sequences (Fig. S8).
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Fig. 3. Tridimensional models of the 2017 YFV and 2010 Venezuelan NS5 proteins established by comparative modelling. (a) Cartoon
representation of NS5 protein. Amino acid substitutions and binding site residues are shown in the sticks and are coloured according
to the legend. (b) Cavities of NS5 protein. Amino acid substitution sites are shown in red. The amino acid alterations showed in the
models at the MTase domain are K101R, V138l and G173S (polyprotein residues 2607, 2644, and 2679, respectively), while those at
the RdRp domain are N297S, V643A and N709S (polyprotein residues 2803, 3149, and 3215, respectively).

The Bayesian maximum clade credibility (MCC) tree inferred
from the 34 complete open reading frame (ORF) sequences of
YFV South American genotypes I and II disclosed that YFV
strains from the ongoing outbreak in southeast Brazil grouped
in a highly supported [posterior probability (PP)=1] mono-
phyletic cluster nested within sub-lineage E strains of the
modern lineage (Fig. 4). The median substitution rate of the
complete ORF of the YFV South American genotypes was
estimated at 3.5x 10~ substitution/site/year (95 % HPD: 2.4-
4.8x 10™* substitution/site/year), in agreement with previous
estimations, while the median TMRCA for all Brazilian 2017
YFV strains was estimated in April 2016 (95 % HPD: July
2015-October 2016). Ancestral ORFs were reconstructed at
the key nodes of YFV genotype I phylogeny corresponding to
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the MRCA of all South American I genotype sequences (N1),
all modern lineage sequences (N2), modern sub-clade 1E
(N3), Venezuelan strains plus 2017 YFV strains (N4) and
2017 YFV strains (N5). Amino acid substitutions between
ancestral key nodes were inferred and are shown in relation to
the polyprotein positions. As previously described [12], six
non-synonymous mutations were detected between nodes N1
and N3 (Figs 4 and $9). No amino acid substitutions were
detected between nodes N3 and N4, whereas nine non-synon-
ymous mutations (corresponding to the amino acid signatures
of the 2017 YFV Brazilian strains) were detected between
nodes N4 and N5 (Figs 4 and S9).

The inferred Bayesian tree further revealed that 2017 YFV
Brazilian strains from R] were intermixed with sequences
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Fig. 4. Time-scaled Bayesian maximum clade credibility (MCC) based on the complete ORF of 34 YFV American strains. The tree
branches are coloured according to the legend at the upper left. The names and accession numbers of the strains are provided in
Table S2. Reconstructed ancestral key nodes of the South American genotype | (N1). modern-lineage sequences (N2), modern sub-
clade 1E (N3), Venezuelan strains plus 2017 YFV Brazilian strains (N4) and 2017 YFV Brazilian strains (N5) are shown. Inferred amino
acid substitutions between ancestral key nodes are shown in relation to the polyprotein positions. The amino acid substitutions shown
in black have been described previously [12]. The state of origin (ES or RJ) of the 2017 Brazilian strains is indicated, together with the
host source of the viruses. Posterior supports are shown at key nodes. All horizontal branch lengths are drawn to a scale of years.
The tree is automatically rooted under the assumption of a relaxed molecular clock.

from ES, consistent with multiple viral exchanges between
both Brazilian states (Fig. 4). To better understand the spa-
tiotemporal dynamics of YFV dissemination in southeastern
Brazil, we inferred the unobserved locations of sequence
ancestors of the 14 Brazilian 2017 YFV sequences using a
variety of continuous phylogeographical models, assuming
homogeneous [Brownian diffusion (BD) model] and hetero-
geneous [relaxed random walk (RRW)model] dispersion
rates among lineages. The BD model was only moderately
rejected (log Bayes factor=3.6) in favour of the (RRW model
with Cauchy distribution (Table 2), thus supporting no
great variation in the dispersion rate among the branches.
Consistent with this notion, the average diffusion rate value
for the Brazilian YFV epidemic was roughly similar among
all models, ranging from 3.0 to 3.4km day™"' (Table 2). The
continuous diffusion inference places the root location of
Brazilian 2017 YFV sequences in ES and supports at least
three independent introductions into R] between late
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February and early April, followed by a rapid southward
dissemination in the direction of the great metropolitan
area of RJ (Fig. 5). According to this inference, the virus was
spread within R] following two main routes that correspond
to highly supported (PP >0.98) viral sub-clades exclusively
composed of sequences from RJ (Fig. $10). In the first route,
the virus first reached the municipality of Sao Fidelis (in the
northeast of R]) around late February and later advanced
southward along the coastal side of the Serra do Mar, a
1500 km long system of mountain ranges and escarpments
parallel to the Atlantic coast in southeastern Brazil, finally
reaching the great metropolitan region (municipality of
Guapimirim) in early June. In the second route, the virus
first reached the municipality of Carmo on the northern
state border with MG around early April and later contin-
ued southward along the northern side of the Serra do Mar,
reaching the great metropolitan region (municipality of Pet-
ropolis) in late April.
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Table 2. Comparison of how continuous spatial models fit the 2017 Brazilian yellow fever virus dataset and estimated dispersal rate under the

different models

Homogeneous BD Heterogeneous cauchy REW Heterogeneous gamma RRW Heterogeneous lognormal RRW
PS - log ML* —143957 —14392.1 —14396.3 —14394.8
PS - log BFt 36 Best-fitting model 42 27
85 - log ML* —143958 —143920 —14396.5 —14394.6
85 - log BFt 38 Best-fitting model 45 16
Dispersal rate (km day™)% 30 (12-51) 34 (1.7-49) 3.3 (12-50) 3.4 (1.3-52)

*Log marginal likelihood (ML) estimates for the different continuous phylogeographical models obtained using the path sampling (PS) and stepping-

stone sampling (55) methods.

tThe log Bayes factor (BF) is the difference of the log ML between alternative (H1) and null (H0) models (H1/HO). Log BFs =3 indicates that model H1

is more strongly supported by the data than model HO.

tPosterior mean and 95 % HPD (in parentheses) estimates of the dispersal rate.

DISCUSSION

In the 2016-2017 YFV outbreak in Southeast Brazil, most of
the epizootics and human cases originally occurred in inland
rural areas of MG and subsequently in eastern Atlantic
coastal sites under the influence of the ES rain forest seg-
ments. After that, the spreading YFV approached the great
metropolitan areas of Vitoria (ES) and Rio de Janeiro (R])
contiguously, where nearly 1.8 and 12.3 million unvaccinated
inhabitants, respectively, resided. Alarmingly, these densely
populated areas possess some of the busiest South American
airports, ports and road networks, are highly infested by
YFV-competent urban vectors (Ae.aegypti and Ae.albopictus)
and have repeatedly experienced severe dengue epidemics.
Altogether, these ecological and sanitary marks raised con-
cern about the potential risk of YFV reemerging in an urban
cycle in Brazil, in addition to the risk of rapid transgression to
other countries and continents [18, 19].

The YFV samples analysed in the current study are almost
identical at the nucleotide and amino acid levels, regardless of
having been derived from 5 distinct host species infected in a
5-month lag from 11 sites dispersed along 350km of the
southeast Brazilian coast across the outbreak territory, includ-
ing the great metropolitan area of Rio de Janeiro. They also
share a molecular signature represented by nine amino acids,
with eight in highly conserved positions at NS3 and NS5 pro-
teins and one in the structural capsid protein. A previous
analysis of 2017 YFV from two howler monkeys from a single
locality in ES did not consider the substitution at position
2803 inside the NS5 protein. However in the current study,
the analysis of a higher number of samples confirmed this
substitution in all analysed 2017 YFV strains. This molecular
signature represented by nine amino acids has never been
documented before in YFV strains of South American and
African origin [15].

The main source of the variability of the modern YFV strains
isolated in Trinidad and Tobago, Brazil and Venezuela during
the 2000s in relation to ancestral lineages circulating in previ-
ous decades is the occurrence of several amino acid substitu-
tions, particularly within non-structural viral proteins [12].
Interestingly, eight out of the nine amino acid substitutions
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representing the molecular signature of the 2017 YFV Brazil-
ian strains analysed here localized inside the NS3 and NS5
proteins. Hypothetically, amino acid changes at conserved
protein positions may play a role in the capacity for viral
infection to vertebrate and invertebrate hosts, thus accelerat-
ing the spread of the ongoing outbreak. The NS3 and NS5
proteins have multiple enzymatic activities that are essential
for viral RNA replication and 5'-capping [20-22]. Several
studies have demonstrated the significance of non-structural
proteins interacting with other viral proteins and host mole-
cules [22-25], including those involved in the host innate
immune response against flavivirus infection [24, 26-28].
Thus, amino acid changes at those conserved protein posi-
tions may have an impact on the capacity for viral infection
to vertebrate and invertebrate hosts, which may in turn accel-
erate the ongoing outbreak. Furthermore, previous arbovirus
studies have demonstrated that, despite evolutionary con-
straints, changes in the host range and/or the efficiency of
infection and replication in key amplification hosts or vectors
may occur via simple point mutations [29]. Hence, the con-
servative substitution A226V in the E1 protein of the Chikun-
gunya virus appears to be an early event in the multistep
process of CHIKV adaptation to Ae. albopictus [30].

For these reasons, we investigated the potential impact of the
identified amino acid substitutions through structural analy-
sis of protein models. All of the amino acid substitutions
occur close to domains that might be affected by these subtle
modifications. In the NS3 protein, the R121K substitution is
located in the region responsible for the interaction with
NS2B, the cofactor for the proteolytic activity of this enzyme.
Although both residues bear a positive charge, lysine was
shown to potentially establish a hydrogen bond with NS2B,
due to the less bulky side-chain. Looking at the NS5 protein,
we found that the three amino acid substitutions located at
the MTase domain were spatially contiguous and could influ-
ence the relative orientation between the two domains. The
N297S substitution might also have a significant role in enzy-
matic efficiency, since it is located near the hinge domain.
Hence, molecular dynamics simulations have shown that all
these substitutions combined may have a stabilizing effect on
the linker domain, which has been demonstrated to influence
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Fig. 5. Reconstructed spatiotemporal diffusion of the yellow fever outbreak in southeast Brazil from December 2016 to May 2017
under the heterogeneous Cauchy relaxed random walk (RRW) model. The arches represent a spatial projection of a representative
phylogeny, with each node being mapped to its known (external node with a white circle) or estimated (internal node) location (orange
circles). The black arches indicate dissemination events within ES, while the green, blue and red arches denote the three inferred YFV
disseminations into RJ. Brazilian states: ES, Espirito Santo; MG, Minas Gerais; RJ, Rio de Janeiro. The hatched areas correspond to the

great metropolitan (GM) areas of Rio de Janeiro and Vitéria.

the enzyme processivity directly and viral replication in den-
gue 4 virus in vitro models [31, 32]. These findings shall be
further addressed in future studies considering the unrevealed
diversity of the YFV in cell culture and animal models.

All of the 2017 Brazilian YFV belonged to sub-lineage 1E
and clustered with the Venezuelan 2004-2010 YFV strains.
Although this is consistent with the notion that the ancestral

YFV strain responsible for the ongoing Brazilian outbreak
would have originated in Venezuela [12], the 2017 Brazilian
and Venezuelan YFV strains share a relatively distant com-
mon ancestor with 2004-2010 Venezuelan YFV strains that
can be traced to 1993 (95 % HPD: 1987-1997). This indi-
cates that the YFV modern lineage may have been circulat-
ing in endemic Brazilian regions for a long period before
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being introduced into southeast Brazil, but the precise path-
way of viral dissemination is difficult to elucidate because of
the scarcity of Brazilian YFV sequences sampled from
endemic regions over the last 10-15 years. We estimate that
the median TMRCA for the Brazilian 2017 YFV strains is
early 2016, suggesting that the virus circulated for several
months in the southeastern region before the ongoing out-
break was first recognized in December 2016.

The reconstruction of ancestral ORFs at key internal nodes of
the YFV genotype I phylogeny showed a fast rate of amino
acid fixation over the last few decades of YFV evolution in the
Americas. Over an estimated interval of 55years (1930s-
1990s) between the most recent common ancestors (MRCAs)
of genotype I and modern sub-clade 1E six amino acid substi-
tutions were fixed in the YFV genome, as previously observed
by Mir and colleagues [12]. During the last 25 years (1990s-
2010s), spanning the period between the MRCAs of modern
sub-clade 1E and the 2017 Brazilian lineage, nine amino acid
substitutions were fixed, representing the 2017 YFV molecu-
lar signature. Another important difference between both
periods is that the amino acid substitutions fixed between the
1930s and the 1990s were equally distributed among struc-
tural and non-structural viral proteins, while most (89 %) of
amino acid substitutions established in the last 25 years were
mapped in non-structural proteins. The potential association
between the characterized amino acid substitutions, changes
in YFV evolutionary dynamics and the recent emergence of
severe outbreaks deserves further attention.

Our Bayesian phylogeographical analysis supports the conten-
tion that YFV first emerged in ES, which is consistent with
epidemiological data, and later spread southward towards the
great metropolitan area of R]. Our continuous phylogeo-
graphical reconstruction supports multiple independent
introductions into RJ between late February and early April
and subsequent dissemination within the state following two
main routes along the coastal and northern sides of the Serra
do Mar mountain system. Both dissemination routes seem to
converge in the great metropolitan region, reaching munici-
palities (Guapimirim and Petropolis) located only 70-85km
away from the city of Rio de Janeiro. According to our esti-
mates, YFV spread southward from ES to the great metropoli-
tan area of RJ with an average dispersal rate of 3.4km day™’
(95 % HPD: 1.7-4.9km day™"), which is fully consistent with
the expected rate of viral dissemination due to the dispersion
of sylvatic mosquitoes and NHPs [33, 34], and with the epide-
miological models based on the dates and location of monkey
deaths that estimated the speed of displacement of the YFV in
southeastern Brazil at 2.7km day™' during the warmer
months [35].

The lack of YFV sequences from several heavily affected
regions from ES and MG imposes an important limitation
to our evolutionary and phylogeographical inference
and the inclusion of more complete 2017 YFV genome
sequences from ES and MG would help to better define the
onset date and dispersion pathways of the 2017 YFV Brazil-
ian lineage. Future analysis involving more YFV genomes
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from Brazilian endemic and non-endemic regions, as well as
from neighbouring countries, from the last few years will be
also crucial to better understand the evolutionary dynamics
and epidemiology of YFV in recent years in South America.
Studies based on reverse genetic approaches will also be
important to establish whether the amino acid substitutions
present in the Brazilian 2017 YFV lineage affect viral fitness
and/or transmissibility.

METHODS

Mosquito samples

Adult mosquitoes were collected with BG-Sentinel adult
traps baited with dry ice as a source of CO,, as well as with
an insect net when in proximity to humans in the forest, at
the forest fringe and in the modified environment. The
insects were immediately frozen in dry ice or N, and trans-
ported to the laboratory, where the species were identified
according to Consoli and Lourenco-de-Oliveira [36], and
processed as described elsewhere [37].

Non-human primate samples

Blood samples were taken from the femoral vein of dying
NHPs or the cardiac cavity of recently dead NHPs. Samples
from howler monkeys were obtained as previously
described [15].

Human samples

Blood samples were obtained from patients for diagnostic
procedures carried out at their respective municipal public
health ambulatories. Serum samples of YFV laboratory-con-
firmed cases, negative for Zika, Chikungunya and dengue
virus infections, were provided by the LACEN-R] staff and
stored at —80°C until RNA extraction.

YFV RNA extraction, screening for YFV infection by
RT-PCR and nucleotide sequencing

The detection of the YFV genome was performed as
described elsewhere [15]. The sets of primers utilized in the
PCR and sequencing procedures are listed in Tables $2 and
§3, respectively. Complete genome sequences were depos-
ited in the GenBank database (Table 1). Amplified products
were sequenced as previously described [15]. The sequences
were assembled with SeqMan Pro version 8.1.5 (DNASTAR,
Madison, W1, USA). The Molecular Evolutionary Genetics
Analysis (MEGA) 7.0 program was adopted to calculate
nucleotide and amino acid distances, as well as to explore
the amino acid differences.

Comparative modelling, optimization and MD
simulation of NS3 pro and NS5 proteins

We modelled the NS2B-NS3 protein complex and the NS5
protein of the 2017 outbreak YFV prototype (Genbank,
KY885001) together with the 2010 Venezuelan 10A strain
(GenBank accession no. KM388816). Initially, we used
the sLasTP program (https:/blast.ncbinlm.nih.gov/Blast.cgi?
PAGE=Proteins), defining the Protein Data Bank (PDB) as a
search set to select the template structures for comparative
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modelling. Three PDB structures were incorporated as tem-
plates for the NS2B-NS3 protein complex. Template 2VBC
(51 % identity and 96 % of coverage) corresponds to the crys-
tal structure of the NS3 protease/helicase from dengue virus
[38]. Template 1YKS (96 % identity and 70% of coverage)
comprises the NS3 helicase domain of the YFV [39]. Tem-
plate 5GJ4 comprises the NS3 protease domain (56 % identity
and 27 % of coverage) and the NS2B peptide cofactor (42 %
identity and 31 % of coverage) of Zika virus [40]. For the NS5
model generation, a single PDB structure from the Japanese
encephalitis virus (4K6M) [41] was employed as a template,
sharing 60 % identity with the YFV sequence. The template
and target sequences were then aligned with the PSI-Coffee
mode of the T-Coffee program [42]. One hundred homology
models were generated with the standard “auto model’ routine
of Modeller version 9.18 [43] for each target sequence. Each
model was optimized via the variable target function method
(VTFM) until 300 iterations were achieved. Molecular
dynamics (MD) optimization was conducted in the slow level
mode. The full cycle was repeated twice to produce an opti-
mized conformation of the model. The resulting modelled
structures were selected according to their discrete optimized
protein energy (DOPE) score. The GROMACS version 5.1.2
package [44] was used to carry out minimization using the
AMBER99SB ILDN force field [45]. A short minimization
procedure of 150 steps (100 steps of steepest descent plus
50steps of conjugate gradient) was performed. Initial and
optimized models were evaluated by DOPE, Ramachandran
plot and QMean server (Table $4) [46]. Electrostatic potential
analysis was performed with the APBS program [47]. Atomic
partial charges and atomic radii parameters from the Amber
force field were assigned with the PDB2PQR server [48]. The
figures generated from sequence alignments were rendered
using ALINE [49], and three-dimensional structures were
generated with UCSF Chimera and PyMol.

Molecular dynamics simulations were carried out with the
GROMACS package, with the AMBER99SB-ILDN force
field. Protonation states were assigned using PDB2PQR
software, and the zinc-coordinating cysteine residues were
manually deprotonated. The models were further optimized
prior to the MD runs through 5.0:< 106 steps of the steepest-
descent (with and without heavy atom restraints) and con-
jugate-gradient algorithms. The systems were then run
under an NPT ensemble, for 500 ps with restraints and
2.0x105ps without restraints. The V-rescale thermostat
and Berendsen barostat were adopted for temperature and
pressure control, respectively. The 2010 and 2017 strains
and replicas were simulated at 297 and 310 K for a total of
eight runs and 1.6x106 ps. Analysis was achieved over the
final 150 ns of the production runs.

Evolutionary and phylogeographical analyses

A 666-nucleotide sequence consisting of the last 108 nucleo-
tide terminal flank of the prM gene, the entire M gene (225
nucleotides) and the first 333 nucleotides of the E gene was
enlisted to genotype the YFV strains [5]. The phylogenetic
tree was generated by the neighbour-joining method [50]
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with a matrix of genetic distances established under the
Kimura two-parameter model [51]. The robustness of each
node was assessed by bootstrap resampling (2000 replicates)
[52]. The homologous region (prM/E) of a dengue virus
strain available at the GenBank database (AF349753) was
used as an outgroup.

The open reading frame (ORF; 10239 nt-long coding region)
of the YFV sequences of American origin (South America
genotypes I and II) with a known date of isolation were
obtained from the GenBank database (www.ncbinlm.nih.
gov). The retrieved sequences (n=22) were aligned together
with the sequences from the current study (n=12) and sub-
mitted to recombination analysis by applying the Recombina-
tion Detection Program (RDP) version 4.95 [53]. All of the
analysed YFV sequences were confirmed as non-recombinant
according to the RDP [54], GENECONV [55], MaxChi [56],
Chimaera [57], BootScan [58], SiScan [59] and 3Seq [60]
methods with their default settings. Only statistically signifi-
cant (P<0.05) events supported by at least two methods were
considered. The nucleotide substitution rate and time to the
most recent common ancestor (TMRCA) of all 34 American
YFV strains were estimated with respect to the Markov chain
Monte Carlo (MCMC) algorithm implemented in the BEAST
version 1.8.3 package [61, 62] with BEAGLE [63] to improve
run time. In order to analyse fixed amino acid changes during
the evolution of the YFV sequences, complete ORFs were
reconstructed at key internal nodes of the American YFV
complete genome phylogeny with the BEAST version 1.8.3
package. The consensus complete ORF sequence for each key
ancestral node was computed with the R package SeginR
[51].

The BEAST version 1.8.3 package was also adopted to recon-
struct the spatiotemporal dynamics of the 14 YFV complete
ORFs from the Brazilian 2016-2017 YF epidemic in continu-
ous space, utilizing the latitude and longitude of each Brazil-
fan 2017 YFV isolate. The unobserved locations of the
sequence ancestors in continuous space were estimated with
a homogenous Brownian diffusion (BD) model and the het-
erogeneous Cauchy, Gamma and lognormal relaxed random
walk (RRW) models [64]. The diffusion models were com-
pared in accordance with log marginal likelihood estimation
based on the path sampling (PS) and stepping-stone (SS)
sampling methods [65]. The best-fit nucleotide substitution
model (GTR+I+I4 for the American YFV dataset and HKY
for the Brazilian YFV dataset), a relaxed uncorrelated lognor-
mal molecular clock model [66] and a Bayesian skyline coa-
lescent tree prior [67] were employed in all analyses. The
uncertainty of the parameter estimates was assessed after the
initial 10 % of the run was excluded by calculating the effec-
tive sample size (ESS) and the 95 9% highest probability den-
sity (HPD) values, respectively, with the TRACER version 1.6
program [68]. TreeAnnotator version 1.7.5 [62] and FigTree
version 1.4.0 [69] programs were adopted to summarize the
posterior tree distribution and visualize the annotated maxi-
mum clade credibility (MCC) tree, respectively.
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Maps

The maps were generated with QGIS GIS software using
public access data collected from the Brazilian Institute of
Geography and Statistics (IBGE) [70], the Ministry of the
Environment [71] and the Brazilian Ministry of Health [13]
websites.
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The current outbreak of yellow fever virus (YFV) that is afflicting Brazil since the end of
2016 probably originated from a re-introduction of YFV from endemic areas into the non-
endemic Southeastern Brazil. However, the lack of genomic sequences from endemic
regions hinders the tracking of YFV's dissemination routes. We assessed the origin and
spread of the ongoing YFV Brazilian outbreak analyzing a new set of YFV strains infecting
humans, non-human primates (NHPs) and mosquitoes sampled across five Brazilian
states from endemic and non-endemic regions between 2015 and 2018. We found
two YFV sub-clade 1E lineages circulating in NHP from Goias state (GO), resulting from
independent viral introductions into the Araguaia tributary river basin: while one strain
from 2017 clustered intermingled with Venezuelan YFV strains from 2000, the other YFV
strains sampled in 2015 and 2017 clustered with sequences of the current YFV outbreak
in the Brazilian Southeastern region (named YFV2g15-201g lineage), displaying the same
molecular signature associated to the current YFV outbreak. After its introduction in
GO at around mid-2014, the YFVop15—201g lineage followed two paths of dissemination
outside GO, originating two major YFV sub-lineages: (1) the YFVuges/ry sub-lineage
spread sequentially from the eastern area of Minas Gerais state to Espirito Santo and
then to Rio de Janeiro states, following the Southeast Atlantic basin; (2) the YFVyq/sp
sub-lineage spread from the southwestern area of Minas Gerais to the metropolitan
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region of S&o Paulo state, following the Parana basin. These results indicate the
ongoing YFV outbreak in Southeastern Brazil originated from a dissemination event
from GO almost 2 years before its recognition at the end of 2016. From GO this lineage
was introduced in Minas Gerais state at least two times, originating two sub-lineages
that followed different routes toward densely populated areas. The spread of YFV
outside endemic regions for at least 4 years stresses the imperative importance of the
continuous monitoring of YFV to aid decision-making for effective control policies aiming
the increase of vaccination coverage to avoid the YFV transmission in densely populated

urban centers.

Keywords: yellow fever virus, Brazilian outbreak, lineages, amino acid changes, phylogeography

INTRODUCTION

In Brazil, the yellow fever virus (YFV) have been sporadically
detected in human and non-human primates (NHPs)
populations from the enzootic/endemic Northern (Amazon)
and epidemic Central-Western regions during the second half
of the 20th century (Carrington and Auguste, 2013; Monath
and Vasconcelos, 2015). Since the early 2000s, the virus has
progressively expanded to the Southeastern and Southern
Brazilian regions and in December 2016 began the largest
epizootic/epidemic of sylvatic YF registered in the country over
the last 50 years (Vasconcelos, 2010; Possas et al., 2018a,b).
Between December 2016 and June 2018, a total of 2,139 YF
human cases were confirmed in all Southeastern Brazilian
states of Minas Gerais (n = 997), Sio Paulo (n = 577), Rio
de Janeiro (n = 307) and Espirito Santo (n = 258) with 735
deaths (case-fatality, 34%). Moreover, in 2019 YFV transmission
continues in Sao Paulo and is emerging in the north of Parand
state from South region of Brazil (Supplementary Figure 1;
Secretaria de Vigilancia em Saude, 2019).

Sequential YF outbreaks reported in the Southeastern and
Southern Brazilian regions in 2000-2001, 2008-2009 and
2016-2018 were more likely caused by single independent events
of re-introduction of YFV strains from endemic areas (Mir et al.,
2017). A recent study speculated that the YFV strain causing the
current outbreak would have been originated in the Brazilian
Central-West region. This conjecture was based on the date of
the most recent common ancestor of the 2016-2018 Brazilian
YFV, which was estimated in a period (July 2014 to January
2016) when YFV circulation was reported in the state of Goids
(Central-Western region; Rezende et al.,, 2018). However, the
precise routes of dissemination of YFV strains from endemic to
non-endemic areas observed in Brazil in the last 15-20 years are
difficult to elucidate because of the scarcity of sequences sampled
from endemic regions in that period.

The spatiotemporal dynamics of dissemination of the
2016-2018 Brazilian YFV lineage within the Southeastern region
also remained unclear. The first study considering full-genome
YFV sequences based on samples from Espirito Santo and
Rio de Janeiro states from 2017 placed the origin of the
Southeastern outbreak in Espirito Santo in April 2016 (July
2015 to October 2016) and supported a rapid southward viral
dissemination in direction to the great metropolitan area of Rio

de Janeiro (Gomez et al,, 2018). A second study also comprising
full-genome YFV sequences sampled from Minas Gerais, Espirito
Santo and Rio de Janeiro in 2017 supports that the outbreak
arose in Minas Gerais in July 2016 (March to November 2016)
and was then southerly disseminated toward Espirito Santo and
Rio de Janeiro (Faria et al, 2018). A third study, based on
partial genome sequences, showed that YFV strains isolated
in the state of Sao Paulo in 2016 branched in basal position
relatively to those isolated in Minas Gerais and Espirito Santo
at 2017-2018 and traced the origin of current outbreak to
July 2015 (July 2014 to January 2016), thus suggesting that the
2016-2018 YFV Brazilian lineage may have circulated in Sao
Paulo state before spread to Minas Gerais and Espirito Santo
(Rezende et al., 2018).

Therefore, to define in greater detail the geographic origin
and subsequent dissemination routes of the 2016-2018 Brazilian
YFV clade, we generated and analyzed 13 YFV new genomes
obtained from humans, NHPs and mosquitoes, between
2015 and 2018, from all Southeast Brazilian states (Minas
Gerais, Espirito Santo, Rio de Janeiro e Sio Paulo) and
from Central-West region (Goias). Interestingly, we identified
two YFV lineages circulating in Central-West (Goias) during
2015-2017, one (GO27/2015 and GO21/2017) displaying the
nine amino acid signature characteristic of the 2016-2018
YFV Southeastern outbreak (Bonaldo et al., 2017) and the
other (GO05/2017) isolated 2 year later that displayed an
amino acid pattern typical of older YFV sub-clade 1E strains
sampled in Brazil and Venezuela between 2000 and 2010
(De Souza et al., 2010). Besides, these 13 new YFV complete
coding region sequences (CDS) were combined with previously
described YFV CDS from Brazil (n = 67), Venezuela (n = 5)
and Trinidad and Tobago (n = 1) and then subjected to
phylogeographic analyses to get a better picture of the ongoing
YFV epidemic in Brazil.

MATERIALS AND METHODS
YFV Samples

Viral samples from 13 infected hosts from distinct biomes and
river basins in the states of Goids (1 = 3), Central-Western region,
and Rio de Janeiro (n = 2), Minas Gerais (n = 3), Espirito Santo
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(n = 3) and Sdo Paulo (n = 2), Southeastern region of Brazil,
were analyzed (Table 1). Serum samples of human cases, liver
samples of human and NHP, and homogenates of entire bodies
of pooled adult female mosquitoes were collected and processed
as previously described (Ferreira-De-Brito et al., 2016; Bonaldo
et al.,, 2017; Gomez et al.,, 2018; Abreu et al, 2019). The YFV
isolates ABR1005 and ABR1009 were obtained from the sera of
a 64 and 30-year-old male patients, respectively. The ABR1005
patient was hospitalized 4 days after onset of symptoms and
died due to multiple organ failure. The ABR1009 patient was
hospitalized 4 days after onset of symptoms but fully recovered
from the infection.

YFV Genome Detection and

Nucleotide Sequencing

The sera from the individuals from Sao Paulo state (ABR1005
and ABR1009) and an NHP liver homogenate sample from
Goids (GO27) were employed to obtain first-passage YFV
isolates by infection of monolayer cell cultures of the C6/36
clone of Aedes albopictus. Viral RNA was obtained from
cell cultures or directly from samples as described elsewhere
(Bonaldo et al, 2017). The set of primers utilized in PCR
and sequencing procedures followed a previous report (Gomez
et al., 2018). Nucleotide sequences were determined by
capillary electrophoresis at the sequencing facility of Fiocruz-R]
(RPTOLA - Sequenciamento de DNA - RJ). The sequences
were assembled with SeqMan Pro version 8.1.5 (DNASTAR,
Madison, WI, United States). The Molecular Evolutionary
Genetics Analysis 7.0 program (Kumar et al., 2016) was adopted
to explore the amino acid differences as well as to calculate
nucleotide and amino acid distances.

Evolutionary and
Phylogeographic Analyses
Complete CDS (10,239 nt in length) of the 13 newly generated
YFV genomes were combined with CDS of YFV American
sequences available in GenBank' according to the following
inclusion criteria: (1) link to a publication, (2) coverage
of at least 99% of the viral CDS, and (3) known date
and country of collection. The sequences were aligned with
MAFFT (Katoh and Standley, 2013) and viral phylogenies
were reconstructed by maximum likelihood (ML) analysis
implemented in PhyML (Guindon et al., 2010) applying the
best substitution model selected by jModelTest v1.6 (Darriba
et al, 2012). The temporal signal of different combinations
of sequences representing the South American genotypes I
and II (SA-I+II), the South American genotype I (SA-I),
and the Modern lineage of SA-I (Mir et al, 2017) were
examined with TempEst v1.5.1 (Rambaut et al, 2016). The
dataset with the best temporal structure (SA-I) was chosen for
the subsequent time tree reconstructions by Bayesian method
(Supplementary Table 1).

The time scale of the SA-I and 2016-2018 Brazilian YFV
datasets were estimated using the Markov chain Monte

!www.ncbi.nlm.nih.gov

Carlo algorithms implemented in the BEAST v1.8.4 package
(Drummond and Rambaut, 2007; Drummond et al., 2012)
with BEAGLE (Ayres et al, 2012) to improve running
time. The evolutionary process was estimated using the
best-fit nucleotide substitution model (GTR+I+T4), a
relaxed uncorrelated lognormal molecular clock model
(Drummond et al, 2006) and the non-parametric Bayesian
Skyline coalescent tree prior (Drummond et al., 2005). A CTMC
rate reference prior (Ferreira and Suchard, 2008) and a normal
prior (mean = 4.5 x 107 substitution/site/year, standard
deviation = 1.0 x 107%) in the evolutionary rate were used
for the analysis of the SA-I and 2016-2018 Brazilian YFV
datasets, respectively.

The reconstruction of migration events throughout the
phylogeny for the 2016-2018 Brazilian YFV lineage also
employed the BEAST package using discrete and continuous
models. The discrete phylogeographic analysis was performed
using reversible (symmetric) and nonreversible (asymmetric)
discrete phylogeographic models (Lemey et al., 2009), assigning
discrete traits for each sequence representing the Brazilian
state of isolation, except for MG, in which further geographic
subdivision were employed. The spatiotemporal reconstruction
in continuous space utilizing the geographic coordinates
(latitude and longitude) of each YFV isolate was estimated
with a homogenous Brownian diffusion (BD) model and the
heterogeneous Cauchy, Gamma and Lognormal relaxed random
walk (RRW) models (Lemey et al., 2010). Comparisons among
the different discrete and continuous phylogeographic models
were performed using the log marginal likelihood estimation
(MLE) based on path sampling (PS) and stepping-stone sampling
(SS) methods (Baele et al, 2012). Bayesian analyses were
run for 10® generations and convergence (effective sample
size > 200) was inspected using TRACER v1.7 (Rambaut
et al,, 2018) after discarding 10% burn-in. The maximum clade
credibility (MCC) trees were summarized using TreeAnnotator
v.1.8.4 (Drummond et al, 2012) and visualized with FigTree
v.1.4.42 The viral spatio-temporal diffusion was analyzed and
visualized in SPREAD (Bielejec et al., 2011) and further
projected in maps generated with QGIS software’ using
public access data collected from the Brazilian Institute of
Geography and Statistics (Instituto Brasileiro de Geografia
e Estatistica [IBGE|, 2019) and National Water Agency
(Agéncia Nacional de Aguas [ANA], 2019).

RESULTS

Identification of Two YFV Lineages
Circulating in the State of Goias During
2015-2017

Initially, we sequenced the complete genomes of YFV obtained at
two Brazilian biomes to infer the origin and dissemination routes
of YFV during the 2016-2018 outbreak in the country. Ten YFV
strains were sampled from human, NHP and mosquitoes in all

*http:/tree bio.ed.ac.uk
*http://qgis.org
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Southeastern Brazilian states: Minas Gerais, Espirito Santo, Rio
de Janeiro and Sao Paulo, located in the Atlantic Forest biome and
where massive epizootics and human cases occurred. Three other
YFV genomes were recovered from human and NHP sampled
in Goids, a state of the Brazilian Central-Western region whose
predominant vegetation is the Cerrado, a savanna-like biome
occupying the territory between the Amazon and Atlantic rain
forest of the Southeast region (Table 1). Both YFV strains from
Goids were sampled from sites located in the Tocantins- Araguaia
river basin. The ML and Bayesian phylogenetic analyses placed
the newly generated YFV genomes inside the sub-clade 1E
(De Souza et al, 2010) of the Modern lineage of SA-I
(Mir et al,, 2017), with high support [aLRT/posterior probability
(PP) = 1] (Figure 1 and Supplementary Figure 2). Two viral
samples from Goids (GO27/2015 and GO21/2017) infecting,
respectively a capuchin-monkey from Novo Brasil on August
2015 and a person from Amarinépolis on April 2017, clustered
in a highly supported (PP = 1) clade (YFVap15-2018) with
all Brazilian YFV sequences from the Southeastern region
associated with the current outbreak. By contrast, the other
strain from Goids (GO05/2017) that infected a howler-monkey
from Nova Crixds on April 2017, was intermingled among
Venezuelan YFV genomic sequences from the 2000s. The
mean evolutionary rate for the YFV SA-T was estimated at
4.3 x 104 substitution/site/year (Supplementary Table 2), fully

consistent with that previously reported (Nunes et al, 2012
Gomez et al., 2018), while the time of the most recent common
ancestor (Tyrca) of the YEV,g15_2015 clade was estimated on
October 2013 [95% Bayesian credible interval (BCI): May 2012
to December 2014].

Analysis of amino acid signatures showed the frequent
presence of the nine unique amino acid substitutions previously
described (Bonaldo et al., 2017; Gomez et al., 2018) in almost all
new YFV Brazilian genomes from the Southeastern region and
in one sample from Goids (GO27/2015; Supplementary Table 3
and Supplementary Figure 3). Distinctly, the other YFV strain
from Goids (GO05/2017), exhibited an amino acid pattern more
similar to older YFV sub-clade 1E strains sampled in Brazil
and Venezuela between 2000 and 2010 (Supplementary Table 3
and Supplementary Figure 3). These results clearly support the
circulation of at least two YFV sub-clade 1E lineages in the
Cerrado between 2015 and 2017 that probably resulted from
independent viral introductions in the Araguaia tributary basin
of the Tocantins-Araguaia primary watershed. Interestingly, the
third sample from Goids state (GO21/2017) displayed eight out
of nine aminoacidic set of alterations (Supplementary Table 3).
Moreover, these results revealed that the molecular signature
previously associated with the 2016-2017 YFV Southeastern
Brazilian strains was already present in a YFV strain isolated in
the Cerrado biome in 2015.

Geographic location
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FIGURE 1 | Bayesian maximum clade credibility phylogeny of the YFV South American genotype |. Only posterior probabilities (PP) of key nodes are denoted. The
external node color indicates sample location (geographic region or country) accordingly to the legend. The samples obtained from NHP from Goias state are
indicated by arrows. The clade comprising the GO27/2015 and GO21/2017 samples and all YFV genomes from the ongoing outbreak (YFV2q15.2018) is highlighted
by a red box, and inner clades were collapsed for clarity. The node representing the most recent common ancestor of YFVog15-2015 lineage is indicated by a red
circle along with its temporal origin estimate. All horizontal branch lengths are drawn to a scale of years. Sequences names are coded as accession number/date of
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The YFV2g15-201g Lineage Likely Arose in
Goias in 2014 and Was Disseminated to
the Southeastern Region Following Two

Major Routes

To determine with more precision the geographic origin and
dissemination routes of the YFV3q15 2018 lineage, we first applied
discrete Bayesian symmetric and asymmetric phylogeographic
models. The Bayes Factor test showed a strong support in favor of
the discrete asymmetric phylogeographic model (Supplementary
Table 4), presented in Figure 2. According to this analysis,
the YFV 015208 lineage likely originated in the state of Goids
[posterior state probability (PSP) = 0.57] in May 2014 (95% BCI:
October 2012 to July 2015). From there, it followed two paths of
dissemination toward the state of Minas Gerais, originating two
major YFV sub-lineages in the Southeastern region here called
YFVmg/es/ry and YFV G /sp.

The YFVyg/es/ry sub-lineage probably reached initially the
eastern region of Minas Gerais (MG-E, PSP = 0.51) on October
2015 (95% BCI: February 2015 to April 2016), from where it
most likely spread to Espirito Santo state (PSP = 0.99) on March
2016 (95% BCI: September 2015 to August 2016) and to the
northern area of Minas Gerais (MG-N, PSP = 0.47) on July 2016
(95% BCI: January 2016 to October 2016). From MG-N, the YFV
spread to the south of the state of Bahia, in the Northeastern
Brazilian region. From ES, the YFV was introduced in Rio de
Janeiro at least four times, generating two successful intrastate
transmission chains that advanced southwards: (1) one chain
followed the northern side of the Serra do Mar along the Paraiba
do Sul tributary basin (Supplementary Figure 4), bypassing the
Rio de Janeiro metropolitan region toward the south (Valenga
municipality) and affecting the southeastern region of Minas
Gerais (MG-SE, PSP = 0.57); (2) the other transmission chain
spread through the coastal area South of Serra do Mar (Macaé
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as accession number/date/region/host. The tips corresponding to the samples sequenced in this study are indicated by arrows. All horizontal branch lengths are
drawn to a scale of years. BA, Bahia; ES, Espirito Santo; GO, Goias; MG-E, Eastern Minas Gerais; MG-N, Northern Minas Gerais; MG-SE, Southeastern Minas
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tributary basin), crossing the Rio de Janeiro state metropolitan
region and reaching an island located in the southern region of
Rio de Janeiro (Ilha Grande).

The YFVyi,sp sub-lineage most likely spread from Goids into
the southwestern area of Minas Gerais (MG-SW, PSP = 0.99) on
March 2016 (95% BCI: September 2015 to August 2016) and then
disseminated from MG-SW to the metropolitan region of the
state of Sdo Paulo. Remarkably, four YFV genomes from MG-
E and one from MG-SW displayed differences in the molecular
amino acid signature (D15762E; R2607Q). Nevertheless, the
variations were not fixed in 2018 YFV samples as identified
in the position 12176V clustering in YFVngGyEs/ry, which were
collected in Paraiba tributary basin in 2017 and 2018, suggesting
the maintenance of the YFV polymorphism in this region.
Overall, these results expanded the geographical and temporal
edge of the YFV315-2018 lineage and further revealed a very
low degree of phylogenetic intermixing of YFV3915-2015 strains
from different Brazilian states during viral dissemination in the
Southeastern region.

The YFV2g15-_2018 Lineage Was
Disseminated Following Primary River

Basins in the Southeastern Region
To get some insight regarding the spatiotemporal dynamics of
dissemination of the YFV,g15_20;5 lineage, we applied different

continuous phylogeographical models, assuming homogeneous
(BD) and heterogeneous (RRW) dispersion rates among lineages.
The RRW model with Lognormal distribution was strongly
supported as the fittest diffusion model (Supplementary
Table 5), indicating significant variation in the diffusion rate
among the branches. The phylogeographic continuous model
(Figure 3) changed slightly the epicenter of the YFV915-2018
lineage but supports the existence of two main routes of
dissemination within the Brazilian Southeastern region and
few viral migrations between different states, consistent with
the discrete phylogeographic reconstruction. This analysis
also supports that the YFV was disseminated following
major river basins.

According to the continuous model, the origin of the
YFV3a015-2018 lineage would be the central region of Minas
Gerais, within the Sdo Francisco watershed, from where it
would have independently spread to the west, east and south,
reaching the Tocantins-Araguaia basin in the Goids in 2015,
the Southeast Atlantic hydrographic region in Minas Gerais
at the end of 2015, and the Parand hydrographic region of
that state in the middle of 2016, respectively. From the eastern
of Minas Gerais, the virus moved southward following the
Southeast Atlantic watersheds distributed among the states
of Minas Gerais, Espirito Santo, and Rio de Janeiro (an
area covered by the Atlantic forest biome) and northward,
returning to the Sdo Francisco river basin and south of Bahia.

SP

Primary river
basins

(D AraguaiafTocantins

@ 5S40 Francisco

(OParana

@ East Atlantic

(southeast Atlantic

Jan 2014 Feb 2018

FIGURE 3 | Reconstructed spatiotemporal diffusion of the YFVan1s5-2015 lineage. Phylogeny branches were arranged in space according the internal nodes locations
inferred by the continuous phylogeographic model. Branches were colored according to time as indicated by the legend. The dark gray lines represent the Brazilian
states boundaries while the colored areas the different primary river basins; additional details on tributary basins are available from Instituto Brasileiro de Geografia e
Estatistica [IBGE] (2019). Brazilian states: DF, Distrito Federal; ES, Espirito Santo; GO, Goias; MG, Minas Gerais; RJ, Rio de Janeiro; SP, Sao Paulo.
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Simultaneously, the YFV lineage showed southerly dissemination
from the southwestern region of Minas Gerais toward the
Sao Paulo state, following the Parand basin. We estimate
that YFV lineages moved, on average, 0.5 km/day (95% BCI:
0.4 to 0.7 km/day).

DISCUSSION

The current re-emergence of YFV in the Southeastern Brazilian
region resulted in the largest outbreak of sylvatic YF observed
in South America in the last decades. The transmission has
been expanding southward in Brazil reaching sites considered
YFV-free areas for 80 years, and therefore with scanty YFV
vaccination coverage. As a result, 38 cases and nine deaths
have been reported in January 2019, around 1,160 km from
the first signal of increased incidence of YF in the Southeast
(north-western region of Minas Gerais) in late 2016 (Secretaria
de Vigilancia em Satde, 2019).

Previous studies pointed out that the ongoing YFV outbreak
in the Brazilian Southeastern region resulted from a single
introduction event of a YFV Modern lineage strain from an
endemic area (Mir et al, 2017; Faria et al, 2018; Gomez
et al., 2018; Rezende et al, 2018). However, the precise route
of viral dissemination was not achieved due to the scarcity
of Brazilian YFV sequences sampled from endemic regions
over the last years. Here, the analysis of two YFV samples
from Goids (Central-Western region) obtained in 2015 and
2017 revealed that they are phylogenetically related with and
carry the same amino acid signature of the YFV strains
causing the current outbreak in the Southeastern region.
Moreover, the discrete phylogeographic analysis showed that
the YFV causing the current Brazilian outbreak probably
originated in Goids at around mid-2014, a result congruent
with epidemiological reports on human and NHP infections
(Supplementary Figure 1). Altogether, our data stressed the
origin of the current YFV outbreak in the Central-western region
and expanded the estimated Tyrca of the ongoing YFV outbreak
to almost 2 years before it gained epidemiological visibility in
the end of 2016 (Secretaria de Vigilincia em Saide, 2017).
Interestingly, we also identified for the first time, two YFV
lineages circulating in Goids during 2015-2017, one of which
followed two independent paths of dissemination toward Minas
Gerais state, originating two major YFV sub-lineages in the
Southeast region responsible for the severe ongoing outbreak. Of
note, the molecular clock dating approach used to infer the YFV
epidemic dynamics had limitations and would be undoubtedly
benefited if more genome sequences (sampled from humans
and reservoir populations) were available and if multiple scales
of YFV evolution (between- and within-host) were considered
(Frost et al., 2015).

According to the spatiotemporal epidemiologic reports of
YFV infections in both humans and NHPs in the national
surveillance system, after 5 years of no records of YFV cases
outside the Amazon, 31 NHPs died between May and August
2014 in seven municipalities of the Tocantins state, in the
Tocantins-Araguaia basin. The only corpse found still adequate

to diagnosis was positive to YFV (Secretaria de Vigilincia em
Sande, 2014). The Tocantins-Araguaia basin drains the territory
of Tocantins and the great northern part of the neighbor state
of Goids into de Amazon river, and the gallery forests along
its tributaries consist of a large network of corridors between
the Amazon and Cerrado biomes. Thus, soon in early 2015,
besides in the Tocantins, YFV infections were detected in Goids,
and the virus spilled over from the Tocantins-Araguaia into
the Sdo Francisco and Parand basins, with reports scattered in
northwestern Minas Gerais and southern Goids and the Federal
District (Brasilia; Figure 4).

Brazilian Health authorities consider this YFV reemergence
as the start of the north-southeast virus spreading wave that has
not stopped yet (Secretaria de Vigilincia em Saude, 2015, 2017,
2019). Accordingly, in late 2015 and early 2016, the circulation
of YFV was detected in sites of Minas Gerais and Goids states,
but still essentially limited to the Cerrado biome in the three
above mentioned river basins. Intriguingly, in late 2016, human
cases and epizooties due to YFV were recorded simultaneously
and independently in the northeast Minas Gerais as well as
in southeastern Minas Gerais/northern Sio Paulo, where the
virus has then gained the Atlantic forest ecosystem. In fact, the
outbreak was officially recognized only when the epidemiological
records rapidly peaked and as that the virus reached the Southeast
Atlantic river basin in Espirito Santo and Rio de Janeiro, as well
as continued to spread in all primary watershed of Sao Paulo
and Minas Gerais throughout 2017. One of the causes of this
delay was the introduction of Chikungunya (2014) and Zika
(2015) virus in Brazil and the resulting epidemics, which probably
reduced the sensitivity of surveillance and interfered with the
visibility of the YFV reemergence. In 2017, scattered records of
YFV circulation were also made in the states of Bahia, Goias,
Mato Grosso and even in the Amazon.

In early 2018, epidemiological data suggested that
transmission was mostly concentrated in the Southeast Atlantic
basin in the states of Rio de Janeiro, Minas Gerais and Siao
Paulo and eastern Parand basin (Figure 4). Then, the place
and time of origin for the current YFV Brazilian outbreak
here estimated fully agree with the above mentioned officially
confirmed infections in NHP and humans reported by the
Brazilian Ministry of Health (Secretaria de Vigilancia em Satde,
2015). Indeed, the Novo Brasil municipality in Goids, from
where the NHP YFV sample analyzed here was taken, is located
about 100 km from the banks of the Araguaia river. The earlier
detection of YFV in NHP from the Tocantins indicates that
the state of Goids probably acted as a staging post-during the
dissemination of the YFVygi5-2018 lineage from the North
(Amazon basin) to the Southeast Brazilian regions. In this sense,
the Tocantins- Araguaia watersheds may have played a major role
in YFV dissemination as it extends from more than 2.500 km
following two river axes (Araguaia and the Tocantins), offering a
contiguous connection between the Cerrado (southward, Goids
and Tocantins states) and Amazon (northward, Para state)
biomes (Agéncia Nacional de Aguas [ANA], 2019).

Both discrete and continuous phylogeographic models
combined with the epidemiological records support of
the YFVyp15_2015 lineage moved toward densely populated
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FIGURE 4 | Municipalities reporting YFV in Brazil from late 2014 to late 2018 according to epidemiological data. Colors distinguish the semester when the first
confirmed human and/or non-human YFV infection was recorded in such a municipality on a half-yearly basis during the period. The dark gray lines represent the
Brazilian states boundaries while the colored areas the different primary river basins; additional details on tributary basins are available from Instituto Brasileiro de

Geografia e Estatistica IBGE] (2019). Brazilian states: AC, Acre; AL, Alagoas; AP, Amapa; AM, Amazonas; BA, Bahia; CE, Ceara; DF, Distrito Federal; ES, Espirito
Santo; GO, Goias; MA, Maranhao; MT, Mato Grosso; MS, Mato Grosso do Sul; MG, Minas Gerais; PA, Para; PB, Paraiba; PR, Parana; PE, Pernambuco; P, Piaui;
RJ, Rio de Janeiro; RN, Rio Grande do Norte; RS, Rio Grande do Sul; RO, Rondénia; RR, Roraima; SC, Santa Catarina; SP, S&o Paulo; SE, Sergipe; TO, Tocantins.

Southeastern urban regions with low YFV vaccine coverages
following major routes along different primary river basins. The
phylogeographic analyses pointed out that the YFVjg15-2018
lineage probably arrived in the Southeast region via the Sao
Francisco watershed located in Minas Gerais and then moved
to the Southeast Atlantic watersheds in the east and the Parand
hydrographic region in the southwest. The viral lineage that
moved following the Southeast Atlantic watersheds reached
the eastern and northern areas of Minas Gerais state, as well
as the south of Bahia, Espirito Santo and Rio de Janeiro states.
The viral lineage that followed the Parand hydrographic region
spread to the Southwest of Minas Gerais and Sao Paulo states.
A previous study proposed that the YFV;p;5_5015 lineage was
introduced in the southeastern region through Sao Paulo and
then moved to other Southeastern states (Rezende et al., 2018).
However, this conclusion is hampered as they used only partial
genomes (with a very low number of nucleotide substitutions
supporting the phylogenetic relationships) and did not conduct
a formal phylogeographic analysis. Although Faria et al. (2018)
already described that the YFVj15_2018 lineage displayed
southward and eastward expansion from its inferred origin
in Minas Gerais, our results consist of the first description of
concurrent dispersion of the YFVyg15-2018 lineage following

two independent routes that seems to be linked to the main
hydrographical basins.

Our phylogeographic analyses also support that the rapid
spread of the YFV3g15_3018 lineage in the Southeastern region
seems to have resulted from a few successful viral disseminations
events between states. Most YFV transmission in Espirito Santo
was probably originated from a single successfully transmission
from Minas Gerais, while most viral transmissions in Rio
de Janeiro seems to have resulted from two independent
introductions from Espirito Santo that subsequently spread along
the coastal and northern sides of the Serra do Mar mountain
system, as previously described (Gomez et al., 2018). We found
that both transmission chains previously detected in Rio de
Janeiro state continued to expand to beyond the metropolitan
region, reaching municipalities close to the border with the state
of Sao Paulo during 2018. The two YFV 2018 genomes from
Sao Paulo analyzed here are the first described of the current
YFV outbreak from that state and were the result of independent
dissemination from the southwestern region of Minas Gerais,
but more sequences from Sao Paulo are necessary to understand
the epidemic dynamic in this state. It is unclear if most YFV
infections in Sao Paulo resulted from a single or a few founder
viral strains that spread from the southwest of Minas Gerais along
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the Parand hydrographic basin, or if other viral strains may have
also been disseminated from Rio de Janeiro along the Southeast
Atlantic watersheds. The recent detection of YFV in NHP from
the coastal area of Parand state in 2019 (Secretaria de Vigilancia
em Satde, 2019) indicates continuous dissemination of YFV into
the Southern region probably following the Parand and/or the
Southeast Atlantic hydrographic basins.

We estimated that the YFVjj5-2018 lineage moved on
average 0.5 km/day and similar results were obtained when the
YFV2015-2018's outgroup sequences GO27/2015 and GO21/2017
were removed from the analysis. This velocity is lower than the
estimates described by Faria et al. (2018) and Gomez et al. (2018)
that also analyzed the dispersion of the ongoing YFV outbreak
in Brazil and found dispersion rates of 4.2 and 3.4 km/day,
respectively. However, those studies analyzed sequences sampled
between January-April of 2017, corresponding to the wet and
warmer season, when there is an increase in the density of
vectors (Alencar et al,, 2018) facilitating the transmission. The
primary vectors in the current outbreak in Southeast Brazil
are the mosquitoes Haemagogus leucocelaenus and Haemagogus
janthinomys (Abreu et al, 2019), which can disperse large
distances in short time (Causey et al., 1950). Our conservative
velocity of YFV dispersion fully agrees with the observed
distances traveled by mosquitoes, but also with howler monkeys
in Southeastern Brazil (Jung et al, 2015) and also agrees with
an epidemiological model based on dates and place of reported
monkey deaths, which estimated YFV displacement speeds of
2.7 km/day in the warmer months and 0.5 km/day in the
coldest months (Fioravanti, 2018). Thus, the YFV dispersion
velocity estimated in this study would correspond to a median
value between these two speeds. Besides the role of NHPs and
mosquitoes, the hypothetical potential of viremic humans in
the spread of sylvatic yellow fever has yet to be confirmed
(Vasconcelos, 2010; Possas et al., 2018a).

Surprisingly, we found two YFV sub-clade 1E lineages
circulating in the Araguaia tributary basin, indicating at least
two independent introductions of YFV in that region probably
from the enzootic/endemic Amazon biome in a narrow time
frame. While sample GO27/2015 isolated in 2015 displays the
nine unique amino acid signatures characteristic of the 2016-
2018 YFV Southeastern outbreak, sample GO05/2017 isolated
2 years later at the same watershed exhibited an amino acid
pattern typical of older YFV sub-clade 1E strains sampled in
Brazil and Venezuela between 2000 and 2010. According to
our analysis, only YFV strains related to the GO27/2015 and
GO21/2017 were able to further disseminate from Goids toward
the Southeast region. We can speculate that the different pattern
of molecular signatures present in the two YFV strains from
Goids modulate the spread of each viral lineage since some
of them were located in key viral enzymes (Gomez et al,
2018). Alternatively, the GOO05/2017 lineage may have been
introduced from the Amazon into Goids at a later time, and
its dissemination toward the Southeast was hampered due to
the reduction or even exhaustion of susceptible NHP hosts
caused by the previous passage of the lineage that originated
the YFVams—2ms clade. Consistent with this last hypothesis, a
recent ecological study concludes that dissemination of YFV in

South America is not random, but it is influenced by key geo-
environmental factors like diversity and number of susceptible
NHP hosts (Hamrick et al, 2017). Curiously, epidemiological
records showed YFV transmission in several sites in the Amazon
in early 2017, including in the Tocantins-Araguaia basin in Pard
state (Figure 4).

In summary, we showed that at least two different YFV
lineages circulated in the Cerrado biome (Araguaia tributary
basin) in a narrow time frame. One of these lineages further
spread out the Cerrado biome in Goids to the Atlantic forest
biome in the Southeastern Brazilian region, originating the
current Brazilian outbreak (YFVip15_3018 lineage) at around
mid-2014. The ongoing YFV outbreak in Brazil disseminated in
the Southeast region following two independent routes that seem
to be linked to the Parand and Southeast Atlantic hydrographic
basins, comprising densely populated regions. The spread of the
YFV outside the Amazon and Cerrado biomes following primary
hydrographic watersheds comprising large metropolis stresses
the imperative importance of the continuous monitoring of YFV
coupled with in-depth phylogeographic analysis to aid decision-
making Health authorities for effective prophylactic and control
policies aiming the increase of vaccination coverage to avoid the
YFV transmission in densely populated urban centers.
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Combination of surveillance tools reveals that Yellow Fever virus can
remain in the same Atlantic Forest area at least for three
transmission seasons

Filipe Vieira Santos de Abreu'?, Edson Delatorre?, Alexandre Aratjo Cunha dos Santos?,
Anielly Ferreira-de-Brito', Marcia Goncalves de Castro', leda Pereira Ribeiro?,
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"Fundacao Oswaldo Cruz-Fiocruz, Instituto Oswaldo Cruz, Laboratério de AIDS e Imunologia Molecular, Rio de Janeiro, R), Brasil

BACKGROUND In Brazil, the Yellow Fever virus (YFV) is endemic in the Amazon, from where it eventually expands into
epidemic waves. Coastal south-eastern (SE) Brazil, which has been a YFV-free region for eight decades, has reported a severe
sylvatic outbreak since 2016. The virus spread from the north toward the south of the Rio de Janeiro (RJ) state, causing 307 hu-
man cases with 105 deaths during the 2016-2017 and 2017-2018 transmission seasons. It is unclear, however, whether the YFV
would persist in the coastal Atlantic Forest of RJ during subsequent transmission seasons.

OBJECTIVES To conduct a real-time surveillance and assess the potential persistence of YFV in the coastal Atlantic Forest of RJ
during the 2018-2019 transmission season.

METHODS We combined epizootic surveillance with fast diagnostic and molecular, phylogenetic, and evolutionary analyses.

FINDINGS Using this integrative strategy, we detected the first evidence of YFV re-emergence in the third transmission season
(2018-2019) in a dying howler monkey from the central region of the RJ state. The YFV detected in 2019 has the molecular
signature associated with the current SE YFV outbreak and exhibited a close phylogenetic relationship with the YFV lineage
that circulated in the same Atlantic Forest fragment during the past seasons. This lineage circulated along the coastal side of the
Serra do Mar mountain chain, and its evolution seems to be mainly driven by genetic drift. The potential bridge vector Aedes
albopictus was found probing on the recently dead howler monkey in the forest edge, very close to urban areas.

MAIN CONCLUSIONS Collectively, our data revealed that YFV transmission persisted at the same Atlantic Forest area for
at least three consecutive transmission seasons without the need of new introductions. Our real-time surveillance strategy
permitted health authorities to take preventive actions within 48 h after the detection of the sick non-human primate. The local
virus persistence and the proximity of the epizootic forest to urban areas reinforces the concern with regards to the risk of re-
urbanisation and seasonal re-emergence of YFV, stressing the need for continuous effective surveillance and high vaccination
coverage in the SE region, particularly in RJ, an important tourist location.

Key words: Yellow Fever - amino acid changes - phylogeography - Alouatta - mosquito vectors

Except for the rare episodes of urban Yellow Fever
(YF) transmission, human infections in the Americas
have been acquired from the sylvatic cycle maintained
between arboreal mosquitoes and non-human primates
(NHPs)." Forests of northern South America have been
regarded as a key territory for the maintenance and
emergence of YF virus (YFV) lineages.?? In Brazil, the
YFV is enzootic/endemic in the Amazon Region, which
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is in the north from where, it sometimes expands to-
wards the central-west, south (S), and south-eastern (SE)
regions, causing isolated epizootic events and human
infections to severe epidemics of sylvatic origin.*-? Epi-
demiological records gathered since the discovery of the
YFV sylvatic cycle in Brazil in the early 1930s, as well
as recent phylogenetic analyses of South American YFV
samples have reinforced this concept.® The epidemic
character of the sylvatic YF in the extra-Amazon Brazil-
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ian territory would be a consequence of the continuous
reintroductions of YFV from the endemic region in the
Amazon, as the former territories could not maintain
the circulation of the virus after one or two transmission
seasons, due to the substantial reduction in the number
of susceptible vertebrate hosts.(:4

In the last two decades, a gradual expansion of YFV
has been observed towards the coast of SE and S Brazil,
an area that has been considered YF-free for almost 80
years, and therefore, without vaccine recommendations.
67 An entomological and surveillance investigation
conducted in 2015-2016 to determine the composition
and abundance of mosquito fauna in distinct ecosystems
in the coastal SE region, particularly in the state of Rio
de Janeiro (RJ) and its borders, has revealed that RJ was
highly receptive and vulnerable to sylvatic YFV transmis-
sion.® In late 2016 and early 2017, the virus re-emerged in
SE Brazil, and the states of Minas Gerais (MG), Espirito
Santo (ES), and RJ were affected in sequence, initiating
the largest epidemic of sylvatic YFV ever recorded in the
country.®!%1112 The affected area encompasses the biggest
remnants of the Atlantic Forest in Brazil, which are often
close to cities with the highest human population densities
in the country, low YFV vaccination coverage and high

Aedes aegypti infestation raising concern about the risks
of YFV re-urbanisation.“*9

In March 2017, RJ reported the first human YF cases
(n = 8); all of them were detected in the municipality of
Casimiro de Abreu.®® In this first transmission season
(July 2016 to June 2017), a total of 25 YFV human cases,
including eight deaths, and 25 confirmed epizootics of
NHPs were recorded in 17 municipalities in the northern
and central regions of RJ (Fig. 1)."” During the second
transmission season (July 2017 to June 2018), and despite
vaccination efforts, 282 human YFV cases (including 97
deaths) and 71 confirmed epizootics were registered in 45
municipalities distributed across the central and southern
regions of RJ.®Y In the third cycle (July 2018 to June 2019),
no human case has been recorded till date (February 2019)
in RJ. Only one epizootic of NHPs in this season was con-
firmed by immunohistochemistry (IMH) in the southern-
most municipality in RJ (Paraty), while seven other cases
were diagnosed only by polymerase chain reaction (PCR)
(n=7), pending confirmation either by viral genome se-
quencing or IMH; some of these epizootics originated
from areas without any epidemiological evidence of YFV
circulation. Interestingly, all these epizootics occurred
in marmosets (genus Callithrix) in July 2018.49 suggest-

2018.2-2019.1

[ YFV detection in one cycle in Rio de Janeiro Il YFV detected in two consecutive cyeles in Rio de Janeiro

Il YFV 3* cycle detection in Rio de Janeiro [ YFV detection in other states

% Epizootics diagnosed only by PCR, pending confirmation whether by viral genome sequencing or immunohistochemistry

Fig. 1: Yellow Fever virus (YFV) detection in human and/or non-human primates, per county and seasonal transmission cycle, in Rio de Janeiro
and its borders. The satellite image shows Morro Sdo Joao, where the howler monkey was found, and its surroundings. This woody fragment is
bordered by the Sdo Joao River, whose gallery forest may serve as a corridor for virus dispersion between the more continuous forests on the
steps of Serra do Mar. Frontal view of Morro do Sdo Jodo was obtained through the Google Earth Software, accessed on 22th Feb 2019.
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ing that they were remnants of the previous transmission
season. It is noteworthy that only one and four out of the
55 municipalities affected by the outbreak recorded con-
firmed YFV infections in humans and NHPs, respectively,
for more than one transmission season.®!9

Epizootic surveillance combined with rapid labora-
tory diagnosis (molecular biology techniques and IMH)
has been considered a potential tool for the early detec-
tion of the emergence of YFV and assures quick respons-
es; it could also protect the human population by defin-
ing the affected areas and areas at risk and intensifying
vaccination drives, communication, and appropriate
control measures.®!*29 Simultaneous phylogeographical
analyses of circulating viral genomes can also strength-
en molecular epidemiology, detect the emergence of new
lineages, and define transmission chains and virus dis-
persion routes, which in turn, may improve the timely
establishment of prophylactic and control measures.
Nevertheless, the efficient functioning of the epizootic
surveillance depends on the support and alerts from a
sensitised information network.©-20

By combining alerts from an information network
constructed by us with the immediate use of the afore-
mentioned laboratory tools, we promptly detected the re-
emergence of YFV transmission in 2019 in an area where
the outbreak had occurred two transmission seasons ago,
and determined that virus transmission can be resilient in
an Atlantic Forest zone, independent of new introductions.

MATERIALS AND METHODS

Sample collection - From 2015 onwards, we have
built an information network comprising several kinds
of agents (e.g. residents, environmental guards, health
agents, conservation unit managers, and local guides) reg-
ularly visiting or living in target areas in RJ and consist-
ing of contact chains of key institutions and inhabitants,
to continuously monitor the epizootic events of NHPs in
RJ using communication technologies such as message
exchange applications (FVS Abreu, unpublished data).

On January 9th 2019, we received an alert from the
information network reporting a dying howler monkey
in Morro de Sdo Jodo (22°32°37.98”'S 42°0°43.88"W), a
mountain with a dense vegetation cover located in the
coastal lowlands of Casimiro de Abreu, the municipal-
ity where the first human YF case was reported in RJ
and whose last detected YFV circulation was recorded
in early 2017. The animal was found only 2.0 km away
from a considerably dense urban area (Fig. 1).

Our team immediately went to the area (166 km
from the lab). On our arrival, the monkey had already
died. We were attacked by numerous Aedes albopictus
mosquitoes, which also tried to bite the recently dead
animal, apparently without success, as engorged females
were not observed (Fig. 2). We performed the necropsy
and sample collection on the field, in accordance with
the biosafety protocols and the current biodiversity laws.
@® The animal, a young adult female dlouatta guariba
clamitans without any wound or external mark, was
named RJ155. Samples of the animal’s viscera (liver,
spleen, heart. kidney., lung), whole blood. and serum
were immediately frozen on dry ice. The carcass was
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kept refrigerated until delivery at the state health depart-
ment of RJ, with the epizootic notification form filled
out by the municipal health division, as officially rec-
ommended. One week later, we visited the site again
for mosquito collection. Mosquitoes were collected and
tested in pools from 1 to 10 individuals, according to the
species, as previously described.®2

RNA extraction, virus detection, and sequencing -
On the same day, RNA was extracted from 140 pL of
RI155’s serum and whole blood using the Qiagen RNA
Viral Kit, following the manufacturer’s recommenda-
tions. Real-time reverse transcription quantitative PCR
(RT-qPCR) was performed in duplicate, as described
previously.®2Y The set of primers utilised for the PCR
and viral genome sequencing procedures followed a pre-
vious report.® The nucleotide sequence was determined
by capillary electrophoresis at the sequencing facility of
Fiocruz-RJ (RPTO1A — Sequenciamento de DNA - RJ).
The sequences were assembled using SeqMan Pro ver-
sion 8.1.5 (DNASTAR, Madison, WI, USA). The amino
acid differences, as well as nucleotide and amino acid
distances, were calculated using the molecular evolu-
tionary genetics analysis (MEGA) 7.0 program.

YFV dataset assembly - The complete polyprotein
open reading frame [complete coding sequence (CDS),
10,239 nt in length] of the genome of the newly generated
2019 YFV from the Casimiro de Abreu municipality was
combined with all American YFV sequences available
in GenBank on January 2019 (www.ncbinlm.nih.gov/
genbank/) with known dates and countries of collection,
covering at least 99% of the viral CDS, and with an as-
sociated publication. The sequences were aligned using
MAFFT®? and classified into South American genotypes
I and II by reconstructing a maximum likelihood (ML)
phylogenetic tree with PhyML®, under the best substitu-
tion model selected by jModelTest v1.6.%9 Branch support
was estimated with the approximate likelihood-ratio test
(aLRT). Only YFV sequences classified as South Ameri-
can I genotype (SA-I) were retained for further analyses.

Evolutionary and phvlogeographic analysis - The
spatiotemporal viral diffusions were reconstructed by
Bayesian inference with Markov chain Monte Carlo
(MCMC) sampling, as implemented in the BEAST v1.8.4
package.®® using BEAGLE®® to improve the running
time. The GTR+I nucleotide substitution model selected
by jModelTest v1.6,> a relaxed lognormal molecular
clock model calibrated with a normal prior based on
previous estimates,® and the non-parametric Bayesian
skyline coalescent model were used in case of all Bayes-
ian phylogeographic inferences. The best discrete (sym-
metric or asymmetric)®” and continuous (homogenous or
heterogeneous)®® phylogeographic models were selected
using a marginal likelihood estimator (MLE), employ-
ing the path sampling (PS) and stepping-stone sampling
(SS) approaches.®® The analyses were run for 105 MCMC
iterations, and the convergence (effective sample size >
200) was assessed using TRACER v1.7 (beast.commu-
nity/tracer) after discarding a 10% burn-in. The maxi-
mum clade credibility (MCC) trees were summarised
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using TreeAnnotator v.1.8.4 and visualised with FigTree
v.1.4.4 (tree.bio.ed.ac.uk). The viral spatiotemporal dif-
fusion was analysed and visualised in SPREAD,®® and
further projected in maps generated using the QGIS
software (qgis.org) including cartographic information
provided by the Brazilian Institute of Geography and
Statistics (https:/mapas.ibge.gov.br/) and information
about the Atlantic Forest remnants (2016 estimates) from
the Brazilian National Institute for Space Research and
SOS Mata Atlantica Foundation (mapas.sosma.org.br/).

Genetic distance and selection analysis - The an-
cestral CDS of the node encompassing all YFV se-
quences from RJ closely related to the 2019 YFV strain
was reconstructed by Bayesian inference as described
above, and computed using the Geneious 9.1.4 program
(https://www.geneious.com). Genetic differences rela-
tive to the inferred ancestral CDS were calculated based
on the global {dm} (TN model), synonymous (dS) and
nonsynonymous (dN)C32 nucleotide distances, which
were obtained using MEGA 7. The analysis of selection
was performed on the Datamonkey web server (www.
datamonkey.org) using the HyPhy package®® with the
fixed-effect likelihood (FEL)®? and mixed effect model
evolution (MEME)®® methods, and incorporating the
best nucleofide substitution model.

Ethies - Our methods and protocols were previously
approved by the institutional Ethics Committee for Ani-
mal Experimentation (protocol CEUA/IOC-029/2016,
license L-037/2016), the Brazilian Ministry of the Envi-
ronment (SISBIO 41837-3 and 54707-4), and RI’s Envi-
ronment agency (INEA 012/2016 and 019/2018).

RESULTS

RT-qPCR analysis detected YFV RNA in the serum
and whole blood collected from RJ155 (mean of CT
value = 19.7); this diagnosis was further confirmed by
sequencing the complete genome of YFV (GenBank ac-
cession number: MK533792). However, the 278 mosqui-
toes (one Haemagogus janthinomys, two Hg. leucoce-
laenus, five Sabethes albiprivus, 15 Ae. albopictus, and
255 Ae. scapularis) collected at the Morro de Sdo Jodo
a small-time interval after the notification alert for the
dying monkey tested negative for YFV.

The identity between the RJ155 YFV and the YFV
sequenced in the 2016-2017 transmission season from
the neighbouring counties is high, from 99.8 to 99.9%

and from 99.7 to 100%, which are the nucleotide and
amino acid identity values, respectively [Supplementary
data (Table I)]. The number of nucleotide changes indi-
cates the evolution of the viral genome, most probably
due to a bottleneck effect. promoted by the dissemina-
tion of the virus into a small number of hosts while cir-
culating silently in the zone [Supplementary data (Table
II)]. However, we noticed six amino acid alterations not
only in the YFV samples from bordering municipalities,
but also in case of all YFV genomes described so far in
the ongoing outbreak (Table). The amino acid variations
mainly map at the following non-structural YFV pro-
teins: C 103 (R); NS1 51 (D); NS3 (G); NS4A (I); NS5
391 (K), NS5 622 (M), and NS5 645 (I).

The ML phylogenetic analysis revealed that the RJ155
YFV 2019 genome showed the highest support values
(aLRT = 1) when clustered with other YFV strains from
the ongoing outbreak in SE Brazil [Supplementary data
(Figure)]. In order to better understand the geographic
origin of the RJ155 YFV, we performed a discrete Bayes-
ian phylogeographic analysis of all YFVs from the cur-
rent SE Brazilian outbreak. As there was no significant
evidence favouring one of the discrete phylogeographic
models [Supplementary data (Table III)], we have pre-
sented the results of the symmetric one. The inferred
Bayesian MCC tree supports at least four independent
introductions of YFV into RJ from ES and confirmed at
least two viral transmission chains in RI® (Fig. 3). The
RIJ155 YFV clustered within the RJ transmission chain
here called YFV_, _that likely originated in RJ [posterior
state probability (PSP) = 0.95] around December 2016
[95% Bayesian credible interval (BCI) July 2016-March
2017]. The YFV_,  clade also comprises an older YFV
sample from Casimiro de Abreu (March 2017) obtained
from a human case and other YFVs obtained from hu-
mans and NHPs in neighbouring municipalities (Macaé,
Silva Jardim and Guapimirim) from April to June 2017.

To assess the spatial spread of the YFV,  lineage
with more precision, we emploved a relaxed random
walk phylogeographic model with a lognormal distribu-
tion, selected as the fittest continuous phylogeographic
model [Supplementary data (Table IV)]. The continuous
diffusion inference placed the origin of the YFV_, lin-
eage in the municipality of Macaé in January 2017 (BCI
September 2016-February 2017), from where it rapidly
spread throughout the coastal steps of the Serra do Mar
mountain chain and the lowlands shared with the neigh-

TABLE

Polyprotein polymorphisms present in the 2019 Yellow Fever virus (YFV) from Morro de Sdo Jodo in comparison with previous
circulating YFV in Casimiro de Abreu, and in the bordering municipalities (Macaé and Silva Jardim) in the Rio de Janeiro state

YFV sample / polyprotein position 103 829 1744 2897 3128 3151
MK 533792/2019/RT155/MorroSJodo/M R D G K M I
MF423375/2017/RJ87/MacaéAtalaia/M Q E E N I T
MF538786/2017/RJ104/Guapimirim/M Q E E N I T
MF423376/ 2017/RJ94/MacaéSana/M Q E E N I T
MF434851/ 2017/H199/SilvaJardim/H Q E E N I T
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bouring municipalities of Casimiro de Abreu and Silva
Jardim, and the more distant municipality of Guapimirim
(Fig. 4). The continuous diffusion model supports that
the dissemination range of the YFV; lineage covers an
extensive area of Atlantic Forest remains situated along
the coastal side of Serra do Mar, shared by the munici-
palities of Macaé, Rio das Ostras, Casimiro de Abreu,
Nova Friburgo, and Silva Jardim. This zone is very close
to urbanised areas, including the place where the RJ155
was sampled, which is located only two kilometres away
from the contiguous urban perimeter of Casimiro de
Abreu and Rio das Ostras (Fig. 1). These results clearly
support that the YFV has persisted in the Atlantic Forest
area of RJ for three consecutive YFV transmission sea-
sons (2016-2017, 2017-2018, and 2018-2019).

To examine the genetic divergence of the RJ155 YEV
relative to previous virus samples, we plotted the root-
to-tip divergence from the ML tree as a function of sam-
pling time (Fig. SA). We found a strong correlation be-
tween the divergence and time of sampling (R*> = 0.94).
The RJ155 YFV showed a low deviation from the mean
regression line, with residuals comparable with other
YFV genomes sampled previously. The RJ155 showed

Photo: Filipe Abreu

Fig. 2: dedes albopictus mosquitoes trying to bite one hand of the
recently dead .4/louatta guariba clamitans found in Morro de Sao Jodo
(22°32°37.987S 42°0°43.88”W) on January 10th, 2019.
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a low mean global nucleotide genetic divergence (d >
0.2%) from the ancestral CDS of the YFV; lineage. The
mean nucleotide synonymous (4S) distance was much
higher than the mean nonsynonymous (dN) distance in
both the structural and non-structural genomic regions
(Fig. 5B). The analysis of selective pressure (normalised
dN-dS along the CDS) showed an overrepresentation of
sites accumulating synonymous substitutions. No posi-
tively selected codon positions were identified at the en-
tire CDS sequence by the MEME or REL methods, and
two sites in the NS5 gene (positions 3017 and 3406) dis-
played a trend (p-values 0.081 and 0.072, respectively)
towards negative selection (Fig. 5C). These observations
support the claim that the evolution of the YFV_  lin-
eage was mainly driven by genetic drift.

DISCUSSION

The present work describes the first record of YFV
circulation in RJ in 2019, which essentially consists of
the primary sign of virus re-emergence in the state since
July 2018, when the epidemiological transmission sea-
son had started. Epizootics reported in marmosets in
the central and southern zones of RJ nearly six months
ago were remnants of the previous transmission season.
In turn, we report a YFV infection in a howler monkey
from the north-coastal zone, where the YF outbreaks
and epizootic records had peaked in early 2017 and then
moved southward. This suggests that viral circulation
may be soundless in the coastal SE Brazil. Moreover,
our phylogeographic and evolutionary analyses showed
that YFV may persist in this zone for at least three con-
secutive transmission seasons, without the need for new
introduction. These data unprecedentedly demonstrate
that YFV can be locally maintained in the Atlantic For-
est for more than two transmission seasons.

When investigating YF sylvatic epidemics occur-
ring in SE Brazil during the 1930s and 1940s, the authors
concluded that in this region, YFV spread in the form of
an intermittent wave from infected areas to unaffected
neighbouring sites, involving a series of annual outbreaks
coinciding with the rainy season (summer), and essen-
tially stopping during the winter, only to retake its course
and spread in the next rainy season into sites that were
close to those affected during the previous summer.¢-3>39
Despite describing the same phenomenon in the current
outbreak, Rezende et al.?” named this spreading as per-
sistence. Here, we demonstrated that besides spreading
to new areas, YFV was able to persist in the same zone
for at least three transmission seasons in RJ. The mosaic
pattern of the Atlantic Forest may have contributed to the
maintenance of YFV circulation in such a zone for at least
three seasons, where some isolated fragments may not be
affected by the expanding wave. Such “virgin islands,”
where the YFV has not circulated, may serve as new focal
points for viral re-emergence and amplification.

Besides the fragmentation of the Atlantic Forest, the
increase of NHP diversity and abundance may have also
contributed to YFV persistence in RJ. Previous studies
have concluded that YFV typically remains during only
one, but not for more than two transmission seasons in
the same area in the Atlantic Forest of the SE region.
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Fig. 3: maximum clade credibility phylogeographic tree of the Yellow Fever virus (YFV) strains involved in the ongoing outbreak. The colours’
branches represent the most probable location of their descendent nodes, as indicated 1n the legend and the map. The posterior and posterior state
probability (PP/PSP, respectively) of key nodes are indicated above the branches. All horizontal branch lengths are drawn to a scale of years. The
two lineages found in Rio de Janeiro state (YFV;, and YFV, ) are indicated by red shaded boxes, and the RJ155 samples are indicated by arrows.

(33383940 Taylor and Fonseca-Cunha,®® while describing
the 1934-1936 sylvatic YFV epidemic in the SE, claimed
that “the virus appeared to “burn itself out” as it pro-
gressed and rarely lasted longer than one season in any
given locality”. The main reason for this pattern would
be the reduction in the number of local susceptible hosts
due to the rapid and intense transmission and spatial
spread of YFV®9 across the fragmented Atlantic For-
est in the SE region, the most populated and developed
Brazilian region. On the other hand, in the Amazon Re-
gion, the dense and continuous forests, together with
the great diversity of NHPs, enable an almost peren-
nial circulation of the virus. In fact, YFV had disap-
peared spontaneously from the coastal Atlantic Forest
for almost 80 years. However, during the last decades,
environmental and biodiversity protection policies have
achieved considerable success. Significant augmenta-
tion of conservation units and numerous reforestation
initiatives, and the recovery of ecological corridors in
the Atlantic Forest have been observed; this may have
expanded the zones with suitable environmental condi-
tions to support higher mosquito and NHP species diver-
sity and abundance, especially compared to the case for
when the Brazilian developmental policies were put into
practice after the second war.(“) Interestingly, the zone

where we detected the virus during the third transmis-
sion season (2018-2019) coincides with the RJ Atlantic
Forest region which has one of the greatest diversities of
native NHP genera, including species of Alouatta, Sa-
pajus (capuchins), Callicebus (titis), Callithrix and Le-
ontopithecus (lion-tamarins); the endangered species L.
rosalia (golden-lion-tamarin), which was affected dur-
ing the 2017-2018 season,®® is endemic to this zone of
RJ, and the major conservation unit established for the
protection of this species is in the same zone. Two recent
studies that modelled the epidemiology of YF found that
the distribution and diversity of NHP genera are highly
associated with the risk of YFV outbreak.®*#

YFV was also likely maintained in RJ through verti-
cal transmission in the vectors between seasonal peaks
of disease spread.®¥ which in Brazil occurs during the
summer, when higher mean temperatures and abundant
rainfall favour the reproduction of mosquitoes like Hae-
magogus sp.. a tree-hole breeding species.®® Although
we have not found infected mosquitoes in our collections
made where we sampled the RJ155 YFV, primary (Hg.
leucocelaenus, Hg. janthinomys) and secondary or po-
tential (Sa. albiprivus, Ae. scapularis, Ae. albopictus)
vectors®4#® were detected. The most abundant mosqui-
to species, i.e. Ae. scapularis and Ae. albopictus, usually
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Fig. 4: reconstructed spatiotemporal diffusion of the Yellow Fever virus (YFV),, lineage. The branches of the YFV_  lineage phylogeny were ar-
ranged in space (map of Rio de Janeiro state with municipalities borders) according the locations of known (external) and inferred (internal) nodes
(circles). The blue shaded regions represent the 95% credible regions of the inferred internal nodes. The branch thickness represents the spread direction
(thin to thick) between locations. The inset shows a close view of viral dissemination, with the municipalities’ names. ES: Espirito Santo state.

bite at the ground level, which is a behaviour limiting
their chance of getting infected by feeding on viraemic
forest canopy-inhabiting NHPs such as howler monkeys.
However, many sick monkeys get down from the canopy
and agonise for several hours on the ground: this is when
they may be easily bitten by such species of mosquitoes.
® Ae. albopictus is considered a probable bridge vector
for YFV at the urban area-forest interface in Brazil;¢#"#
its contact with viraemic howler monkeys inhabiting re-
gions that are in close proximity to an urban area regis-
tered in our study (Figs 1-2) has been highlighted as an
important risk factor for YF re-urbanisation in the SE.®

YFV evolution in fragmented habitats through ver-
tical transmission in the vectors might impose strong
bottlenecks to viral diversity. The divergence accumu-
lated in the RJ155 YFV, however, was compatible with
the expected mean divergence for YFV, indicating that
the substitutions were not accumulated in this strain at
a faster rate compared with that in other viral strains.
The overrepresentation of negative dN-dS values found
in the YFVRIJ-I lineage indicates that the vast majority
of mutations in these viruses are synonymous and fixed
by purifying the selection and/or genetic drift, as pre-
viously observed for YFV.(9 Arthropod-borne viruses
like YFV are characterised by higher levels of negative
selection pressure than RNA viruses transmitted by oth-
er routes, which is probably a consequence of a life cycle
involving phylogenetically divergent hosts.®?

Our study clearly supports that YFV circulation may
be soundless in the coastal SE and that the transmission
of this virus may gain force, and cause its re-emergence
in the form of epizootics when conditions are suitable.
Silent viral circulation or absence of notifications can
lead to the demobilisation and deintensification of pro-
phylactic and communication actions, which can have
serious consequences. The local persistence of YFV and
the possibility of seasonal re-emergences reinforce the
need for maintaining continuous surveillance and high
vaccination coverage in the SE, particularly in RJ, a
state that receives a large influx of (vaccinated and un-
vaccinated) tourists during the summer who could be-
come infected and export the virus to other states and
countries.®? Effective epizootic surveillance, combined
with fast diagnostic and phylogenetic analyses is criti-
cal in raising timely awareness and establishing control
measures. Using this strategy, we could alert the state
and municipal health systems in RJ about YFV re-emer-
gence within 48 hours allowing the authorities to take
appropriate preventive actions immediately.
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Abstract: In the last decade, Flaviviruses such as yellow fever (YFV) and Zika (ZIKV) have expanded
their transmission areas. These viruses originated in Africa, where they exhibit both sylvatic and
interhuman transmission cycles. In Brazil, the risk of YFV urbanization has grown, with the sylvatic
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transmission approaching the most densely populated metropolis, while concern about ZIKV spillback
to a sylvatic cycle has risen. To investigate these health threats, we carried out extensive collections
and arbovirus screening of 144 free-living, non-human primates (NHPs) and 5219 mosquitoes before,
during, and after ZIKV and YFV outbreaks (2015-2018) in southeast Brazil. ZIKV infection was not
detected in any NHP collected at any time. In contrast, current and previous YFV infections were
detected in NHPs sampled between 2017 and 2018, but not before the onset of the YFV outbreak.
Mosquito pools screened by high-throughput PCR were positive for YFV when captured in the wild
and during the YFV outbreak, but were negative for 94 other arboviruses, including ZIKV, regardless
of the time of collection. In conclusion, there was no evidence of YFV transmission in coastal southeast
Brazil before the current outbreak, nor the spread or establishment of an independent sylvatic cycle of
ZIKV or urban Aedes aegypti transmission of YFV in the region. In view of the region’s receptivity and
vulnerability to arbovirus transmission, surveillance of NHPs and mosquitoes should be strengthened
and continuous.

Keywords: arboviruses; Flavivirus; serology; PRNT; high throughput real time PCR

1. Introduction

In the last decade, several arboviruses of medical importance have caused outbreaks of global or
national dimensions, among which are Zika (ZIKV) and Yellow Fever (YFV) viruses [1-3]. Both are
Flavivirus originating from Africa, where they exhibit at least two ecologically distinct transmission
cycles: a sylvatic cycle, in which arboreal mosquito species transmit them among non-human primates
(NHPs), with humans accidentally infected; and an interhuman cycle, where the virus is transmitted
among humans by Aedes mosquitoes, including the anthropophilic mosquito Aedes aegypti in the
domicile or peridomicile [4-7]. The worldwide spread of the competent vector Ae. aegypti favored the
dissemination of YFV and ZIKV out of Africa, triggering severe urban outbreaks in several continents,
but at different times.

Urban Yellow Fever has been identified in the Americas since the 17th century, causing great
outbreaks, especially in port cities [8,9]. Until 1930, only the YFV urban transmission cycle was
described [7,9] The establishment of a sylvatic cycle in the New World was documented after
confirmation of human cases occurred in an Ae. aegypti-free rural area in southeast Brazil in 1932 [10].
It was subsequently shown that YFV had adapted to neotropical NHPs and sylvatic mosquitoes such
as Haemagogus spp. [10-12]. The existence of a sylvatic cycle in Africa was thereafter described [13].
This spillback from the urban to the sylvatic cycle in the Americas prevented the eradication of YFV
in the continent, even after a continental Ae. aegypti eradication campaign and the availability of an
efficient human vaccine [9-11]. Epizooties waves of YFV initiated in the north of South America,
especially in the Amazon, have frequently caused outbreaks in Brazil and neighboring countries [14,15].
Accordingly, since 2014, a YFV spread from the Amazon toward the south and southeast Brazil was
detected, which culminated in the largest and most severe sylvatic outbreak ever recorded in the
country [16]. Therefore, as of 2016, YFV spread into the most populous Brazilian areas in the Southeast,
having a low vaccination coverage, resulting in thousands of epizootics of NHPs and 2170 confirmed
human cases and 932 deaths, mainly in 2017-2018 (Figure 1) [2,17]. Human cases had not been
reported in most of the affected areas (the coastal Southeast) for almost 80 years, but the assessment of
non-detected local enzootic sylvatic transmission in recent decades was lacking. In addition, the YFV
sylvatic outbreak reached areas recording high Ae. aegypti house infestation indices, increasing the risk
of urban transmission.

ZIKV was first isolated in 1947 from Rhesus monkeys used as sentinels in studies of sylvatic yellow
fever in the Zika Forest in Uganda, Africa [6,18]. The virus has spread to several continents causing
outbreaks in recent decades [18]. The first confirmation of the circulation of ZIKV in the Americas
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was made in northeast Brazil in 2015 [19] (Figure 1). In the same year, ZIKV reached the five Brazilian
regions and other American countries. The outbreaks had dramatic consequences, such as association
with cases of congenital microcephaly and other neurological disorders, and reports of non-vector
transmission. The global dimension of the outbreaks led the World Health Organization (WHO) to
declare Zika as a global sanitary emergency in 2016 [20]. Despite the problems in recognizing and
notifying a new etiological agent, some authors have estimated 400.000 to 1.000.000 human Zika cases
in 2015 [21]. Between 2016 and 2019, Brazil confirmed 253,221 Zika cases, peaking in 2015-2016 in the
Southeast (Figure 1), as well as in most Brazilian regions. All Zika cases were of urban origin, where
the mosquito Ae. aegypti was determined to be responsible for the vector transmissions [22].

——ZIKV —8—YFV
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Figure 1. Number of human cases of Zika virus (ZIKV) and Yellow Fever virus (YFV) registered in
Brazilian Southeast between 2014 and 2019 (https://www.saude.gov.br/boletins-epidemiologicos). In
2015, the year of the emergence of ZIKV in Brazil, there were no specific diagnostic and notification
protocols. Therefore, the number of ZIKV cases showed in 2015 is an estimate for Brazilian Southeast,
based in the conservative number of 440,000 cases in Brazil, in 2015, predicted by Helkeubach et al.
(2016) [21].

Due to similarities in natural history between YFV and ZIKV, concerns have grown about the
possibility of ZIKV establishing a sylvatic cycle in Brazil, which would prevent its eradication, as
happened with YFV [4]. Although ZIKV has never been isolated from any other vertebrate besides
humans in the Americas, and sylvatic NHP-biting mosquitoes have never been detected to be naturally
infected with ZIKV, the findings of RNA fragments compatible with ZIKV and antibodies against this
virus in synanthropic marmosets and capuchin monkeys captured in peri urban areas in Brazil, and the
demonstration that marmosets can experimentally sustain viremia [23-25] have led to the hypothesis
that NHPs would play a role in sustaining the urban transmission cycle or in establishing an sylvatic
transmission cycle in the Americas.

However, as far as we know, there are no published data on the investigations of ZIKV natural
infection in wild free-living NHPs and mosquitoes. Dozens of other arboviruses have already been
identified in Brazil, mainly in the Amazon forest [26] but, except for a few areas [27-30], little is known
about the circulation of arboviruses in mosquitoes from the Atlantic forest of southeastern Brazil.

In this context, we carried out extensive collections of free-living NHPs and mosquitoes before,
during and after the recent ZIKV and YFV outbreaks (2015-2018) in both sylvatic and periurban areas
in the state of Rio de Janeiro (R]) and its borders in southeast Brazil, to explore the spatiotemporal
circulation of these two viruses and test the hypothesis of their spillover/spillback between the urban
and sylvatic cycles. As well as this, for the first time, we screened southeastern Atlantic forest
mosquitoes for 35 other arboviruses species belonging to 94 different genotypes/serotypes.
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2. Materials and Methods

2.1. Ethic Issues

Capture, biosafety and the handling of NHPs and mosquitoes were approved by the institutional
Ethics Committee for Animal Experimentation (protocol CEUA/IOC-004/2015 - 10/04/2015, license
L-037/2016 — 24/08/2016) and Brazilian Ministry of Environment (SISBIO 41837-3 - 20/05/2015, 52472-2
- 26/01/2016 and 54707-5 — 25/08/2016) and Rio de Janeiro’s Environment Agency (INEA 012/2016 -
07/02/2016 and 019/2018 - 19/04/2018).

2.2. Field Expeditions

Fieldwork was carried out from May 2015 to June 2018, comprising distinct epidemiological
situations concerning ZIKV and YFV transmission in the southeast, that is before, during and after the
ZIKV outbreak and before and during the YFV outbreak. We conducted short (1-5 days) and long
(15 days) expeditions to catch mosquitoes and NHPs in the wild and periurban sites in RJ and its
bordering states of Minas Gerais (MG), Sao Paulo (SP) and Espirito Santo (ES) (Figure 2).

N° of NHP examined

¢ Mosquitoes collection points

Figure 2. Satellite image showing mosquito and non-human primate (NHP) collection points. The
number of NHPs captured is proportional to the size of the circle. Empty squares indicate areas where
we attempt to capture NHPs without success.

2.3. Non-Human Primate Samplings

NHP captures were performed using baited traps for small species, and mostly using anesthetic
darts for larger ones [31,32]. A blood sample of 3-6 mL was collected from anesthetized animals. A
subsample of ~500 uL of whole blood was immediately frozen in dry-ice or N, and the remaining
blood was left to coagulate. Following centrifugation (2000g X 10 min), sera were aliquoted and stored
at —80 °C until use. Animals were released in the same capturing site after complete recovery from the
anesthetic’s effects. Liver and/or blood samples were also collected from dying or recently dead NHPs,
found by alerts from an information network we constructed [32].
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2.4. Mosquito Collections

Mosquitoes were collected with entomological nets and manual aspirators indoors and outdoors,
or with BG sentinel traps baited with CO, installed along 300 m transects from the modified environment
and forest edge to deep into the woods, as described in detail by Santos et al. (2018) [33]. In rural and
forest areas, the collections were preferably done in the same areas the NHPs were captured (Figure 2).
Caught mosquitoes were transported and identified at low temperature, pooled according to species,
and stored at —80 °C until RNA extraction for viral diagnosis, as previously described [34,35].

2.5. Molecular Analyses

RNA was extracted from 140 uL of NHP serum, liver and/or whole blood using the Qiagen RNA
Viral Kit, and from 140 uL of supernatant of mosquito pool homogenates using MACHEREY-NAGEL
NucleoSpin 96 RNA extraction kits, following the manufacturer’s recommendations. For NHP samples,
real-time RT-qPCR was performed in duplicate and in separate assays for YFV and ZIKV detection.
For confirmation of any diagnosis, the amplicons obtained were directly sequenced without molecular
cloning. The set of primers utilized in RT-qPCR and viral genome sequencing procedures followed
previous reports [17,36].

Mosquito RNA were submitted to high-throughput, real-time PCR, developed by
Moutailler et al. [35], to screen for 35 arboviruses of 94 different genotype/serotype (Table S1),
including YFV and ZIKV. Briefly, specific primers and probes for the above-cited 35 mosquito-borne
viruses, including 94 genotypes/serotypes targeted, were designed and validated on reference RNAs.
Then, we used the BioMark Dynamic Arrays technology (Fluidigm Corporation, South San Francisco,
CA, USA) for high-throughput, microfluidic, real-time PCR in plates of 96 x 96 which automatically
cross, up to 96 samples with the 96 primers/probes sets, allowing the simultaneous screening as
previously described [35].

2.6. Immunological Assays

Plaque reduction neutralization test (PRNT): PRNTs were carried out on Vero cells in 24-well and
96-well plates for antibody neutralizing detections in all NHP serum samples against ZIKV and/or
YFV, respectively [37]. Samples with PRNTs suspected to be positive for ZIKV or, exceptionally, against
both YFV and ZIKV, were also tested by PRNT against DENV1-4 to check for cross-reaction among
these flaviviruses. Briefly, serum samples were serially diluted from 1:5 to 640 (dilution factor = 2, to
PRNT of YFV) and from 1:10 to 1:31,250 (dilution factor = 5, to PRNT of DENV and ZIKV), followed by
the addition (volume/volume) of 120, 60 or 50 uL. of DENV (1, 2, 3 or 4), ZIKV or YFV, corresponding to
approximately 60 PFU /200 uL (DENV), 100 PFU / 100 uL (ZIKV), 40 PFU / 50 uL (YFV), respectively.
Then, plates were incubated at 37 °C in 5% CO; for 1 h (neutralization step). For the adsorption step,
200 uL (PRNT of DENV) or 100 pL (PRNT of ZIKV) of mixture (serum + virus) were transferred to
cell monolayers of 6-well or 24-well plates, previously prepared with 45 x 10# cells/well or 20 x 10%
cells/well, respectively and incubated at 37 °C for 1 h. PRNT YFV was prepared in 96-well plates, then
suspension of Vero cells (8 x 10* cells/50 pL/well) was added into the mix (serum + virus) and plates
were incubated at 37 °C for 3 h. After the adsorption step, media were discarded, and cell monolayers
were overlaid with E199 medium, and incubated for 6-8 days at 37 °C in 5% CQO, until fixed with
10% formalin, and stained with crystal violet for plaques count. Neutralizing antibody titers were
expressed by 90% of plaque reduction (PRNTy), and samples with titers > 10 were considered positive.

Enzyme Immunoassay (ELISA): ELISA was used for the determination of total IgG antibodies
against the YFV, ZIKV and DENV of NHP samples with positive PRNT against one or more of these
flaviviruses. The objective was to confirm diagnosis, as well as discriminate antiviral immune responses
from the potential physical or chemical interference of any molecules and/or virucide factors in blood
samples that may have affected the virus and/or reduced its adsorption to cellular monolayer in PRNT,
as previously described [38], especially in some wild animal serum [27]. Briefly, the detection of the
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dengue IgG antibody was performed by a modification of Miagostovich et al. (1999) method [39].
For this, 100 uL of hyper-immune ascitic fluid, diluted in 0.1 M sodium carbonate buffer, pH 9.6,
was added to each 96-well and plates were incubated overnight at 4 °C. After washing with PBS pH
7.4, wells were blocked by filling with standard diluent (PBS pH 7.4, 0.05% Tween, 3% normal goat
serum) and incubated for 1 h at 37 °C. An antigen mix (DENV-1, 2, 3 and 4 samples) was applied
to each well, following incubation for 1 h at 37 °C. Plates were washed again with PBS, and 100 uL
of serum diluted 1:40 in Non-Fat Dry Milk (NFDM) diluent (PBS pH 7.4, 0.05% Tween, 3% non-fat
dry milk) were added to each well. Plates were incubated for 1 h at 37 °C and washed. In total,
40 microliters of anti-human IgG conjugated to horseradish peroxidase diluted in NFDM diluent
was added. After incubating for 1 h, plates were washed with PBS and 100 uL of substrate ABTS
(2,2"-azino-di [3-etil-benthlazoline sulfonate]) and hydrogen peroxide were added to each well. Color
development was continued at room temperature (RT) at an optical density of 405 nm, and the optical
density of each dilution was subtracted from the corresponding dilution of each test sample. Index
values > 0.150 were considered positive.

For the detection of YFV IgG antibodies, 96-well plates were coated with 2.5 ug/mL of whole yellow
fever virus particle diluted in coating buffer (carbonate-bicarbonate buffer, pH 9.6) and incubated
overnight at 4 °C. In all washing steps, plates were rinsed mechanically five times with washing buffer
(PBS pH 7.4 with 0.05% (v/v) of Tween-20 -PBS/T). Then, plates were blocked for 1 h at 37 °C with
a blocking/diluent solution (BDS) (PBS/T, 0.05% (v/v) of BSA, 3% (w/v) of fetal bovine serum (FBS)
and 5% (w/v) of skimmed milk). Serum samples were submitted to serial dilutions. An anti-YFV
Serum, Monkey (YF - NIBSC) antibody was employed to derive a standard curve, in the range of 1 to
0.015 IU/mL. After 1 h at RT, plates were washed and incubated with the Anti-Monkey IgG peroxidase
conjugated (A2054-Sigma), diluted 1:5000 in BDS, following incubation for 1 h at RT. After washing,
100 uL/well of substrate solution (TMB Plus™ kem-en-tec) were added and after 15 min the reaction
was stopped by adding stop-solution (2M H,50,). The endpoint measurements were done at 450 nm
and the absorbances of the serum sample dilutions were plotted on the standard curve. The results
obtained by absorbance values >0.150 were calculated using the software SoftMax Pro® by regression
logistic for four parameters and the antibody titers were expressed in [U/mL.

The Zika-Euroimmun commercial kit was used for ZIKV IgG antibody detection, following the
manufacturer’s recommendations [40].

For all assays, serum of ZIKV-experimentally infected monkey, DENV-positive human, goat and
healthy monkeys from different families (Callitrichidae, Cebidae and Atelidae), besides of YFV 17DD
vaccinated monkeys were used as sensibility and specificity controls.

3. Results

3.1. Molecular Findings

3.1.1. Non-Human Primates

In total, 144 primates belonging to six neotropical species were captured in 27 counties in R] and
bordering southeastern states and tested by RT-qPCR for ZIKV and YFV detection. Two NHPs were
examined before, 71 during, and 71 after the ZIKV outbreak, while 73 NHPs were tested before and 71
during the YFV outbreak in the Brazilian Southeast.

All animals consistently tested negative for ZIKV, regardless of collection site or epidemiological
situation, that is before, during or after the ZIKV outbreak (Figures 1-3; Table 1 and Table 52). On the
other hand, 14 (9.7%) NHP samples were positive for YFV (CT values ranging from 10.4 to 16.8), all
of which were collected during the YFV outbreak (from Jan/2017 to Jun/ 2018) and in counties where
YFV circulation was suspected. Twelve out of these NHPs were howler monkeys—Alouatta guariba
clamitans—and two were marmosets Callithrix jacchus x Callithrix penicillata hybrid. In total, 82% of
howlers examined during the outbreak were positive. Eleven of the YFV-positive NHPs were collected
in nine epizootic counties of R], while the other three were from a single county in ES.
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Figure 3. Number of examined and positive non-human primates and mosquitoes, according to
epidemiological scenario, semester, year and diagnosis methods. Results of mosquito infections (*) are

expressed in number of positive pools.

Table 1. Mosquito species collected and screened through 94 arbovirus genotypes in four Brazilian
states: Espirito Santo (ES), Minas Gerais (MG), Rio de Janeiro (R]) and Sao Paulo (SP).

Species Per Year / Semester Number Date Counties (State) Result PCR*

Aedes albopictus 4 2015/1 Neg.
Aedes scapularis 12 2015/1 Neg.
Culex sp. 1 2015/1 Neg.
Haemagogus leucocelaenus 17 2015/1 Neg.
Limatus durhamii 2 2015/1 Neg.
Psorophora ferox 10 2015/1 Neg.
Psorophora sp. 5 2015/1 Neg.
Runchomyia humboldti 1 2015/1 Macaé (R]) Neg.
Runchomyia reversa [ theobaldi 1 2015/1 Neg.
Sabethes albiprivus 1 2015/1 Neg.
Wyeomyia aporonomafstaminifera 1 2015/1 Neg.
Wyeomyia (Pho.) sp. 89 2015/1 Neg.
Wyeomyia sp. 4 2015/1 Neg.
2015/1 148 Neg.

Aedes albopictus 14 2015/2 Neg.
Aedes fulvithorax 1 2015/2 Neg.
Aedes scapularis 94 2015/2 Neg.
Aedes serratus 1 2015/2 Neg.
Aedes terrens 25 2015/2 Neg.
Anopheles cruzii 1 2015/2 _— Neg.
Anopheles sp. 3 2015/2 ﬁ::gn;arlnz Neg.

Cuh‘ax sp- 9 2015/2 Migu elJPeregir;, Neg.

Culex mg.rtpat';?us 10 20152 pares Gpolis (R]) Neg.
Haemagogus janthinomys 60 2015/2 Neg.
Haemagogus leucocelaenus 87 2015/2 Neg.
Limatus durhamii 26 2015/2 Neg.
Limatus pseudomethisticus 2 2015/2 Neg.
Onirion personatum 41 2015/2 Neg.
Psorophora ferox 21 2015/2 Neg.
Psorophora sp. 3 2015/2 Neg.
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Table 1. Cont.

Species Per Year / Semester Number Date Counties (State) Result PCR?
Runchomyia cerqueirai 15 2015/2 Neg.
Runchomyia frontosa 8 2015/2 Neg.
Runchomyia humboldti 48 2015/2 Neg.
Runchomyia reversa / theobaldi 1 2015/2 Neg.
Runchomyia sp. 20 2015/2 Neg.
Sabethes albiprivus 2 2015/2 Neg.
Sabethes aurescens 19 2015/2 Neg.
Sabethes chloropterus 1 2015/2 Neg.
Sabethes chloropterus’ 5 2015/2 Neg.
Sabethes fabricii’ 2 2015/2 Neg.
Sabethes identicus 1 2015/2 Neg.
Sabethes intermedius 2 2015/2 Neg.
Sabethes melanonymphe 7 2015/2 Neg.
Sabethes xyphides 2 2015/2 Neg.
Sabethes sp. 8 2015/2 Neg.
Sh. fluviatilis 49 2015/2 Neg.
Shanonniana sp 28 2015/2 Neg.
Trichoprosopon digitatum 24 2015/2 Neg.
Trichoprosopon pallidiventer 5 2015/2 Neg.
Trichoprosopon sp. 1 2015/2 Neg.
Wyeomyia aporonomajstaminifera 5 2015/2 Neg.
Wyeomyia bonnei/deanei 1 2015/2 Neg.
Wyeomyia davisi 11 2015/2 Neg.
Wyeomyia mystes s 2015/2 Neg.
Wyeomyia pilicauda 42 2015/2 Neg.
Wyeomyia theobaldi 4 2015/2 Neg.
Wyeomyia (Pho.) sp. 43 2015/2 Neg.
Wyeomyia sp. 6 2015/2 Neg.
2015/2 763 Neg.
Aedes albopictus 1 2016/1 Neg.
Aedes scapularis 56 2016/1 Neg.
Aedes serratus 2 2016/1 Neg.
Aedes terrens 44 2016/1 Neg.
Anopheles bellator 2 2016/1 Neg.
Anopheles cruzii 12 2016/1 Neg.
An. hominales 1 2016/1 Neg.
Anopheles lutzi 1 2016/1 Neg.
Anopheles sp. 14 2016/1 Neg.
Culex sp. 44 2016/1 Neg.
Haemagogus janthinomys 7 2016/1 Neg.
Haemagogus leucocelaenus 10 2016/1 Guapimirim, Neg.
Limatus durhamii 31 2016/1 Macaé, Miguel Neg.
Limatus pseudomethisticus 12 2016/1 Pereira, Nova Neg.
Onirion personatum 30 2016/1 Friburgo (R]) Neg.
Psorophora ferox 3 2016/1 Neg.
Runchomyia cerqueirai 1 2016/1 Neg.
Runchomyia frontosa 22 2016/1 Neg.
Runchontyia humboldti A3 2016/1 Neg.
Runchomyia sp. 29 2016/1 Neg.
Sabethes aurescens 4 2016/1 Neg.
Sabethes identicus = 2016/1 Neg.
Sabethes melanonymphe 6 2016/1 Neg.
Sabethes sp. 19 2016/1 Neg.
Sabethini 5 2016/1 Neg.
Shannoniana fluviatilis 84 2016/1 Neg.
Trichoprosopon digitatum 4 2016/1 Neg.
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Table 1. Cont.

Species Per Year / Semester Number Date Counties (State) Result PCR?
Trichoprosopon pallidiventer 18 2016/1 Neg.
Wyeomyia aporonomajstaminifera 5 2016/1 Neg.
Wyeomyia bonneifdeanei 4 2016/1 Neg.
Wyeomyia cerqueirai 1 2016/1 Neg.
Wyeomyia confusa 1 2016/1 Neg.
Wyeomyia davisi 1 2016/1 Neg.
Wyeomyia pallidoventer 6 2016/1 Neg.
Wyeomyia palmata/galvoi 3 2016/1 Neg.
Wyeomyia pilicauda 8 2016/1 Neg.
Wyeomyia (Pho.) sp. 118 2016/1 Neg.
Wyeomyia sp. 9 2016/1 Neg.
2016/1 646 Neg.
Aedes aegypti 9 2016/2 Neg.
Aedes fluviatilis 1 2016/2 Neg.
Aedes scapularis 11 2016/2 Neg.
Aedes terrens 4 2016/2 Neg.
Anopheles cruzii 4 2016/2 Neg.
Anopheles sp. 13 2016/2 Neg.
Culex sp. 1 2016/2 Neg.
Haemagogus janthinomys 8 2016/2 Neg.
Haemagogus leucocelaenus 22 2016/2 Neg.
Limatus durhamii 34 2016/2 Neg.
Limatus pseudomethisticus 42 2016/2 Neg.
Onirion personatum 8 2016/2 Neg.
Psorophora ferox 1 2016/2 Neg.
Runchomyia frontosa 7 2016/2 Neg.
Runchomyia humboldti 3 2016/2 Neg.
Runchomyia sp. 13 2016/2 Neg.
Sabethes albiprivus 4 2016/2 Neg.
Sabethes aurescens 3 2016/2 Neg.
Sabethe? auresces 2 2016/2 Itamonte (MG); Neg.
Sabethes intermedius 3 2016/2 Queluz (SP); Neg.
Sabethes melanonymphe 3 2016/2 Itatiaia, Miguel Neg.
Sabethes sp. 26 2016/2 Pereira, Rio de Neg.
Shannoniana fluviatilis 18 2016/2 Janeiro, Neg.
Trichoprosopon castroifsimilis 9 2016/2 Sumidouro, Neg.
Trichoprosopon digitatum 6 2016/2 Teresépolis (R]) Neg.
Trichoprosopon pallidiventer 18 2016/2 Neg.
Wyeomyia antunesi 3 2016/2 Neg.
Wyeomyia aporonomaystaminifera 1 2016/2 Neg.
Wyeomyia confusa 60 2016/2 Neg.
Wyeomyia davisi 5 2016/2 Neg.
Wyeomyia exallos 1 2016/2 Neg.
Wyeomyia incaudata 2 2016/2 Neg.
Wyeomyia longirostris 2 2016/2 Neg.
Wyeomyia lutzi 4 2016/2 Neg.
Wyeomyia palmata/galvoi 6 2016/2 Neg.
Wyeomyia pilicauda 11 2016/2 Neg.
Wyeomyia (Pho.) sp. 23 2016/2 Neg.
Wyeomyia sp. 9 2016/2 Neg.
2016/2 400 Neg.
Aedes aegypti 94 20171 Neg
Aedes albopictus 1 20171 Neg.
Aedes argyrothorax 2 20171 Neg.
Aedes fulvithorax 2 2017/1 Neg.
Aedes rhyacophilus 1 20171 Neg.
Aedes scapularis 876 2017/1 YFV
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Table 1. Cont.

Species Per Year / Semester Number Date
Aedes serratus 9 2017/1

Aedes taeniorhynchus 892 201721
Aedes terrens 7 2017/1

Aedes sp. 22 201721
Anopheles sp. 4 201721
Coquillettidia sp. 72 201721
Coquillettidia albicosta 1 201721
Coquillettidia hermanoi 1 2017/1
Coquillettidia justamansonia 16 20171
Coquillettidia nigricans 6 20171
Coquillettidia shannoni 1 2017/1
Coquillettidia venezuelensis 2 201721
Culex grupo Coronata 1 2017/1
Culex sp. 56 20171

Culex declarator 4 20171
Culex nigripalpus 103 201721
Haemagogus janthinomys 8 201721
Haemagogus leucocelaenus 199 201721
Limatus durhamii 189 2017/1
Limatus pseudomethisticus 2 201721
Limatus sp. 12 201721
Mansonia indubitans 3 20171
Mansonia titillans 14 2017/1
Mansonia sp. 10 201721
Psorophora ferox 21 201711
Psorophora lutziifamazonica 4 20171
Psorophora sp. 10 201721
Runchomyia frontosa i 201721
Runchomyia humboldti 12 20171
Runchomyia sp. 10 20171
Sabethes petrocchiae 60 201711
Sabethes albiprivus 194 201721
Sabethes aurescens 2 20171
Sabethes chloropterus 4 20171
Sabethes fabricii’ 3 201711
Sabethes quasicyaneus 1 2017/1
Sabethes whitmani 1 20171
Sabethes sp. 47 201721
Shannoniana fluviatilis 2 20171
Trichoprosopon digitatum 1 20171
Trichoprosopon pallidiventer 7 201711
Trichoprosopon sp. 3 201721
Wyeomyia aporonomajstaminifera 7 201711
Wyeomyia bourroulif forcipenis 11 20171
Wyeomyia confusa 40 201721
Wyeomyia edwardsi 9 201721
Wyeomyia incaudata 7 201711
Wyeomyia medioalbipes 14 201721
Wyeomyia melanocephala’ 1 201711
Wyeomyia mystes 9 201721
Wyeomyia palmata/galvoi 17 201721
Wyeomyia pilicauda 4 201721

Counties (State)

Belo Horizonte,
Simonésia (MG);
Domingos
Martins, Serra
(ES); Angra dos
Reis, Casimiro
de Abreu,
Macaé, Marica,
Petropolis, Rio
de Janeiro (R])

Result PCR*
Neg.
YFV
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
YFV
YFV
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
YFV
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
Neg.
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Table 1. Cont.

Species Per Year / Semester Number Date Counties (State) Result PCR®

Wyeomyia (Mia.) sp. 1 20171 Neg.

Wyeomyia (Pho.) sp. 20 201771 Neg.

Wyeomyia sp. 45 201771 Neg.

2017/1 3262

TOTAL 5219 2015-2017 19 YFV
a: The YFV mosquito infections revealed by the high throughput PCR were confirmed by RNA sequencing and
RT-qPCR using distinct set of primers, whose results were published elsewhere [34,35]. Mosquitoes captured

before ZIKV and YFV outbreaks. Mosquitoes examined during the ZIKV and before YFV outbreaks.

Mosquitoes examined after ZIKV and during YFV outbreaks

3.1.2. Mosquitoes

A total of 5219 female mosquitoes belonging to 69 species were collected from the modified
environment to deep into the forest of 19 counties, 13 in R], three in MG, two in ES and one in SP,
undergoing a distinct epidemiological situation cornering ZIKV and YFV transmission (Figure 2;
Table 1). Mosquitoes were grouped into 1298 pools and screened for the 94 genotypes and/or serotypes
of arbovirus cited above, including YFV and ZIKV.

All mosquitoes were negative for ZIKV, regardless of whether they originated from the wild of
periurban and rural sites or were captured before, during or after the ZIKV outbreaks in the region
(Figures 2 and 3; Table 1). No other screened arbovirus was found in mosquitoes, except for YFV. The
YFV mosquito infections revealed by the high-throughput PCR were confirmed by RNA sequencing
and matched with those obtained when the homogenates of the same mosquito pools were screened
by RT-gPCR using a distinct set of primers whose results were published elsewhere [34]. Infections by
YFV were mostly found in the traditional vector Haemagogus janthinomys, as well as in Haemagogus
leucocelaenus, while only one pool of Sabethes chloropterus, Aedes scapularis and Aedes taeniorhynchus
were positives (Table 1). Viruses were successfully isolated in C6/36 cell culture from six pools of Hg.
janthinomys and four of Hg. leucocelaenus.

The complete genome sequencing of YFV detected in NHPs and mosquitoes is available at
GenBank (accession numbers MF423373, MF423374, MK333800, KY885000, KY885001, MF423375,
MF423376, MF423377, MF423378, MF538785, MF538786) and confirmed the existence of a unique
molecular signature of fixed amino acid mutations in highly conserved positions at NS3 and NS5
proteins in YFV, causing the current southeastern Brazilian outbreak [17,41].
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3.2. Immunological Findings

In total, the sera of 118 out of 144 collected NHPs could be screened for neutralizing antibodies
against YFV and ZIKV. The sera of 26 NHPs were not available, either because they were already
found dead or consisted of small animals with low volaemia, such as young marmosets, preventing
the collection of ideal amounts of blood.

None of the 73 NHPs captured before the YFV outbreak had neutralizing antibodies against YFV,
while 4.2% (three out of 71 animals) captured during the outbreak were positive, all being capuchins
(Sapajus nigritus) from the Itatiaia National Park, southern R] (Figure 3, Table S2). We examined 12
capuchins from this park before the YFV outbreak and nine during the outbreak—of which eight were
captured for the first time and one recaptured. A total of 37.5% (three of eight) were seropositive, and
the recaptured one showed no seroconversion.

Finally, we captured 14 marmosets in the edge of small forest fragments and modified environments
inside the cities of Rio de Janeiro, Niterdi and Belo Horizonte, where there was suspicion of YFV
circulation, due to only one dead marmoset preliminarily diagnosed as due for YFV by the state
surveillance system using PCR, but not confirmed by immunohistochemistry or RNA sequencing.
Although captured in exactly the same site as where the epizootics were recorded, and belonging to
the same family/group of dead animals, all 14 tested marmosets were negative for YFV neutralizing
antibodies, showing no evidence of viral circulation in the suspected periurban and urban areas.

After testing NHP sera by PRNT and checking the results by ELISA, we concluded that none
of them had specific neutralizing antibodies against ZIKV (Table 52, Table 2). Although the results
of PRNTyp of 15 samples preliminarily suggested a protective response against ZIKV (Table 2), the
combination of their results in PRNT-DENV, PRNT-YFV and ELISA for the detection of IgG against
DENYV, YFV, ZIKV confirmed cross-reactions and/or unspecific reactions.
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Table 2. List of samples that showed unspecific response during the PRNTy, assays for tested viruses.

13 of 21

Molecular

Non-Human Primate Data PRNT Results ELISA Results Conclusions
Results
. Health ZIKV DENV1 DENV2 DENV3  DENV Serum .
Code Species State state t-PCR  CT YFV 90% 90% 90% 90% 90% 190% Quality YFV ZIKV DENV Imunological Molecular
RJ10 f:ii_’;ﬁ ’:f RJ Healthy  Neg. _ <5 168.3 28.9 239 480 <10 I::zﬂy Neg. Neg.  Neg. Negative Negative
RJ18 f:if;i = R Healthy Neg. _ <5 17.2 <20 <10 <10 <10 I::_g‘fly Neg. Neg.  Neg.  Negative  Negative
Alouatta g. . Hemoly c -
RJ46 clamitans MG Dying Neg. _ 299 3418 180.0 <10 <10 <10 T Neg. Neg. Neg. Negative Negative
Leontopitheci Hemoly c -
RJ60 rosalia RJ Healthy Neg. _ <10 10.8 - <10 <10 <10 T Neg. Neg. Neg. Negative Negative
Leontopitheci Hemoly _ _ _ c .
RJ62 rosalia RJ Healthy Neg. _ <5 41.6 <100 <10 <10 <10 sodad Negative Negative
Leontopitheci Hemoly ~ ~ _ c -
RJ64 rosalia RJ Healthy Neg. _ <5 131 <100 14.4 <10 <10 el Negative Negative
Alouatta g. Hemoly -
RJ87 clamitans RJ Dead YFV Conv. <20 87.1 <500 <10 295 <10 i Neg. Neg. Neg. Negative YFV
RJ91B f:if;i . Rl Healthy Neg _ <5 31.26 <20 . <10 <10 I;zz‘ﬂy Neg. Neg.  Neg. Negative  Negative
Rjo5 ~ Alouattag. gy Dead YRV 117 <5 65.9 30.0 103 <10 <10 Hemoly N Neg.  Neg. Negative YFV
clamitans zed+4+
Rjgg ~ Alouattag. gy Dead YFV  Conv. <40 4203 - >250 <10 <10 Hemoly o Neg.  Neg. Negative YFV
clamitans zed+++
RJ104 f:if;ﬁ P Dead YRV 137 <5 116 . . . B H::;:]Y Neg. Neg.  Neg. Negative YFV
Alouatta g. Hemeoly c -
ARO03 clamitane RI Healthy Neg. _ <5 127 - - - - podad Neg. Neg. Neg. Negative Negative
RJ118 f:ff’;z > R Healthy Neg. _ <5 39.1 - - - - i‘;"‘;‘:‘{ Neg. Neg.  Neg. Negative  Negative
Brachyteles - -
ES01 arachnoides ES Healthy Neg. _ <5 145 <10 <10 1717 <10 Normal Neg. Neg. Neg. Negative Negative
Alouatta g. . Hemoly .
ES04 clamitans Dying YFV Conv. 6.9 854 - 2451 <10 <10 by Neg. Neg. Neg. Negative YFV

o

means that it was not possible to perform the test due to sample exhaustion; + : indicate the degree of hemolysis; conv: conventional RT-PCR; *: hybrids of C. jacchus and C. penicillata.

NHPs examined during Zika (ZIKV) and before Yellow Fever (YFV) outbreaks.
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4. Discussion

YFV and ZIKV caused large outbreaks in Brazil from 2015 onwards, raising concern about the
possibility of spillover from the sylvatic to the urban transmission cycle (in the case of the YFV)
and spillback from the urban to an independent sylvatic cycle (for ZIKV). In the present work, after
extensive sampling of both mosquito vectors and NHPs, we did not find evidence of spillover/spillback
between urban and sylvatic cycles for these viruses.

Concerning the suspicion of YFV reurbanization, all urban or periurban mosquitoes and NHPs
tested negative for YFV. Indeed, all vectors found infected herein and for previous authors were
sylvatic species [34,42]. This finding, together with epidemiological, genetic and entomological records
obtained during the outbreak [34,42-46], reinforced the sylvatic nature of the outbreak and the absence
of spillover. Briefly, the demographic characteristics of the infected humans [43,46] and the spread
rates of YFV over time and space and the genetic clades found in phylogeographic analyses were
consistent with an NHP—sylvatic mosquitoes—human transmission [3,44,45,47,48]. Furthermore, all
investigated cases also shared ecological conditions indicating their sylvatic origin, such as contact
with forested areas, including people that entered into the jungle or live in the interface between cities
and the natural environment [3,49,50].

YFV was not detected in any mosquito or NHPs captured prior to the outbreak. Moreover, the
absence of protective antibodies against YFV in all NHPs examined before the outbreak suggests the
absence of recent YFV circulation in southeastern brazil. Our results evidenced susceptible vertebrate
hosts (NHP) of at least six species spread throughout R] and its bordering states. This result also
indicates that the territory was receptive to YFV transmission. In fact, the entire Atlantic coastal forest
was considered a YFV-free area, without vaccination recommendation until the diagnosis of the first
cases in early 2017 [15,16]. The large number of non-immune human and NHPs contributed to the
rapid spread of the virus after its reintroduction. The occurrence and high frequency of competent
vectors throughout the region [34] reinforced the receptivity and vulnerability of the region to YFV
transmission. It seemed to be a matter of time. This scenario, combined with changes in the human
behavioral patterns [3,49] and the potential role of distinct genetic characteristics of the circulating
virus [17,41,47], may help to explain the magnitude of the outbreak.

Howler monkeys (Alouatta) were the most affected genus by YFV in our sampling, as previously
reported in Brazil and Argentina [51-55]. Even so, we did not find antibodies against YFV in the
captured howlers, even in those animals tested during the outbreak. Probably, the majority of the
exposed Alouatta were not able to produce enough protective antibodies and were rapidly killed by
virus effects, as observed by Kumm and Laemmert, 1944 [56]. The same authors concluded that the
difficulty of capturing these animals and the almost always fatal effect of some YFV strains on this
NHP genus reduce the chances of finding immunized howler monkeys. In fact, Almeida et al. (2019)
did not find any Alouatta caraya immunized in Rio Grande do Sul after the largest outbreak of YFV
reached the region [51,57]. The encounter of non-immune howlers after the outbreak is worrisome
because, although the size of the remaining populations is unknown, it could indicate that the Atlantic
forest is still vulnerable to the circulation of YFV, as demonstrated by the recent finding of an infected
Alouatta g. clamitans in the same area as the virus was detected in 2017 [58]. Continued surveillance
and the vaccination campaigns in the region are imperative.

Unlike the howler monkeys, protective antibodies against YFV were detected in three Sapajus
nigritus from the Itatiaia National Park, examined after confirmation of the YFV in the same reserve.
Encountering immunized healthy animals against YFV with negative PCR, indicates that despite the
susceptibility of some individuals, the immune response of this genus is more efficient in protection
against the virus. Interestingly, immune capuchins were found after more than 10 years from confirmed
YFV in humans in several regions of Brazil [56,59]. Due to their apparent higher resistance, longevity
(reaching 40 years in laboratory) [60], abundance in several Brazilian cities and the relative ease of
capture in some regions, we recommend that transverse immunological studies should be implemented
in groups of Sapajus sp. with periodic recaptures for serological and molecular tests. These groups
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could be useful as sentinels, aiming at the early detection of viral circulation and human protection
through the identification of priority areas for vaccination [61], mainly in areas with scant populations
of howlers.

Marmosets are susceptible to YFV infections but seem to exhibit intermediate resistance to death
when compared to capuchin and howler monkeys [62]. We found two individuals killed by the virus
and many epizootics have been YFV-confirmed in the recent and previous outbreaks [55,63,64]. These
findings raise concerns as many marmoset groups transit between forest fragments and cities, which
could facilitate their role as a “bridge host” due to their behaviour, sometimes establishing close contact
with humans [55,62]. Although we did not find marmosets with protective antibodies against YFV,
longitudinal examinations of Callithrix groups may also be useful for YFV surveillance because they
provide a shorter time cut than capuchin monkeys due to their shorter life cycle [31,56].

In relation to ZIKV, the combination of our analyzes (entomological, molecular and immunological)
did not reveal evidence that an independent sylvatic cycle of this virus could have been established in
RJ and the surroundings. Similar results were pointed out by Moreira-Soto et al. (2018), after analyzing
207 NHPs from two regions and three Brazilian states between 2012 and 2017 [38]. The authors did
not detect ZIKV through RT-qPCR and reported to have found specific antibodies in six NHPs, with
low titers, even though they were collected in urban and periurban areas in some of the regions most
affected by the outbreak [38]. On the other hand, after performing NHP captures in a peridomestic
environment contiguous to houses whose inhabitants had Zika, Favoretto et al. (2019) reported to
have detected ZIKV genome in nine out of 132 marmosets or capuchin monkeys, captured mainly
in 2015 [24]. A genome compatible to ZIKV was also detected in the viscera of urban and periurban
marmosets and capuchins under suspicion of yellow fever infection, found dead in SP and MG [23].
Despite the generally high CTs and the discordant results obtained from different viscera of the same
animal, the authors claimed to have detected the presence of the virus in 32 (39%) of the 82 tested
NHPs [23]. The same authors also detected ZIKV in the domestic mosquitoes Ae. aegypti, the species
implicated in the urban transmission in Brazil [22]. Although the evidence of ZIKV circulation among
urban or periurban NHPs and mosquitoes is a concern, it does not directly imply the establishment of
an independent sylvatic cycle, maintained between wild mosquitoes and NHPs.

Although we found 15 suggestive responses in ZIKV-PRNTgg, almost all were detected in
hemolyzed serum and cross-reacted with other viruses when screened by PRNT-YFV, PRNT-DENV1-4
and/or ELISA for DENV, YFV and ZIKV. Notably, samples from monkeys that died of yellow fever
[six out of the 15 (R]87, R]95, R]96, R]104, ES04, ES05)] whose blood was obtained from postmortem
cardiac puncture, had a viscous, greenish appearance. The PRNT of serum samples with these aspects
was suggested to have high antibody titles against all tested viruses (Table 2). The same was observed
with the serum of a howler (RJ46) that was attacked by bees at the time of capture and died of
anaphylaxis; its blood was collected before death. Therefore, we suspected that the PRNT results of
these specific animals were consequences of non-specific virucidal agents, inactivating or reducing
viruses’ adsorption capacity in the cellular monolayer. In addition to the already known cross-reaction
between Flavivirus [24,57,61], this non-specific agent explains the high degree of cross-reactivity with
the other virus tested, especially in the hemolyzed samples. This hypothesis was confirmed by ELISA
assays, which did not recognize specific immunoglobulins in any of the 13 available sera against any of
the tested viruses (ZIKV, DENV, YFV) (Table 2). It is known that serum quality, especially the degree of
hemolysis, directly influences serological tests [65,66]. Nevertheless, we decided to test all the samples,
including the hemolyzed, because they were the only available material obtained from wild animals
that rarely can be examined. In this way, the ELISA test is a useful tool when aiming to resolve doubts
about specific or nonspecific PRNT responses, as demonstrated in few of our results.

From an entomological point of view, the evidence of ZIKV-sylvatic transmission was null. All
captured mosquitoes tested negative for this and other tested arboviruses, except YFV. Noteworthy,
during a ZIKV outbreak in Guadeloupe and French Guiana, we succeed in detecting ZIKV in urban
mosquitoes with the same high throughput system [35]. Sylvatic Neotropical mosquitoes belonging to
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six species and three genera that have been experimentally challenged with three ZIKV isolates thus
far were refractory or exhibited low infection rates [67,68]. Therefore, considering the low vectorial
competence of sylvatic mosquitoes tested thus far, coupled with the short, low and asymptomatic
viremia of experimentally injected NHPs [69,70], and the fact that recent evidence has concentrated
their findings in urban or periurban environments, we assume that there are still no reasons to suppose
that ZIKV has established an independent sylvatic cycle in the forests of the R] and surroundings in
Southeast Brazil. Further studies, especially experimental infections of NHP and systematic collections
of NHPs for molecular and serological surveillance should be conducted in order to shed more light
on this issue.

Finally, it is important to emphasize the importance of combining arbovirus diagnosis techniques,
especially during outbreaks when surveillance becomes more sensitive and a very large number of
samples arrive at the laboratories. The combination of serological, immunohistochemical and molecular
tests is extremely useful for retelling the history and/or confirming the infection of a pathogen. For
example, we provided evidence that the marmosets (Callithrix sp.) whose cause mortis was diagnosed
as YFV by RT-PCR in three large Brazilian cities may have been false positives, since other finds,
such as serology of the other members of the group, allied to the entomological, histopathological
and epidemiological results, did not support the molecular diagnosis. The same occurred with some
suspicions of human urban yellow fever cases, which were later proven to have been of sylvatic
origin [50].

In summary, the present study showed that there is no evidence that the ZIKV established an
independent sylvatic cycle in R], and provided new evidence that there was no urban transmission of
YFV in southeast Brazil during the current outbreak [34,44]. However, in view of the receptivity of
the state, verified by the low prevalence of antibodies in NHPs examined during the outbreak, we
recommend the strengthening of surveillance. Immunological and molecular techniques associated
with the monitoring of NHP (mainly Sapajus sp.) and wild mosquitoes’ populations should be
implemented in order to detect the early circulation of arboviruses that could threaten humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/4/364/s1,
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5 DISCUSSAO

As investigacoes das zoonoses de origem silvestre geralmente necessitam de
expedicbes em campo para captura da fauna de vertebrados e/ou invertebrados
suspeitos de participarem dos ciclos de transmisséo (Brasil 2017a). Estas atividades
tém ficado em segundo plano em virtude do avanco dos campos da biologia molecular,
genética e bioinformética que atraem jovens pesquisadores e priorizam atividades
laboratoriais. A despeito disso, o presente trabalho realizou um amplo esforgo
amostral na investigacdo de dois agravos com potencial zoondético — maléaria das
bromélias e febre amarela silvestre (FA) — cujos agentes recentemente causaram
surtos na Mata Atlantica do estado do Rio de Janeiro e areas contiguas. O ciclo de
ambas pode ser mantido em ambientes florestais, onde PNHs e mosquitos silvestres
atuam como hospedeiros (Soper 1937; Deane et al. 1966; Deane 1992), levando-nos
a necessidade de captura-los e examina-los (Imagens das atividades de campo se
encontram no Anexo VI).

Dentre os PNHs, a amostragem de individuos do género Alouatta é de especial
importancia devido a susceptibilidade ao YFV (Moreno et al. 2015) e as elevadas taxas
de infeccdo por Plasmodium reportadas em outras regides do pais, tendo sido o
principal género encontrado infectado com P. simium (Deane 1992). No entanto,
devido as dificuldades de captura, pouquissimos Alouatta tinham sido examinados
com esse proposito no RJ até 2019 (Deane 1992; Brasil et al. 2017). A captura de
PNHs é realizada levando-se em conta habitos, habitats na floresta e porte das
espécies alvo. Animais de pequeno a médio porte, de alimentacdo
predominantemente frutifera e que vivem em estratos florestais mais baixos, como os
Callithrix e Sapajus, presentes na Mata Atlantica, podem ser capturados facilmente
com armadilhas (Watsa et al. 2015). Animais de médio a grande porte com
alimentacdo predominantemente folivora e/ou hébitos acrodendréfilos (ex: Alouatta,
Callicebus e Brachyteles) geralmente séo capturados através de dardos anestésicos
devido ao alto indice de insucesso das armadilhas (Scott et al. 1976). Apesar disso,
grupos de Alouatta caraya foram capturados com sucesso em grandes armadilhas
instaladas em dossel, apds oferta regular e abundante de frutas durante dois meses,
na regidao Sul do Brasil (Aguiar et al. 2007). No entanto, devido ao tempo gasto para
cevar 0s grupos, a busca ativa ha mata seguida da projecdo de dardos anestésicos &
0 método mais utilizado para captura de bugios. Com este método, cerca de 230
bugios (A. caraya e A. g. clamitans) foram amostrados no Rio Grande do Sul para
vigilancia de FA apos o surto de 2009 (Almeida et al. 2012; Brasil 2017a) e ha relatos
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de captura de centenas de bugios (A. palliata, A. villosa) para estudos ecoldgicos na
Ameérica Central (Clarke et al. 1986; Milton et al. 2009). Porém, as duas estratégias
(armadilhas em dossel e busca ativa com dardos anestésicos) se mostraram muito
ineficientes no RJ, resultado que atribuimos as condigdes ecoldgicas e fisicas da Mata
Atlantica fluminense e a pressdo de caca. A grande oferta e diversidade vegetal, a
competicdo de outros animais pela ceva e o comportamento alimentar mais restrito de
A. g. clamitans contribuiram para o insucesso das armadilhas. Por outro lado, a
dificuldade de encontrar os animais no terreno ingreme das encostas da Serra do Mar,
aliado a altura do dossel com diversos estratos vegetais intermediarios que limitam a
visdo, e a pressdo de caca, que torna 0s animais mais arredios, reduziram
enormemente a eficiéncia de captura através de busca ativa com uso de dardos
anestésicos, a despeito dos esfor¢cos para constru¢do de armadilhas e busca ativa
dos animais, como ilustrado no anexo VI.

A solucdo encontrada para contornar estas dificuldades foi a criacdo da rede
de informacBes multidisciplinar, englobando os principais agentes e instituicdes de
cada localidade alvo e mantida principalmente através de aplicativos de troca de
mensagens. Através dela, populacdes de Alouatta de diferentes areas foram
constantemente monitoradas e recebiamos alertas da presenca dos animais em
tempo real, o que aumentou enormemente a eficiéncia de captura e reduziu os gastos.
Na primeira expedicéo, ainda sem apoio da rede, gastamos 15 dias, com uma equipe
de oito pessoas e nenhum bugio foi capturado. Na segunda, com a mesma
configuracdo, apenas dois. Caso a média fosse mantida, finalizariamos as sete
coletas previstas tendo examinado apenas sete animais. No entanto, a rede permitiu
examinar muitos animais gastando menos tempo, e contribuiu para o encontro e

notificacdes de epizootias durante o surto de YFV, como mostra a figura 7.
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Figura 7: Numero de dias gastos para examinar os bugios sem (12 a 72 expedicdes) e
com a rede de informacgfes. Barra cinza mostra as epizootias em bugios examinadas
durante o surto de YF.

Apesar do investimento inicial para criagdo da rede, com visitas e palestras
nas areas alvo, trata-se de uma estratégia simples e de baixo custo que pode
contribuir para 0 monitoramento da fauna e para a vigilancia ambiental das referidas
zoonoses. Também recomendamos que a busca ativa com dardos anestésicos deve
ser priorizada em fragmentos de até 100ha e/ou sob dominio de floresta estacional
semidecidual, onde a eficiéncia de captura foi maior do que em grandes fragmentos
de floresta ombréfila densa. De fato, o sucesso de captura com dardos nos demais
locais da América foi obtido em regides com estas caracteristicas ecoldgicas, que
facilitam o encontro dos grupos e a projecao dos dardos (Clarke et al. 1986).

Outro ponto importante durante estudos de vigilancia eco-epidemiologica é o
aproveitamento das amostras. Os protocolos de coleta para o diagndstico virolégico
ou soroldgico de febre amarela e outras arboviroses, preconizam o armazenamento
do soro e descarte do coagulo (Brasil 2017a). Por outro lado, o material mais utilizado
para diagnéstico de Plasmodium é a “papa de hemacias”, separada do plasma apos
coleta em tubo contendo anticoagulante (Brasil et al. 2017). No entanto, a volemia de
animais silvestres pode ser baixa, sobretudo naqueles de pequeno porte, como 0s
saguis por exemplo, dos quais raramente se obtém mais do que 2-3 ml de sangue
sem prejuizo para a saude do animal. Além disso, tendo em vista a raridade dos
eventos de captura, esforco demandado e grau de estresse a que 0S animais Sao
submetidos, € importante que se aproveite a oportunidade de coleta para contemplar
0 maximo de estudos possivel. Por isso a padronizacdo de técnicas para otimizar o
diagnoéstico a partir de amostras pouco invasivas, como fezes ou outros materiais
tradicionalmente descartados, como 0s coagulos, é extremamente importante (de
Assis et al. 2016). Nesse sentido, a padronizacdo da técnica para uso do coagulo na
deteccdo das duas espécies de Plasmodium simiano existentes no Brasil (P. simium
e P. brasilianum / malariae), tanto em PNHs quanto em humanos (no caso de P.
simium), mesmo em baixas parasitemias, como descrito no presente trabalho, foi de
extrema importancia. Além do diagnostico de Plasmodium, o material genético
extraido de coagulo pode ser utilizado para diagnéstico de outros parasitos (ex:
Trypanosoma sp. que pretendemos realizar em breve) e/ou para estudos genéticos e
ecoldgicos do préprio hospedeiro (Se Fum Wong et al. 2007; McCulloch et al. 2009;
Bank et al. 2013; Rodrigues et al. 2019). Obtivemos sucesso na amplificacao de genes
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de DNA mitocondrial extraido a partir de coagulo de todos os bugios, com vistas a
estudar a taxonomia desta espécie em colaboragcdo com outro grupo de pesquisa, o
que reforca a utilidade do material. Por conta de nossos resultados, recomendamos
que o protocolo de coleta de amostras para febre amarela preconizado pelo Ministério
da Saude passe a contemplar o armazenamento dos coagulos e que se crie um banco
desse material em laboratorios de referéncia, pois trata-se de uma fonte de informacéo
genética preciosa.

A partir das técnicas relatadas para captura, coleta e processamento das
amostras foi possivel, de maneira inédita, estudar a distribuicdo espacial e biol6gica
de plasmaodios, nas espécies de PNHs encontradas na Mata Atlantica. Desta forma,
definimos A. g. clamitans como uUnico hospedeiro de vida livre de P. simium e P.
brasilianum confirmado na regido. A infeccdo por Plasmodium em bugios é descrita
desde a década de 50, mas a dimensao de sua importancia s6 foi reconhecida apo6s
os trabalhos pioneiros e abrangentes de Lebnidas Deane conduzidos a partir da
década de 60 (Fonseca 1951; Deane 1992).

Os resultados descritos no presente estudo s&o produtos do primeiro
levantamento deste tipo, que incluindo a captura de A. g. clamitans, realizado no Rio
de Janeiro, estado no qual a malaria foi erradicada ha quatro décadas, depois de longa
histéria de elevada endemicidade. A sobreposicdo geogréafica entre as ocorréncias
dos bugios e os humanos parasitados, aliada a identidade molecular revelada pela
presenca dos SNPs especificos de P. simium em 100% das infec¢bes, contribuem
para confirmacdo da transmissao zoonoética e do papel de reservatério dos Alouatta
(Brasil et al. 2017). Além do RJ, outros estados recobertos pela Mata Atlantica (ES,
SP) também relatam evidéncias de transmisséo zoonética de P. simium (Cerutti et al.
2007; de Castro Duarte et al. 2008; de Alencar et al. 2017). A epidemiologia, 0s sinais
clinicos, a baixa parasitemia e o histérico de contato com ambientes florestais é a
mesma em todas as descri¢cdes (Deane 1992; Curado et al. 2006; Cerutti et al. 2007,
Brasil et al. 2017). E importante que se esclareca a real dimensdo da transmiss&o
zoondtica na Mata Atlantica e a implicacdo desta transmissdo nas campanhas
mundiais de erradicagédo da malaria.

Plasmodium brasilianum/malariae parece ter menos especificidade de
hospedeiros vertebrados, tendo sido encontrado em todas as familias de PNHs
neotropicais. No entanto, no Sudeste, os exames de Sapajus e Callithrix em busca
deste protozodrio tém sido sistematicamente negativos, o que reforca a importancia

dos Alouatta para a regido (Deane 1992; de Castro Duarte et al. 2008). Recentemente,

148



reportou-se o encontro de DNA compativel com o de P. brasilianum/malariae em
macacos dos géneros Callithrix, Leontopithecus, Mico e Saguinus, (Familia
Callitrichidae) criados em um cativeiro localizado dentro da Mata Atlantica fluminense
(Alvarenga et al. 2017). Mas, néo foram vistos parasitos nas preparacdes sanguineas
desses animais examinadas ao microscopio. A regido € considerada enzodtica para
essa malaria e especula-se que as condi¢cdes de cativeiro tenham favorecido a
infeccdo (Alvarenga et al. 2017). Portanto, € provavel que a relevancia destes animais
na manutencgéao do ciclo do P. brasilianum / malariae seja baixa ou nula em ambientes
naturais. Ao contrario, a parasitemia foi detectavel em laminas de cinco dos seis
Alouatta que diagnosticamos com malaria quarta. Além disso, foi demonstrado pela
primeira vez, que as taxas de infeccdo e a distribuicdo geogréafica de P.
brasilianum/malariae sédo semelhantes as de P. simium no RJ, e que a coinfeccdo é
um evento relativamente comum, assim como relatado por Deane, em 1992 (Deane
1992).

Tendo em vista a frequéncia e a distribuicdo de P. brasilianum / malariae nos
PNH do RJ, a capacidade deste protozoario de infectar o homem experimentalmente
e a presenca do vetor (An. cruzii), é intrigante que relatos de casos humanos de
malaria causadas por este parasito sejam escassos. Seriam as infeccées humanas
por este parasito assintomaticas, paucissintomaticas ou com conjunto de sintomas
pouco definidos e de curso rapido na maioria dos casos e, por conseguinte, ndo ainda
detectadas pela vigilancia? Em Guapimirim, em &rea de intensa influéncia da Mata
Atlantica, P. brasilianum / malariae foi diagnosticado por PCR e humanos residentes,
sem parasitemia ou sintomas, e 30% de uma populacdo da area tinha anticorpos
contra o parasito. Também existem evidéncias imunoldgicas de infec¢do de humanos
por esse parasito na Amazoénia (Coatney 1971; de Arruda et al. 1989; Lourenco-de-
Oliveira and Luz 1996; Curado et al. 1997; Lalremruata et al. 2015; Miguel et al. 2019).
E imprescindivel que se intensifiquem os esforcos de coleta, com foco nos locais onde
macacos foram diagnosticados com malaria quartd, para se investigar o potencial
zoonotico deste parasito na regido.

A concentragéo dos registros (tanto de casos e infec¢cées humanas quanto de
infeccdo de macacos) na vertente oceanica da Serra do Mar é interessante. Algumas
hipoteses para esse fenbmeno foram discutidas no artigo 4.3, dentre elas a influéncia
direta da umidade oceanica nos parametros determinantes da capacidade vetorial das
populacdes locais do mosquito An. (Kerteszia) cruzii (Rachou 1952; Coutinho and
Rachou 1966; Deane 1992; Machado et al. 2010), além de evidéncias de diferencas
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e estruturacao genética entre os An. cruzii coletados na vertente costeira, comparados
com o0s coletados na vertente continental, o que também pode influenciar na
competéncia vetorial (de Rezende Dias et al. 2018) e, por conseguinte, na capacidade
vetorial.

N&o conseguimos, ainda, confirmar a espécie vetora desta malaria zoonotica
no RJ. No momento da redacéo desta tese, infelizmente nédo tinha, ainda, sido possivel
finalizar a analise das coletas e exames de anofelinos realizados tanto anteriormente
quanto concomitantemente aos de PNHs nos focos de malaria humana. No entanto,
qualitativamente, foi possivel perceber a predominéncia de An. cruzii, que
correspondeu a mais de 90% dos anofelinos coletados, ainda que as capturas s6
tenham sido realizadas ao nivel do solo. Essa predominancia ao nivel do solo, onde
transitam os humanos, ja credencia, por si sé, esta espécie de anofelino como o
provavel vetor da malaria zoondtica no RJ, enquanto os resultados das PCR para a
pesquisa da infeccdo natural por plasmédio ndo estdo disponiveis. An. cruzii
apresenta marcada acrodendrofilia em algumas regifes do Sudeste, como Séo Paulo,
mas apresentava movimento vertical (entre a copa e o solo) em outras areas, como
em Joinville, Santa Catarina (Deane et al. 1984). Importantemente, casos humanos
de malaria s6 eram registrados nas localidades nas quais estes anofelinos eram
encontrados picando também no nivel do solo. Especula-se que o relevo de declive
acentuado nas proximidades da Serra dos Orgdos faca com que as copas de
determinadas arvores estejam ao mesmo nivel das raizes de outras localizadas mais
acima na montanha, o que pode favorecer a presenca dos An. cruzii em virtualmente
todo o gradiente (Pina-Costa et al. 2014). O mesmo provavelmente acontece para Hg.
janthinomys, vetor primario da febre amarela, como sera discutido posteriormente.

A parte do potencial papel do clima, ambiente e entomoldgico ja comentados
acima na diferente frequéncia de infec¢bes plasmodiais em humanos e PNHs na
vertente oceéanica da Serra do Mar, um tema interessante a ser melhor investigado
estaria no campo da geografia humana. Aparentemente, comparado a vertente
continental, € na vertente oceanica que se concentram mais atrativos naturais em
ambiente de mata procurados pela populagéo urbana, na qual se registram a enorme
maioria dos casos clinicos detectados pela vigilancia. Campanhas turisticas e
loteamentos de fragmentos florestais de fazendas sdo aparentemente mais comuns
na vertente oceanica. Cachoeiras e parques ecologicos, além de chacaras de
veraneio sao numerosos ali. “Promessas” de dias apraziveis em contato estreito com

a natureza representada pela mata e sua fauna silvestre em contraponto a vivéncia
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na metropole que se divulga doente fisica e mentalmente tem orientado a escolha de
uma grande porcdo das populagcdes no mundo. O sonho de ter uma residéncia
secundaria ou mesmo primaria na floresta para repouso e distanciamento do ambiente
urbano tornou-se uma moda, ndo s6 dentre os habitantes das metrépoles brasileiras,
mas mundialmente difundida. H4 muitos movimentos, seitas, praticas, filosofias que
surgiram ou ressurgiram no mundo contemporaneo que, direta ou indiretamente,
aumentam o contato homem-ambientes naturais onde vivem os reservatorios (bugios)
e os vetores (An. cruzii), favorecendo o estabelecimento da infec¢do zoondtica (Pina-
Costa et al. 2014). Coincidentemente, as mesmas préaticas podem ter tido papel
importante na magnitude da epidemia de febre amarela silvestre, cujos aspectos da
transmissao também estudamos no presente trabalho, como discutidos por Possas et
al (2018).

Durante o surto de febre amarela silvestre registrado um ano apés o pico dos
casos de malaria, foram registradas centenas de epizootias nos estados de RJ, ES,
MG e SP, numero que deve estar enormemente subestimado pois a maioria dos PNHs
morrem no interior das florestas, impedindo seu encontro e notificagéo (Brasil 2017b,
2018, 2019a). Além disso, a chegada abrupta da epidemia e epizootias na regiao e a
falta de experiéncia pregressa por parte dos servicos de zoonose relativas a febre
amarela reduziu bastante a sensibilidade da vigilancia. Alouatta € o género de PNH
mais susceptivel ao virus e extingbes de popula¢des locais ja foram reportadas em
outros surtos (Araujo et al. 2011; Almeida et al. 2012; Moreno et al. 2013, 2015; Bicca-
marques et al. 2017). Este grupo de PNHSs foi 0 mais afetado também na amostragem
do presente trabalho, o que condiz com a maior resisténcia ao virus relatada nos
géneros Sapajus e, possivelmente, em Callithrix (Causey et al. 1949; Laemmert and
Kumm 1950). Tendo em vista o papel fundamental dos bugios na manutencao de
Plasmodium, é plausivel supor que a circulacdo deste protozodrio e dos casos de
maléria zoondtica sofrerd mudancas em curto/médio prazo. E possivel que a rapida
diminuicdo das popula¢cbes de Alouatta tenha reduzido também a fonte de infeccao
dos An. cruzii, o que levaria a uma menor circulacdo de Plasmodium nas regides de
Mata Atlantica afetadas pelo YFV, reforcando ainda mais a importancia da
transmissdo zoonatica.

Os dois mosquitos considerados vetores primarios no presente surto (Hg.
janthinomys e Hg. leucocelaenus) sdo apontados como importantes transmissores de
FA desde a década de 1930 (Shannon et al. 1938). Muito curiosamente, ambos

também foram apontados como vetores em Bemposta, RJ, em 1938, no ultimo surto
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de FA silvestre registrado no estado antes do atual, 2016-2019 (Shannon et al. 1938).
Isso mostra que mesmo com todas as mudancas ocorridas em 80 anos de histéria
(ex: crescimento das cidades, desmatamento, mudancas climéaticas) a regiao continua
reunindo condigdes para sustentar populacdes perenes destas duas espécies. E
interessante notar que a abundancia de Hg. leucocelaenus € baixa no norte do pais,
onde Hg. janthinomys € o vetor mais importante (Dégallier et al. 1992) . Ao contrario,
Hg. leucocelaenus € a espécie predominante no Sul do pais, onde € considerada vetor
primério (Cardoso et al. 2010). Na regido Sudeste, as duas espécies parecem ocorrer
em abundancias semelhantes, com pequena vantagem para Hg. leucocelaenus. Por
esta razdo e por apresentarem altas taxas de infeccdo natural descritas nesta tese,
somadas ao comportamento primatofilico e acrodendroéfilo ja descrito por outros
autores, consideramos ambas como vetores primarios do surto em curso. E dificil
estimar se a co-ocorréncia destas espécies influenciou a dimensdo do surto,
juntamente com outros aspectos que serdo discutidos a seguir. Também é dificil
explicar por que a febre amarela ficou quase 80 anos sem circular pelo litoral do
Sudeste brasileiro. E provavel que o aumento da conscientizacdo acerca da
conservacgao da natureza, que resultou em aumento das unidades de conservagéao e
preservacdo da fauna tenha influenciado, assim como o movimento de “back to
nature” (Possas et al. 2018) que pode ter aumentado a exposi¢cdo aos vetores de
malaria e de FA, como mencionado acima e retomado ao final desta secao.

Os demais mosquitos que encontramos naturalmente infectados com o YFV
parecem ter papel secundario ou muito local, devido as baixas taxas de infeccéo, baixa
abundancia e/ou distribuicdo geografica restrita. Por outro lado, Ae. scapularis e Ae.
taeniorhynchus geralmente realizam hematofagia no nivel do solo o que reduz as
chances de se infectarem em PNHs que vivem em estratos florestais mais elevados
(Consoli and Oliveira 1994). No entanto, os macacos infectados geralmente descem
ao chao, onde passam varias horas agonizando. Neste momento, eles poderiam servir
de fonte de infeccéo para espécies que vivem ao nivel do solo, como Ae. scapularis e
Ae. taeniorhynchus, mas também por Ae. albopictus, considerado vetor-ponte em
potencial, como registramos em nosso artigo 4.7. No local e nos momentos em que
Ae. scapularis e Ae. taeniorhynchus foram detectados naturalmente infectados com
YFV, encontrava-se elevada densidade populacional desses dois mosquitos e dos
Haemagogus, vetores primarios, exibindo elevados indices de infeccdo. Até onde
sabemos, Ae. taeniorhynchus nunca foi encontrado naturalmente infectado com YFV

e apresentou baixa competéncia vetorial em infec¢des experimentais (Whitman and
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Antunes 1937). Ae. scapularis foi encontrado infectado com YFV durante surto na
Bahia (Vasconcelos et al. 2001a), mas parece ter desempenhado apenas um papel
secundario. Sa. chloropterus apresenta habitos acrodendrofilos e ja foi encontrado
naturalmente infectado em outras ocasides (Rawlins et al. 1990).

Destaca-se que a identificacdo taxondmica das espécies de mosquitos
envolvidas na transmissédo das duas zoonoses (malaria e FA) requer o trabalho de
recursos humanos capacitados para tal funcéo. Durante o surto, notou-se uma grande
deficiéncia de técnicos, agentes de saude, e pesquisadores treinados em todo o
territério atingido, o que sobrecarrega os laboratorios de referéncia e atrasa o
diagnéstico. Ha que se fazer um esforco nacional com vistas a capacitar profissionais
de todos os estados para a taxonomia dos vetores e metodologias de deteccdo da
infecgao natural nos invertebrados.

A partir das amostras de YFV obtidas nos PNHs e nos mosquitos coletados,
somada as dos humanos, foi possivel caracterizar o virus circulante nos diferentes
hospedeiros e estimar as rotas de dispersédo ao longo do tempo. A clusterizacdo do
virus junto ao genotipo Sulamericano | condiz com outros achados, pois este € o
gendtipo mais comum no Brasil e o subclado 1E inclui linhagens que circularam a
partir de 2004 no pais (Vasconcelos et al. 2004; Mir et al. 2017). Estima-se que este
subclado tenha se originado na regido norte da América Latina (Trinidad e Tobago,
Venezuela), de onde teria iniciado ondas epizodticas (Bonaldo et al. 2017; Fernandes
et al. 2017; Mir et al. 2017; Faria et al. 2018; Gomez et al. 2018; Rezende et al. 2018),
a principio em direcdo ao centro-oeste. De |4, teria seguido duas rotas distintas de
dispersdo, uma em direcdo a bacia hidrografica do atlantico sul, atingindo o leste de
MG e posteriormente ES e RJ, e outra diretamente da bacia do Araguaia-Tocantins
para a bacia do Rio Parana, entre o Sudoeste de MG e Noroeste de SP(Rezende et
al. 2018). No RJ, o virus ainda percorreu duas rotas de transmissao, separadas pela
cadeia de montanhas representada pela Serra do Mar, importante barreira geografica
que pode, de alguma maneira, limitar a dispersdo de mosquitos e de PNHs. E
interessante notar que esses achados condizem com as evidéncias epidemioldgicas.
Assim, o Ministério da Saude reportava, entre 2014-2015, a ocorréncia de uma onda
de expanséo do YFV, principalmente a partir da detecgao de epizootias no centro-
oeste (GO) e no oeste de MG (Brasil 2014). Em seguida, casos humanos e epizootias
foram registrados concomitantemente nas duas rotas supracitadas, confirmando a
separacédo das cadeias. Desde sua detec¢do no leste de MG, o virus se dispersou no
tempo e no espago a velocidades e distancias (0,8 a 4,0 km/dia) (Faria et al. 2018;
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Fioravanti 2018; Gomez et al. 2018) que condizem com a dispersdo dos mosquitos
Haemagogus leucocelaenus e Hg. janthinomys, que ja foram recapturados a 5,7 e
11,5Km, respectivamente, em poucos dias a partir de um ponto de soltura na floresta
(Causey et al. 1950). Ainda que néo efetivamente confirmado cientificamente, ndo se
pode negligenciar o possivel papel de humanos virémicos na dispersao espacial do
YFV, sobretudo entre o centro-oeste e o leste de MG, que parece ter um vazio de
notificacdes entre 2015-2016, explicavel também por baixa sensibilidade da vigilancia.

Um dos aspectos mais instigantes da disseminacdo espacial do YFV no
presente surto (2016-2019) é a incrivel repeticdo das rotas tracadas pelo virus nas
décadas de 1930-1940 (Figura 8), por sua vez baseada nos registros de 6bitos. Aquela
época nao haviam sido ainda padronizados métodos soroldgicos para a deteccéo de
infecgbes pregressas, assintomaticas ou ndo, e nem métodos moleculares e de
filogenia viral. E intrigante que as condicbes propicias para o desencadeamento do
surto continuem presentes apos tanto tempo, o que novamente leva a reflexdo de
porque se passaram quase 80 anos até que estas rotas se repetissem. A regido estava
receptiva ha, pelo menos, um ano antes do surto, com a presenca de vetores
competentes e hospedeiros vertebrados susceptiveis, descritos nos artigos 4.3 e 4.8.
Suspeita-se que que as matas ciliares ao longo das grandes bacias sirvam de
corredores de transmissao e, apesar de reduzidas pelo desmatamento, é provavel que
nunca tenham deixado de existir, 0 que dificulta a resposta a essa questao. Também
desperta a curiosidade notar que no passado e atualmente existem grandes areas no
centro-oeste de MG onde praticamente ndo houve registros de casos humanos ou
epizootias, talvez em decorréncia de subnotificacdo ou de fatores ambientas ainda

nao revelados.
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Figura 8: Esg. — Mapeamento das rotas tracadas pelo YFV durante as epidemias de
1932 a 1942. Esta teria sido a ultima vez que o virus amarilico circulara no litoral do
Sudeste, até o ano de 2015; Dir. — Casos humanos e epizootias confirmadas para
YFV entre 2014-2019. (Fonte: esg. Acervo da Casa de Oswaldo Cruz, Departamento
de Arquivo e Documentacéo - Foto FR (SFA-EC) 12-5 de A. Fialho; dir. Artigo 4.6
desta tese).

A reemergéncia da transmisséo urbana do YFV é uma grande preocupacao,
desde que o ultimo caso foi registrado na década de 1940, no Acre (Soper 1963). Nos
anos seguintes logrou-se a erradicacdo do Ae. aegypti, que foi posteriormente
reintroduzido. Atualmente, este mosquito € encontrado em virtualmente todas as
cidades do pais, tendo sido responsavel pela transmissdo nas epidemias urbanas de
Dengue desde a década de 1980, e de Chikungunya e Zika, nos ultimos anos (Braga
and Valle 2007; Ferreira-de-Brito et al. 2016). A possibilidade de que um humano que
tenha contraido a FA através da picada de mosquitos silvestres se desloque para o
ambiente urbano durante o periodo virémico e sirva de fonte de infeccdo para Ae.
aegypti competentes nao deve ser descartada. A transmisséo urbana, sobretudo nas
grandes cidades infestadas por este vetor e com baixa cobertura vacinal, poderia
gerar consequéncias dramaticas e ameacar os estoques vacinais (Vasconcelos 2002;
Possas et al. 2017). No presente surto ndo houve evidéncias entomoldgicas,
epidemioldgicas ou moleculares de que tenha havido transmissao urbana (Faria et al.
2018). Todos os Ae. albopictus, espécie considerada vetor ponte, com relevante
competéncia vetorial e grande abundéancia e presengca nos municipios amostrados,
foram negativos em nossos ensaios para busca de infec¢des naturais pelo YFV, assim
como o0s Ae. aegypti capturados no interior de iméveis onde houve suspeita de
transmissdo urbana e onde residiam idosos infectados no ciclo silvestre, como
descrito no artigo 4.3.

Além disso, devido a ampla distribuicdo de PNHs do género Callithrix em
diversas cidades e a resultados moleculares apontando YFV em alguns destes
animais, especulou-se também sobre o papel de “hospedeiro ponte” destes animais.
No entanto, nossos exames sorolégicos e moleculares ndo apontaram evidéncias de
FA entre os saguis capturados em trés grandes cidades (Niterdi, Rio de Janeiro e Belo
Horizonte). Importantemente, 0os animais examinados pertenciam aos mesmos grupos
e foram capturados nas mesmas ruas onde as epizootias suspeitas ocorreram. Apesar
de ndo ter havido evidéncias de transmissdo urbana até o momento, as condi¢des

citadas (alta densidade de vetores urbanos e de PNHs nas cidades, baixa cobertura
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vacinal) exigem que seja mantida a vigilancia entomoldgica e primatolégica com
coletas constantes em populacdes alvo, sobretudo nos grandes parques urbanos (ex:
Floresta da Tijuca, Parque da Cantareira e Parque das Mangabeiras no Rio de
Janeiro, em Sao Paulo e Belo Horizonte, respectivamente) para monitoramento da
presenca e eventual detecgéo precoce do YFV. Tudo isso, simultaneo a intensificacao
da vacinacdo humana, obviamente. Projetos de pesquisa sobre a vacinacao de PNHSs,
especialmente daqueles em risco de extincdo ou albergados em parque e criatérios
urbanos e periurbanos estdo em curso. A reducdo de vertebrados susceptiveis pode
representar um importante blogueio da transmissao, especialmente nestes ambientes.

Outros dois achados refletem a necessidade de intensificacdo da vigilancia e
da cobertura vacinal na Mata Atlantica: (a) a maior parte dos PNHs sobreviventes que
examinamos apos a deteccao do YFV no RJ continuava susceptivel ao virus, tal como
detectamos antes do surto; e (b) a demonstracdo de que o virus é capaz de
permanecer na mesma area por pelo menos trés estacdes de transmissao
consecutivas, sem a necessidade de reintroducgdes. Juntos, estes achados ajudam a
lancar duvidas sobre a ideia corrente de que o YFV avanca como um incéndio, sem
permanecer na mesma localidade por mais de duas estacfes de transmissdo em
consequéncia da reducédo de hospedeiros susceptiveis. Em virtude da escassez de
estudos de dinamica populacional de macacos, ndo se sabe o tamanho da reducao
populacional e influéncia desta reduc¢éo na manutencédo do virus (Aradjo et al. 2008;
Bicca-marques et al. 2017). De qualquer forma, é notério que o virus tenha
desaparecido espontaneamente da Mata Atlantica ha mais de 70 anos e que
observou-se em 2019 uma drastica reducdo de notificacdes, ndo s6 dos casos
humanos (influenciados pela vacina¢cédo), mas também das epizootias na estacao de
transmissao 2018-2019 (Brasil 2019a). Isso poderia indicar que, de fato, o YFV pode
desaparecer novamente da regido. Ndo se sabe, no entanto, como as mudancgas
culturais / ecoldgicas supracitadas podem interferir na persisténcia do virus (Possas
et al. 2018). O YFV e outros arbovirus, também podem ser transmitidos entre
mosquitos, por via horizontal ou venérea, fenbmeno que pode auxiliar na persisténcia
do virus em dados focos, com o ressurgimento epizo6tico quando o nimero de PNHs
suscetiveis aumentar. Apenas uma vigilancia transversal com amostragem de PNHs
e mosquitos respondera se ha capacidade de perenizacdo do virus na Mata Atlantica.

Apé6s a introducdo do ZIKV nas Américas, e devido as semelhancas
apresentadas entre este arbovirus e o YFV, cresceu a preocupacdo com a
possibilidade de estabelecimento de um ciclo silvestre no pais, tal qual realizado pelo
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YFV no inicio do século passado, impedindo sua erradicagdo. Relatos da
susceptibilidade de primatas neotropicais e de encontro de RNA compativel com ZIKV
em PNHs em pelo menos duas regides do pais (nordeste e sudeste) pareciam reforcar
essa possibilidade (Nehete et al. 2018; Terzian et al. 2018; Favoretto et al. 2019). No
entanto, em toda a nossa amostragem de PNHs e em uma sub amostragem de
mosquitos, que incluia aqueles coletados no periodo mais proximo a epidemia de
ZIKV, ndo obtivemos evidéncias nem moleculares nem soroldgicas da circulacéo
silvestre de ZIKV, resultados semelhantes aos encontrados por outros autores, que
examinaram 207 PNHs em trés estados brasileiros (Moreira-Soto et al. 2018). E
possivel que a amostragem dos PNHs, feita no peridomicilio das residéncias com
registro de casos humanos de ZIKV, relatados por Favoretto et al. (2018), tenha
favorecido a transmisséo direta entre humanos e PNHs (contaminacgao pela saliva ou
outro fluido infectado) e, talvez, humano-Aedes-PNH, mas achamos pouco provavel a
transmissao PNH-Aedes-PNH e a PNH-mosquito silvestre-PNH. Pouco se sabe sobre
a competéncia vetorial de mosquitos silvestres ao ZIKV, e 0s Unicos mosquitos
testados até o0 momento, de uma col6nia de laboratério antiga de Sabethes cyaneus
(Karna et al. 2018), apresentaram resultados inferiores aos ja descritos para Ae.
aegypti. Além disso, PNHSs infectados experimentalmente foram assintomaticos e
apresentaram curto periodo de viremia, o que poderia reduzir as chances de infec¢cao
de mosquitos silvestres. O monitoramento transversal de populacbes de PNHs,
proposto anteriormente, e o estudo de competéncia vetorial de diversas espécies
silvestres seriam de extrema importancia para esclarecer estas questdes.

O presente trabalho utilizou de abordagem multidisciplinar ao alinhar
conhecimentos de entomologia, (etno)primatologia, malariologia, virologia, biologia
molecular, imunologia, evolucéo, filogeografia e epidemiologia, e contou com a
colaboragédo de profissionais de formacdes diversas, como bidlogos, veterinarios,
médicos, enfermeiros, designers, gebgrafos, gestores e técnicos para investigar dois
surtos zoonoticos (malaria e febre amarela) detectados na Mata Atlantica do sudeste
brasileiro, com foco no estado do Rio de Janeiro. Tal abordagem esta em consonancia
com a ideia de One Health, que parte de uma perspectiva colaborativa por reconhecer
gue o estado de saude de humanos, de animais e a qualidade dos ecossistemas estao
intimamente relacionados entre si e com demais aspectos sécio-culturais (Zinsstag
2012). A partir da interdisciplinaridade foi possivel alargar a compreensao de diversos
pontos relacionados aos dois surtos, como a determinacao dos principais hospedeiros
e reservatorios, sua distribuicdo geografica, a caracterizagcdo molecular dos parasitos,
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as rotas de disperséo, além de estimar fatores que influenciam o risco de spillover. O
conjunto de resultados e insights, incluindo a padronizacdo de algumas técnicas de
campo e laboratério, podem apoiar acdes dos gestores de saude, como por exemplo
0 estabelecimento do banco de coagulos, o fortalecimento a vigilancia e incentivo a
adocao de medidas de protecao individuais e coletivas.

Como preconiza a perspectiva One health, a epidemiologia dos dois surtos esta
intimamente interligada, mesmo tratando-se de parasitas tdo diversos (protozoario e
virus). Para finalizar esta discussdo, exemplificaremos alguns pontos que ilustram
bem a interdependéncia destas zoonoses, que pode ser extrapolado para outros
agravos. A maléaria de bromélia zoondtica e a Febre amarela silvestre apresentam
ciclo analogo a medida em que ambas sao transmitidas entre PNHs e/ou humanos
através da picada de mosquitos silvestres. Do ponto de vista dos PNHs, destaca-se a
importancia do género Alouatta, que € o principal hospedeiro dos plasmddios simianos
infectantes para humanos, e o mais afetado pelo surto de febre amarela. Ainda néao
se sabe os efeitos de uma possivel coinfec¢cdo nestes animais e nem o impacto que a
alta mortalidade registrada durante epizootias de YFV teve no passado e terd nos
proximos anos na circulacao de ambos, os Plasmaodios e o YFV. O crescente aumento
de registro de malaria autéctone vinculado a Mata Atlantica nas ultimas décadas pode
ser explicado pela baixa vigilancia no periodo pés-erradicacdo da transmisséo
endémica no RJ, mas também pela potencial reducdo, no passado, da populacéo de
bugios no estado devido a epizootias pelo YFV, reduzindo as fontes de infeccéo para
0S mosquitos durante décadas.

Entre os mosquitos, diversos fatores populacionais e genéticos alteram a
capacidade e a competéncia vetorial. Apesar de pertencerem a diferentes subfamilias
(Aedinae x Anophelinae) dentro da familia Culicidae (Consoli and Oliveira 1994), os
vetores destas zoonoses compartiham o comportamento primatofilico e
acrodendrofilo (Deane 1992; Marcondes and Alencar 2010). A capacidade de realizar
movimentos verticais na floresta (voando da copa para o chdo e vice versa) é
determinante para a transmissao zoonética dos dois agravos, pois possibilita a
transmissao entre 0s hospedeiros arboricolas e terrestres (Deane et al. 1984; Alencar
et al. 2016; Tatila-Ferreira et al. 2017a). Além disso, ambos se criam em pequenas
colecbes de agua da chuva acumulada em fitotelmatas, principalmente em ocos de
arvores (Haemagogus) e bromélias (Anopheles cruzii). Portanto, o regime de chuvas
e a umidade influenciam diretamente a presenca de criadouros e, consequentemente,

a densidade populacional destes mosquitos, afetando a capacidade vetorial. O pico
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de transmissdo de ambas ocorre, portanto, na mesma época, que coincide com a
estacdo mais quente e chuvosa (Costa et al. 2011; Brasil et al. 2017).

Finalmente, o padrdao comportamental humano também influencia diretamente
a ocorréncia zoonotica. Nas Ultimas décadas vem crescendo a nogao da importancia
da natureza, o que motivou dois movimentos: o primeiro € chamado “back to nature”,
citado anteriormente, que se define pela tendéncia cada vez maior de ampliar o
contato com a natureza através do ecoturismo ou da busca por propriedades (casas,
chacaras) proximos a ambientes bucolicos e florestais. Este movimento acaba
aproximando o homem dos demais hospedeiros, ampliando as chances de
transmissdo destes e de outros parasitos (Avila-Pires 2018; Possas et al. 2018). De
fato, ao contrario de outros surtos de febre amarela silvestre e/ou de casos de malaria,
que geralmente acometiam apenas trabalhadores rurais, indigenas ou pessoas que
frequentavam a floresta como forma de sobrevivéncia, muitos dos casos registrados
no surto 2016-2019 acometeram pessoas que visitavam as areas florestais para
veraneio, lazer ou moravam na borda das cidades, que cresceram em direcdo a mata
devido a especulacao imobiliaria; o segundo é a crescente percep¢ao da importancia
de preservacédo da natureza. Nas Ultimas décadas, em que pese a falta de fiscalizacéo
e a ampliacdo da fronteira agricola, cresceu o numero de unidades de conservagao
(parques, reservas, RPPNSs) nas trés esferas de organizacéo do governo (Avila-Pires
2018; Possas et al. 2018). Também houve reduc¢do da cultura da caca e esfor¢os para
preservacao de espécies ameacadas de extingdo, muitas delas sdo PNHs (ex: Mico
ledo dourado e Muriquis)(Avila-Pires 2018). Tudo isso pode ter levado a um
crescimento (densidade, abundancia, riqueza) da fauna de hospedeiros destas duas
zoonoses e conectado fragmentos de matas para formacao de corredores ecoldgicos.
E possivel que alguns destes corredores tenham facilitado, também, a dispers&o do
virus juntamente com os hospedeiros. A associacdo destes fatores a partir de uma
viséo holistica, alinhados aos outros ja discutidos, nos ajuda a pensar as maneiras de
compreender 0s novos desafios epidemioldgicos e sanitarios que nos sao impostos,

com vistas a proteger a sociedade e consequentemente a natureza.
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5 CONCLUSOES

A construgdo de uma rede de informacdes formada por instituicbes e
moradores chave € a estratégia mais eficiente de captura de Alouatta guariba

clamitans na Mata Atlantica.

A captura de bugios com dardos anestésicos deve ser priorizada em
fragmentos pequenos (até 100ha) e de dominio estacional semidecidual. O uso de

armadilhas é inatil para a captura destes animais nesse bioma.

A partir do coagulo sanguineo é possivel detectar as duas espécies de
Plasmodium simiano existentes no Brasil — P. simium e P. brasilianum, mesmo quando
o hospedeiro tem baixa parasitemia, sejam humanos ou PNHs. Seu aproveitamento

otimiza 0 uso de amostras sanguineas, restando o0 soro para outras analises.

Alouatta g. clamitans foi a Unica espécie de vida livre encontrada naturalmente
infectada por Plasmodium na regido amostrada. Ela alberga tanto P. simium quanto

P. brasilianum em frequéncias similares.

Todos os plasmodios encontrados em bugios (Alouatta g. clamitans) e em
humanos com malaria ter¢ca benigna na Mata Atlantica fluminense compartilham as
mesmas caracteristicas moleculares, especialmente a presenca do SNPs descrito
como exclusivo de P. simium na regido.

Alouatta g. clamitans é o reservatério animal e uUnica fonte provavel das
infeccdes humanas de malaria ter¢é benigna causada por Plasmodium simium no RJ,

caracterizando-as como infec¢des zoondticas.

O Rio de Janeiro e suas fronteiras estavam altamente receptivos a circulagcao

do YFV antes do inicio do surto, em 2016, devido a presenc¢a, abundancia e

distribuicdo de mosquitos considerados vetores tradicionais da febre amarela.

N&o foram encontrados mosquitos infectados antes dos primeiros sinais de

reemergéncia do virus amarilico no Sudeste.
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Hg. leucocelaenus e Hg. janthinomys foram os vetores primarios do surto de
YFV devido as altas taxas de infeccdo, ampla distribuicdo geografica e grande
abundéancia observadas nos focos, somados ao comportamento primatofilico e

acrodendrofilo ja conhecido.

Outras trés espécies de mosquitos encontradas infectadas com o YFV (Sa.
chloropterus, Ae. scapularis e Ae. taeniorhinchus) tiveram importancia secundaria ou

local, por apresentarem baixas taxas de infec¢éo e distribuicdo geografica restrita.

O virus circulante no surto corrente (2016-2019) pertence ao gendtipo Sul
Americano |, subclado 1E, e apresenta assinatura molecular representada por

substituicdes de aminoacidos cuja consequéncia funcional ainda € desconhecida.

Duas sub-linhagens distintas de YFV circularam no centro-oeste do Brasil entre
2015-2017, uma delas alcancou o Sudeste dando origem ao surto a partir de duas
rotas de disseminag&o: uma pela bacia litoranea do atlantico sudeste por onde atingiu
MG, ES e RJ; e a outra pela bacia do Rio Parana, que atingiu MG e SP.

No RJ o virus seguiu duas rotas de transmissao distintas, uma costeira e uma

continental, separadas pela cadeia de montanhas da Serra do Mar.

O virus amarilico é capaz de persistir numa mesma area da Mata Atlantica por
pelo menos trés estacdes de transmissdo consecutivas, sem a necessidade de novas

introducoes.

Todos os PNHs capturados antes do surto de febre amarela silvestre estavam
susceptiveis ao virus, confirmando a receptividade da regido e a maior parte dos que
foram capturados apos a circulagéo viral, continuava susceptivel. Alouatta foi o PNH

mais afetado pelo surto.

N&o houve evidéncia de transmisséo urbana do YFV, uma vez que ndo foram
encontrados Ae. aegypti e Ae. albopictus infectados, nem de circulacéo silvestre de
ZIKV ou outros arbovirus na regido amostrada, ja que todos os testes realizados em

mosquito (PCR) e em PNHs (PCR + sorologia) foram negativos para este virus.
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6 PERSPECTIVAS

a)

b)

d)

)

h)

)

Fazer andlise espacial interpolando as relacdes entre caracteristicas
ambientais, fauna de mosquitos e transmissao de febre amarela objetivando
compreender padrdes e modelos de predi¢ao de risco.

Aplicar as estratégias de coleta padronizadas para realizar monitoramento
transversal de populacbes de PNHs em areas chave e com baixa cobertura
vacinal.

Adicionar a recomendacdo de armazenamento de coagulos ao protocolo de
coleta de PNHs padronizado no guia de vigilancia de epizootias editado pelo
Ministério da Saude.

Estabelecer colaboracdo para sequenciamento genémico do P. simium e P.
brasilianum / malariae com vistas a resolver problemas taxondémicos e
filogeograficos.

Realizar ensaios soroldgicos nos PNHs para determinar o histérico de infeccao
por Plasmodium.

Determinar os vetores naturais da maléaria autdéctone zoonética no Rio de
Janeiro.

Avaliar comparativamente a competéncia vetorial de popula¢des do An. cruzii
das vertentes costeira e continental da Serra do Mar aos plasmaédios simianos,
em especial o P. simium.

Investigar o potencial da malaria autoctone zoonoética no Rio de Janeiro se
transformar em endémica, através da avaliagdo da competéncia vetorial de
anofelinos vetores tradicionais da malaria humana no Sudeste (e.g. An.
aguasalis, An. darlingi, An. albitarsis) aos plasmaodios simianos P. simium e P.
brasilianum.

Avaliar a potencial influéncia das mutacdes encontradas genoma do YFV

circulante na epidemia em curso no Sudeste e Sul do Brasil na competéncia
vetorial de mosquitos silvestres e domiciliares.

Esclarecer a relagdo taxonémica entre Hg. janthinomys e Hg. capricornii e 0
envolvimento na transmissao da febre amarela.
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k) Investigar a presenca e diversidade de outros parasitos (ex: Trypanossoma,
helmintos, outros virus) através de técnicas de parasitologia classica e
molecular.

l) Analisar a diversidade genética e evolucdo de subpopulacdes virais intra-
hospedeiro e dentre diversos hospedeiros, vertebrado e invertebrado, através
de deep sequencing dos YFV circulantes no corrente surto.

m) Colaborar com o estudo da taxonomia citogenética e molecular de A. g.
clamitans.

n) Estender a linha de pesquisa a regido Norte de Minas Gerais e vale do
Jequitinhonha, uma regiao historicamente sub estudada.
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APENDICES E/OU ANEXOS

7.1 Anexo | — Artigo: Outbreak of human malaria caused by Plasmodium simium in

the Atlantic Forest in Rio de Janeiro: a molecular epidemiological investigation
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epidemiological investigation

Patricia Brasil*, Mariano Gustavo Zalis*, Anielle de Pina-Costa, Andre Machado Siqueira, Cesare Biance Jdnior, Sidnei Silva,

André Luiz Lisboa Areas, Marcelo Pelajo-Machado, Denise Anete Madureira de Alvarenga, Ana Carolina Faria da Silva Santelli,

Hermano Gomes Albuquerque, Pedro Cravo, Filipe Vieira Santos de Abreu, Cassio Leonel Peterka, Graziela Maria Zanini, Martha Cecilia Sudrez Mutis,
Alcides Pissinatti, Ricardo Lourenco-de-Oliveira, Cristiana Ferreira Alves de Brito, Maria de Fatima Ferreira-da-Cruz, Richard Culleton,

Cldudio Tadeu Daniel-Ribeiro

Summary

Background Malaria was eliminated from southern and southeastern Brazil over 50 years ago. However, an increasing
number of autochthonous episodes attributed to Plasmodium vivax have recently been reported from the Atlantic
Forestregion of Riode Janeiro state. As the P vivax-like non-human primate malaria parasite species Plasmodium simium
is locally enzootic, we performed a molecular epidemiological investigation to determine whether zoonotic malaria
transmission is occurring.

Methods We examined blood samples from patients presenting with signs or symptoms suggestive of malaria as well as
from local howler monkeys by microscopy and PCR. Samples were included from individuals if they had a history of
travel to or resided in areas within the Rio de Janeiro Atlantic Forest, but not if they had malaria prophylaxis, blood
transfusion or tissue or organ transplantation, or had travelled to known malaria endemic areas in the preceding year.
Additionally, we developed a molecular assay based on sequencing of the parasite mitochondrial genome to distinguish
between P vivax and P simium, and applied this assay to 33 cases from outbreaks that occurred in 2015, and 2016.

Findings A total of 49 autochthonous malaria cases were reported in 2015-16. Most patients were male, with a mean
age of 44 years (SD 14-6), and 82% lived in urban areas of Rio de Janeiro state and had visited the Atlantic Forest for
leisure or work-related activities. 33 cases were used for mitochondrial DNA sequencing. The assay was successfully
performed for 28 samples, and all were shown to be P simium, indicative of zoonotic transmission of this species to
human beings in this region. Sequencing of the whole mitochondrial genome of three of these cases showed that
P simium is most closely related to P vivax parasites from South America. The malaria outbreaks in this region were
caused by P simium, previously considered to be a monkey-specific malaria parasite, related to but distinct from
P vivax, and which has never conclusively been shown to infect people before.

Interpretation This unequivocal demonstration of zoonotic transmission, 50 years after the only previous report of
P simium in people, leads to the possibility that this parasite has always infected people in this region, but that it has
been consistently misdiagnosed as P vivax because of an absence of molecular typing techniques. Thorough screening
of local non-human primates and mosquitoes (Anopheline) is required to evaluate the extent of this newly recognised
zoonotic threat to public health and malaria elimination in Brazil.

Funding Fundacio Carlos Chagas Filho de Amparo a Pesquisa do Estado de Rio de Janeiro, The Brazilian National
Council for Scientific and Technological Development (CNPq), JSPS Grant-in-Aid for scientific research, Secretary for
Health Surveillance of the Brazilian Ministry of Health, Global Fund, Fundacao de amparo i pesquisa do estado de
Minas Gerais (Fapemig), and PRONEX Program of the CNPq.

Copyright © The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 4.0
license.

Introduction

Zoonotic malaria occurs when people become infected
with malaria parasite species that more commonly infect
non-human primates. Species such as Plasmodium knowlesi
and Plasmodium cynomolgi, both parasites of macaque
monkeys (Macaca), can infect people via the bites of
infected mosquitoes under natural and experimental
conditions. P knowlesi is responsible for a high proportion
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of human malaria cases in Southeast Asia, mostly affecting
individuals living or working in close contact with forests.!
Zoonotic malaria poses a unique problem for malaria
control efforts and complicates the drive towards eventual
elimination of the disease; because of the nature of its
reservoir and transmission dynamics, the interruption of
its transmission might not be achievable with the available
tools in areas of high forest coverage.
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Research in context

Evidence before this study

Autochthonous malaria infections in people leaving near the
Atlantic Forest in Rio de Janeiro, Brazil, were diagnosed as
Plasmodium vivax, a human malaria parasite. The diagnosis of
Pvivax was on the basis of the morphology of the parasites as
observed through microscopy of thin blood smears stained with
Giemsa’s solution. As malaria was thought to have been
eliminated from this area over 50 years ago, it was uncertain
where and when this malaria parasite pool had emerged.

Cases have been increasing in the past 5 years.

Added value of this study
This study shows that these parasites are, in fact, not P vivax,
but rather P simium, a closely related parasite species whose

Once prevalent throughout the country, malaria
transmission in Brazil now occurs almost entirely within
the northern Amazon region. However, a consistent
number of autochthonous cases have been reported in
southern and southeastern regions of Brazil from where
human malaria was eliminated 50 years ago.” From 2006
to 2016, 1032 autochthonous cases (Ministry of Health
Brazil 2017) were reported at sites scattered along the
mountainous valleys covered by the Atlantic Forest in
these regions. The Atlantic Forest is rich in bromeliads
(Bromeliaceae), which provide a larval habitat for
Anopheles Kertezsia cruzii, a vector of both human and non-
human primate malaria parasites. Most of the malaria
cases reported in the Atlantic Forest have been attributed
to Plasmodium vivax and mainly occur among non-resident
visitors, without any identifiable index case that could have
introduced the parasite from a malaria endemic region.*

It has long been hypothesised that autochthonous
human malaria in the Atlantic Forest could be the result
of infection by non-human primate parasite species.* In
1966, Deane and colleagues* proposed that monkeys
could serve as reservoirs of Plasmodium that could be
transmitted to people by A K cruzii, because this species
is known to bite both monkeys in the forest canopy and
people at ground level.

Two malaria parasite species are known to infect new
world monkeys (Ceboidea) in the Atlantic Forest of
Brazil: Plasmodium simium and Plasmodium brasilianum.®
These are similar at the morphological, genetic, and
immunological levels to P wvivax and Plasmodium
malariae, respectively. P simium has been observed to
naturally infect howler monkeys of the genera
Alouatta and Brachyteles, and capuchin monkeys of the
genera Cebus and Sapajus.” Despite the distribution of the
howler monkeys and capuchins across almost all biomes
in South and Central America, the distribution of
P simium is considered to be limited to the Atlantic Forest
of south and southeastern Brazil.*

Here we describe the parasitological and molecular
analyses of parasites causing autochthonous human
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natural hosts are non-human primates native to the Atlantic
Forest. This diagnosis was made by molecular investigation of
parasite DNA. Genotyping of malaria parasites from monkeys in
this region revealed that the same parasites are infecting both
monkeys and human beings in this area.

Implications of all the available evidence

Our study suggests that malaria transmission in the Atlantic
Forest region of Rio de Janeiro has a zoonotic component, with
parasites shared between human beings and monkeys. The
implications of this finding for malaria control and elimination
in this region are profound, as zoonotic reservoirs of disease are
difficult to target with interventions.

malaria in the Atlantic Forest region of Rio de Janeiro in
2015 and 2016, with the aim of determining whether
zoonotic malaria transmission occurs there.

Methods

Study area, population, and design

Rio de Janeiro state is located in southeast Brazil. It
consists of urban areas with high population densities,
mostly in the coastal lowlands, and mountainous areas
covered by the Atlantic Forest containing small cities and
settlements scattered in the valleys. Localities where
malaria cases have been reported are situated in valleys
between 280 m and 1300 m above sea level *

We performed an epidemiological investigation to
characterise the possible location of infection, by
classifying each episode as autochthonous or imported.
The cases considered here are from patients who
attended the Instituto Nacional de Infectologia Evandro
Chagas (INI), a reference centre for the diagnosis and
treatment of infectious diseases at the Fundago Oswaldo
Cruz (Fiocruz), in Rio de Janeiro, Brazil. Blood samples
from patients with acute fever symptoms were collected
from the Acute Febrile Illness Outpatient Clinic in INL.
The INI-Fiocruz Ethical Board approved the study
(number 0062.0.009.000-11). All participants provided
informed written consent.

Procedures

Individuals were recruited upon presentation of signs or
symptoms suggestive of malaria, a history of travel to or
habitation in areas within the Rio de Janeiro Atlantic
Forest, and a positive test by thick blood smear or PCR,
or both. Individuals were excluded if they had malaria
prophylaxis, blood transfusion or tissue or organ
transplantation, used intravenous drugs, had a
needlestick injury, resided or undertook recreation near
ports or airports, or travelled to known malaria endemic
areas in the preceding year. Following informed consent,
venous blood was drawn for clinical laboratory analyses
and molecular studies. Additional tests, such as blood
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culture, viral serology and G6PD deficiency, were done
for all patients at the attending physician’s discretion.

Diagnosis by microscopy

Giemsa's solution-stained thin and thick blood smears
were examined by bright-field microscopy, with a
100x /1-3 numerical aperture oil immersion objective
lens for species identification and parasite density
estimations. Blood films were examined for a minimum
0f100 fields in the case of the presence of malaria parasites
and 500 fields when no parasites could be detected.
Parasite numbers were recorded per 200 white blood
cells, or 500 white blood cells in the case of low
parasitaemia. To estimate parasite density, a standard
mean white blood cell count of 6000 white blood cells
per pLof blood was assumed. All slides were subsequently
examined by an independent Pan American Health
Organization or WHO accredited malaria microscopist.

DNA extraction and P vivax species-specific PCR

DNA was extracted from whole blood with the QlAamp
midi kit (Qiagen, Hilden, Germany), according to the
manufacturer’s protocol. DNA samples were tested for
P vivax by conventional and real-time PCR (rtPCR), both
using the cysteine proteinase gene (GenBank number
L26362) as a target.” For rtPCR, 2-5 pL of DNA were
added to a 47-5 pL mixture containing the 1x TagMan
Universal PCR Master Mix (Applied Biosystems, Carlsbad,
CA, USA), 300 nM of primer Pvl (5’ATCAACGAGCAG
ATGGAGAAATATA3'), 300 nM of primer Pv5 (5'GCT
CTCGAAATCTTTCTTCGA3'), and 150 nM of PVIV
probe (5° FAM AACTTCAAAATGAATTATCTC MGB
NEQ 3') (Applied Biosystems). Amplification conditions
involved two holds (50°C for 2 min and 95°C for 10 min)
followed by 40 cycles of amplification (95°C for 15 s and
60°C for 1 min). The rtPCR was run at least in duplicate
on the ABI PRISM Sequence Detection System 7500
(Applied Biosystems). The results were analysed using
ABI Prism 7500, software version 1.1 RQ Study. TagMan
RNaseP Control 20x was used as an endogenous reaction
control. To avoid DNA contamination, we used separated
workstations for mix preparation and DNA extraction
and we applied DNA Away for surface decontamination.
Positive (DNA extracted from blood from patients with
known P vivax infection) and negative (no DNA and
DNA extracted from individuals who have never travelled
to malaria-endemic areas) controls were used in each
round of amplification. This PCR does not discriminate
between P vivax and P simium.

Non-human primate samples

DNA was extracted from samples obtained from four
howler monkeys from different sites and times in
southeastern Brazil (MB CPR] from Guapimirim in
December, 2013; R] 30 from Vale das Princesas, Miguel
Pereira on March 21, 2016; R] 59 from Macaé on Sept 22,
2016; and ATCC from Sdo Paulo in 1966).
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DNA extracted from the spleen and liver of one brown
howler monkey (Alouatta guariba clamitans), found dead
in Guapimirim (one of the municipalities where human
malaria occurs in the Atlantic Forest of Rio de Janeiro),
was used for Plasmodium species detection by nested-
PCR." Samples from both organs were positive for
Pvivax or P simium DNA, according to our PCR method.’

DNA was also extracted from the blood of two
A g clamitans; one was captured at Vale das Princesas,
Miguel Pereira (a site where human malaria cases have
also been reported in Rio de Janeiro) in 2016, and tested
positive by PCR analysis for both P vivax or P simium and
Pbrasilianum or P malariae, and the other was from Macaé
(another locality in Rio de Janeiro with human malaria
cases), and was positive for P vivax or P simium.
Additionally, a P simium reference sample (American
Type Culture Collection [ATCC] 30130), derived from a
howler monkey (Alouatta fusca clamitans) captured in Sdo
Paulo, southeast Brazil, in 1966, was also used. The DNA
extracted from these four monkey samples also
underwent mitochondrial genome analysis.

Molecular phylogenetic analysis of P simium infections

Among samples derived from 39 individuals presenting
at INI, 33 were subjected to parasite mitochondrial
genome sequencing (20 from 2015 and 13 from 2016):
30 had partial analysis and three full-length mitochondrial
genome sequencing. Samples from two monkeys
collected from the Atlantic Forest of Rio de Janeiro and
one ATCC P simium reference sample were also subjected
to malaria parasite mitochondrial genome sequencing.

Because of the low amount of high-quality parasite
DNA, full-length mitochondrial genome sequence was
obtained for only four samples (three cases: AF 1, AF 2,
and AF 3 and the ATCC reference sample), following the
method reported by Culleton and colleagues," and was
compared with 794 P vivax mitochondrial genome
sequences and three sequences of P simium (accession
numbers AY800110, NC_007233 and AY722798, all of
which have identical sequences) deposited in Genbank."”
Using these sequences, a median-joining haplotype
network was produced with NETWORK 4.5.0, as
previously described."

The mitochondrial genome of the remaining
30 samples was partially sequenced to distinguish
P simium from P vivax. P simium differs from the most
closely related P vivax isolate at two unique single-
nucleotide polymorphisms (SNPs) in the mitochondrial
genome, at positions 3535 (T—C) and 3869 (A—G),
numbered according to the nucleotide sequences
deposited by Culleton and colleagues.” These two SNPs
are close together, and can be PCR amplified and
sequenced with a single set of primers, or with a nested
PCR if DNA concentrations are low. Primer pairs
for the outer PCR were PsimOUTF 5'CAGGTGGTG
TTTTAATGTTATTATCAG3' and PsimOUTR 5'GCATAG
GTAAGAATGTTAATACAACTCC3',

whereas  inner
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For more on the reference
sample see https:/fwww.atce.

org/~/ps/30130.ashx
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Figure 1: Historical series of autochthonous malaria cases in the state of Rio de Janeiro, Brazil, from
2006 to 2016
Historical series of autochthonous malaria cases from 2006 to 2016. In 2015-16, the number of cases exceeding
the 75th percentile of maximum expected cases increased sharply, configuring an outbreak.
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See Online for appendix

PCR primers were PsimINF 5'GCTGGAGATCCTATT
TTATATCAACS3' and PsimINR 5’ATGTAAACAATCCAA
TAATTGCACC3'.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

Between 2006 and 2014, 43 autochthonous malaria cases
were reported in the Atlantic Forest in the state of
Rio de Janeiro, an average of 4-8 cases per year (SD 2-8),
with an unexpected increase in the number of cases
occurring during outbreaks in 2015 (n=33) and 2016
(n=16; figure 1). In 2015, 25 (76%) of the 33 cases were
followed and processed at Fiocruz. In 2016 (until Oct 31),
14 of 16 (88%) cases were also investigated at Fiocruz,
with a total of 39 (80%) of the 49 cases reported in the
state.

Patients followed up at Fiocruz had a mean age of
44years (SD 14-6) and median age of 50 years (range 7-82;
table). Most patients were male (79%; table) and
inhabitants of urban areas of Rio de Janeiro state (82%),
who visited areas of the Atlantic Forest for leisure or
work-related activities, spending a median of 5 days
(range 1-30) in vegetation-dense areas and its close
surroundings. Transmission occurred either in people
who entered regions of dense vegetation coverage or in
people who lived in rural areas with low-population
density in mountain valleys (figure 2). The presence of
monkeys was regularly reported in the neighbouring
forest by the inhabitants of all areas.

Case clustering occurred only when individuals travelled
together and developed symptoms in the same incubation
period. Fever was the main symptom and was present in
all malaria cases. Periodic tertian fever was observed in 35
cases (90%). No patient was admitted to hospital and all
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40 — Riode Jansiro state made full recoveries with complete cessation of symptoms
35 25thpercentile following treatment. It was the first malaria episode for all
— Median patients and only one patient was G6PD deficient.

30 -+ 7sthpercentie In 37 cases (95%) a diagnosis of P vivax was made by
E 5 microscopy. The highest parasitaemia was 3000 parasites
§ 20 per pL of blood and, in more than 67% of the cases, it
154 was lower than 500 parasites per pL. Two patients had
wd e negative tests for the presence of parasites by microscopy.
5 A PCR for P vivax-species detection, which does not
N | | i i | : i : : . discriminate between P vivax and P simium, suggested

2006 2007 2008 2009 2000 201 2012 2013 2014 2015 2016 | the presence of P vivax in 38 patients (97%).
Vear When compared with P vivax from the malaria

endemic Amazonian regions, parasites from the Atlantic
Forest diagnosed as P vivax were morphologically
different (appendix). Trophozoites were pleomorphic but
less amoeboid than those observed in P vivax (appendix).
They had a large mass of chromatin and a more compact
cytoplasm with malaria pigment (appendix). Usually
stippling was mostly observed in infected cells with late
developmental forms, but erythrocytes containing early
trophozoites were also frequently stippled (figure 3A-F).
Furthermore, developing schizonts contained fewer
merozoites than in P vivax (figure 3G-L). The highest
number of merozoites in mature schizonts was 14
(figure 3M). Gametocytes were round with compact
cytoplasm and marked pigmentation (figure 3N-P).

Non-infected erythrocytes showed marked anisocytosis
and poikilocytosis (figure 3). Poikilocytosis was
represented mainly by acanthocytes, dacrocytes, and
spherocytes, which occurred together on the same
preparations (figure 3).

Analysis of the four usable mitochondrial genome
samples from the 33 human cases used for DNA
sequencing revealed that they shared identical sequences,
and these were in turn identical to the mitochondrial
genome sequence of P simium deposited at Genbank,
which differs from the most closely related isolates of
P vivax by two SNPs. Analysis of 794 fulllength
mitochondrial genome sequences from globally acquired
P vivax samples showed that these SNPs were unique to
P simium. A haplotype network tree (appendix) was
constructed using these sequences, and shows that
P simium is most closely related to the P vivax parasites
of human beings isolated from South America.

On the basis of two informative SNPs that differentiate
P vivax from P simium, we were able to diagnose an
infection of P simium in 28 of 33 samples typed for their
species (table). We were unable to achieve PCR
amplification for the remaining five samples, because of
technical constraints. The same informative SNPs were
found in P simium infecting three local howler monkeys,
MB CPRJ, R} 30, and R J59 (table).

Discussion

The results of our study have important implications for
public health and for the malaria elimination agenda.
To our knowledge, this is the first demonstration of
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P simium naturally infecting human beings in forest
locations in a region considered to have eliminated
transmission of malaria at least 50 years ago. The
sudden increase in malaria cases in the past 2 years in

that area is associated with the Atlantic Forest of
Rio de Janeiro. No major environmental modifications
appear to have occurred that might have modified the
behaviour of Anopheles spp or monkeys during this

Sample  Age Sex Mainactivity  Visitoror Entryinto Timebetween Triadof Highest Parasites  Plasmodium
collection  (years) developed in icl lanti onset of malaria*  axillar density simium
(year) the area Forestarea symptoms temperature (mm’/pl) SNPst
and diagnosis 0
(days)
Hurman samples
AF1 2015 34 Male Photographer  Visitor Yos 1 Yes 3095 920 Yest
AF2 2015 58 Male Engineering Visitor No 12 Yes 386 560 Yest
AF3 2015 50 Male Geologist Visitor s 14 Yes 388 112 Yest
AF 4 2015 27 Male Ecotourism Visitor s 15 Yes 381 1200 Yes
AFS5 2015 26 Male  Ecotourism Visitor Yes 14 Yes 390 B4 Yes
AFG 2015 51 Male Inhabitant Resident  Yes 14 Mo 385 480 Yes
AF7 2015 40 Male  Ecotourism Visitor fes 13 Yes 195 8oo Yes
AF8 2015 52 Male Ecotourism Visitor Yos 10 Yes 39-8 416 Yes
AFG 2015 29 Male  Ecotourism Resident  Yes 6 Yes 380 b4 Yes
AF 10 2015 35 Male Architecture Visitor Yos 16 Yes 390 576 Yes
AF11 2015 52 Fernale Ecotourism Visitor Yos 12 Yes 388 320 Yes
AF12 2015 48 Male Inhabitant Visitor Mo 9 Yes MA 208 Yes
AF13 2015 52 Male  Forestal Garden  Resident  Yes 12 Yes 400 624 Yes
AF 14 2015 26 Male Ecotourism Visitor Yos 13 Yes 400 128 Mot
determined§
AF 15 2015 44 Male Ecotourism Visitor s 39 Yes 390 1296 Yes
AF16 2015 59 Male  Ecotourism Visitor  Yes 20 Yes 400 136 Yes
AF17 2015 54 Male  Ecotourism Visitor es 6 Yes 39-8 96 Not
determined§
AF18 2015 39 Male Ecotourism Visitor Yos 3 Mo 380 112 Yes
AF19 2015 56 Male Ecotourism Visitor Yos 16 Yes 390 480 Yes
AF20 2015 22 Male  Engineering Visitor No NA Mo 395 1] Not
determined§
AF21 2016 82 Female Tourism Visitor No 13 Yes NA 3000 Yes
AF 22 2016 40 Male Ecotourism Resident  Yes 10 Yes 390 48 Yes
AF 23 2016 35 Female Inhabitant Resident No 12 Yes 390 Negative  Yes
AF 24 2016 50 Male Ecotourism Visitor s 14 Yes MNA 80 Yes
AF25 2016 26 Male  Ecotourism Visitor Yog g Yes 385 672 Yo
AF 26 2016 55 Male Ecotourism Visitor s 14 Mo 390 1160 Yes
AF27 2016 54 Female Ecotourism Visitor Yes 18 Yes 400 2600 Yes
AF 28 2016 54 Male Ecotourism Visitor s 3 Mo 385 592 Yes
AF 29 2016 51 Fernale Ecotourism Resident  Yes 1 Yes 380 416 Mot
determined§
AF 30 2016 52 Male Ecotourism Visitor Yos 16 Yes 419 384 Yes
AF 31 2016 54 Female Ecotourism Visitor s 10 Yes MA 80 Yes
AF 32 2016 72 Female Ecotourism Visitor Yos 13 Yes 390 704 Yes
AF 33 2016 53 Male Ecotourism Visitor Yos MNA Yes MNA 144 Not
determined§
AF 34 2015 39 Fernale Ecotourism Visitor Yos 13 Mo MNA 48 Not done
AF 35 2015 7 Male  Tourism Visitor No 12 Yes 397 48 Not done
AF36 2015 47 Male  Ecotourism Visitor es 18 Mo 385 122 Not done
AF 37 2015 53 Male Ecotourism Visitor Yos 21 Yes 397 1] Mot done
AF38 2015 22 Male  Gardener Resident  Yes 9 Yes NA MNegative  Notdone
AF 39 2016 42 Male Ecotourism Visitor s 20 Yes 390 56 Mot done
(Table continues on next page)
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Sample  Age  Sex Main activity ~ Visitoror Entryinto  Timebetween Triadof Highest Parasites  Plasmodium

collection (years) developedin  resident  Atlantic onset of malaria®  axillar density simium
(year) the area Forestarea symptoms temperature (mm’'ful) SNPst
and diagnosis Q)
(days)
(Table continued from previous page)
Non-human primates
ATCC 1966 - - - - - - - - “ Yest
30130
MEB 2013 Yes
CPR)
RI30 2016 Yes
RI59 2016 Yes
SNP=single-nucleotide polymorphisms. NA=not available. ATCC=American Type Culture Collection. *Fever, chills or rigors, and sweating. 1SNPs identified by partial
mitochondrial uencing. $5NPs identified by whole mitochondrial quencing. §Unable to achieve PCR amplification because of technical constraints.
Table: Clinical, epidemiological, and parasitological characteristics of studied samples and identification of Pl dium simium SNPs through whol
partial mitochondrial g ] ing
& 1 1
Malaria cases (2015-16) 2000 W 200" W

- o @ @
@ Monkeys found infected
[ Rio de Janeiro state

I Atlantic Forest
[ Rio de Janeiro munincipality ’

Rio de Janeiro
state

Espirito Santo state

Figure 2: Map of the Rio de Janeiro state, Brazil, showing the Atlantic Forest and indicating where human malaria cases of simian origin and monkeys infected

with Plasmodium simium have been detected

Human cases are represented by red spots of different sizes (symbaolising one to eight cases), and the three captured, infected, wild howler monkeys are shown as blue
spots. The extension of the area covered by the Atlantic Forest vegetation is indicated in green. All cases were reported in forest fragments located in Serra do Mar,

and monkeys carrying P simium were found in the vicinity of each area. The municipality of Rio de Janeiro, delimitated with the red bold line, is free of malaria transmission.

time. However, the recent rise of ecotourism and the so- urbanisation, most of Brazil remains forested, with
called back to nature movement might increase the many human populations living in close contact with

opportunities for vector sharing between monkeys and  forests. The 2017 outbreak of sylvatic yellow fever in
human beings in this region. Despite increasing southeastern Brazil, a well established zoonosis that
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Figure 3: Giemsa's soluti ined preparations of blood samples from h being lly infected with Pl dium simium in Rio de Janeiro state, Brazil
All preparations are thin blood films, except A (thick blood smear). (A) Early trophozoite. (B~F) Pl phic developing troph (G-L1) hizont
(M) Mature schizont. (N-P) Gametocytes.

affected at least five Brazilian states, should raise environmental and demographic characteristics in
concern for the possibility of the extension of occurrence  which both infections occur® Further research is
of zoonotic malaria, because of the resemblance of the needed to elucidate these aspects.
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P simium, a tertian malaria parasite found in New
World non-human primates was first identified in 1951
in a monkey from the state of S3o Paulo and appears to
be restricted to the Atlantic Forest regions of southern
and southeastern Brazil.*®® Fonseca (1951)," Garnham
(1966),” and Deane and colleagues (1966)* highlighted
the morphological differences between P vivax and
P simium; the trophozoites of P simium being less
amoeboid and with coarser and more precocious and
very prominent Schiiffner's dots than P vivax. Garnham
(1966)* reported that the detection of stippling in
P simium early parasitised cells depends on the staining
procedures. These morphological characteristics of
P simium are consistent with those described here for the
infections of human beings from the Atlantic Forest.

Although the initial diagnoses for these infections was
P vivax, molecular evidence has revealed that these
parasites are P simium. This misdiagnosis of a zoonotic
non-human primate malaria parasite as a human
parasite species has precedent and parallels the discovery
of the large focus of P knowlesi in Borneo, which was
initially attributed to P malarige on the basis of
morphological characteristics.”

Despite the apparent genetic similarity of P simium to
P vivax, attempts at inducing infections of P simium in
human beings under laboratory conditions have been
unsuccessful.* In 1966, however, Deane and colleagues*
described the infection of a man with a P vivax-like
parasite that they considered to be P simium on the basis
of morphological characteristics of the parasite and
because infection had occurred in a forest reserve outside
Sd0 Paulo, where P simium was known to be transmitted.
This infection remains the only previous case report of a
possible human infection with P simium.

The clinical and parasitological features of our cases
reveal that the pyrogenic threshold of P simium infection
is considerably low. Whether this low fever threshold is
related to the naive status of the individuals or specific
parasitic-associated characteristics (eg, GC-content and
other inflammatory factors) are yet to be better
investigated.®*

Patients who were naturally infected with P simium
reported clinical symptoms congruent to symptoms of
P vivax malaria, and responded successfully to
chloroquine and primaquine, with no hospital
admission, relapses, or deaths. It is not known whether
P simium is capable of producing hypnozoites in
human beings and, thus, relapses, as does P vivax.
However, one patient (AF 3) who was treated solely
with chloroquine because of G6PD deficiency and one
other patient (AF 21) who discontinued primaquine
treatment due to adverse events did not present any
symptomatic relapse and were always negative for
Plasmodium in all parasitological and molecular tests
done during 18 months’ follow-up. Further studies will
be required to establish if P simium is capable of
producing hypnozoites.
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Whether this parasite can be transmitted from person
to person is not known. All patients who presented with
disease had entered the forest or visited the forest
surroundings inhabited by howler monkeys, the main
host of P simium. Case clustering occurred only when
patients had entered such regions together, and in these
cases the same time to onset of disease symptoms was
observed. Although gametocytes were detected in blood
smears of P simium-infected individuals in the present
study, the infectivity of human infections of P simium
mosquitoes is yet to be determined. Vector competence
of primatophilic mosquitoes other than A K cruzii for
P simium has not been studied and is a subject that needs
to be urgently addressed.

Thorough screening of a large number of the local non-
human primate and mosquito (Anopheline) populations
in this area is required to evaluate the extent of this newly
recognised zoonotic threat to public health. Moreover,
one limitation of this study is the inclusion of samples
from only one state covered by the Atlantic Forest. The
analysis of both human and non-human primate samples
from other areas that have been collected at different
times will clarify whether the SNPs used to distinguish
P vivax from P simium are specific to this region and this
specific imeframe. However, the ATCC monkey sample
was collected in a different region and time (50 years
before) and it contains the same P simium-specific SNPs
observed in the Rio de Janeiro Atlantic Forest. The small
number of sequences from P simium hampers further
analysis, and precludes drawing any conclusions
regarding the evolution, natural history, and species
status of this parasite.

This unequivocal demonstration of zoonotic
P simium transmission leads to the possibility that this
parasite, consistently misdiagnosed as P vivax because
of an absence of molecular typing techniques, has
always infected human beings in this region.
Alternatively, it might be the case that P simium has
only recently acquired the ability to frequently infect
human beings, and this scenario has extremely
important implications in terms of parasite-host
relationships and evolution.

In summary, we report that the malaria outbreaks in
2015 and 2016 in the Atlantic Forest of southeastern
Brazil were caused by P simium, previously considered
to be a monkey-specific species of malaria parasite that
is related to but distinct from P vivax, and which has
never conclusively been shown to infect human beings
before. Such zoonotic transmission of a malaria parasite
from a monkey reservoir to human beings has
immediate consequences for public health in this
region, and for future attempts to control and eventually
eliminate malaria in Brazil. Thorough screening of the
local non-human primate and mosquito (Anopheline)
populations in this area is required to evaluate the
extent of this newly recognised zoonotic threat to public

health.
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7.2 Anexo Il - Artigo: An assay for the identification of Plasmodium simium infection

for diagnosis of zoonotic malaria in the Brazilian Atlantic Forest
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Plasmodium simium infection for
diagnosis of zoonotic malaria in the
Brazilian Atlantic Forest
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Zoonotic malaria poses a unique problem for malaria control. Autochthonous cases of human malaria
in the Atlantic Forest have recently been attributed to Plasmodium simium, a parasite that commonly
infects non-human primates in this Brazilian biome. However, due to its close similarity at both the
morphological and molecular level to Plasmodium vivax, the diagnosis of P. simium in this region
remains problematic. Therefore, a diagnostic assay able to accurately identify P. simium is important
for malaria surveillance. Based on mitochondrial genome sequences, primers were designed to amplify
aregion containing a SNP specific to P. simium. This region can then be digested with the restriction
enzyme HpyCH4lII, which results in digestion of P. simium sequences, but not of any other malaria
parasite. Fifty-two human and monkey blood samples from different regions and infected with different
Plasmodium species were used to validate this protocol. This easy and inexpensive tool can be used for
the diagnosis of P. simium in non-human primates and human infections from the Atlantic Forest region
to monitor zoonotic malaria transmission in Brazil.

Zoonotic malaria constitutes a major challenge to malaria elimination. Until recently, it was thought that there
were four species of malaria parasite responsible for disease in humans; Plasmodium falciparum, Plasmodium
vivax, Plasmodium malariae and Plasmodium ovale. However, recent studies in Southeast Asia have demon-
strated the widespread zoonotic transmission of Plasmodium knowlesi, a species previously thought to be con-
fined to macaques’. These findings led to the recognition of B knowlesi as a fifth human malaria parasite and
demonstrated the zoonotic potential of non-human primate (NHP) malaria in sylvatic settings**. In addition to
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P, knowlesi, there are other Plasmodium species that infect NHPs and can also be transmitted to humans, such as
Plasmodium cynomolgi in Asia and Plasmodium brasilianum and Plasmodium simium in the Americas>*.

Malaria transmission in Brazil occurs almost entirely within the Amazon region®. However, there are a con-
sistent number of autochthonous cases reported in Southern and Southeastern Brazil, predominantly in areas
under influence of the Atlantic Forest. From 2006 to 2016, 1047 autochthonous cases were reported in these
areas®'!. Most of these episodes are attributed to P. vivax and essentially affect non-resident visitors''. These areas
are particularly rich in bromeliads, which provide a highly suitable habitat for Kerfeszia mosquito species, espe-
cially Anopheles Kerteszia cruzii and Anopheles Kerteszia bellator'?-'%. These mosquitoes are the primary vectors
of the called “bromeliad malaria”'*'*-'7. These species may bite humans and non-human primates (NHPs) with
similar frequencies, depending on the area and environmental/climatic situation'®'*-*°. Based on this, zoonotic
transmission has been hypothesized in these areas, with NHPs acting as a reservoir of Plasmodium species capa-
ble of infecting humans®. There are two species of malaria parasites infecting non-human primates in this region;
Plasmodium simium, a tertian malaria and Plasmodium brasilianum, a quartan malaria. Plasmodium simium natu-
rally infects primates of the Atelidae and Cebidae families, genera Alouatta (howler monkeys), Brachyteles (wooly
spider monkeys), Cebus and Sapajus (capuchin monkeys) in South and Southeastern Brazil®"*. Plasmodium
brasilianum has been detected in nearly 50 NHPs species belonging to 13 genera distributed from Panama to the
South of Brazil*#,

Plasmodium simium is highly similar at the morphological, genetic and immunological levels to P. vivax, the
most prevalent human malaria parasite in Brazil’*>*, Due to this, human malaria in the Atlantic Forest has
previously been misdiagnosed as P. vivax, either by microscopy or through molecular diagnosis based on PCR of
the 18S rRNA gene. However, recently, a study in the Rio de Janeiro Atlantic Forest described morphological and
genetic differences (based on mitochondrial genome sequencing) between these two species, and incriminated P
simium as the causative agent of the great majority of human malaria cases in the region?. This observation was
confirmed by other authors analyzing different Brazilian states under the influence of the same biome***”.

As morphological discrimination is highly dependent on the subjective consideration of very well-trained
microscopists, we have developed a new methodology able to identify P. simium samples using nested PCR fol-
lowed by enzyme digestion without the need for nucleotide sequencing. This methodology relies on the fact that
all known P. simium mitochondrial genome sequences (derived from infection of NHPs from Atlantic forest)
differ from the most closely related P. vivax sequences (derived from infection of humans) by two unique single
nucleotide polymorphisms (SNPs). This protocol can be used for the screening of the local NHPs and humans
malaria cases during surveillance of zoonotic malaria transmission in the Brazilian Atlantic Forest.

Methods

Non-human primate samples from the Atlantic Forest. Sixteen P. simium and two P. brasilianum
infected whole blood samples were obtained from captive and free-living NHPs from the Brazilian Atlantic Forest
of Rio de Janeiro and Santa Catarina States (Additional file 1)***%, Animals used in this study were captive pri-
mates from the Primate Centre of Rio de Janeiro (CPR]) (n=2) and from Biological Research Centre of Indaial
(CEPESBI) (n=7) and free living NHPs from Santa Catarina State (n=6) and Rio de Janeiro State (n=1). The
CPR]J (Brazilian Institute of Environment and Renewable Natural Resources-IBAMA, register number 458460) is
a unit for wild monkey protection. It is geographically located between latitude 22°7’ and 22°32' § and longitude
42°50" and 42°56’ W in the municipality of Guapimirim (one of the municipalities where human malaria occurs
in the Rio de Janeiro Atlantic Forest), on the Serra dos Orgdos slopes, in an area of the Atlantic Forest, about
100km from the city of Rio de Janeiro. Serra dos Orgaos is part of the Serra do Mar, a large coastal mountain
chain in southeast Brazil. As the handling of NHPs was exclusively performed by CPR] technicians, the Fiocruz
Animal Ethics Committee agreed to the protocol for sample collection. Captive Southern brown howler monkeys
(Alouatta guariba clamitans) from CEPESBI (Indaial, SC) (IBAMA register number 197351) were also included?’.
Free-living NHPs from the Atlantic Forest in Joinville municipality, in Santa Catarina State in southern Brazil,
were obtained from a behavioral study of Alouatta g. clamitans in the Brown Howler monkeys conservation
program (Perini Business Park). The Brazilian government authorized this study and the access to and transport
of biological samples through Biodiversity Information and Authorization System (SISBIO) no. 43375-4/2015.
P, simium DNA extracted from the spleen and liver of a single Alouatta g. clamitans found dead in Guapimirim
was used as positive control in the PCR because it was previously sequenced by us®. Capture, handling and blood
sampling of free living primate in Rio de Janeiro State were approved by the SISBIO licenses 54707-137362-2 and
52472-1, and INEA license 012/2016012/2016) and the Institutional Ethics Committee of animal use (CEUA
license L037/2016). All experiments were performed according to relevant guidelines and regulations.

Human DNA samples from the Atlantic Forest. Whole blood samples from patients with symptoms
suggestive of malaria were used for DNA extraction. Patients were selected based on history of travel to or habi-
tation in areas within the Atlantic Forest and a positive test by thick blood smear or PCR. The following exclusion
criteria were applied: malaria prophylaxis, previous history of malaria, blood transfusion or tissue/organ trans-
plantation, use of intravenous drugs, needle stick injury, residence or recreation near ports or airports or travel
to known malaria endemic areas in the preceding year. Cases considered here are from patients who attended the
Acute Febrile Illnesses Unit of the Instituto Nacional de Infectologia Evandro Chagas, which integrates the Center
for Malaria Research, Diagnosis and Training of Fiocruz, a reference center for malaria in the Extra-Amazonian
Region for the Ministry of Health. Patients’ blood samples from Atlantic Forest area diagnosed as positive for P
vivax by optical microscopy or PCR™ were included here (Additional file 2).
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DNA extraction. DNA was extracted from whole blood using the QIAGEN Kit (PUREGENE®, Gentra
Systems, Minneapolis, USA) according to the manufacturer’s protocol. The DNA was diluted in 30l of TE Buffer
and stored at —20°C until used in the experiments.

Human DNA samples from Amazon region. Samples of three Plasmodium species from patients pre-
viously diagnosed by microscopy and nested PCR* were utilized to test the specificity of the novel P. simium
primers: 2 P falciparum, 15 P vivax and 2 P. malariae, besides 2 malaria negative samples (Additional file 2). The
P, vivax DNA samples selected for use in this study were from different parts of Amazon (Amazonas, Rondonia,
Para and Acre states of Brazil, Venezuela, French Guiana and Guyana) and were stored at the biorepository of
Laboratory of Malaria at IRR.

Ethical clearance for human samples. The Ethics and Research Committee of INI-IPEC and Fiocruz
Ethical Committee in Research approved the study (No. 0062.0.009.000-11). The methods used for human DNA
collection were performed according to relevant guidelines and regulations. All participants and/or their legal
guardians provided written informed consent.

Nested PCR and RFLP. Primer pairs for the nested PCR are: first reaction - PsimOUTF 5'CA
GGTGGTGTTTTAATGTTATTATCAGS3 (forward) and PsimINR 5’ ATGTAAACAATCCAATAATTGCACC3
(reverse); and second reaction - PsimEDF 5’ ATCCTACATTTGCTGGAGATCCTA3' (forward) and PsimEDR
5'GCTCTTGTATCTACTTCTAAACCTGTAGS' (reverse). The first reaction was performed in 20 pL volumes
containing 0.5 pM of each oligonucleotide primer, 2puL DNA, 0.2 pL Tag DNA Polymerase (Invitrogen, 5U/uL),
0.2mM each deoxyribonucleotide triphosphates and 1.5mM MgCl,. The PCR assays were performed in a ther-
mocycler (Veriti 96 wells, Applied Biosystems) with the following cycling parameters: an initial denaturation at
94°C for 2 min followed by 40 cycles of denaturation at 94°C for 30 sec, annealing at 54 °C for 20 sec and extension
at 72°C for 30 sec followed by a final extension incubation at 72 °C for 2 min. The temperature was then reduced
to 4 °C until the samples were taken. For the second PCR 1-3 L of the primary product was used as template. The
cycling parameters for the second round of PCR were the same as the first round. The amplified fragments were
visualized by electrophoresis on 2% agarose gels in 1x TAE buffer (40 mM Tris-acetate, ] mM EDTA) with 5 g/
mL ethidium bromide (Invitrogen) in a horizontal system (Bio-Rad) at 100V for 30 min. Gels were examined
with a UV transilluminator (UVP - Bio-Doc System it).

To prevent cross-contamination, the DNA extraction and mix preparation were performed in “parasite
DNA-free rooms” distinct from each other. Furthermore, each of these separate areas has different sets of pipettes
and all procedures were performed using plugged pipette tips. DNA extraction was performed twice on different
days. Positive (DNA extracted from blood from patients with known P. vivax infection) and negative (no DNA
and DNA extracted from individuals who have never traveled to malaria-endemic areas) controls were used in
each round of amplification. The sources of genomic DNA samples that served as positive controls in the nested
PCR assays are: i) P. falciparum DNA, strain 3D7 maintained in Malaria Laboratory (IRR-Fiocruz MINAS);
(ii) DNA of extracted from the blood of a patient with high parasitemia for P. vivax and DNA of P. simium of a
non-human primate with an acute infection and parasitemia confirmed by optical microscopy; (iii) DNA of P
brasilianum from the MR4 (ATCC, USA).

Following amplification (verified by agarose gel electrophoresis), PCR products were digested with the restric-
tion enzyme HpyCHAIII (New England biolabs, Ipswich, MA, USA). The restriction enzyme profile was iden-
tified using NEBcutter®. The digestion was performed in 10 L containing 0.5 L of the enzyme (5U/pL), 1pL
of the enzyme’s buffer and 5pL of PCR product (2-7 pL according to the intensity of PCR products on aga-
rose gels). The digestion was incubated at 37 °C for 3 hours. All digestion reaction and the equivalent amount of
non-digested DNA were visualized in electrophoresis on 3% agarose gel and examined under a UV transillumi-
nator. Electrophoresis was performed in a room specific for amplified DNA, with appropriated sets of pipettes and
plugged pipettes tips. For some samples, it was necessary to modify the amount of DNA in the PCR, PCR product
in the second reaction or PCR product used in the digestion.

Limits of detection of PCR amplification. The analytical sensitivity of the assay was determined using
a well-quantified parasitemia of P. simium obtained from a patient infected in the Atlantic Forest. The percent
parasitemia was determined by Giemsa’s solution-stained blood smears. To estimate parasite density per L of
blood, a standard mean WBC count of 6,000/uL blood was assumed. All slides were subsequently examined by an
independent malaria microscopist qualified by the PAHO/WHO malaria accreditation course.

The resulting parasitemia was determined to be nearly 100 parasites/pL in this patient. DNA was extracted using
300pL of blood sample. This standard DNA sample was then serial diluted two-fold to 1.65 parasites/pL. These
diluted DNA samples were used to test the limits of detection of the novel P. simium primers set described here.

DNA Sequencing. 1-2pL of PCR products were amplified using 5 pM of forward or reverse
species-specific primer (PsimEDF or PsimEDR), 0.51L of BigDye terminator and 1 1L of BigDye Buffer (Applied
Biosystems) for DNA sequencing. In addition, PCR products were sequenced using the primers PsimINF 5
GCTGGAGATCCTATTTTATATCAAC 3’ (forward) or PsimINR 5’ ATGTAAACAATCCAATAATTGCACC 3’
(reverse), with the same PCR conditions, resulting in sequences that covered both SNPs we consider diagnostic
of P. simium. The following cycling parameters were used in both situations: 96 °C for 1 min, 35 cycles of 96°C
for 15 sec, followed by the temperature of primer annealing (54°C) for 15sec and 60 °C for 4 min. The fragments
were precipitated using ammonium acetate, suspended in formamide HI-DI (Applied Biosystems) and electro-
phoretically separated in ABI 3730 DNA automatic sequencer. Sequences were aligned using ClustalW software
in Bioedit package® and Chromas software™.
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Figure 1. Differential Diagnosis of Plasmodium simium infection by nested/PCR followed by a digestion with
HpyCHAIII restriction enzyme of 16 non-human primate samples: (A) 2 captive NHP from Rio de Janeiro/R]
(Sapajus xanthosternos 2098; Cacajao melanocephalus 2302), one free-living Alouatta g. clamitans from Rio de
Janeiro State (3636) and 6 free-living Alouatta g. clamitans from Joinville/SC, Brazil (]9, J11,J15,]20, ]22,]25);
(B) 7 Alouatta g. clamitans from CEPESBI, Indaial, SC, Brazil (BI3, Bl6, B110, BI28, Bl61, Bl64, Bl69), *Captive
NHPs, all the other were free-living. More details about each sample see Additional file 1. 3% agarose gel stained
with ethidium bromide. MM:1 kb Plus Ladder (ThermoFischer). Reactions were performed simultaneously in
the same thermocycler and splited in different gels. PC Pv: Positive Control for P. vivax, PC Ps: positive control
for P simium. NC: Negative Control (without DNA).

Results

Plasmodium simium primer design. Plasmodium simium whole mitochondrial genome sequence
(accession numbers AY800110, NC_007233 and AY722798, all of which have identical sequences) was com-
pared with 794 P. vivax mitochondrial genome sequences deposited in Genbank?. Plasmodium simium differs
from the most closely related P. vivax at two unique single nucleotide polymorphisms (SNPs) in the mito-
chondrial genome, at positions 3535 (T>C) and 3869 (A>G) according to the nucleotide numbering system
employed in Brasil et al.”’. Restriction enzyme profiling of the fragment containing these two polymorphisms
was performed using NEBcutter. Restriction enzyme HpyCHA4III recognizes the site ACNGT which includes
one of the two P. simium specific SNPs. The “T” in P, vivax, as well in all other Plasmodium species tested, is sub-
stituted by a “C” in P. simium (position 3535). This polymorphism adds a new restriction site for HpyCHA4IIIL.
Based in the alignment of this region, primers were manually designed for a nested PCR to increase the sen-
sitivity according to the expected low parasitemia. Primer candidates were screened for GC-content, melting
temperature, secondary structure, and primer-dimer forming potential. The best pairs were selected with an
amplified region of 244 bp, the P. simium type of which being digested by HpyCHA4III to two bands, one 118 bp
and the other 126 bp.

Standardization of Nested/PCR-RFLP. In order to optimize the Nested/PCR, different annealing tem-
peratures from 45°C to 60 °C were tested. Primer concentrations from 0.5mM to 1.0 mM were evaluated at
1.5mM MgCl, concentration (data not shown). Optimal amplification was obtained with the use of 54°C anneal-
ing temperature, with 0.5 mM of primer. Amplified products (verified in agarose gel) were digested using the
restriction enzyme HpyCHA4III.

Differential diagnosis of P. simium using Nested/PCR — RFLP. Samples from NHPs infected by P
simium were analyzed using the standardized protocol. Captive and free living NHPs were from 3 different areas
and samples were collected at different times (additional file 1). All 16 samples showed the digestion profile char-
acteristic of P. simium (Fig. 1). Also, 8 from 9 humans infected in the Atlantic Forest showed this profile (Fig. 2).
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Figure 2. Differential diagnosis of Plasmodium simium infection by nested/PCR followed by a digestion with
HpyCHAIII restriction enzyme of 9 infected human samples from Atlantic Forest in Rio de Janeiro/R] (H2 -
H9) and one from Amazon endemic region (H1) according to Additional file 1. 3% agarose gel stained with
ethidium bromide. MM:1 kb Plus Ladder (ThermoFischer, Calrsbad, CA, USA). Reactions were performed
simultaneously in the same thermocycler and splited in different gels.D: Digested; ND: Non Digested. PC Pv:
Positive Control for P. vivax, PC Ps: positive control for P. simium. NC: Negative Control (without DNA).

Plasmodium vivax from different areas of Amazon showed the profile of absence of digestion (Fig. 3). To con-
firm that the absence of digestion was not due to low levels of DNA, increased amounts of PCR product from
three Pvivax-infected patients were used in the digestion with no digestion observed (supplementary Fig. S1).
Similarly, DNA from other Plasmodium species (P. falciparum, P. brasilianum/P.malariae) were amplified by
PCR but were not digested by HpyCHAIII (Fig. 4A and B). DNA extracted from the blood of uninfected humans,
uninfected non-human primate and non-DNA solutions were included as negative controls in Nested/PCR
(Fig. 4C).

Sequencing of PCR products.  Products of Nested/PCR were sequenced. Sequences obtained were aligned
with sequences available at GenBank (Fig. 5). The P. simium specific SNP was confirmed in the majority of
Atlantic Forest samples, including all NHPs and 8 out 9 of human-derived samples. In addition, all samples were
subjected to PCR and sequencing of a larger product that included both potentially diagnostic SNPs. All samples
that contained the 3535 (T>C) SNP also carried the 3869 (A>G) SNP, and no hybrids carrying one or the other
SNP in isolation were observed (Fig. S2).
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Figure 3. Nested/PCR-RFLP of P. vivax DNA samples. 15 DNA samples from P. vivax infected individuals
from different parts of Amazon: Porto Velho/Rondénia State, Brazil (PvPV/RO1 and 2), Guyana (PvGuy),
Ariquemes/Rondonia State, Brazil (PvAri/RO), Venezuela (PvVen), French Guiana (PvFrGui), Novo progresso/
Para State, Brazil (PvNP/PA), Rio Pardo/Amazonas State, Brazil (PvRP/AM]1, 2 and 3), Humaita/Amazonas
State, Brazil (PvHu/Aml, 2, 3 and 4) and unknown city in Amazonas State, Brazil (PvAM) were used for Nested
PCR amplification followed by digestion with HpyCH4III restriction enzyme. 3% Agarose gel stained with
ethidium bromide. Name tags above gels indicated the patients according to Additional file 2. Reactions were
performed simultaneously in the same thermocycler and splited in different gels. MM: 1kb Plus Ladder. D:
Digested (8 1L of digestion); ND: Non Digested (the equivalent amount of PCR product used in the digestion,
6.5pL of samples and 5pL of controls); PC Pv: positive control of P vivax (pool of samples from infected patient
from Amazonia); PC Ps: positive control of P simium (Alouatta g. clamitans infected with P. simium previously
sequenced®®); NC: negative Control.

Limits of detection of the Nested PCR.  Limits of detection of the Nested-PCR as were tested with P
simium DNA extracted from an infected human serially diluted two-fold with a starting parasitemia of 100 par-
asites/pL to 1.65 parasites/j.L. The novel Nested PCR assay was able to detect down to 3.12 parasites/L (Fig. 6).

Discussion

Zoonotic transmission of Plasmodium spp. complicates the control of malaria as NHPs can act as reservoirs. The
process of urban expansion potentially increases contact between free-living NHPs and humans, as towns and
cities encroach on previously untouched forested areas. There is a large human population worldwide currently
living in the close vicinity of forests where many different species of NHPs potentially carry Plasmodium spp.

Neotropical Platyrrhine primates are distributed from Mexico to Argentina. To date, P. simium has been
described only in the Atlantic Forest of South and Southeastern Brazil. However, it is possible that this species
might also be prevalent in other biomes in South America, and that its zoonotic transmission could be a much
larger problem than currently recognized. Herein we described an inexpensive tool for the discrimination of P
vivax from the agent we currently consider to be P. simium.

Only two unique single nucleotide polymorphisms (3535T>C and 3869 A>>G) in the whole mitochondrial
genome sequence differentiate P. simium from P. vivax*’*%. All 16-monkey samples from 3 different areas of
Brazilian Atlantic Forest show both these polymorphisms. Up to now, there has not been a single case of a parasite
detected in a NHP in Brazil which did not harbor the P. simium version of these SNPs. Every single P. vivax-like
parasite found in New World NHPs carries it, including the ‘type’ P. simium strain deposited at the US Centers for
Disease Control and Prevention (CDC) repositories™.

Buery and colleagues have recently reported the presence of the two P. simium SNPs in one monkey sam-
ple and in 17 of 22 human infections from the Atlantic Forest area® Two out of the 22 infections carried P
vivax versions of the SNPs at both loci. It is possible that these latter cases are due to imported P. vivax from
Amazonia. However, they also found 3 of the 22 Atlantic Forest-human samples harbouring only one of the P.
simium-specific SNPs that have not previously been observed in isolation. It is possible that these latter samples
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Figure 4. Nested/PCR-RFLP of (A) Plasmodium falciparum samples, two patients from Para State (Pf - PA) and
Acre State (Pf — AC) and Pf3D7 culture (diluted 1:100); (B) Plasmodium brasilianum/Plasmodium malariae,
two NHPs (Pbr 2434 and Pbr 2620), two patients (Pm P3 and Pm 111) and Plasmodium brasilianum from MR4
(diluted 1:100 in water); (C) Negative controls of PCR: two uninfected humans (UH - 1 and 2), one uninfected
NHP (UNHP), and negative control of PCR (NC - without DNA). Reactions were performed simultaneously in
the same thermocycler and splited in different agarose gels. 3% Agarose gelstained with ethidium bromide. MM:
1kb Plus Ladder. D: Digested; ND: Non Digested.

are the result of mixed infections (P. vivax and P. simium) or are P. vivax variants that do not infect NHPs (as
these haplotypes have never been observed in NHPs). It is unlikely that these infections were caused by P. simium
variants because of the low genetic variability of this parasite?”?*%, Espirito Santo State has a history of intense
migration to Amazon area, where P, vivax is endemic”, and it may be expected that both parasites circulate in this
area due to the presence of different anopheline species®. However any firm conclusions concerning the origins
and relatedness of parasites in this study are hampered by the small number of samples collected from NHPs
(n=1), and differing times and locations of collection of samples.

It is possible that “P. simium” infecting NHPs in Brazil is, in fact, a variant strain of the human parasite P
vivax, and does not constitute a separate species based on a strict biological definition. It is possible that what
we now consider to be P. simium and P. vivax are actually one and the same species, variants of which circulate
freely between humans and NHPs in the Atlantic Forest when vectors and ecology allow. It will only be possi-
ble to conclusively address this issue with thorough surveillance of parasites from NHPs, and whole genome
sequencing data. However, whether we consider P. simium a separate species, a sub-species or a strain of P. vivax
does not alter the epidemiology and public health consequences of a monkey harbored parasite that is able to
infect humans.

The P. simium specific SNP that forms the basis of our diagnostic method is carried by all parasites isolated
from NHPs so far. It was also observed in the majority (8 out 9) of Atlantic Forest human samples. The other
human case was a P vivax infection that might be due to an undetected index case from Amazon area. No other
Plasmodium strain or species has this polymorphism, as show in Fig. 5. We can be reasonably certain, in the
absence of evidence to the contrary, that this SNP is exclusive to P. simium, and can be used to distinguish this

| (2018) 8:86 | DOI:10.1038/541598-017-18216-x

209



PainiunrA¥22799 .1 T 1
Paimiun-A¥E00110.1 TTGGTaT: TTTAGA
2008 v T TATGTATACTACAGGTTTAGA
230z T TATCTACRAK TTTAGA
3836 TTGGTGTT x TTTRGA
a8 T
I TTEGTGTTATTAGE 0 ACEGTHGANGTTTAT ICTATGATITT. TGTATTGCTATATT) T TITAGA
a1s T T TATATT: T
20 TACAGOTTTAGA
g22 T .
J25 T TATCTACAAA T T T T ACAGGTTTAGA
a110 TTEGTaT: ATCTATGAT 1T
128 v T TATGTATACTACAGGTTTAGA
813 TTGGTGTTATTAGT - [reraTpEAAGT TTAT TETATGATITT. AT TGTATACT TTTRGA
518 1T6GTGT TTTRGA
ales T
Bled TTGOTGTTATTAG I CATOTANTATCT! TACTACAGGTTTAGA
B169 TTGGTGT: T TTTAGA
2 - ATCTATGAT 71TRGA
u3 .
W T ARAT ACAGGTTTAGA
S TTCRTGTT TCATATCTATACTACAGGTTT]
7 v o TATGTATACTACAGGTTTAGA
B TTGGTGTTATTAGT - [reraTpaARGT TTAT TETATGATITT. AT TGTATACT TTTRGA
Y T T TRTATT: 7
H1e T
i1 TTGOTGTTATTAGICATOTANTATCT) TACTACAGGTTTAGA
6 T o r T TTTAGA
PV /ROL - CTACARAT] ATCTATGAT TTTRGA
PvEv/ROZ
PGy T o T T 7 ACAGGTTTAGA
PvAEL /RO TTOGTCT: CracAzAT] TTTAGA
en TTGgTGT TACAGGTTIAGA
FPrBui TTBGTGTTATTAGTCATGTAAT CARAT AT TG THBARGT TTATT TG TARTCARTCTATGATI T, GTATT raT TGTATACTACAGGTTTAGA
ey TTGETGT! T v TITAGA
BVER/AML T
EVRE/A2 TTOGTGTTATTAGTCATGTARTATCTACARN] TTRTTTGETARTCAAT 1 TTTAGA
FVRE /A T o T v T ACAGETTTAGA
PBu /AL 176GTaY" cTACAAAT] 71TAGA
Pvhu/ae T
PvHu/ A3 TTGGTGTTATTAGE ® CARAT] AT GINGAAGT TTAT TCTATGATITT. TGTATTGCTATATT) TGT ’ : TTTAGA
Pk 20 TTCCTGT: ™ TATATY. TTTAGA
TTGGTGY: TACAGGTTTAGA
nonolgi-ABA44103 1 TTGGTGTTATTAGTCATGTARTATC TACTACAGGTTTAGA
Porasilianum-GQ3S5484.1  TTGGTGTT TTTRGA
Fmalazi - T
Pinui-r2dd4109.1 T T TATGTATACTACAGGTTIAGA
Frisldi-RIS69994 .1 T o T v T TTTAGA
Prragile-ABA44138. 1 176GTaY" CTACARAT] 71TAGA
.1 T
i .1 TTGOTGTAATAMGICATGTAATATCTACARATATIGTNGAAGT TTATT TGO TARTCAATCTATGATITT. EGTATT TGTAGTAT GGTTTAGA
Povalawalli 7.1 TTGRTGT: v
Pyoslii-EUZS456E, 1 TT6GTGT: raTCTACAAAT] ATCTATGAT TAGGS rTTRGA
Fherguei-LK0ZI131 1 TTBGAGTTATARGTCACET TATATCTACAART I - ™
Fooatneyi-AB3I54575 .1 T ARATIRTE T ™ T ACAGGTTTRGA
Phnowlesi-ETS0075T 1 T
Pfaleiparum-CRO17005.1 , * 2GOHGARAT i = X TATGTACACTACTGGTTIAGA

Figure 5. Alignment of partial mitochondrial sequences of Plasmodium simium isolated from captive (2098,
2302, 3636, BL10 and BL.28) and free living NHPs (BL3, BL6, BL61, BL64, BL69, ]9, J11,]15, 120, J22 and
J25) from Atlantic forest; humans (H2, H3, H4, H5, H7, H8, H9 and H10) infected with P. simium at Atlantic
Forest; human samples obtained in Atlantic Forest infected with P. vivax (H1 and H6); P vivax isolated from
human from Brazilian Amazonia: (PvPV/RO1 and PvPV/RO2 (Porto Velho, Rondonia), PvGuy (Guyana),
PvAri/RO (Ariquimedes, Rondénia), PvVen (Venezuela), PvFrGui (French Guiana), PvNP/PA (Novo
Progresso, Pard), PVRP/AM1- PvRPAM3 (Rio Pardo, Amazonia), PvHu/AMI1 - PvHu/AM4 (Humaita,
Amazonia) and PvAM (Amazonia State). These sequences were identified herein. Genbank sequences

from P. simium (two sequences), P cynomolgi, P. inui, Bfieldi, P. fragile, P. coatneyi, P. simiovale, P. berguei, P.
falciparum, P. ovale curtisi, P. ovale wallikeri, P. yoelii and P. knowlesi (accession number at genbank included
in the name of sequence). Box delimited the site of HpyCHA4III restriction enzyme (ACNGT), including SNP
T>C at position 35357,
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Figure 6. Detection limit of the Nested-PCR for a differential diagnosis of Plasmodium simium. P. simium human
DNA sample were serially diluted 2-fold with a starting parasitemia of 100 parasites/pL to 1.65 parasites/uL. 2%
Agarose gel stained with ethidium bromide. MM:1 kb Plus Ladder, PC: positive control, NC: negative control
(without DNA).

zoonotic species from other species of malaria parasite. The novel Nested PCR assay was able to detect >3.12 par-
asites/pL, which is similar to the detection limit of the most used 185-based PCR protocol in our laboratory***.
In conclusion, we show that humans and NHPs in the Atlantic Forest region harbor the same parasite. We,
therefore, confirm our previous findings showing that NHPs constitute a potential zoonotic reservoir, now with
a greater number of samples, and conclude that zoonotic transmission is probably occurring in this biome?”.
The assay described here will, therefore, aid the surveillance of zoonotic malaria transmission in Brazil. Further
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sampling from NHPs, and further genetic characterization of their parasites and those from humans in the same
region will further elucidate the relationships between the parasites circulating between different host species in
the Atlantic Forest as well in regions of Brazil and South America.

Data availability.  All data provided in this manuscript is available for open access.
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Potential of Aedes albopictus as a bridge
vector for enzootic pathogens at the
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Abstract

edge of the Brazilian forests studied.
L.

The invasive species Aedes albopictus is present in 60% of Brazilian municipalities, including at the interfaces between
urban settings and forests that are zoonotic arbovirus hotspots. We investigated Ae. albopictus colonization, adult

dispersal and host feeding patterns in the anthropic-natural interface of three forested sites covering three biomes in
Brazil in 2016. To evaluate whether an ecological overlap exists between Ae. albopictus and sylvatic yellow fever virus
(YFV) in forests, we performed similar investigations in seven additional urban-forest interfaces where YFV circulated in
2017. We found Ae. albopictus in all forested sites. We detected eggs and adults up to 300 and 500 m into the forest,
respectively, demonstrating that Ae. albopictus forest colonization and dispersal decrease with distance from the forest
edge. Analysis of the host identity in blood-engorged females indicated that they fed mainly on humans and domestic
mammals, suggesting rare contact with wildlife at the forest edge. Our results show that Ae. albopictus frequency

declines as it penetrates into the forest and highlight its potential role as a bridge vector of zoonotic diseases at the

Introduction

The risk of the emergence of zoonotic infectious dis-
eases is particularly high in regions under the influence of
tropical forests because these important biodiversity
hotspots are undergoing anthropogenic land use chan-
ges'. Landscape anthropization, especially urbanization,
shifts the risk of mosquito-borne pathogen emergence by
affecting the mosquito and host communities both
quantitatively and qualitatively>*. Landscape disturbances
at the urban-forest interface may facilitate the dispersion
of anthropophilic mosquito species into previously unfa-
vorable habitats®, thus modifying vector-host interactions
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and potentially leading to more contact with sylvatic (i.e.,
enzootic) reservoirs of zoonotic pathogens. In this sce-
nario, opportunistic mosquito species can act as bridge
vectors between sylvatic and urban pathogen transmission
cycles.

During the last 35 years, Aedes (Stegomyia) albopictus
(Skuse) (Diptera: Culicidae) has expanded geographically
from Southeast Asia to other continents, withimportant
human health consequences and risks related particularly
to arbovirus transmission® . This invasive mosquito
species, which was considered sylvatic in its native area,
has adapted to human settings (domestication) by
exploiting man-made water containers as larval habitats
and humans and/or domestic animals as its main blood
source'’, Domestication is one of the key features (toge-
ther with other biological traits, such as desiccation-
resistant eggs and overwintering ability) that facilitated
the successful expansion of Ae. albopictus throughout

Open Access This article is licensed under a Creative Commons Attribution 4.0 Intemnational License, which permits use, sharing, adaptation, distribution and reproduction
in any rmediumn or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Cornmons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit hitp//creativecommons.org/licenses/oy/4.0/.
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anthropogenic environments worldwide’. Nevertheless, it
remains unclear to what extent invasive (and “domes-
ticated”) Ae. albopictus populations have preserved their
capacity to colonize forest environments. Indeed, Ae.
albopictus was previously detected at the forest border of
rural or urban habitats in colonized areass'“'lz, and its
opportunistic blood feeding behavior has been extensively
described (i.e., a wide range of vertebrate hosts with a
marked preference for mammals, especially humans,
compared to birds)'®™'®. In opportunistic species, the
degree of blood feeding on domestic or wild vertebrates
relative to humans is strongly dependent on the local host
availability'®. Importantly, Ae. albopictus can support the
transmission of epidemic arboviruses (e.g., chikungunya,
dengue, and Zika viruses) and possibly many other
enzootic and zoonotic arboviruses™’"'". In addition,
experimental vector competence studies and viral genome
detection or isolation in nature indicated that Ae. albo-
pictus can transmit several enzootic arboviruses (e.g., La
Crosse Virus, West Nile Virus, Eastern equine encepha-
lomyelitis, Cache Valley Virus, Keystone Virus, Potosi
Virus, Tensaw Virus, Chandipura, Jamestown Canyon,
Orungo, Rift Valley, Ross River, Oropuche virus, Mayaro
virus, and yellow fever virus (YEV)?*~3%). Its vector com-
petence for several pathogens, its opportunistic feeding
behavior, and its capacity to colonize urban, rural and
natural habitats suggest that Ae. albopictus could be a
bridge vector to allow pathogen transfers from animal to
human compartments and vice versa'>*.

Since its first detection in Brazil in the 1980s, Ae.
albopictus has geographically expanded to approxi-
mately 60% of Brazilian rnunicipalities37, across urban,
peri-urban and rural environments>>~*°, and in some
cases at the border of the Atlantic and Amazon for-
ests'>*'=** The Brazilian Amazon forest harbors 187
different arboviruses, among which, 34 are of medical
interest****. Of particular interest is sylvatic YFV, which
causes cyclic epidemic waves with high lethality in
Brazil. Following its spatial expansion to the Southeast
region in late 2016, the YFV territory now largely
overlaps with areas of high Aedes (Stegomyia) aegypti
(Linnaeus) and Ae. albopictus infestation, and this
increases the risk of a reemergence of urban transmis-
sion throughout South America®**"*® However, few
studies have focused on Ae. albopictus colonization and
dispersion in Brazil. Some studies inside forests were
carried out as part of the entomological surveillance
during yellow fever epizootics, or as part of ecological
projects on native mosquitoes42'49. However, systematic
investigations are needed to measure Ae. albopictus
dispersal penetration into neotropical forests to under-
stand its potential as a bridge vector in relation to the
emergence risk of zoonotic arboviruses in bordering
Brazilian cities and elsewhere. A higher risk occurs
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when mammalian diversity is elevated, as it is the case
for the Atlantic and Cerrado forests, which are con-
sidered hotspots for biodiversity conservation®.

Here we studied the capacity of Ae. albopictus to
colonize and disperse into forested environments from
the edge (i.e., modified environment) to deeper locations
(i.e, more preserved environment) in three Brazilian
biomes, the Amazon, Cerrado and Atlantic forests. We
also analyzed mosquito blood meals to determine Ae.
albopictus host feeding patterns and potential interactions
with wild vertebrates.

Results
Ae. albopictus forest colonization

During the 2016 survey, the maximal distance of Ae.
albopictus egg detection was 300 m from the forest edge,
even when sampling was carried out up to 1000 m inside
the forest. Specifically, in Adolpho Ducke-Amazonas, the
total egg number per distance (five ovitraps per distance)
rapidly decreased from 0 to 200 m from the edge (0 m:
1423, 100 m: 118, 200 m: 20 eggs) (Fig. 1). Similarly, at
Morro dos Macacos-Goias and Pedra Branca-Rio de
Janeiro, eggs were found up to 300 m (0 m: 65, 100 m: 25,
200 m: 21, 300 m: 13 at Morro dos Macacos, and 0 m: 638,
100 m: 2, 200 m: 1, 300 m: 7 at Pedra Branca). Overall, the
number of eggs decreased significantly (p < 0.00001) with
distance from the forest edge in all sampled areas
(explained deviance of more than 70%)
(Tables S2 and 54).

In the areas surveyed in 2017, mosquito eggs were
detected up to the maximal sampling distance (300 m
from the forest edge) at four sites: Belo Horizonte-Minas
Gerais (0 m: 9, 100 m: 99), Simonésia-Minas Gerais (0 m:
5, 100 m: 55, 200 m: 23, 300 m: 109), Domingos Martins-
Espirito Santo (0 m: 26, 100 m: 42, 200 m: 2, 300 m: 17),
and Salvador-Bahia (0 m: 236, 100 m: 117, 200 m: 4, 300
m: 64). Although technical problems prevented egg
counting in Casimiro de Abreu-Rio de Janeiro and
Marici-Rio de Janeiro, positive ovitraps were detected at
all distances (Table S2). Eggs from Serra- Espirito Santo
were destroyed during transport.

In Adolpho Ducke and Salvador, all hatched eggs
belonged to Ae. albopictus. In Pedra Branca, 1.6% of all
hatched eggs collected at 0 m corresponded to Ae. aegypti,
and in Belo Horizonte, 10% of the eggs collected at 100
meters were from Haemagogus leucocelaenus. All hatched
eggs collected in Maricd, Casimiro de Abreu and those
collected at 200 m in Simonésia and at 300 m in Dom-
ingos Martins belonged to sylvatic mosquito species
(Table S2).

Ae. albopictus forest dispersal
In Adolpho Ducke, BG-Sentinel traps collected 1,232
Ae. albopictus adults (768 females and 464 males) with a
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Fig. 1 Charts in ggplot with LOESS smoothing showing the total number of eggs (left panels) and Ae. albopictus females (right panels) on the y-axis
as a function of the distance (in meters) from the forest edge (x-axis) at the (a) Adolpho Ducke, (b) Pedra Branca, and (c) Morro dos Macacos sampling
sites. The shaded area represents the 95% confidence interval of the mean value (solid line). Statistical details are provided in Table 54

mean number of specimens per trap and per day (MN/T/
D) of 7 (SD =8.35). At Morro dos Macacos and Pedra
Branca, 63 (59 females and 4 males) and 139 (129 females
and 10 males) adult Ae. albopictus specimens were col-
lected, respectively (MN/T/D: 1.43 + 0.81 and 2.07 + 1.68,
respectively). At these three sites, Ae. albopictus adults
were sampled from the edge to 500 meters into the forest.
At Morro dos Macacos, 49% of all Ae. albopictus

specimens were trapped at 0 meter, with two females
trapped at 500 m. At Adolpho Ducke, 89% of females were
collected at 0 meter, with two females collected at 400 m.
At Pedra Branca, 48% of females were sampled at 200 m,
with seven specimens collected at 400 m.

Along of the Adolpho Ducke transect, the abundance of
Ae. albopictus females was significantly (p <0.00001)
associated with distance, decreasing from 0 meters up to
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400 m, with an explained deviance of 30%. Conversely, in
Pedra Branca, Ae. albopictus abundance increased up to
200 m, and then decreased up to 400 m. Nevertheless, the
distance explained the presence of adults in the forest
(p < 0.00001; explained deviance of 55.20%). In Morro dos
Macacos, the number of Ae. albopictus significantly (p <
0.00001) decreased with distance and the distance
explained the presence of adults in the forest (explained
deviance of 48.32%) (Fig. 1 and online Tables S3 and S4
for statistical details).

In 2017, adult Ae. albopictus specimens were trapped as
far as 300 m (limit of trap deployment) at all sites, with the
exception of Casimiro de Abreu and Maricd in the
Atlantic forest. The total number of adults caught across
the 300 m transects varied from two females in Casimiro
de Abreu to 43 females in Salvador. Similarly, only
females were trapped in Belo Horizonte (n =12), Dom-
ingos Martins (n=5), Maricd (n=7) and Serra (n=3).
At Simonésia, 28 specimens were collected (20 females
and 8 males) (Table S3).

Ae. albopictus blood meal analysis

Among all the trapped Ae. albopictus females, 66 were
engorged with blood (# =61 in Adolpho Ducke, =1 in
Morro dos Macacos, and n =4 in Pedra Branca). Most of
them (91%) were collected at the forest edge (online
Table S5) and very few were collected from deeper in the
forest (five at 100 m in Adolpho Ducke; one at 200 m in
Pedra Branca). Molecular analyses indicated that most
blood meals (98%) were taken from mammals, mainly
humans (71%), dogs (21%), brown rats (Rattus norvegicus,
3%) and greater round-eared bats (Tonatia bidens, 3%)
(Fig. 2, online Table S5). Only one mosquito was found to
have fed on a bird (great antshrike, Taraba major, 1.5%).
No engorged Ae. albopictus were captured in the seven
additional sampling sites.

Discussion

Here, we studied the establishment of Ae. albopictus at
the edge of and inside Brazilian forests as well as its
feeding habits to understand the potential risk of this
invading mosquito transferring zoonotic arboviruses to
humans. Its abundance, opportunistic trophic behavior
and vector competence for several viruses contributes to
its potential role in the spill-over of zoonotic pathogens
from sylvatic hosts to humans, or to domestic animals and
then potentially to humans'*"®,

We observed that forest colonization by Ae. albopictus
rapidly decreased with distance from the edge (200-300
m inside the forest). Together with previous findings,
these result confirm that Ae. albopictus population den-
sity declines as they penetrate into the forest'*”".
Although Ae. albopictus was captured at all surveyed
forests both before and during the YFV outbreak, its
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Fig. 2 Horizontal bar chart in ggplot showing the number of
vertebrate species found in the blood meals of Ae. albopictus
specimens. The bar graph value was calculated using data from 66
Ae. albopictus specimens analyzed without distinction of area or
collection distance from the forest edge

dispersal seems to be somewhat limited because adults
were not sampled beyond 500 m from the forest edge. The
number of trapped adults usually decreased with the
distance from the edge of the forest, with the exception of
Pedra Branca, where the abundance of Ae. albopictus
females increased up to 200 m and then sharply decreased
up to 400 m, probably due to the presence of human
visitors between 0-200m at this reserve (personal
observation). The presence of humans in these areas
could represent a blood source for feeding, as well as a
source of breeding/oviposition sites (i.e., plastic contain-
ers left behind). Aedes albopictus colonization and dis-
persal occurs deeper into Brazilian secondary forests, as
described previously in a one-year study at Represa do
Cigano in Rio de Janeiro where the eggs of wild and
rubidium chloride-marked females were detected up to
1000 m inside the anthropized area of the Tijuca
Forest'>*!,

The blood meal identifications showed a clear pattern of
mammalian host preference (especially humans), as
reported in several previous field studies'*™'>*?, In addi-
tion to humans, blood meals were found to be from
domestic or commensal hosts (dogs and brown rats) and,
less frequently, from wild hosts (two bats and one bird),
confirming the opportunistic feeding behavior of Ae.
albopictus™*"*. The greater round-eared bat is an
omnivorous species that is usually found in hollow trees at
low heights and hunts in clearings (modified environ-
ments and forest edges). The great antshrike is a bird that
lives in clearings and low density vegetation at the
forest edge®™*. These results highlight that Ae.
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albopictus feeds mostly on humans and domestic animals
but also on wildlife at the edge of the forest and suggests
host-seeking by flying at low heights. Additional
studies should investigate the potential host feeding pat-
terns of Ae. albopictus on wildlife living inside forest
patches.

Our study and previous data'>*' suggest that, in Brazil,
Ae. albopictus can occupy the few hundred meters beyond
the forest edge, but then its density progressively
decreases with distance from the edge. This could be
explained by a reduction in the availability of its key
resources, which are common at the forest edge, such as
suitable breeding sites and host abundance. Therefore, the
degree of forest fragmentation and anthropization could
be a relevant factor that modulates Ae. albopictus colo-
nization and dispersal. Alternatively, Ae. albopictus
populations could be maladapted to sylvatic environments
(i.e., the species has lost its ancestral biological trait). The
presence of competitors, predators or parasites in the
natural larval habitats in neotropical forests could also
explain this observation.

Although the forest edge could be considered an
‘emergence area’ where zoonotic diseases can spill-over
from zoonotic reservoirs to humans via Ae. albopictus, the
present results suggest that the risk of transfer from
wildlife is less likely than from domestic commensal hosts.
This must be confirmed by additional studies, particularly
on the interactions between Ae. albopictus and monkeys
that are YFV reservoirs. Natural YFV infections in the Ae.
albopictus specimens captured in the Cerrado biome of
Brazil during the 2016-2018 YFV outbreak were recently
confirmed*®, suggesting that such interactions occurred.
Moreover, it was previously shown that some Brazilian

Ae. albopictus populations, including those living at the
sites surveyed here (Manaus, Goiania and Rio de Janeiro),
are competent to support the transmission of several YFV
strains®®®°. Furthermore, in vivo experiments have
demonstrated that YFV can rapidly adapt to this vector
species®. In this study, Ae. albopictus females were
trapped up to 300 m in five of the seven surveyed forests
where active enzootic YFV transmission was reported in
2017, as well as at the forest edge of all the surveyed
forests. Our data suggests an ecological overlap between
Ae. albopictus and YFV reservoirs. It is crucial that future
studies better evaluate the propensity of this mosquito to
bite monkeys that live in the canopy, thus helping the
transfer of sylvatic YFV to humans and the emergence of a
rural/intermediate cycle in Brazil, or the reemergence of
the urban cycle.

Taken together, these results highlight the potential role
of Ae. albopictus as a bridge vector for zoonotic diseases
in the human-animal interface at the edge of Brazilian
forests. Its potential participation in the spill-over of
dozens of zoonotic arboviruses harbored in Brazilian
forests from sylvatic or ubiquitous hosts directly to
humans, from wildlife to commensal and domestic hosts,
and between humans in the ecotone and natural and
modified environments, as well as rural areas, deserves to
be investigated. For instance, capuchins, marmosets,
opossums and other commensal and ubiquitous mam-
mals that live and find shelter in low vegetation and/or on
the ground at the forest edge are amplifiers of arboviruses
with great epidemic potential (e.g., YFV, Mayaro virus),
and their territory overlaps with that of Ae. albopictus in
Brazil. Understanding the mechanisms of disease emer-
gence will allow for the development of early detection
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and control programs to reduce disease incidences and
economic burdens.

Materials and methods
Study areas

Surveys were undertaken before (from January to May
2016) and during the 2017-2018 severe YFV outbreak
(from February to June 2017). In 2016, mosquitoes were
sampled in three urban-forest interfaces located in the
cities of Manaus (Adolpho Ducke site, 3°00"12.78"S; 59°
55’37.86"W, January 7 to March 3), Goiania (Morro dos
Macacos site, 6°40'16.32"S; 49°22'49.93"W, April 17 to
May 27), and Rio de Janeiro (Pedra Branca site, 22°56’
6.57"S; 43°26'42.19"W, from March 4 to April 16) (Fig. 3
and online Table S1). In 2017, we extended our survey
by including seven supplementary urban-forest inter-
faces located in four Brazilian states where YFV was
circulating. In addition to increasing the number of
study sites to have a broader and more generalizable
view of the Ae. albopictus colonization in Brazilian
forests, the aim was also to assess the potential ecolo-
gical overlap between Ae. albopictus and sylvatic YFV.
The additional sites were Belo Horizonte (19°51'59.29";
44°0'43.51, from February 10 to 13), Simonésia (19°55
12.06"; 41°54'20.23"", from February 16 to 18) in the
Cerrado biome, Domingos Martins (20°17'12.48"; 40°50°
14.35", from February 21 to 23), Serra (20°6'46.89"; 40°
11'12.53", from March 14 to 17), Casimiro de Abreu
(22°26'33.31"; 42°12'30.34", from March 28 to 31),
Maricad (22°55'24.44"; 42°42'27.88", from May 4 to 8)
and Salvador (12°49°50.34"; 38°27°18.77", from June 6 to
8) in the Atlantic forest (Fig. 3).

Study design

The field entomological survey was undertaken
according to an anthropization gradient from the edge to
the interior of the forest. At the three long-term surveyed
sites (Adolpho Ducke, Morro dos Macacos, and Pedra
Branca), the mosquito sampling design was based on a
grid of five parallel lines spaced 25 m apart and inter-
sected perpendicularly by a grid of ten parallel lines
spaced 100 m apart, extending from the edge (0 meters) to
900 m inside the forest (online Figure S1). Field work was
organized into two sampling phases with two different
methods to differentiate between Ae. albopictus coloni-
zation (first sampling phase) and dispersion (second
sampling phase). The term “colonization” refers to the
capacity to exploit forest environments for suitable ovi-
position sites. The term “dispersion” was used to measure
the abundance of host-seeking female mosquitoes in the
forest. The first sampling phase (10 consecutive days) was
conducted by deploying 50 ovitraps (one at each inter-
section between parallel and perpendicular lines) made up
of a dark plastic cup with 300 ml of hay infusion and one

Page 6 of 8

wooden paddle for mosquito egg collection®”. Every
5 days, paddles were replaced and the recovered paddles
were transported to the laboratory for egg counting on
day 10. In the laboratory, paddles were immersed in water
for egg hatching, larval breeding and identification of
emerging adults using appropriate morphological taxo-
nomic keys*®. The second sampling phase (7 consecutive
days) was carried out using 15 BG-Sentinel traps (Bio-
gents) baited with a combination of BG-lure and dry ice as
source of CO, to capture host-seeking adult mosquitoes
at different distances up to 500 meters inside the forest.
The number of BG-Sentinel traps per distance varied due
to operational limitations. Traps operated beginning at
8:00am on day 1 until 5:00pm on day 7 and were mon-
itored every 24h by replacing the collection bags con-
taining mosquitoes and dry ice. We defined a “sampling
cycle” as the 10 days of ovitrap monitoring followed by the
7 days of BG-Sentinel trap monitoring. Two sampling
cycles were carried out in Adolpho Ducke and Morro dos
Macacos and one was completed in Pedra Branca. The
sampling method and approach used in the seven forest
interfaces surveyed during the 2017 YFV outbreak were
essentially the same, except that 12 BG-Sentinel traps
were operated from 0 to 300 m from the edge of the forest
for 5 days, considering the preliminary results of the
2016 sampling. Ovitraps were installed at the same points
as the BG-Sentinel traps for 10 days.

Trophic behavior analysis

Blood-engorged Ae. albopictus females collected with
the BG-Sentinel traps were used to identify the blood-
feeding patterns in forest environments. DNA was
extracted from abdomens containing blood and used for
PCR amplification according to the protocol by Bitome-
Essono et al.”’, Specific primers were used to amplify a
portion of the 16 S rRNA gene or to amplify a portion of
the cytochrome B oxidase gene, if the first PCR test failed.
Genomic DNA from a mosquito engorged with rabbit
blood was used as positive control. DNase-{ree water was
used as negative control. All PCR-amplified products (10
ul) were run on 2% agarose gels in TBE buffer and positive
samples were sent to GENEWIZ for forward and reverse
sequencing after purification. Consensus sequences were
compared with existing sequences using the nucleotide
BLAST database to determine the host species, according
to Bitome-Essono et al.””.

Statistical analysis

Data from the Adolpho Ducke, Pedra Branca and
Morro dos Macacos forests were used to study (1) the
relationship between the presence of eggs and the dis-
tance from the edge (colonization), and (2) the rela-
tionship between the presence of Ae. albopictus females
and the distance from the edge (dispersion). After
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completing the first exploratory data analysis, a negative
binomial generalized linear model was developed. An
offset variable was included to weigh for the adult
mosquito sampling effort. Statistical analyses were per-
formed using the R studio 3.3.1 tool in the R software,
version 1.0.143. Data from the other seven study sites
could not be analyzed due to the low number of sampled
mosquitoes.
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Genome analysis of yellow fever virus of the ongoing
outbreak in Brazil reveals polymorphisms
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The current yellow fever outbreak in Brazil is the most severe one in the country in recent times. It has rapidly
spread to areas where YF virus (YFV) activity has not been observed for more than 70 years and vaccine coverage
is almost null. Here, we sequenced the whole YFV genome of two naturally infected howler-monkeys (4louatta
clamitans) obtained from the Municipality of Domingos Martins, state of Espirito Santo, Brazil. These two ongoing-
outbreak genome sequences are identical. They clustered in the 1E sub-clade (South America genotype I) along with
the Brazilian and Venezuelan strains recently characterised from infections in humans and non-human primates that
have been described in the last 20 years. However, we detected eight unique amino acid changes in the viral proteins,
including the structural capsid protein (one change), and the components of the viral replicase complex, the NS3
(two changes) and NS5 (five changes) proteins, that could impact the capacity of viral infection in vertebrate and/or
invertebrate hosts and spreading of the ongoing outbreak.

Key words: yellow fever virus - 2017 Brazil outbreak - amino acid changes

Yellow fever virus (YFV) is the prototype member
of the genus Flavivirus and family Flaviviridae. It is an
arbovirus transmitted by the bite of infected mosquitoes
in Africa and Americas, causing a disease with a large
spectrum of symptoms, from mild disease to severe and
deadly haemorrhagic fever in humans and New World
non-human primates (NHP) (Vasconcelos & Monath
2016). Two main YFV cycles are described: the urban
cycle involving the domestic mosquito Aedes (Stegomyia)
aegypti, currently restricted to Africa, and the wild cycle
in which humans are essentially infected by epizooties-af-
fected NHPs, having sylvatic arboreal tree-hole breeding
mosquitoes as vectors (species of dedes, in Africa, and of
Haemagogus and Sabethes, in the Americas). A rural or
intermediate cycle may also occur in zones of emergence
recorded in Africa (Monath & Vasconcelos 2015).

YFV is a single-stranded, positive-sense RNA virus
with a genome of approximately 11 kb. Seven lineages
have been identified: five in Africa (West Africa I and
II, East Africa, East/Central Africa and Angola), and
two in the Americas (South America I and IT) (Bryant et
al. 2007). Phylogenetic analysis provided evidence that
the YFV circulating in the Americas is derived from a
Western African lineage ancestor that emerged in Afri-
ca and was imported into the American East coast from
West Africa during the slave trade (Vasconcelos et al.
2004, Bryant et al. 2007, Nunes et al. 2012).

doi: 10.1590/0074-02760170134
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The South American I is the most frequent geno-
type recorded in Brazil (Nunes et al. 2012, Monath &
Vasconcelos 2015). Five lineages have been recognised
in the South American genotype I, namely, 1A to 1E,
which were associated with epidemics recorded during
the cyclic expansions and retractions of YFV circulation
in Brazil and other tropical American countries (Vas-
concelos et al. 2004, de Souza et al. 2010). Since the turn
of the century, the lineages 1D and 1E have been found
in Brazil. However, since 2008, only YF viruses from
lineage 1E have been detected in Brazil (de Souza et al.
2010, Nunes et al. 2012).

The most severe YFV epidemic recorded in Brazil
in the recent decades has been reported since late 2016.
Until the 10th epidemiological week of 2017, 1,558 cu-
mulative cases with 137 confirmed YFV deaths were
reported (COES 2017). Most importantly, this epidemic
has rapidly and alarmingly spread eastward, reaching
the most populated Brazilian regions where vaccine cov-
erage is minor. Epizooties in NHPs and humans cases
have been diagnosed in states considered YFV-free ter-
ritories for almost 70 years.

Here, we present the complete genome sequence of
two YFV samples collected during the current Brazil-
ian epidemic along with a comparative analysis of recent
YFV genome sequences characterised as belonging to
the South American genotype L

Blood samples were obtained from one recently dead
and one dying howler-monkey (Alouatta clamitans)
found on the Velho Rio farm (20° 17° 08™ S 40° 50 15™
W), in Areinha, district of Ponto Alto. Municipality of
Domingos Martins, state of Espirito Santo, Brazil, on
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February 20th and 22nd, 2017, respectively. Following
centrifugation (2,000 g for 10 min), plasma samples were
immediately frozen and transported to the laboratory in
N,. Next, plasma samples were screened through reverse
transcriptase polymerase chain reaction (RT-PCR), for
which RNA was extracted from 140 pL of plasma using
the QLAamp Viral RNA Mini Kit (Qiagen, Hilden, Ger-
many), according to the manufacturer’s recommenda-
tions. RNA was eluted in 60 pL of AVE buffer and stored
at -80°C until use. Viral RNA was reverse transcribed us-
ing the High Capacity System (Applied Biosystems) with
random hexamers according to the manufacturer’s rec-
ommendations. The reverse transcription reaction was
carried out at 25°C for 10 min, 37°C for 120 min and 85°C
for 5 min. Further, the viral RNA was amplified by con-
ventional PCR using PCR Master Mix (Promega). car-
ried out at 95°C for 2 min, followed by 30 cycles at 95°C
for 1 min, 58°C for 1 min and 72°C for 50 s, and then an
extension at 72°C for 5 min. The set of primers utilised
in this procedure were 5’-CTGTGTGCTAATTGAGGT-
GCATTG-3" and 5-ATGTCATCAGGCTCTTCTCT- 3".
The YFV infection of the monkeys was confirmed by the
specific detection of a single amplicon with the expected
YFV amplicon size of 650 bp (Fig. 1).

To sequence of the full-length YFV genomes from
the positive plasma monkey samples, 12 PCR amplicons
were obtained (Supplementary data, Table). Viral RNA
was reverse transcribed using the Superscript IIT First-
Strand Synthesis System (Invitrogen) with random hex-
amers. Alternatively, we generated the first strand cDNA
with the reverse primer P11R encoding the 3’UTR end
(5-AGTGGTTTTGTGTITTGTCA-3") and further pro-
cessed it with YF12F and YF12R for the synthesis of the
second strand of ¢cDNA. The ¢DNA was amplified by
conventional PCR using GoTaq Green Master Mix (Pro-
mega) according to the manufacturer’s instructions. The
thermocycling program in a Veriti 96-well thermocycler
(Applied Biosystems) was used to amplify regions (1) to
(11): 1 cycle at 95°C for 5 min; 30 cycles at 95°C for 40
s, at 50°C for 40 s, and at 72°C for 2 min; and finally 1
cycle at 72°C for 10 min followed by incubation at 4°C.
For region (12), we applied 1 cycle at 95°C for 5 min; 40
cycles at 70°C for 40 s, 65°C or 70°C at40 s, 72°C at 50 s;
and 1 cycle at 72°C for 10 min and hold of 4°C. Aliquots
(3 pL of 50 pL) of amplified products were detected by
electrophoresis on a 1% agarose gel, visualised by ethid-
ium bromide staining and UV illumination, and purified
with QIAquick PCR Purification Kit (QIAGEN). The
amplicons were nucleotides that were directly sequenced
without molecular cloning. Nucleotide sequencing reac-
tions were performed using the ABI BigDye terminator
V3.1 Ready Reaction Cycle Sequencing Mixture (Ap-
plied Biosystems) according to manufacturer’s recom-
mendations. Nucleotide sequence was determined by
capillary electrophoresis at the sequencing facility of
Fiocruz-RJ (RPTOILA - Sequenciamento de DNA - RJ).
Raw sequence data were aligned and edited using the
SegMan module of LaserGene (DNASTAR Inc.).

The complete genome sequences of both YF viruses
were deposited in the GenBank database under the fol-
lowing accession numbers: KY885000 for strain ES-504/

oA M AR - 4
800 =

600 =

400 =
300 =
200 =

4= 650
bp

Fig. 1. detection of genomic RNA of yellow fever virus (YFV) by re-
verse transcriptase polymerase chain reaction (RT-PCR) analysis in
plasma samples of howler monkeys from Velho Rio farm, in Areinha,
Espirito Santo, Brazil The numbered lanes refer to (1) positive control
of the reaction that was performed with the YFV strain BeAn754036
obtained from insect C6/36 cell cultures; (2) YF RNA (strain ES-504/
BRA/2017) and (3) YF RNA (strain ES-505/BRA/2017) that were ex-
tracted from howler-monkey plasma samples; and (4) a negative control
of amplification. The size marker migration is indicated on the left of
the figures, and the size of YFV amplicon 1s on the right.

BRA/2017 and KY885001 for strain ES-505/BRA/2017.
When we compared these genomes, they displayed 100%
identity. The evolutionary relationships of these two
YFV strains from the ongoing outbreak with the modern
YF sequences, primarily from South American genotype
I, was established by phylogenetic analysis. Initially, we
selected a set of sequences of the prM/E junction frag-
ment using the Blast tool (https:/blast.ncbi.nlm.nih.gov/
Blast.cgi). The 666-bp sequence consists of the last 108
nucleotides of the prM gene, including the entire 225
nucleotides of the M gene, and the first 333 nucleotides
of the E gene. Nucleotide sequences were aligned us-
ing the CLUSTAL W program (Thompson et al. 1994)
with selected YF viral sequences available at the Gen-
Bank database. A phylogenetic tree was generated by
the Neighbour-joining method (Saitou & Nei 1987) us-
ing a matrix of genetic distances established under the
Kimura-two parameter model (Kimura 1980), by means
of the MEGAT program (Kumar et al. 2016). The robust-
ness of each node was assessed by bootstrap resampling
(2,000 replicates) (Felsenstein 1985). The homologous
region (prM/E) of a dengue virus strain available at
the GenBank database (PaH881/88; Accession number:
AF349753) was used as an outgroup. The Asibi proto-
type yellow fever strain (Accession number: AY640589)
and the vaccine strain 17DD-Brazil (Accession number:
DQ100292) were also incorporated into the analysis.

The South American YF sequences formed two ma-
jor clusters: the South America I and the South America
IT genotypes, supported by 97% and 98% bootstrap val-
ues, respectively (Fig. 2). The South America genotype
I clade is further divided into sub-clades as described
by Vasconcelos et al. (2004) and de Souza et al. (2010).
Sequence strains from ES-504/BRA/2017 (GenBank
access number: KY885000) and ES-505/BRA/2017
(GenBank access number: KY885000) belonged to the
South America genotype I, and grouped within the 1E
sub-clade in conjunction with other modern strains de-
tected in Brazil (years: 2002, 2004, 2008) and Venezuela
(years: 1998, 2005-2007, 2010). The recent Brazilian and
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Fig. 2: phylogenetic analysis based on the prM/E junction region of yellow fever virus (YFV) strains analysed 1n the current study and 71 YFV
sequences retrieved from the National Centre for Biotechnology Information (NCBI). Only bootstrap values up to 80% are shown. YFV genotypes
are shown at the right side of the figure. The scale bar at the bottom represents 0.1 substitutions per nucleotide position (nt. subst./site). YFV first
described in the current study are marked with a filled triangle. Accession numbers of the strains belonging to the South America genotype II
are AY161929, AY161931-32, AY161934-35, AY161941-42, AY161944-45, AY161947-48, AY161950-51, AY540433-35, AY540446, and AY540457.
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Protein
c Nsds NSE
Domain: Data Anchor £ ]
Amine acid posiion

TATV AT 11117711111 1111911111122 22222222222222222223333233333333
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Clade _Protein id / Strain | Country | Year Host 092858878385223781406386608576718387720250806115765 7818231748047 86633T7192854501635
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L
L

LENTREKEVANMDTEBTSKI AMKANI VKKI ML
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KAKVMVRNPATVRMGNPVSKI VAVI THNMVAVSRAFAKERSI ASTRVT LI HNKTRKEVP¥V| GADKI AMKANI VRKI ML

HHNKTRKEVR¥ODTGADKI AMKANI VRKI ML
HNKTRKEVRWOTGADK| AMKANI VRKI ML
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AFH35037/BeH423602Brazi 1984  Human

AFHI503BeARITAG00Brazil 1680  Mosquito KAKAMVRNPATAKMSSPVFPKI
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I
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|
|
|
THHNKTRKEVRVWDTGANKMAVKANYI KKI MF
| HHNTRKEI R¥DTGTHNRI AMKANI VKRI ML
| HNNTKKEI RMDTGTHNKI AMRANI VKRI ML
I HNKTKKEI RMOTGTHNEKI AMKANI VKRVML
1
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Fig. 3: amino acid (aa) differences revealed by the alignment of the precursor polyproteins of 16 Brazilian and Venezuelan yellow fever (YF)
viruses detected since 1980. On the left of the alignment data, the identification of clades and yellow fever virus (YFV) sequences are supplied.
On the top of the alignment, the YF viral proteins positions are indicated along with the aa positions of aa differences. The set of aa residues
highlighted 1n blue indicate a related-clade pattern. The orange-highlighted aa indicate the position of the current YF sequences compared to
the other YF sequences. For simplicity, only the ES-505/BRA/2017 strain sequence data were included in this figure.

Venezuelan strains that were characterised from infec-
tions in humans and NHPs, also clustered in the 1E sub-
clade (South America genotype I). Auguste et al. (2015)
suggested that Brazil is the major source of YFV intro-
duction into Venezuela. However, our data suggest that
the most recent Brazilian YFV strains would have origi-
nated from a Venezuelan YFV strain, since the oldest
strains in the E1 sub-clade were isolated in Venezuela
in 1998 (Fig. 2). The acquisition in phylogenetic stud-
ies of additional complete YF genomes from ancestral
and present circulating strains from humans, NHPs and
mosquitos became necessary.

The comparison of the YFV precursor polyproteins
obtained from complete genome sequences with those
detected in Brazil and Venezuela since 1980 demonstrat-
ed eight unique and semi-conservative amino acid (aa)
changes in the C, NS3 and NS5 proteins (Fig. 3). These
changes map to the following polyprotein positions: (1)
108 for isoleucine (C protein); (2) 1572 for aspartic acid
and 1605 for lysine (NS3 region); and (3) 2607 for argi-
nine, 2644 for isoleucine, 2679 for serine, 3149 for alanine
and 3215 for serine (NS5 protein). Interestingly, seven out
of eight aa changes are located in the two important pro-
teins of the viral replicase complex-NS3 and NS5 - and are
perhaps associated with some selective advantage for vi-
ral fitness reflecting the ability of the virus to infect ver-
tebrate and/or invertebrate hosts and spread the infection.

However, it remains to be determined whether these
specific aa changes are unique to the strains belonging
to the ongoing outbreak. Alternatively, they, or at least
some of them, could occur in some ancestral sequences
that have not been sequenced so far. Hence, there are
relatively very few complete YFV genomes from the
Americas available at the GenBank database. On the
other hand, this matter will be better clarified with the

elucidation of the genomes of other circulating YF vi-
ruses in the current outbreak from infected mosquitos,
NHPs and human biological samples. A wider under-
standing of the molecular epidemiology and evolution of
YFV and their potential association with viral spreading
and infectivity is of utmost relevance to determine the
ancestral and modern YFV strains.
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Ministério do Meio Ambiente - MMA
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1 | materiais, tendo por objeto coletar dados, materiais, espécimes biclégicos e minerais, pegas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou a pesquisa, estdo sujeitas a autorizagdo do Ministério de Ciéncia e Tecnologia.

Esta autorizagcdo NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do érgdo gestor de terra indigena (FUNAI), da
unidade de conservacdo estadual, distrital ou municipal, ou do proprietario, arrendatario, posseiro ou morador de area dentro dos limites de unidade de conservacdo
federal cujo processo de regularizagéo fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrugdo Normativa ICMBic n® 03/2014 ou na Instrucao Normativa ICMBio n® 10/2010, no que
3 | especifica esta Autorizacdo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biolégico coletado devera ser utilizado para atividades
cientificas ou didaticas no ambito do ensino superior.

A autorizacao para envio ao exterior de matenal biolégico ndo consignado devera ser requerida por meio do endereco eletronico www.ibama.gov.br (Servicos on-line -
Licenga para importacdo ou exportacdo de flora e fauna - CITES e ndo CITES).

O titular de licenca ou autorizacdo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 | ao grupo taxondmico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esforco de coleta ou captura que ndo comprometa a viabilidade
de populagées do grupo taxondmico de interesse em condi¢do in situ.

O titular de autorizacdo ou de licenga permanente, assim como os membros de sua equipe, quando da violagio da legislacdo vigente, ou quando da inadequacao,
6 | omissdo ou falsa descricdo de informacdes relevantes que subsidiaram a expedicéo do ato, podera, mediante decis@o motivada, ter a autorizacdo ou licenga
suspensa ou revogada pelo ICMBio, nos termos da legislacdo brasileira em vigor

Este documento ndo dispensa o cumprimento da legislagdo que dispde sobre acesso a componente do patriménio genético existente no territorio nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patriménio genético, para fins de pesquisa cientifica,
bioprospeccdo e desenvolvimento tecnolégico. Veja maiores informagdes em www.mma.gov._bricgen

Em caso de pesquisa em UNIDADE DE COMNSERVACAQ, o pesquisador titular desta autorizagao devera contactar a administracao da unidade a fim de COMFIRMAR
AS DATAS das expedigtes, as condigbes para realizacéo das coletas e de uso da infra-estrutura da unidade

Qutras ressalvas

1- O acesso a Rebio fica condicionado a apresentacédo da autorizacéo da pesquisa, 2- O pesquisador devera encaminhar por e-mail o
1 |cronograma dos trabalhos de campo contendo (relagéo dos participantes, local, data e hora para o email rebio_tingua@icmbio gov br; 3 - Copia
dos relatérios e publicacdes resultantes da atividade de pesquisa devem ser encaminhadas a4 administracéo da UC.

Disponibilizar uma cépia digital dos resultados da pesquisa para o acervo da APA Petropolis. Contendo a localizagéo e data (georreferenciada)
das espécies capturadas, coletadas e registradas dentro dos limites geograficos da APA Petropolis. Em relacéo as espécies ameagadas, em

2 |caso de captura ou registro da espécie Callithrix aurita, a equipe do PARNASO devera ser comunicada imediatamente pelo e-mail:
pesquisa.parnaso@icmbio.gov.br. Se for o caso, os profissionais em campo deveréo estar preparados inclusive para o envio de amostras
biolégicas ao PARNASQO/ICMBio ou instituicdo parceira.

ABATE/COLETA/ANESTESIA E ARMADILHA NOS PRIMATAS DO PNI NAO SERAOPERMITIDOS.
O PESQUISADOR DEVERA MARCAR UMA REUNIAO COM O SETOR DE PESQUISA ANTES DOS TREABLHOS-leoquilombo@gmaila.com

4 1- Observar o previsto na Cartilha do Pesquisador do PARNASO. 2- Sempre que possivel, aproveitar a captura dos primatas para a obtencgéo do
maximo de informacgbes e amostras possiveis, resguardado o bem estar do animal, aproveitando parcerias com outros projetos.

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugcdo Normativa n® 03/2014. Através do cadigo
de autenticagéo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBio na

Internet (www.icmbio.gov .br/sisbio).

Codigo de autenticagdo: 64352436 |“|| “"‘ “||H| ||H||‘
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservagao da Biodiversidade - ICMBio
' Sistema de Autorizagéo e Informagéo em Biodiversidade - SISBIO

Autorizacdo para atividades com finalidade cientifica

Ndmero: 54707-2 | Data da Emiss@o: 10/02/2017 14:48 Data para Revalidagao*: 12/03/2018

* De acordo com o art. 28 da IN 03/2014, esta autorizacéo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacgéo do relatério de atividades a ser enviada por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: RICARDO LOURENGO DE OLIVEIRA CPF: 289.349.207-00

Titulo do Projeto: Primatas como fontes de infec¢éo de zoonoses no Rio de Janeiro?

Nome da Instituigéo - FUNDAGAQ OSWALDO CRUZ CNPJ: 33.781.055/0001-35

Cronograma de atividades

# Descricao da atividade Inicio (més/ano) | Fim (més/ano)
1 | Expedicbes em campo para coleta de amostras in-situ 06/2016 06/2018
2 | Coleta de amosiras em CETAS 06/2016 12/2018
3 | Diagndsticos e analises microscopicos, soroldgicos e moleculares 06/2016 02/2019
4 | Resultados e Conclusoes 02/2019 06/2019

Observagdes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territorio nacional, que impliqguem o deslocamento de recursos humanos e
1 | materiais, tendo por objeto coletar dados, materiais, espécimes biolégicos e minerais, pegas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou & pesquisa, estdo sujeitas a autorizacdo do Ministério de Ciéncia e Tecnologia.

Esta autorizacdo NAO exime o pesquisador titular e 0s membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do dérgdo gestor de terra indigena (FUNAI), da
unidade de conservacgdo estadual, distrital ou municipal, ou do proprietario, arrendatario, posseiro ou morador de area dentro dos limites de unidade de conservacao
federal cujo processo de regularizacdo fundidria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrucdo Mormativa ICMBio n® 03/2014 ou na Instrugao Normativa ICMBio n® 10/2010, no que
3 | especifica esta Autorizacdo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biolégico coletado devera ser utilizado para atividades
cientificas ou didaticas no ambito do ensino superior

A autorizacao para envio ac exterior de material bioldgico ndo consignado devera ser requerida por meio do endereco eletrénico www.ibama_gov br (Servigos on-line -
Licenca para importagio ou exportacdo de flora e fauna - CITES e ndo CITES).

O titular de licenca ou autorizacdo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 | ao grupo taxondmico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esfor¢o de coleta ou captura que ndo comprometa a viabilidade
de populagées do grupo taxondmico de interesse em condig&o in situ.

O titular de autorizac&o ou de licenca permanente, assim como os membros de sua equipe, quando da violacio da legislacdo vigente, ou guando da inadequacao,
6 | omiss&o ou falsa descricdo de informacdes relevantes que subsidiaram a expedicdo do ato, podera, mediante decis&o motivada, ter a autorizac&o ou licenca
suspensa ou revogada pelo ICMBio, nos termos da legislacdo brasileira em vigor

Este documento ndo dispensa o cumprimento da legislacdo que dispde sobre acesso a componente do patriménio genético existente no territério nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patriménio genético, para fins de pesquisa cientifica,
bioprospeccdo e desenvolvimento tecnoldgico. Veja maiores informacdes em www.mma.gov.bricgen

Em caso de pesquisa em UNIDADE DE CONSERVAGAO, o pesquisador titular desta autorizac&o devera contactar a administracdo da unidade a fim de CONFIRMAR
AS DATAS das expediges, as condices para realizagdo das coletas e de uso da infra-estrutura da unidade.

Qutras ressalvas

1- O acesso a Rebio fica condicionado a apresentacdo da autorizagéo da pesquisa; 2- O pesquisador devera encaminhar por e-mail o
1 |cronograma dos trabalhos de campo contendo (relagéo dos participantes, local, data e hora para o email rebio.tingua@icmbio.gov.br; 3 - Copia
dos relatérios e publicacdes resultantes da atividade de pesquisa devem ser encaminhadas & administracéo da UC.

Disponibilizar uma copia digital dos resultados da pesquisa para o acervo da APA Petropolis. Contendo a localizacéo e data (georreferenciada)
das espécies capturadas, coletadas e registradas dentro dos limites geograficos da APA Petropolis. Em relacéo as espécies ameacadas, em

2 |caso de captura ou registro da espécie Callithrix aurita, a equipe do PARNASO devera ser comunicada imediatamente pelo e-mail:
pesquisa.parnaso@icmbio.gov.br. Se for o caso, os profissionais em campo deveréo estar preparados inclusive para o envio de amostras
bioldgicas ao PARNASO/ICMBio ou instituicdo parceira.

ABATE/COLETA/ANESTESIA E ARMADILHA NOS PRIMATAS DO PNI NAO SERAOPERMITIDOS.
O PESQUISADOR DEVERA MARCAR UMA REUNIAO COM O SETOR DE PESQUISA ANTES DOS TREABLHOS-leoquilombo@gmaila.com

1- Observar o previsto na Cartilha do Pesquisador do PARNASQO. 2- Sempre que possivel, aproveitar a captura dos primatas para a obtencao do
maximo de informacdes e amostras possiveis, resquardado o bem estar do animal, aproveitando parcerias com outros projetos.

Este documento (Autorizacéo para atividades com finalidade cientifica) foi expedido com base na Instrugéo Normativa n® 03/2014. Através do codigo
de autenticacéo abaixo, qualquer cidadéo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBio na

Internet (www.icmbio.gov.brisisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacéo da Biodiversidade - ICMBio
~ Sistema de Autorizagéo e Informagéo em Biodiversidade - SISBIO

Autorizacdo para atividades com finalidade cientifica

Namero: 54707-4 | Data da Emissdo: 26/09/2017 12:26 Data para Revalidacao*: 26/10/2018

* De acordo com o art. 28 da IN 03/2014, esta autorizagéo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatdrio de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

MNome: RICARDO LOURENCO DE OLIVEIRA CPF: 289.349.207-00

Titulo do Projeto: Primatas como fontes de infecgdo de zoonoses no Rie de Janeiro?

Nome da Instituigéo : FUNDAGAO OSWALDO CRUZ CMPJ: 33.781.055/0001-35

Cronograma de atividades

# Descricao da atividade Inicio (mésfano) | Fim (més/ano)
1 | Expedi¢cbes em campo para coleta de amostras in-situ 06/2016 06/2018
2 | Coleta de amostras em CETAS 06/2016 12/2018
3 | Diagnoésticos e andlises microscépicos, sorolégicos e moleculares 06/2016 02/2019
4 | Resultados e Conclusdes 02/2019 06/2019

Observagoes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territério nacional, que impliquem o deslocamento de recursos humanos e
1 | materiais, tendo por objeto coletar dados, materiais, espécimes bioldgicos e minerais, pecas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, & difusdo ou & pesquisa, estio sujeitas a autorizacio do Ministério de Ciéncia e Tecnologia.

Esta autorizacao NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela drea, pablica ou privada, onde sera realizada a atividade, inclusive do dérgdo gestor de terra indigena (FUNAI), da
unidade de conservacao estadual, distrital ou municipal, ou do proprietario, arrendatério, posseiro ou morador de area dentro dos limites de unidade de conservacdo
federal cujo processo de regularizacdo fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrugcdo Normativa ICMBio n® 03/2014 ou na Instrucdo Mormativa ICMBio n® 10/2010, no que
3 | especifica esta Autorizacdo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivas. O material bioldgico coletado devera ser utilizado para atividades
cientificas ou didaticas no ambito do ensino superior.

A autorizacdo para envio ao exterior de material biolégico ndo consignado devera ser requerida por meio do endereco eletrénico www.ibama.gov.br (Servigos on-line -
Licenca para importacdo ou exportacdo de flora e fauna - CITES e ndo CITES).

O titular de licenca ou autorizacdo e 0s membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 | ao grupo taxondmico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esforco de coleta ou captura que ndo comprometa a viabilidade
de populagdes do grupo taxondmico de interesse em condicdo in situ.

O titular de autorizagdo ou de licenca permanente, assim como os membros de sua equipe, quando da violagao da legislagdo vigente, ou quando da inadequacao,
6 | omissao ou falsa descrigdo de informacdes relevantes que subsidiaram a expedicdo do ato, podera, mediante decisdo motivada, ter a autorizacio ou licenca
suspensa ou revogada pelo ICMBio, nos termos da legislacdo brasileira em vigor.

Este documento ndo dispensa o cumprimento da legislacdo que dispde sobre acesso a componente do patrimdnio genético existente no territorio nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patrimdnio genético, para fins de pesquisa cientifica,
bioprospeccgio e desenvolvimento tecnoldgico. Veja maiores informacgdes em www.mma.gov bricgen

Em caso de pesquisa em UNIDADE DE CONSERVACAO, o pesquisador titular desta autorizagdo devera contactar a administragdo da unidade a fim de CONFIRMAR
AS DATAS das expedicbes, as condigbes para realizacio das coletas e de uso da infra-estrutura da unidade

Qutras ressalvas

1- O acesso a Rebio fica condicionado a apresentacédo da autorizagéo da pesquisa, 2- O pesquisador devera encaminhar por e-mail o
1 | cronograma dos trabalhos de campo contendo (relagéo dos participantes, local, data e hora para o email rebio_tingua@icmbio gov_br; 3 - Cépia
dos relatdrios e publicacdes resultantes da atividade de pesquisa devem ser encaminhadas & administracéo da UC._

Disponibilizar uma copia digital dos resultados da pesquisa para o acervo da APA Petropolis. Contendo a localizacéo e data (georreferenciada)
das espécies capturadas, coletadas e registradas dentro dos limites geograficos da APA Petropolis. Em relacéo as espécies ameacadas, em

2 |caso de captura ou registro da espécie Callithrix aurita, a equipe do PARNASO devera ser comunicada imediatamente pelo e-mail:
pesquisa_parnaso@icmbio.gov.br. Se for o caso, os profissionais em campo deveréo estar preparados inclusive para o envio de amostras
biclégicas ao PARNASO/ICMBio ou instituicéo parceira.

ABATE/COLETA/ANESTESIA E ARMADILHA NOS PRIMATAS DO PNI MAO SERAOPERMITIDOS.
O PESQUISADOR DEVERA MARCAR UMA REUNIAOC COM O SETOR DE PESQUISA ANTES DOS TREABLHOS-leoquilombo@gmaila.com

1- Observar o previsto na Cartilha do Pesquisador do PARNASO. 2- Sempre que possivel, aproveitar a captura dos primatas para a obtengao do
maximo de informacdes e amostras possiveis, resguardado o bem estar do animal, aproveitando parcerias com outros projetos.

Este documento (Autorizagéo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do codigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBio na

Internet (www.icmbio.gov.br/sisbio).

Codigo de autenticagao: 32473623 ““ “‘ ‘||‘"|HH|“||‘
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Ministério do Meio Ambiente - MMA

Sistema de Autorizagio e Informagdo em Biodiversidade - SISBIO

Instituto Chico Mendes de Conservagéo da Biodiversidade - ICMBio

Autorizacdo para atividades com finalidade cientifica

Namero: 54707-6 Data da Emissao: 30/01/2019 13:23:01

Data da Revalidagao*: 30/01/2020

De acordo com o art. 28 da IN 03/2014, esta autorizacédo tem prazo de validade equivalente ao previsto no cronograma de atividades
do projeto, mas devera ser revalidada anualmente mediante a apresentagdo do relatdrio de atividades a ser enviado por meio do

Sisbio no prazo de até 30 dias a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: RICARDO LOURENGO DE OLIVEIRA

CPF: 289.349.207-00

Nome da Instituiggo: Fundagao Oswaldo Cruz

CNPJ: 33.781.055/0001-35

Cronograma de atividades

Descrigéo da atividade Inicio (més/ano) Fim (més/ano)
1 Expedicdes em campo para coleta de amostras in-situ 06/2016 06/2018
2 | Diagnosticos e analises microscopicos, sorologicos e moleculares 06/2016 02/2019
3 | Resultados e Conclusées 02/2019 06/2019
4 | Coleta de amostras em CETAS 06/2016 12/2018
5 | Expedi¢des em campo para coleta e monitoramento da circulagéo da Febre 10/2018 12/2019
Amarela
Equipe
# |Nome Fungéo CPF Nacionalidade
1 |Filipe Vieira Santos de Abreu Biologo 080.429.536-07 Brasileira
2 | Marcelo Quintela Gomes Técnico 021.868.947-00 Brasileira
3 |DANILO SIMONINI TEIXEIRA Veterinario 922.004.351-34 Brasileira
4 | Edmilson dos Santos Biologo 497 .722.360-87 Brasileira
5 | Pollyanna Cardoso Araujo Veterinaria 023.638.051-60 Brasileira
6 | Waldemir Paixdo Vargas Biologo 751.645.237-87 Brasileira
7 | Rafaella Moraes de Miranda Biologa 003.782.012-55 Brasileira

Este documento foi expedido com base na Instrugdo Normativa nA°e 03/2014. Através do codigo de autenticacdo abaixo, qualquer
cidaddo poderd verificar a autenticidade ou regularidade deste documento, por meio da pdagina do Sisbio/ICMBio na Internet
(www.icmbio.gov.br/sisbio).

Cadigo de autenticagao: 0547070620190130
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GOVERNO DO ESTADO DO RIO DE JANEIRO

SECRETARIA DE ESTADO DO AMBIENTE - SEA
INSTITUTO ESTADUAL DO AMBIENTE - INEA

AUTORIZAGAO DE PESQUISA CIENTIFICA INEA N° 012/2016

AUTORIZACAO PARA PESQUISA CIENTIFICA
EM UNIDADE DE CONSERVACAQ

O Diretor de Biodiversidade e Areas Protegidas do Instituto Estadual do Ambiente — INEA, no
uso de suas atribuigdes legais, considerando a Portaria IEF/RJ/PR .n° 227 de 18/12/2007 e
considerando, ainda, o que consta no procedimento administrativo E-071002.133.71/2015, AUTORIZA
o pesquisador RICARDO LOURENGO DE OLIVEIRA, vinculado a Fundaggo Oswaldo Cruz, e sua
equipe, Filipe Vieira Santos de Abreu, Waldemir Paixéo Vargas, Danilo Simonini Teixeira, Edmilson
dos Santos, Marcelo Quintela Gomes, Monique Albuquerque Motta.'a obter dados no Parque Estadual
do Desehgano " PED, Parque Estadual da Pedra Branca — PEPB; Parque Estadual dos Trés Picos — "
PETP, Parque Estadual do Mendanha — PEM, Parque Estadual da Pedra Selada — PEPS, Parque
Estadual da llha Grande — PEIG, Reserva Biologica Estadual de Araras — RBA, Area de Protecdo
Ambiental do Alto Iguagu — APA do Alto Iguagu, Area de Protég;o Ambiental de Macaé de Cima — APA
de Macaé de Cima, Area de Protegio Ambiental da Bacia do Rio Macacu — APA da Bacia do Rio '
Macacu e Area de Protegao Ambiental do Rio éuandu ~ APA Guandu, com vistas & execugio do
-projeto de pesquisa “Primatas como fontes de infecgdo de zoonoses no Rio de Janeiro”, devendo
ser. observadas as condi¢des discriminadas no verso deste documento e ainda aquelas previstas na

» Portaria supracitada.

A presente autorizagdo tem validade de 02 (dois) anos a partir da data de sua assinatura.

_____Rio de Janeiro, _ de fevereiro de 2016. A
' \\ - ‘ G\

P
\,

aulo Schua\{o
Diretor de Biodiversidade e Areas Protegidas -

i By ¥
2 & .
-
Secretaria instituto estodual
“}dmﬂmbmme lneq do ambiente

PERTO DE VOCE

. Avenida Venezuela, 110 - Saude - Rio de Janeiro - RJ-CEP: 20081-312 — Tel: 2332-4640 '
o www.inea.gov.br
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GOVERNO DO ESTADO DO RIO DE JANEIRO
SECRETARIA DE ESTADO DO AMBIENTE — SEA
INSTITUTO ESTADUAL DO AMBIENTE - INEA

AUTORIZAGAO DE PESQUISA CIENTIFICA INEA N° 019/2018

AUTORIZACAO PARA PESQUISA CIENTIFICA
EM UNIDADE DE CONSERVACAOQ

O Diretor de Biodiversidade e Areas Protegidas do Instituto Estadual do Ambiente — INEA, nc
uso de suas atribuicbes legais, considerando a Portaria IEF/RJ/PR n°® 227 de 18/12/2007 ¢
considerando, ainda, o que consta no procedimento administrativo E-07/002.13371/2015, AUTORIZA
0 pesquisador RICARDO LOURENGCO DE OLIVEIRA, vinculado a Fundacao Oswaldo Cruz, e suz
equipe, Filipe Vieira Santos de Abreu, Waldemir Paixao Vargas, Danilo Simonini Teixeira, Edmilsor
dos Santos, Marcelo Quintela Gomes, Monique Albuquerque Motta, Taissa Pereira dos Santos, Renatc
Carvalho de Andrade, Mauro Menezes Muniz, Marcelo Celestino dos Santos a obter dados no Parque
Estadual do Desengano — PED, Parque Estadual da Pedra Branca — PEPB, Parque Estadual dos Trés
Picos — PETP, Parque Estadual do Mendanha — PEM, Parque Estadual da Pedra Selada — PEPS
Parque Estadual da llha Grande — PEIG, Reserva Biolégica Estadual de Araras — RBA, Area de
Protecao Ambiental do Alto Iguagu — APA do Alto Iguacu, Area de Protecao Ambiental de Macaé de
Cima — APA de Macaé de Cima, Area de Protecao Ambiental da Bacia do Rio Macacu — APA da Baciz
do Rio Macacu e Area de Protecdo Ambiental do Rio Guandu — APA Guandu, com vistas & execugac
do projeto de pesquisa “Primatas como fontes de infecgdo de zoonoses no Rio de Janeiro”,
devendo ser observadas as condicbes discriminadas no verso deste documento e ainda aquelas

previstas na Portaria supracitada.

A presente autorizacao tem validade de 02 (dois) anos a partir da data de sua assinatura.

\J Paulo Schiavo

Diretor de Biodiversidade e Areas Protegidas

@ GOVERNO DO - 6: Secretaria M instituto estadual
%f‘.{ Rio de Janeiro do Ambiente |“ea do ambiente

PERTO DE VOCE

Avenida Venezuela, 110 — Saide — Rio de Janeiro - RJ-CEP: 20081-312 — Tel: 2332-4640
www.inea.gov.br
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacao da Biodiversidade - ICMBio
Sistema de Autorizacéo e Informacgédo em Biodiversidade - SISBIO

Autorizacao para atividades com finalidade cientifica

Numero: 52472-1 Data da Emissdo: 26/01/2016 14:47 Data para Revalidagao*: 24/02/2017

* De acordo com o art. 28 da IN 03/2014, esta autorizacéo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatorio de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Mome: Filipe Vieira Santos de Abreu CPF: 080.429.536-07

Titulo do Projeto: Qual o risco de reemergéncia de febre amarela silvestre no Rio de Janeiro?

Nome da Instituigio - FUNDAGAO OSWALDO CRUZ CNPJ: 33.781.055/0001-35

Cronograma de atividades

# Descricao da atividade Inicio (més/ano) | Fim (més/ano)
1 | Coleta nas fronteiras com Minas Gerais e S30 Paulo 02/2016 02/2019
2 | Coleta na regidao serrana do Rio de janeiro 02/2016 02/2019
3 | Concomitantemente & analise de vetores, serdo analisados os primatas nao humanos (sisbio n® 41837-3) 02/2016 06/2019
4 | Criacdo dos imaturos em laboratorio 03/2016 06/2019
5 | Isolamento viral das amostras 06/2016 01/2019
6 | Testes de competéncia vetorial 08/2016 12/2018

Observagoes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territério nacional, que impliquem o deslocamento de recursos humanos e
1 | materiais, tendo por objeto coletar dados, materiais, espécimes biolégicos e minerais, pegas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou a pesquisa, estao sujeitas a autorizacdo do Ministério de Ciéncia e Tecnologia.

Esta autorizacdo NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do 6rgdo gestor de terra indigena (FUMAI), da
unidade de conservac&o estadual, distrital ou municipal, ou do proprietario, arrendatério, posseiro ou morador de area dentro dos limites de unidade de conservacao
federal cujo processo de regularizacdo fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrucdo Normativa ICMBio n® 03/2014 ou na Instrugdo Normativa ICMBio n°® 10/2010, no que
3 | especifica esta Autorizago, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biolégico coletado devera ser utilizado para atividades
cientificas ou didaticas no &mbito do ensino superior.

A autorizagéo para envio ao exterior de material biolégico ndo consignado devera ser requerida por meio do endereco eletrénico www.ibama.gov br (Servigos on-line -
Licenca para importagio ou exportacdo de flora e fauna - CITES e ndo CITES).

O titular de licenga ou autorizagdo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 | ao grupo taxondmico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esforco de coleta ou captura que ndo comprometa a viabilidade
de populacbes do grupo taxondmico de interesse em condicdo in situ.

O titular de autorizagao ou de licenga permanente, assim como os membros de sua equipe, quando da violacao da legislacao vigente, ou quando da inadequacao,
6 | omissdo ou falsa descrigdo de informacdes relevantes que subsidiaram a expedicdo do ato, podera, mediante decisdo motivada, ter a autorizacéo ou licenca
suspensa ou revogada pelo ICMBio, nos termos da legislacdo brasileira em vigor.

Este documento nao dispensa o cumprimento da legislacdo que dispde sobre acesso a componente do patriménio genético existente no territério nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patrimdnio genético, para fins de pesquisa cientifica,
bioprospeccéo e desenvolvimento tecnoldgico. Veja maiores informagdes em www.mma.gov br/cgen

Em caso de pesquisa em UNIDADE DE CONSERVACAQ, o pesquisador titular desta autorizacdo devera contactar a administracdo da unidade a fim de CONFIRMAR
AS DATAS das expedicbes, as condicdes para realizacdo das coletas e de uso da infra-estrutura da unidade

Qutras ressalvas

4 Esta autorizada a manutengdo temporaria até 24 meses. Para periodos superiores a esse deve ser solicitada uma autorizagéo junto ao 6rgéo
ambiental estadual ou ao IBAMA.

1)Parna de ltatiaia: Sugerimos a leitura do boletim de pesquisa n°19 — "Mamiferos de médio e grande porte no PNI” — Izar Aximoff — no trabalho
tem uma citacéo sobre febre amarela nos primatas do Parque. 2)Parna Serra dos Orgéos: Observar o previsto na Cartilha do Pesquisador do

2 | PARNASO. 3)Rebio do Tingua: O acesso a Rebio fica condicionado a apresentagédo da autorizacéo da pesquisa; O pesquisador devera
encaminhar por e-mail o cronograma dos trabalhos de campo contendo (relag&o dos participantes, local, data e hora para o email
rebio.tingua@icmbio.gov.br. 4)APA de Guapi-Mirim: Comunicar com antecedéncia as atividades de coleta na UC.

Equipe
[#] Nome | Fungdo [ CPF [ Doc. Identidade [ Nacionalidade |
|1 [ Tacilane Divina_Cardoso | Técnica / bolsista Ceuli [115.485.777-82 1222472664 Detran-RJ | Brasileira ]

Este documento (Autorizagéo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do codigo
de autenticacéo abaixo, qualquer cidaddo podera venficar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBio na

Internet (www icmbio gov br/sisbio).

Codigo de autenticagao: 27648581 “‘l“”““l“ ml‘ H
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacdo da Biodiversidade - ICMBio
Sistema de Autorizacéo e Informacgao em Biodiversidade - SISBIO

Autorizacio para atividades com finalidade cientifica

Numero: 52472-2 Data da Emissdo: 29/06/2017 17:23 Data para Revalidagdo*: 29/07/2018

* De acordo com o art. 28 da IN 03/2014, esta autorizagio tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatorio de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emissao.

Dados do titular

Mome: Filipe Vieira Santos de Abreu CPF: 080.429.536-07

Titulo do Projeto: Qual o risco de reemergéncia de febre amarela silvestre no Rio de Janeiro?

Nome da Instituiio - FUNDAGAO OSWALDO CRUZ CNPJ: 33.781.055/0001-35

Cronograma de atividades

# Descricao da atividade Inicio (més/ano) | Fim (més/ano)
1 | Coleta nas fronteiras com Minas Gerais e Sdo Paulo 0212016 02/2019
2 | Coleta na regido serrana do Rio de janeiro 0212016 02/2019
3 | Concomitantemente a analise de vetores, serdo analisados os primatas nao humanos (sisbio n® 41837-3) 0212016 06/2019
4 | Criacdo dos imaturos em laboratoério 03/2016 06/2019
5 | Isolamento viral das amostras 06/2016 01/2019
6 | Testes de competéncia vetorial 082016 12/2018

Observagdes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territério nacional, que impliquem o deslocamento de recursos humanos e
1 | materiais, tendo por objeto coletar dados, materiais, espécimes bioldgicos e minerais, pecas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou a pesquisa, estdo sujeitas a autorizagido do Ministério de Ciéncia e Tecnologia.

Esta autorizacdo NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do 6rgdo gestor de terra indigena (FUMNALI), da
unidade de conservacdo estadual, distrital ou municipal, ou do proprietario, arrendatario, posseiro ou morador de area dentro dos limites de unidade de conservacdo
federal cujo processo de regularizac3o fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrugao Normativa ICMBio n* 03/2014 ou na Instrucdo Normativa ICMBio n® 10/2010, no que
3 | especifica esta Autorizacdo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biologico coletado devera ser utilizado para atividades
cientificas ou didaticas no &mbito do ensino superior.

A autorizagdo para envio ao exterior de material bioldgico ndo consignado devera ser requerida por meio do enderego eletrénico www.ibama.gov br (Servigos on-line -
Licenga para importacdo ou exportacdo de flora e fauna - CITES e ndo CITES).

O titular de licenca ou autorizagdo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 | ao grupo taxonémico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esforco de coleta ou captura que ndo comprometa a viabilidade
de populagbes do grupo taxondmico de interesse em condicdo in situ.

O titular de autorizac3o ou de licenca permanente, assim como 0s membros de sua equipe, quando da violac3o da legislagdo vigente, ou quando da inadequac3o,
6 | omiss&o ou falsa descricdo de informacdes relevantes que subsidiaram a expedicdo do ato, podera, mediante decisao motivada, ter a autorizacdo ou licenga
suspensa ou revogada pelo ICMBio, nos termos da legislacdo brasileira em vigor

Este documento ndo dispensa o cumprimento da legislacdo que dispde sobre acesso a componente do patriménio genético existente no territdrio nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patriménio genético, para fins de pesquisa cientifica,
bioprospeccéo e desenvolvimento tecnoldgico. Veja maiores informagées em www.mma.gov.br/cgen

Em caso de pesquisa em UNIDADE DE CONSERVACAOQ, o pesquisador fitular desta autorizagdo devera contactar a administracao da unidade a fim de CONFIRMAR
AS DATAS das expedictes, as condicbes para realizacdo das coletas e de uso da infra-estrutura da unidade

Qutras ressalvas

Esta autorizada a manutencéo temporaria até 24 meses. Para periodos superiores a esse deve ser solicitada uma autorizago junto ao érgéo
ambiental estadual ou ao IBAMA.

1)Parna de Itatiaia: Sugernimos a leitura do boletim de pesquisa n°19 — "Mamiferos de médio e grande porte no PMI” — I1zar Aximoff — no trabalho
tem uma citagéo sobre febre amarela nos primatas do Parque. 2)Parna Serra dos Orgéos: Observar o previsto na Cartilha do Pesquisador do

2 | PARNASO. 3)Rebio do Tingua: O acesso a Rebio fica condicionado a apresentacéo da autorizacgéo da pesquisa; O pesquisador devera
encaminhar por e-mail o cronograma dos trabalhos de campo contendo (relagdo dos participantes, local, data e hora para o email
rebio._tingua@icmbio.gov.br. 4)APA de Guapi-Mirim: Comunicar com antecedéncia as atividades de coleta na UC.

Equipe
[#] Nome | Fungio [ CPF [Doc. Identidade [ Nacionalidade |
|1 [ Tacilane Divina_Cardoso | Técnica / bolsista Ceuli [115.485.777-82 1222472664 Detran-RJ | Brasileira ]

Este documento (Autorizagdo para atividades com finalidade cientifica) foi expedido com base na Instrugéo Normativa n® 03/2014. Através do codigo
de autenticacéo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBic na

Internet (www.icmbio.gov.br/sisbio).
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Instituto Oswaldo Cruz
Comissio de Etica no Uso de Animais - CEUA/ 10C

LICENCA L-004/2015

Certificamos que o protocolo (CEUA/IOC-004/2014), intitulado “Estudo da dinamica
dos processos endémicos-epidémicos da febre amarela em areas de recém
transmissdo e indenes da regido Sul e Sudeste do Brasil, através de inquérito soro-
epidemiologico em primatas nao humanos”, sob a responsabilidade de RITA MARIA
RIBEIRO NOGUEIRA atende ao disposto na Lei 11794/08, que dispde sobre o uso
cientifico no uso de animais, inclusive, aos principios da Sociedade Brasileira de
Ciéncia em Animais de Laboratério (SBCAL). A referida licenca ndo exime a
observancia das Leis e demais exigéncias legais na vasta legislacao nacional.

Esta licenca tem validade até 31/12/2018 e inclui o uso total de:

Alouatta sp, Sapajus sp, Callithrix sp. (PRIMATA NAO HUMANO):

- total 50 animais adultos.

Observacao: Esta licenca n&do substitui outras licengas necessarias, como
Certificado de Qualidade em Biosseguranga para animais geneticamente

modificados, certificado do IBAMA para captura de animais silvestres ou outros.

Rio de Janeiro, 10 de abril de 2015.

Fkléviojz\ﬂ!»ves Lara
Coordenador Adjunto da CEUA/Instituto Oswaldo Cruz
Fundagado Oswaldo Cruz

FIOCRUZ-Fundagao Oswaldo Cruz/IOC-Instituto Oswaldo Cruz
Av. Brasil, 4365 - Manguinhos - Rio de Janeiro - RJ - Brasil
CEP: 21040-360 Tel: (21) 2562-1056
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Instituto Oswaldo Cruz
Comissio de Etica no Uso de Animais - CEUA/ 10C

LICENCA L-037/2016

Certificamos que o protocolo (CEUA/IOC-029/2016), intitulado “Primatas como fontes de infecgéo de
zoonoses no Rio de Janeiro”, sob a responsabilidade de RICARDO LOURENCO DE OLIVEIRA atende
ao disposto na Lei 11794/08, que dispde sobre o uso cientifico no uso de animais, inclusive, aos
principios da Sociedade Brasileira de Ciéncia em Animais de Laboratorio (SBCAL). A referida licenga
ndo exime a observancia das Leis e demais exigéncias legais na vasta legislag@o nacional.

Esta licenga tem validade ate 31/07/2020 e inclui o uso total de:

Primatas nao humanos, cepa:

Alouatta sp.

Cebus sp.

Callithrix sp.

Callicebus sp. — aproximadamente 80 animais

Observacdo: Esta licenga ndo substitui outras licengas necessarias, como Certificado de Qualidade em
Biosseguranga para animais geneticamente modificados, certificado do IBAMA para captura de animais

silvestres ou outros.

Rio de Janeiro, 24 de agosto de 2016.

B e

Flavio Alves Lara
Coordenador da CEUA/Instituto Oswaldo Cruz
Fundacao Oswaldo Cruz

FIOCRUZ-Fundagdo Oswaldo Cruz/IOC-Instituto Oswaldo Cruz
Av. Brasil, 4365 - Manguinhos - Rio de Janeiro - RJ - Brasil
CEP: 21040-360 Tel: (21) 2562-1056
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7.6 Anexo VI - Galeria de Fotos

florestal em Domingos Martisn (ES); (b) Armadilha de Shannon em Miguel Pereira
(RJ); (c) Aspiracao em residéncia onde registrou-se de 6bito por febre amarela.
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oto: Josué Damasceno

Prancha 02: Coleta e processamento dos mosquitos. (a) Captura através de Atragédo
Humana Protegida e esclarecida; (b) Triagem dos mosquitos em campo; (c)
identificag8o taxondmica em mesa fria no laboratério.
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Prancha 3: Construcdo de plataformas para captura de bugio em dossel. (a) — (c)
Parque Natural do Atalaia, Macaé, RJ; (d) Sumidouro, RJ.
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Prancha 4: Armadilhas
utilizadas para captura
de primatas. (a)
Tomahawk média
sendo ignorada por
Callicebus nigrifrons em
Itamonte (MG);
(b)Tomahawk pequena
para captura de
Callithrix sp. em Nova
Iguacu (RJ); (c)
Armadilha manual
grande instalada em
dossel com dois
Sapajus nigritus
“fazendo um selfie”.




-
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Prancha 5: Exame de bugios em campo; (a) A. g. clamitans capturado com dardo em
Miguel Pereira (RJ); (b) e (c) Necropsia nas epizootias com suspeita de febre amarela
em Domingos Martins (ES).

243



Prancha 6: Laboratérios de campo;
() Exame de C. nigrifons.
ltanhandu (MG); (b) Exame de
Callithrix sp. em laboratério
improvisado, Nova Iguacu, (RJ);
(c) Parqgue Nacional de Itatiaia
(RJ); (d) Exame de A. g. clamitans,
Teresopolis (RJ).




Prancha 7: Duas paisagens da febre amarela 2016-2019. (a) Casa com plantacéo de
café no terreno e fragmento de mata ao fundo. Proprietario faleceu com diagndstico
de YFV, Simonésia (MG); (b) Paisagem com fragmentos de mata rodeados por
pastagens em Carmo (RJ). Recolhemos e examinamos dois A. g. clamitans mortos,
com resultados positivos para YFV, encontrados no fragmento que aparece em
primeiro plano. A disperséo entre os fragmentos provavelmente se daria através do
voo dos mosquitos vetores.
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Prancha 8. Palestras, treinamentos e capacitacdo em servico; (a) Ciclo de
palestras para agentes de saude e guarda-parques durante expedi¢cdo no
Parque Nacional Serra dos Orgdos, Teresopolis (RJ); (b) Capacitacdo em
servigo da equipe de entomologia da FUNED, Belo Horizonte (MG); (c) Equipe
do Ministério da Saude, da Secretaria de Saude do RJ e da Associa¢do Mico
Ledo Dourado, durante investigacédo de YFV no Rio de Janeiro.
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