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RESUMO

INTRODUCAO: Doengas transmitidas por vetores impactam a saude em todo o mundo
colocando em risco em torno de 80% da populagdo mundial. Dentre os vetores artropodes
responsaveis pela transmissdo dessas doengas destacam-se mosquitos e carrapatos, onde
algumas espécies possuem competéncia vetorial (CV) de transmitirem um patdgeno, vetores
mono competentes (VMC), ou diversos patdgenos, vetores pluri competentes (VPC). Além
disso, em algumas infeccdes virais em artropodes ha diferencas na susceptibilidade em
diferentes espécies de um determinado grupo de artropodes. Tais diferencas na CV podem estar
associadas a microbiota do artropode que participa na modulacdo da resposta imune ou
homeostase metabdlica do hospedeiro. O estudo da microbiota permite detectar algumas
espécies ou géneros de bactéria que estdo associadas a um perfil de susceptibilidade ou
refratariedade. Essas bactérias sdo importantes para o estudo de novos métodos de controle
bioldgico que visam modular a microbiota diminuindo ou bloqueando a infeccdo de um
patdgeno no artropode. OBJETIVO: Assim, o objetivo do presente trabalho foi de identificar
biomarcadores bacterianos em mosquitos e carrapatos associados a CV. METODO: Para
classificar as espécies de carrapato quanto a um perfil VMC ou VPC, foi realizada uma revisdo
de literatura sobre estudos de CV de espécies de carrapato com dados de sequenciamento de
16S rRNA bacteriano. Apos a classificacdo, os dados de microbioma de carrapatos foram
selecionados, processados e analisados em conjunto comparando a microbiota de carrapatos
VMC e VPC. No caso de mosquitos, foram selecionados dados de 16S rRNA bacteriano de
espécies refratarias ou suscetiveis ao virus Zika (ZIKV). Assim, amostras de espécies de
mosquito refratarias e suscetiveis foram selecionadas, processadas e analisadas em conjunto
comparando os perfis de susceptibilidade ao ZIKV. Em ambos os trabalhos a composicado
bacteriana, diversidades alfa e beta, anélise diferencial de abundéncia, analise funcional e redes
de co-ocorréncia foram avaliadas a fim de caracterizar a microbiota. RESULTADOS:
Bactérias dos géneros Rickettsia, Staphylococcus e Corynebacterium foram associadas a
carrapatos VPC. A diversidade alfa foi maior em carrapatos VPC e houve diferencas
estatisticamente significantes na diversidade beta. Vias metabdlicas associadas ao controle do
estresse oxidativo, dTDP-L-rhamnose e resisténcia a [3-Lactam foram mais abundantes neste
grupo. Além disso, a comunidade bacteriana se mostrou menos complexa e conectada em
carrapatos VPC. Em relacdo aos mosquitos suscetiveis ou refratarios ao ZIKV, Pseudomonas,
Serratia, Halomonas e Wolbachia associadas a um perfil de susceptibilidade. Ndo houve
diferencas estatisticamente significantes na diversidade microbiana entre 0os mosquitos
suscetiveis ou refratarios. Por outro lado, 0s mosquitos suscetiveis ao ZIKV se mostraram com
um metabolismo mais enriquecido com redes de co-ocorréncia menos densas e conectadas.
CONCLUSAO: O presente trabalho caracterizou a microbiota de vetores artropodes associada
a sua CV identificando alguns géneros de bactéria que podem ser investigadas em futuros
trabalhos a fim de reduzir a CV de artrépodes. Além disso, identificou algumas vias metabolicas
que podem estar relacionadas a uma maior susceptibilidade para um ou mais patogenos.

Palavras-chave: Microbioma. Competéncia vetorial. Carrapato. Mosquito. Susceptibilidade.
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ABSTRACT

INTRODUCTION: Vector-borne diseases impact public health around the world, putting
around 80% of the world's population at risk. Among the arthropod vectors responsible for the
transmission of these diseases, mosquitoes and ticks stand out, where some species have vector
competence (VC) to transmit one pathogen, mono-competent vectors (MCV), or several
pathogens, pluri-competent vectors (PCV). Furthermore, in some viral infections in arthropods
there are differences in susceptibility in different species of a given group of arthropods. Such
differences in VC may be associated with the arthropod’s microbiota that participates in
modulating the host's immune response or metabolic homeostasis. The study of the microbiota
makes it possible to detect some bacterial species or genera that are associated with a
susceptibility or refractoriness profile. These bacteria are important for the study of new
biological control methods that aim to modulate the microbiota by reducing or blocking the
infection of a pathogen in the arthropod. OBJECTIVE: Thus, the objective of the present work
was to identify bacterial biomarkers in mosquitoes and ticks associated with VC. METHOD:
To classify tick species according to a MCV or PCV profile, a literature review on VC studies
of tick species with bacterial 16S rRNA sequencing data was performed. After classification,
tick microbiome data were selected, processed and analyzed together by comparing MCV and
PCV tick microbiota. In the case of mosquitoes, bacterial 16S rRNA data from species
refractory or susceptible to the Zika virus (ZIKV) were selected. Thus, samples of refractory
and susceptible mosquito species were selected, processed and analyzed together comparing
susceptibility profiles to ZIKV. In both studies, bacterial composition, alpha and beta
diversities, differential abundance analysis, functional analysis and co-occurrence networks
were evaluated in order to characterize the microbiota. RESULTS: Bacteria from the genera
Rickettsia, Staphylococcus and Corynebacterium were associated with PCV ticks. Alpha
diversity was higher in PCV ticks and there were statistically significant differences in beta
diversity. Metabolic pathways associated with the control of oxidative stress, dTDP-L-
rhamnose and resistance to B-Lactam were more abundant in this group. Furthermore, the
bacterial community was less complex and connected in PCV ticks. In relation to ZIKV
susceptible or refractory mosquitoes, Pseudomonas, Serratia, Halomonas and Wolbachia were
associated with a susceptibility profile. There were no statistically significant differences in
microbial diversity between susceptible or refractory mosquitoes. On the other hand, ZIKV
susceptible mosquitoes showed a more enriched metabolism with less dense and connected co-
occurrence networks. CONCLUSION: The present work characterized the microbiota of
arthropod vectors associated with their VC, identifying some bacterial genera that can be
investigated in future work in order to reduce the VVC of arthropods. Furthermore, it identified
some metabolic pathways that may be related to greater susceptibility to one or more pathogens.

Keywords: Microbiome. Vector competence. Tick. Mosquito. Susceptibility.
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1 INTRODUCAO

Doencas transmitidas por vetores artropodes sdo responsaveis por mais de 700.000
mortes por ano e pdem em risco em torno de 80% da populagdo mundial (WHO, 2017a). Dentre
0s vetores artropodes, 0s mosquitos e carrapatos sdo 0s que mais contribuem na transmisséo de
doencas transmitidas por vetores (Franklinos et al., 2019). Uma ampla variedade de doencas
infecciosas, tanto de origem viral quanto bacteriana e causadas por protozoarios, possuem
vetores artropodes como principal forma de transmissdo impactando fortemente tanto na saude
humana como na satde animal.

Algumas espécies como o Aedes aegypti, Culex quinquefasciatus, Rhipicephalus
microplus e Ixodes scapularis se destacam por serem responsaveis pela transmissao de diversos
patdgenos. O Ae. aegypti, por exemplo, é uma espécie de mosquito que permite a transmissdo
e replicacdo viral de virus como os da febre amarela (YFV), dengue (DENV), chikungunya
(CHIKV) e zika (ZIKV), bem como o desenvolvimento de helmintos da espécie Dirofilaria
immitis (Adegoke et al., 2020; Souza-Neto; Powell; Bonizzoni, 2019). Tal competéncia vetorial
ampla, ou seja, de permitir o desenvolvimento, reprodugédo e transmissdo de mais de um
patdégeno de dominios distintos, também estd presente em carrapatos como a espécie Ixodes
scapularis. Esta espécie é responsavel pela transmissdo de bactérias patogénicas como a
Borrelia burgdorferi (doenca de Lyme) e Anaplasma phagocytophilum (anaplasmose
granulocitica humana), além de protozoarios como a Babesia microti (babesiose humana) e
virus como o de Powassan (Eisen; Eisen, 2018).

Sob um outro de vista, observando a competéncia vetorial de diversos artropodes para
um mesmo patdgeno, foi observado que somente espécies de mosquito do género Aedes
demonstraram competéncia vetorial para ZIKV (Bisia et al., 2023). Dentre os mosquitos do
género Culex somente o Cx. quinquefasciatus foi susceptivel a infec¢do por ZIKV em alguns
trabalhos (Guedes et al., 2017; Guo et al., 2016; Smartt et al., 2018). No entanto, tal resultado
de susceptibilidade ao ZIKV por Cx. quinquefasciatus ndo foi replicado em diversos outros
estudos sugerindo que seja improvavel esta especie de mosquito ser competente para transmitir
ZIKV (Macleod; Dimopoulos, 2020). Tais diferencas na competéncia vetorial de diversos
artropodes podem estar associada a sua microbiota.

Estudos vém demonstrando a interagcdo entre a microbiota, vetor e patdgeno destacando
a influéncia de algumas espécies de bactéria presentes no intestino médio de mosquitos e

carrapatos no desfecho da infecgdo nos hospedeiros invertebrados e na competéncia vetorial


https://paperpile.com/c/wPo2Hl/LNGe
https://paperpile.com/c/wPo2Hl/JJmIo
https://paperpile.com/c/wPo2Hl/O6Kp1+Rxyai
https://paperpile.com/c/wPo2Hl/FDlHr
https://paperpile.com/c/wPo2Hl/Dvau
https://paperpile.com/c/wPo2Hl/rhwA+V3vQ+hjJ2
https://paperpile.com/c/wPo2Hl/mAul
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(Saldafia; Hegde; Hughes, 2017). Dentre tais bactérias destacam-se cepas do género Wolbachia
que participam na pré ativacdo da resposta imune por modulagdo da expressao génica de genes
associados a vias da resposta imune inata em Ae. aegypti e Cx. quinquefasciatus restringindo a
replicacdo de DENV e virus do oeste no Nilo (WNV) (Niang et al., 2018). Da mesma forma,
em carrapatos da espécie Ixodes scapularis foi observado que alteragdes na microbiota estavam
associadas a reducdo da expressdo de peritrofina, causando perturbagdes na integridade da
matriz peritfofica do carrapato (De La Fuente et al., 2017). Esse tipo de descoberta possibilita
o desenvolvimento de novos métodos de controle focados no vetor e na sua interagdo com 0s
patdégenos como o controle paratrangénico e/ou de origem genética.

O uso de abordagens 6micas também podem ser empregadas para entender a relacéo
entre patdgeno e hospedeiro invertebrado no estudo de doencas transmitidas por artropodes,
bem como o desenvolvimento de novos métodos de controle (Rinker; Pitts; Zwiebel, 2016).
Anaélises transcriptdmicas foram empregadas em Cu. pipiens experimentalmente infectados por
RVFV (Rift Valley fever Virus) sendo observada uma maior expresséo do gene Piwi4 que esta
associado a regulacdo da resposta imune do mosquito e a consequente replicacéo viral (NUfiez
etal., 2020). Em carrapatos da espécie Ix. ricinus foram detectados genes e proteinas associados
a transmissdo e sucesso da infeccdo no local da picada com potencial de uso para
desenvolvimento de vacinas (Trentelman et al., 2020). Em vista do potencial das ferramentas
Omicas para criacdo de novos métodos de combate de doencas transmitidas por vetores,
abordagens multi-6micas se tornam bastante promissoras. Estas permitem um melhor
entendimento de forma mais holistica para encontrar pontos importantes na interacdo patogeno-
hospedeiro que podem ser explorados para o controle de doencas infecciosas bem como para o
diagndstico e tratamento (Yan et al., 2017).


https://paperpile.com/c/wPo2Hl/ZgzbK
https://paperpile.com/c/wPo2Hl/WurCN
https://paperpile.com/c/wPo2Hl/YgJK
https://paperpile.com/c/wPo2Hl/EZ0CL
https://paperpile.com/c/wPo2Hl/6s94Q
https://paperpile.com/c/wPo2Hl/6s94Q
https://paperpile.com/c/wPo2Hl/LMukK
https://paperpile.com/c/wPo2Hl/OUwtY
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2 REVISAO DE LITERATURA

2.1 Epidemiologia de doencas transmitidas por vetores

Doencas transmitidas por vetores ocorrem em todos os continentes devido a grande
capacidade adaptativa de artrépodes hemat6fagos aos ambientes onde seus hospedeiros sao
encontrados (Huntington; Allison; Nair, 2016). Além disso, tais doencas possuem intima
relacdo histdrica com seres humanos que vai desde a reducdo populacional europeia durante a
peste negra até o impacto econémico e social da malaria na construcéo de rodovias na Amazonia
(Athni et al., 2021).

Vetores artropodes sdo responsaveis pela transmissdo de diversos dominios de
patdgenos como virus, bactérias, protozoarios e helmintos, colocando em risco bilhdes de
pessoas (WHO, 2017a). A distribuicdo dos artropodes transmissores de doencas infecciosas
varia de acordo com a biologia e adaptabilidade de cada tipo de vetor. Espécies de mosquitos
dos géneros Aedes, Anopheles e Culex estdo presentes em todos os continentes do mundo
excetuando-se a Antartica e sdo responsaveis pela transmissdo de diversas arboviroses bem
como filariose e malaria (Wilke; Beier; Benelli, 2019). Triatomineos dos géneros Triatoma,
Rhodnius e Panstrongylus, vetores de tripanossomatideos, estdo distribuidos principalmente
nas Américas com algumas espécies sendo encontradas na Africa, Oriente Médio, sudoeste
asiatico e pacifico (Vieira et al., 2018). Flebotomineos estdo distribuidos em regides quentes
nas Américas, Africa, sul europeu, Asia e Australia sendo responsaveis pela transmissdo de
virus do género Phlebovirus como o virus Toscana (TOSV) além de tripanossomatideos (Maroli
et al., 2013); (Alkan et al., 2013). Carrapatos transmitem diversas doencas infecciosas de
origem bacteriana, viral e protozoaria por todos os continentes apesar de sua baixa motilidade
sendo transportados por hospedeiros como aves migratorias e mamiferos (Piotrowski;
Rymaszewska, 2020).

Dentre as principais doencas transmitidas por mosquitos, a dengue se destaca pela ampla
distribuicdo em todo o mundo e sua alta morbidade (Ogunlade et al., 2021). Esta e causada pelo
DENV que pertence a familia Flaviviridae e esta presente em ambientes urbanos com milhdes
de casos anualmente em regides tropicais e temperadas mais quentes (Gould et al., 2017). Sua
transmisséo € causada pela picada de culicideos das especies Ae. aegypti e Ae. albopictus que
depositam seus ovos em corpos de agua parada sendo este um importante fator de risco
ambiental (Khan et al., 2018). Além da dengue, a maléria também é uma importante doenca

transmitida por mosquitos que pde em risco cerca de metade da populagdo mundial, ocorrendo


https://paperpile.com/c/wPo2Hl/HfiRY
https://paperpile.com/c/wPo2Hl/Eabtc
https://paperpile.com/c/wPo2Hl/LNGe
https://paperpile.com/c/wPo2Hl/pV8eb
https://paperpile.com/c/wPo2Hl/pV8eb
https://paperpile.com/c/wPo2Hl/pV8eb
https://paperpile.com/c/wPo2Hl/dbpru
https://paperpile.com/c/wPo2Hl/yNPZh
https://paperpile.com/c/wPo2Hl/yNPZh
https://paperpile.com/c/wPo2Hl/EeMzz
https://paperpile.com/c/wPo2Hl/oWtaJ
https://paperpile.com/c/wPo2Hl/oWtaJ
https://paperpile.com/c/wPo2Hl/Loqo8
https://paperpile.com/c/wPo2Hl/zPjzz
https://paperpile.com/c/wPo2Hl/SepdB
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em 87 paises da Africa, América latina e sul asiatico (WHO, 2020). Protozoarios do género
Plasmodium, em especial as espécies mais patogénicas, PI. falciparum e PI. vivax, sdo 0s
agentes causadores da malaria transmitidos por mosquitos do género Anopheles (Minwuyelet
et al., 2020). Criangas abaixo de 5 anos sdo mais susceptiveis e a auséncia de mosquiteiros
durante a noite esta associada a um maior risco de infec¢do devido ao habito alimentar noturno
do vetor (Liu et al., 2021). Helmintos como filérias da espécie Wuchereria bancrofti também
sdo transmitidos por mosquitos causando a filariose linfatica que é endémica em 72 paises do
sudoeste asiatico, Africa subsaariana, ilhas do Pacifico e alguns locais na América latina
(Zulfigar; Malik, 2021). A sua transmissao ocorre pela picada de mosquitos de diversos géneros
como Aedes, Culex, Anopheles e Mansonia e baixas condigdes socio-econbmicas estdo
associadas a uma maior prevaléncia dessa doenca (Mutheneni et al., 2016).

A principal doenca transmitida por triatomineos € a doenca de chagas que esta presente
principalmente na América latina com casos ocorrendo na Europa e Estados Unidos devido a
imigragdo de pessoas infectadas que podem transmitir verticalmente ou por meio de transfuséo
sanguinea (Antinori et al., 2017). A transmissdo do agente etioldgico, Trypanosoma cruzi, se
da principalmente no repasto sanguineo de triatomineos de diversos géneros como Triatoma,
Rhodnius e Panstrongylus representados por aproximadamente 140 espécies (Afiez et al.,
2020). A doenca de chagas possui diferentes apresentacGes clinicas geralmente cronicas que
podem acometer 0 coragdo e o sistema gastrointestinal sendo registrado em torno de 28.000
novos casos e estimativa de 6 a 8 milhdes de infecgdes anualmente (Norman; Lopez-Vélez,
2019). Animais no peridomicilio aliado a constru¢des com fissuras em madeira e concreto bem
como a presenca de entulho de madeira e tijolos foram associados como fatores de risco para a
presenca de triatomineos infectados, dado que estas condi¢des favorecem a manutencdo de
populacdes deste artropode (Daflon-Teixeira et al., 2019).

Em relacdo a flebotomineos, as leishmanioses sdo um grupo de doencas causadas por
protozoarios do género Leishmania com apresentacdes clinicas tegumentares ou viscerais e
acometem cerca de mais de um milhdo de pessoas no mundo (Mann et al., 2021). O Brasil
pertence ao grupo de paises que concentram mais de 90% dos casos tanto para leishmaniose
tegumentar quanto visceral (WHO, 2017b). Casos de leishmaniose ocorrem nas Ameéricas,
Africa, sul europeu, Oriente Médio e sul asiatico sendo associados a baixa infraestrutura
sanitaria, pobreza, migracdo populacional e imuno deficiéncia (Mann et al., 2021). Além de
tripanossomatideos, os flebotomineos também sdo responsaveis pela transmissao de virus do
género Phlebovirus como o TOSV que causa uma doenca febril podendo evoluir para uma

infeccdo neuro invasiva (Anagnostou et al., 2011). Na Tunisia foram encontrados
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flebotomineos do género Phlebotomus infectados tanto por Le. infantum quanto por TOSV que
pode contribuir na patogénese da leishmaniose comprometendo a imunidade do hospedeiro e
favorecendo o estabelecimento da infeccdo de Le. infantum (Fares et al., 2020).

A borreliose de Lyme esta entre uma das doencas causadas por bactérias transmitidas
por carrapato mais importantes sendo a doenca vetorial mais prevalente no hemisfério norte
(Boulanger et al., 2019). Os principais vetores pertencem ao género Ixodes sendo o Ix. pacificus
e Ix. scapularis responsaveis pela transmissdo na América do norte e o IX. ricinus pela
transmissdo na Europa (Rodino; Theel; Pritt, 2020). A doenca é causada por bactérias do género
Borrelia e cursa com inflamagdo cutdnea proximo ao local da picada podendo haver
visceralizacdo para tecido cardiaco, articular e nervoso (Stanek et al., 2012). Carrapatos
também transmite a babesiose humana causada por protozoarios do género Babesia que
parasitam células sanguineas e podem causar hemdlise, problemas respiratérios e lesdes em
diversos 6rgaos podendo levar a morte (Onyiche et al., 2021). Sua transmissao também ocorre
pela picada de carrapatos das espécies Ix. ricinus e Ix. scapularis assim como a borreliose de
Lyme. Nos Estados Unidos as areas endémicas para babesiose também sdo endémicas para
Borrelia burgdorferi e Ix. scapularis (Krause, 2019). Adicionalmente, alguns virus também sao
transmitidos por carrapatos, destacando-se o virus da encefalite transmitida por carrapatos
(TBEV - tick-borne encephalitis). Este pertence a familia Flaviviridae e pode causar sintomas
neuroldgicos como paralisia muscular, disturbios de consciéncia, dificuldades de degluticéo e
comunicacdo verbal, além de meningites e meningoencefalites (Pulkkinen; Butcher;
Anastasina, 2018). O Ix. ricinus também é responsavel pela transmissdo do TBEV na Europa,
enquanto outros carrapatos do mesmo género sdo vetores de outros genotipos de TBEV
presentes na Sibéria e leste asiatico (Shi et al., 2018).

2.2 Dindmica populacional de vetores e introducéo de doencas

A transmissdo e ocorréncia de todas as doencas infecciosas supracitadas esta
intimamente relacionada a dindmica populacional e biologia de seus respectivos vetores
artropodes que sdo essenciais para a disseminagdo ou o controle destas doengas (WILSON et
al., 2020). Tanto humanos quanto animais servem como fontes alimentares sanguineas para a
manutencdo de populacgdes destes artropodes que podem albergar patdégenos colocando em risco
a saude de seus hospedeiros. De forma geral, a dindmica populacional de artropodes vetores de
doencas esta associada com condigdes climaticas especificas que favorecem o desenvolvimento

e sobrevivéncia das larvas e adultos (Semenza; Suk, 2018).
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Em regibes tropicais as populacfes de vetores como flebotomineos, mosquitos e
carrapatos tendem a ser menos sazonais e terem picos populacionais associados a pluviosidade
e outros fatores climaticos abidticos (Lopez; Miller; Sione, 2018). Dessa forma, doencas
transmitidas por vetores ocorrem mais frequentemente entre os trépicos de capricornio e cancer.
No entanto, carrapatos conseguem se manter em regides mais temperadas e consequentemente
preservam o ciclo de transmissao de doengas como a borreliose e encefalite viral (Randolph,
2004).

Com o aquecimento global, algumas espécies de flebotomineos e mosquitos vém
expandindo sua distribuicdo para regides temperadas colocando em risco populagbes de
humanos e animais susceptiveis a doencas até entdo ndo endémicas (Caminade; Mcintyre;
Jones, 2019). Nas ultimas décadas, flebotomineos da espécie Phlebotomus perniciosus foram
encontrados em localidades ao noroeste da Alemanha proximos a Bélgica e Luxemburgo
(Naucke et al., 2008). Esta espécie é responsavel pela transmissdo de Le. infantum no sul da
Europa e 0 aumento da temperatura média anual na Alemanha pode estar associado com a
deteccdo desta espécie de flebotomineo tdo ao norte neste pais, bem como a migragdo sazonal
no verdo de pessoas para areas endémicas no sul europeu (Naucke; Lorentz, 2012). De forma
similar, mosquitos das espécies Ae. albopictus e Ae. aegypti foram encontrados ao sul do estado
de Ontério no Canada proximo a fronteira americana por pelo menos dois anos consecutivos
em locais distintos (Giordano et al., 2020). Mesmo com maiores temperaturas no inverno
canadense ainda ndo esta claro se ovos e larvas de Ae. aegypti conseguiriam invernar até a
chegada do verdo.

Além de questdes climaticas, habitos migratérios humanos e animais, especialmente das
aves, também podem estar associados a expansdo na distribuicdo de vetores artropodes. Em
2018 novas espécies de carrapato do género Hyalomma foram encontrados parasitando animais
e humanos na Alemanha possivelmente introduzidas por aves migratdrias, associados ao fato
de 2018 ter sido 0 ano mais quente até entdo registrado, possibilitando a manutencdo destas
novas espécies (Chitimia-Dobler et al., 2019). Adicionalmente, a infraestrutura urbana e
condicdo socioeconémica em determinados locais de centros urbanos também podem contribuir
para a expansao de populacgdes de mosquitos facilitando o estabelecimento de criadouros (Eder
et al., 2018). Ademais, no Brasil, a expansao de centros urbanos em regides de mata associada
com o habito de pessoas criarem animais no peridomicilio e a ineficiéncia no controle de
flebotomineos permitiram a urbanizacdo das leishmanioses que atualmente ocorrem

majoritariamente em centros urbanos (Reis et al., 2017).
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Apesar da importancia da expansdo de populacGes de vetores artropodes para o
surgimento de casos autdctones para novas doengas em uma determinada regido geografica, a
introducdo do patdégeno também é necessaria. O fluxo de pessoas infectadas migrando de
cidades dentro de um pais pode contribuir na introducdo de patégenos em locais onde ha
populacdes de vetores competentes estabelecidas (Zinszer et al., [s.d.]). Além disso, o turismo
ou curtas estadias de estrangeiros doentes também podem favorecer a ocorréncia de doengas
ndo autoctones, dado que ha populacdes de vetores suscetiveis e competentes, como no caso do
virus Zika no Brasil (Massad et al., 2017).

2.3 Competéncia vetorial

Determinar a competéncia vetorial de artrépodes definindo-os como responsaveis pela
transmissdo de patdgenos ndo é uma questdo simples e trivial indo além da deteccdo do
patdgeno em populacdes do artropode. Além de verificar a infeccdo natural em artropodes
coletados em &rea endémica é necessario demonstrar que o patdgeno consegue se reproduzir ou
replicar sem causar morte do hospedeiro invertebrado (Azar; Weaver, 2020). Adicionalmente,
é importante que sejam apresentadas evidéncias de transmissdo para hospedeiros vertebrados
susceptiveis. Alguns pontos da relacéo entre patdgeno e hospedeiro invertebrado podem variar
de acordo com a biologia da espécie. Em carrapatos é importante demonstrar transmissao
transestadial, ou seja, larvas ou ninfas que adquirem infecgdo natural ou experimental se
mantém infectadas apoOs ecdise para ninfas e adultos respectivamente (Eisen, 2020). Essa
questdo se torna importante para definir uma determinada espécie de carrapato como vetor de
um patdgeno devido a biologia deste artrépode que possui trés estagios de vida durante a ecdise
e entre os estagios é possivel que a infeccdo seja eliminada (Breuner et al., 2020). Tal
caracteristica biologica também esta presente em triatomineos e da mesma forma é importante
demonstrar que ha transmissdo transestadial nestes artropodes (Blakely; Hanson; Romero,
2018).

Em alguns casos a confirmacdo da competéncia vetorial pode demorar mais de uma
década. A espécie de flebotomineos Lu. cruzi foi detectada com infec¢do natural por Le.
infantum em 1998 no estado de Mato Grosso do Sul e por muitos anos ela foi considerada como
provavel vetor da leishmaniose na regido de Corumbéa (Dos Santos et al., 1998). No entanto,
somente em 2017 a sua competéncia vetorial foi demonstrada usando Lu. cruzi coletados em
Corumba-MS. Apos infeccdo, flebotomineos desta espécie transmitiram Le. infantum para

hamsters que ap0ds alguns meses desenvolveram a doenca (De Oliveira et al., 2017).
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Outra questdo importante para avaliar a competéncia vetorial de alguma espécie de
artrépode é a transmissdo vertical de patdgenos para a prole. Este tipo de transmissdo foi
demonstrado por Ae. albopictus experimentalmente infectados por ZIKV e representa um
mecanismo que permite a sobrevivéncia do virus na populacdo de mosquitos quando ha
condicGes adversas para o repasto sanguineo (Guo et al., 2020). A transmissao vertical também
ja foi demonstrada em mosquitos Ae. aegypti e Ae. albopictus sendo detectadas DENV-1 na
prole de fémeas experimentalmente infectadas (Buckner; Alto; Lounibos, 2013). No entanto,
as taxas de transmissao vertical foram baixas, variando de 8,33% para o Ae. aegypti e 11,11%
para o Ae. albopictus. Em carrapatos a transmisséo transovarial ocorre com protozoarios do
género Babesia mas também foi experimentalmente comprovada para bactérias da espécie Bo.
miyamotoi por Ix. scapularis (Breuner et al., 2018). Além de indicar competéncia vetorial desde
0s primeiros estagios de vida do carrapato, a transmissao vertical juntamente com a transestadial
demonstram que uma espécie de carrapato € tanto um vetor quanto um reservatério de um
determinado patdgeno (Orkun, 2019).

Dentro de uma mesma espécie de vetor artropode pode haver diferencas genéticas em
populacgdes distintas que influenciam na competéncia vetorial. Mosquitos da espécie Ae. aegypti
de diferentes linhagens variaram em susceptibilidade para infeccbes com o ZIKV em
decorréncia da diversidade genética entre colonias diferentes (Uraki et al., 2018). De forma
similar, mosquitos da espécie Cx. quinquefasciatus variaram suas taxas de infeccdo e
transmissdo de WNV quando populacBes geograficamente distintas foram comparadas
(Goddard et al., 2002). Tal observacdo também foi realizada em populacdes diferentes de
carrapatos da espécie Ornithodoros turicata que demonstraram diferentes taxas de transmissao
de Bo. turicatae de acordo com a populacao de carrapato avaliada (Krishnavajhala; Armstrong;
Lopez, 2018).

A microbiota também tem relacdo com a competéncia vetorial de artropodes vetores de
patégenos. Em flebotomineos, tanto em Lu. longipalpis infectados por Le. infantum quanto em
Ph. duboscqi infectados por Le. major os parasitas ndo se desenvolveram na sua forma
metaciclica infectante e se replicaram menos nos grupos de flebotomineos tratados com
antibiotico previamente a infecgdo (Kelly et al., 2017; Louradour et al., 2017). Bactérias
simbiontes do género Rickettsia reduziram a taxa de infeccéo por Bo. burgdorferi em carrapatos
da espécie Ix. scapularis quando comparados com carrapato livres deste simbionte
evidenciando a interacdo da microbiota com patdgenos que reduzem a competéncia vetorial de
carrapatos (Steiner et al., 2008). Por outro lado, a interacdo entre patdgenos e microbiota

também podem favorecer a infec¢do por patdgenos. Em experimentos entre carrapatos IXx.
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scapularis infectados por An. phagocytophilum foi observado que a sua presenca altera a
composicdo do microbioma de forma a facilitar a sua passagem pela parede intestinal com
consequente maior taxa de infec¢do (Abraham et al., 2017). Em mosquitos foi demonstrado que
a microbiota pode influenciar sua competéncia vetorial para patdgenos virais e protozoarios por
meio de mecanismos diretos e indiretos como ativacdo da resposta imune do mosquito
previamente a infeccdo ou pela producdo de metabdlitos nocivos ao patdgeno (Dennison;
Jupatanakul; Dimopoulos, 2014).

Tais interacdes entre microbiota e competéncia vetorial possibilitam o surgimento de
métodos de controle paratrangénicos com bactérias simbiontes modificadas para reduzir ou
bloguear a transmissdo de patégenos (Saraiva et al., 2016). Neste sentido, estudos com
Wolbachia observaram que cepas do género Wolbachia modulam a expressdo de genes
relacionados a resposta imune inata em Ae. aegypti e Cu. quinguefasciatus restringindo a
replicacdo de (Denv; Wnv; Niang et al., 2018). Outros estudos avaliaram a estratégia de soltar
mosquitos transfectados com Wolbachia para que ela fosse assimilada a populagdo de Ae.
aegypti demonstrando que além da bactéria se espalhar na populacdo selvagem de mosquitos
ela se mantia em altas taxas mesmo apds dois anos de soltura (Hoffmann et al., 2011; Hoffmann
etal., 2014).

Apesar de promissores, 0s estudos até o presente momento avaliaram a interagdo entre
um patoégeno e um vetor especificos. No entanto, algumas espécies de vetores como Ix. ricinus
e Ae. aegypti sdo responsaveis pela transmissao de diversos patdgenos mesmo de dominios
diferentes. Um estudo na Sérvia detectou oito patdgenos diferentes em Ix. ricinus que estavam
parasitando humanos mostrando sua alta capacidade como vetor pluri competente e o risco que
eles representam (Banovic et al., 2021). Em alguns casos ha grandes perdas econdmicas devido
a carrapatos pluri competentes como o Rh. microplus que parasita 0os bovinos e transmite
doencas como babesiose e anaplasmose (Karim et al., 2017). Estima-se que por conta desta
Unica espécie de carrapato mais de $3 bilhGes deixaram de ser ganhos no Brasil em 2011 devido
aos custos de medicamentos, carrapaticidas e descarte de leite durante tratamento
farmacoldgico (Grisi et al., 2014). Outro vetor promiscuo, 0 Ae. aegypti, também causa grandes
perdas econémicas e em 2016 estima-se que o Brasil teve um impacto econémico na ordem de
R$2,3 bilhdes no combate a esse vetor e custos diretos e indiretos das doencas por ele
transmitidas (Teich; Arinelli; Fahham, 2017). Devido aos impactos a salde e econdémico que
vetores pluri competentes causam, se torna cada vez mais importante estuda-los de forma mais
holistica a fim de buscar pontos em comum na competéncia vetorial de diversos patdgenos para

o0 desenvolvimento de métodos de controle que atinjam multiplas doencas.
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2.4 Andlise de microbioma

A andlise de microbioma consiste na identificacdo e estudo da composi¢do de
microrganismos (bactéria, eucariotos, virus e archaea) presentes, seus genomas e condicdes do
ambiente em uma determinada amostra (Marchesi; Ravel, 2015). Dessa forma os estudos que
avaliam somente a composi¢do de microrganismos estudam a microbiota que faz parte do
microbioma. Frequentemente sdo empregadas duas técnicas, sequenciamento de genoma por
shotgun (WGS - Whole Genome Shotgun) ou sequenciamento de amplicons de marcador
genético especifico para bactérias, fungos ou eucariotos unicelulares (Kim; Kim; Jung, 2020).
A primeira técnica permite o sequenciamento do genoma de diversos microrganismos que serdo
mapeados com genomas de interesse sendo interessante para estudar o microbioma. No entanto,
ele possui um custo relativamente alto, requer maior capacidade computacional e possui
acuracia limitada na identificacdo de genes individuais sendo necessaria uma alta cobertura no
sequenciamento (Ranjan et al., 2016). Assim, menos amostras sdo sequenciadas em uma mesma
reacdo aumentando o custo total no processamento de diversas amostras. Por outro lado, o
sequenciamento de amplicons de marcador genético especifico esta cada vez mais barato,
permitindo o sequenciamento de diversas amostras ao mesmo tempo e sua analise é
computacionalmente mais leve (Schriefer et al., 2018).

Para a analise da composicao de bactérias em uma determinada amostra o gene rRNA
16S de bactérias € utilizado. Nesta abordagem é realizada uma PCR de uma ou mais regides
variaveis do gene que posteriormente tem os amplicons filtrados e sequenciados. Previamente
ao sequenciamento é realizada uma outra PCR para adicionar adaptadores as sequéncias de cada
amostra, importantes para o sequenciamento, bem como pequenas sequéncias marcadoras que
servem como codigo de barras para identificar as sequéncias de cada amostra (Liu et al., 2020).
Estas duas etapas de PCR e a extracdo de DNA prévias ao sequenciamento sdo consideradas
gargalos no fluxo de trabalho dado que apresentam riscos de contaminacgdo durante a pipetagem
de reagentes (Muhamad rizal et al., 2020).

A fim de minimizar o viés causado pela presenca de contaminantes introduzidos no
processamento das amostras, controles positivos e negativos podem ser sequenciados
juntamente com as amostras de interesse. Atualmente existem controles positivos comerciais
onde é sabido tanto a espécie de bactéria quanto a sua quantidade (Li et al., 2022). Tais controles
podem ser utilizados na analise dos dados para identificar os contaminantes e assim remové-los
ou ajustar a sua abundancia nas amostras do estudo (Davis et al., 2018). Dessa forma, o risco

da presenga de contaminantes nas amostras pode ser reduzido e controlado evitando que tais
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bactérias sejam associadas as caracteristicas de interesse das amostras. Outro ponto importante
da andlise da composi¢do bacteriana por meio do sequenciamento do gene 16S ribossomal sdo
as regides variaveis do gene.

A classificacdo bacteriana varia quando diferentes regides variaveis sdo comparadas e
alguns grupos de bactérias sdo mais facilmente detectados quando certas regides variaveis sao
usadas (Bukin et al., 2019). Dessa forma, uma meta-analise envolvendo dados de
sequenciamento do 16S ribosomal bacteriano deve levar essas questdes em consideracdo a fim
de obter um grupo de dados comparavel. Um estudo avaliou in silico diferentes protocolos de
sequenciamento e as regides variaveis V3 e V4 se mostraram mais adequadas para avalia¢do da
composicao bacteriana (Mizrahi-Man; Davenport; Gilad, 2013). Adicionalmente, a regido V3
demonstrou possuir tamanhos diferentes entre espécies distintas de bactérias com maior nimero
de variagbes em comparacao com outras regides variaveis (Vargas-Albores et al., 2017). Dessa
forma, esta regido varidvel se mostra promissora para classificacao taxonémica dado que apesar
de variar bastante, os extremos da sequéncia sdo bastante conservados entre as bactérias
(Vargas-Albores et al., 2017).

Em alguns casos especificos como a identificacdo de bactérias associadas a doencas
respiratdrias, a regido V1-V2 se mostrou com maior acuracia em comparagao as outras regides
variaveis do gene 16S (Lopez-Aladid et al., 2023). Por outro lado, a regido V6 pode ser mais
interessante em casos onde bactérias de interesse pertencem a Classe Alphaproteobacteria dado
que esta regido € bem representada na regido V6 (Kerrigan; Kirkpatrick; D’hondt, 2019).
Alguns autores indicam o sequenciamento de todo o gene 16S para obter maior precisdo na
caracterizacdo de uma comunidade bacteriana (Klemetsen; Willassen; Karlsen, 2019). Assim,
ao sequenciar o gene 16S para analisar a composi¢cdo microbiana, € importante selecionar a
regido varidvel que mais se adequa a pergunta e objetivo do trabalho a fim de melhor

caracterizar a microbiota bem como obter inferéncias a seu respeito.
2.4.1 Do processamento dos dados a classificagdo taxonémica

Apos o0 sequenciamento do gene 16S rRNA contido das amostras as sequéncias séo
processadas para posterior classificagdo taxondmica e anélises (Galloway-Pefia; Hanson, 2020).
O processamento inicial das sequéncias se dd com a remocdo dos adaptadores, primers e
identificadores para garantir que as sequéncias estardo livres de fragmentos sintéticos que ndo
fazem parte da microbiota de estudo. Adicionalmente sé@o removidas sequéncias que possuam

bases ambiguas ou homopolimeros longos uma vez que podem representar artefatos da
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plataforma de sequenciamento. Também sdo removidas sequéncias com tamanhos que nédo
condizem com a regido delimitada pelos primers por serem artefatos do sequenciamento ou
contaminacdes. Por fim, sequéncias quimericas e com escore de qualidade Phred inferiores a
um determinado ponto de corte também sdo removidas. Tais processos de controle de qualidade
das sequéncias sdo importantes para garantir que as sequéncias analisadas ndo comprometam
as futuras etapas de anélise (De La Cuesta-Zuluaga; Escobar, 2016).

Depois deste processo de filtragem e controle de qualidade as sequéncias sdo agrupadas
para formar unidades taxonémicas operacionais (OTU - Operational Taxonomic Unit) que sao
sequéncias representativas das sequéncias de todas as amostras. Geralmente o0 OTU ¢ formado
utilizando uma identidade entre 97% e 99% entre as sequéncias sendo aceita a faixa de 1% a
3% de divergéncia entre as sequéncias que cada OTU representa. Entretanto, este foi um ponto
criticado na literatura por ser definido de forma arbitraria e os protocolos de agrupamento
influenciavam nas futuras analises, superestimando a diversidade da comunidade bacteriana
(Xue; Kable; Marco, 2018). Assim, foi indicada a substitui¢cdo do uso de OTU por variantes de
sequéncias de amplicon (ASV - Amplicon Sequence Variant) que levam em considera¢do uma
identidade de 100% (Callahan; Mcmurdie; Holmes, 2017). Dessa forma, cada ASV representa
sequéncias Unicas presentes nas amostras (Kim et al., 2017). Utilizando a identificacdo do
OTU/ASV e o nimero de sequéncias que deram origem ao OTU é montada uma tabela com
frequéncias absolutas de cada OTU por amostra (tabela de OTU/ASV). Esta abordagem com
sequéncias representativas traz vantagens computacionais uma vez que futuras etapas de analise
utilizam um menor nimero de sequéncias (De La Cuesta-Zuluaga; Escobar, 2016).

A classificacdo taxondmica € realizada com bancos de dados de 16S rRNA sendo o Silva
e 0 Greengenes mais comumente empregados. O banco de Silva possui um calendario de
atualizagbes mais frequente, enquanto o Greengenes néo é atualizado desde 2013 (Balvoditeé;
Huson, 2017). Como resultado da classificacdo temos uma tabela com o0s mesmos
identificadores das sequéncias representativas e suas respectivas classificagfes taxondmicas.
Dessa forma, é possivel cruzar as informacgdes contidas na tabela de OTU/ASV com a
classificacdo taxondmica e saber quantas copias de cada taxa estava presente em cada amostra.
Em seguida essas informacfes sdo utilizadas para as analises de diversidade alfa e beta a fim
de avaliar se ha diferengas na comunidade bacteriana associadas com variaveis de interesse das

amostras como infectados e ndo infectados.
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2.4.2 Composicionalidade do dado

O sequenciamento de DNA na plataforma Illumina é amplamente empregado em
estudos de microbioma. Essa plataforma trabalha contabilizando as sequéncias até um limite de
contagens de acordo com o chip de sequenciamento e equipamento utilizados (Slatko; Gardner;
Ausubel, 2018). Assim, devido a forma como o sequenciamento do gene 16S rRNA ocorre, a
quantidade de sequéncias contabilizadas em uma corrida de sequenciamento é limitada ao
namero de leituras determinados pelo sequenciamento. Durante o sequenciamento, o himero
de leituras por amostra varia e o limite de leituras do chip de sequenciamento ndo permite o
sequenciamento de todas as bactérias presentes na amostra (Gloor; Reid, 2016). Ademais, 0
limite de contagem total de uma corrida de sequenciamento cria uma dependéncia na contagem
de diferentes sequéncias dado que uma sequéncia com muitas contagens limita o quanto outras
sequéncias podem ser lidas (Gloor et al., 2017). Uma outra caracteristica do dado oriundo do
sequenciamento na plataforma Illumina é a esparsidade do dado onde muitas sequéncias estdo
ausentes em muitas amostras (Silverman et al., 2020). Assim, a matriz de contagem de bactérias
se torna majoritariamente composta por zeros. Tais caracteristicas em conjunto com diferencas
do nimero de leituras das amostras impossibilitam a comparacéao direta entre OTUs/ASVs de
amostras distintas. Isto ocorre uma vez que contagens similares de duas amostras podem
representar diferentes propor¢des de um dado OTU/ASV dentre diferentes totais de sequéncias
lidas por amostra (Greenacre, 2021). Todos esses pontos que caracterizam o dado obtido do
sequenciamento Illumina indicam que esse conjunto de dados representa um dado
composicional (Gloor et al., 2017).

Em decorréncia da composicionalidade do dado de sequenciamento do gene 16S, a
analise deve levar em consideracdo tal caracteristica em seus métodos. Assim, previamente as
analises, a matriz de contagem de OTUs/ASVs passa por uma transformacao ou normalizacdo
que torna a comparacao entre amostras mais coerente dado o tipo de dado que estd sendo
analisado. Inicialmente foram aplicados métodos de normalizacdo comumente utilizados em
dados de RNA-seq como os aplicados nos pacotes edgeR e DESeq. Contudo, eles podem
aumentar erros do tipo 1 na analise quando empregados para analisar microbioma (Nookaew et
al., 2012). Dessa forma, a transformacéo de razdo de log centralizada (CLR) foi sugerida para
lidar com a caracteristica composicional do dado de microbioma. Ela centraliza o log das
contagens de cada OTU/ASV por amostra pela média geométrica de toda a matriz reduzindo a
influéncia das diferencas de contagens entre amostras (Gloor et al., 2016). Outras
transformacdes de razdo de log como a razdo de log aditiva (ALR - Additive Log Ratio) ou
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isométrica (ILR - Isometric Log Ratio) também podem ser utilizadas em dados de microbioma.
Assim como no CLR um denominador comum ¢é utilizado para o calculo das razées de log. No
caso do ALR um componente € usado como referéncia, enquanto o ILR representa uma
composicdo em funcdo de uma base ortonormal (Egozcue et al., 2003; Greenacre; Martinez-
Alvaro; Blasco, 2021). Utilizando tais transformacdes, métodos que levam em consideracéo a
composicionalidade do dado foram desenvolvidos, CoDA - Compositional Data Analysis, e
vém sendo cada vez mais empregados em analises de dados dmicos (Lopez-Garcia et al., 2023).

Estes serdo abordados nas sessdes respectivas de cada etapa de analise do microbioma.

2.4.3 Diversidade alfa

A diversidade alfa representa a diversidade intra amostra comparando tanto a quantidade
(riqueza) quanto a proporcionalidade (uniformidade) de bactérias presentes em cada amostra
(Mcart; Cook-Patton; Thaler, 2012). Ela é representada por um niimero que sumariza tanto a
riqueza quanto a uniformidade das bactérias que compdem a microbiota (Willis, 2019). Sua
mensuracao é importante uma vez que indica um dos tipos de disbiose da microbiota associado
a uma reducdo da diversidade de microrganismos de forma geral. Assim, é possivel inferir que,
baseado em diferencas na diversidade alfa, o tratamento ou condicao testada no experimento
promovem um situagdo de disbiose na microbiota dos individuos testados. A disbiose por sua
vez € caracterizada por uma alteracdo na composi¢do da microbiota onde a propor¢do de
bactérias patogénicas se encontra aumentada ou a de ndo patogénicas esta reduzida bem como
pode haver uma reducdo geral de toda a microbiota (Petersen; Round, 2014).

A mensuracdo da diversidade alfa é realizada por métricas comumente empregadas em
estudos de ecologia como o indice de Shannon ou Chaol. O primeiro é calculado levando em
consideracdo tanto a riqueza de espécies quanto a uniformidade de cada bactéria presente na
amostra, enquanto que o segundo somente considera a riqueza (Kim et al., 2017). Além destes
indices ha o indice de Simpson e suas variantes que se assemelha ao de Shannon avaliando
tanto a riqueza quanto a uniformidade (Galloway-Pefia; Hanson, 2020). No entanto, o indice de
Simpson da mais peso para a uniformidade no seu calculo enquanto o de Shannon valoriza mais
a riqueza (Kim et al., 2017). Adicionalmente, o indice de Shannon é mais influenciado por
OTUSs/ASVs raros ao passo que o indice de Simpson € mais influenciado por taxa abundantes
e dominantes na amostra (Bent; Forney, 2008). Os resultados dos calculos dos indices de Chaol
e Shannon variam de zero ao infinito e representam maior diversidade quanto maior for o indice.

Por outro lado, o indice de Simpson varia entre zero e um, indicando maior diversidade quanto
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mais proximo de zero ele for. Para facilitar a interpretacdo o indice inverso de Simpson é
frequentemente apresentado dado que ele é medido dividindo o ndmero um pelo indice de
Simpson. Dessa forma, quanto maior for o indice inverso de Simpson maior é a diversidade alfa
da amostra.

Dentre outras métricas de mensuracdo da diversidade alfa o estimador de cobertura
baseado em abundéncia (ACE - Abundance-based Coverage Estimator) representa uma
abordagem néo paramétrica onde as probabilidades das bactérias observadas sdo sumarizadas
em um ndmero (Chao; Lee, 1992). Nesta métrica, bactérias raras e abundantes sdo avaliadas
separadamente e a informacao de auséncia e presenca delas € levada em consideragéo no calculo
da probabilidade de ocorréncia em cada amostra (Kim et al., 2017). Além da riqueza e
uniformidade das espécies de bactérias presente na microbiota, a distancia filogenética entre
estas também pode ser empregada na mensuracdo da diversidade alfa. A diversidade
filogenética de Faith traz uma abordagem diferente ao levar em consideracdo a soma dos
comprimentos dos ramos da arvore filogenética construida com todos os taxa presente na
microbiota (Faith, 1992). Assim, uma microbiota mais diversa seria a que tivesse uma distancia
filogenética global maior entre os individuos que a compde. No entanto, esta métrica leva em
consideracdo somente a presenca e auséncia das espécies de bactéria e ndo considera as
diferencas na abundancia delas (Chao; Chiu; Jost, 2016). Assim, modificacbes na composi¢do
microbiana ndo sdo identificadas dificultando a caracterizacdo de uma dishiose com a
diversidade filogenética de Faith.

A diferenca do nimero de leituras por amostra supracitada pode influenciar nos
resultados de diversidade alfa uma vez que a abundancia de um OTU/ASV reflete as limitacOes
do sequenciamento (Weiss et al., 2017). Uma forma de lidar com essa questdo é utilizar a
rarefacdo para ajustar as diferencas no nimeros de leitura totais de cada amostra. Ela se baseia
em uma reamostragem dos OTUs/ASVs de cada amostra igualando o nimero de contagem de
todas as amostras tornando-as comparaveis (Willis, 2019). A rarefacdo é realizada
reamostrando aleatoriamente sem reposicdo todas os OTUs/ASVs do estudo por amostra
bioldgica para ficarem com o numero de leituras da amostra com menor contagem. Assim, todas
terdo numeros iguais de leituras para a analise de diversidade. Entretanto, tal abordagem
também sofre criticas na literatura dado que este tipo de normalizacdo promove a remocao de
informacdo valida presente nas amostras (Mcmurdie; Holmes, 2014).

Transformacdes para adequar o dado composicional como CLR tornam as contagens
em nameros gque ndo pertencem ao conjunto de nimeros naturais impossibilitando o calculo das

métricas de diversidade alfa supracitados. Dessa forma, é indicado que para analisar a
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diversidade alfa, seja realizada ao menos a rarefacdo das contagens das amostras para evitar um

viés decorrente das diferencas de profundidade do sequenciamento entre amostras.

2.4.4 Diversidade beta

A diversidade beta mede a diversidade entre amostras por meio da comparagéo da
dissimilaridade produzindo matrizes de distancia entre as amostras. Amostras com valores
baixos de dissimilaridade indicam comunidades bacterianas semelhantes, enquanto altos
valores representaram distin¢des entre a microbiota de duas amostras (Wu; Chen; Shen, 2020).
Assim, ao comparar amostras em conjunto por grupos de interesse é possivel observar se as
comunidades bacterianas sdo similares ou ndo, sendo um indicativo de que algo na microbiota
pode estar diferenciando-as.

As matrizes de dissimilaridade, por sua vez, sdo calculadas por medidas de distancia
como Bray-Curtis, Jaccard e Unifrac. As métricas de Bray-Curtis e Jaccard sdo analogas, porém
a primeira leva em consideragdo as diferencas de abundancia de taxa entre comunidades
bacterianas enquanto a segunda ndo considera a abundancia dando mais peso para presenca e
auséncia de taxa (Staley; Kaiser; Khoruts, 2018). A métrica Unifrac € um método filogenético
que utiliza a distancia filogenética entre os taxa de comunidades bacterianas distintas
(Galloway-Pefia; Hanson, 2020). Ela pode ser dividida em duas versdes, a Weighted e
Unweighted Unifrac, sendo que a primeira também leva em consideragdo a abundancia dos taxa
assim como Bray-Curtis e a segunda considera a presenca e auséncia assim como Jaccard
(Lozupone et al., 2007). Assim, as métricas de dissimilaridade utilizadas na analise de
diversidade beta podem ser classificadas em dois grupos, as quantitativas que consideram a
abundancia de bactérias como Bray-Curtis e Weighted Unifrac e as qualitativas que avaliam a
presenca e auséncia como Jaccard e Unweighted Unifrac (Knight et al., 2018). No entanto, tais
medidas de dissimilaridade ndo levam em consideracdo a caracteristica composicional do dado.
Dentro da abordagem CoDa, uma vez em que a contagem de bactérias é transformada com uma
razdo de log, ndo ha necessidade da aplicagdo de uma medida de dissimilaridade. Assim, uma
analise de componentes principais (PCA) seria suficiente para analisar a diversidade beta (Gloor
etal., 2017). Tal abordagem configura a medida de distancia de Aitchison que aplica a distancia
Euclidiana no dado transformado, razdo de log, uma vez que tal transformacéo traz o dado do
espaco simplex para o espa¢o Euclidiano (Aitchison, 1982). Recentemente foi desenvolvido um
método que leva em consideragdo a composicionalidade do dado bem como a distancia

filogenética como nas métricas Unifrac. Este método se baseia na transformagdo ILR seguida
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de um balanceamento utilizando a distancia filogenética entre taxa (Silverman et al., 2017).
Dessa forma, é possivel lidar com a caracteristica composicional do dado de microbioma bem
como incorporar a distancia filogenética na analise da diversidade beta.

Independente da matriz de distancia utilizada, a visualizacdo e interpretacdo da
diversidade beta é realizada por meio de analises multivariadas como a analise de coordenadas
principais (PCoA), PCA ou escalonamento multidimensional ndo métrico (NMDS) (Sudarikov;
Tyakht; Alexeev, 2017). Tais métodos de analise permitem reduzir dimensionalmente das
varidveis para duas ou trés dimensdes que mais explicam a distancia entre amostras de acordo
com a métrica empregada facilitando a interpretacdo e visualizacdo (Véazquez-Baeza et al.,
2013). Entretanto as analises multidimensionais ndo permitem avaliar estatisticamente se ha
diferencas entre as comunidades bacterianas nos grupos estudados. Uma alternativa para
analisar estatisticamente a diversidade beta entre comunidades bacterianas é a analise
multivariada permutacional de varidncia (PERMANOVA) ou andlise de similaridades
(ANOSIM) (Anderson; Walsh, 2013). Ambos os métodos sao similares aplicando permutacéo
as matrizes de dissimilaridades da diversidade beta e aplicam a analise multivariada testando
suas hipoteses nulas.

A PERMANOVA testa a hipdtese nula de que os centroides dos grupos sdo equivalentes
para todos os grupos (Galloway-Pefia; Hanson, 2020). A ANOSIM avalia a similaridade intra
e intergrupos testando a hip6tese nula de que a média do rank de similaridade das amostras
dentro de um grupo e entre grupos é igual (Xia; Sun, 2017). Por ter uma hipotese mais robusta,
a PERMANOVA acaba sendo empregada com mais frequéncia (Anderson; Walsh, 2013). No
entanto, é importante avaliar o uso dos métodos estatisticos supracitados dado que o valor de p
é influenciado pelo numero de permutacdes (Paliy; Shankar, 2016). Outro fator importante é a
homocedasticidade, homogeneidade da dispersdo dos pontos em relacdo ao centroide de seus
respectivos grupos. Tanto o ANOSIM quanto PERMANOVA e o teste de Mantel sdo sensiveis
a diferencas na disperséo de cada grupo (Anderson, 2017). Embora o PERMANOVA tenha se
mostrado mais robusto na questdo da homocedasticidade, quando a dispersao € diferente entre
0s grupos, o valor de p pode estar inflado dificultando a interpretacdo dos resultados dos testes
supracitados (Bruneel et al., 2021). Assim, é importante observar a homocedasticidade para
melhor interpretar os resultados dos testes estatisticos ao avaliar as diferengas entre as

comunidades bacterianas nos grupos estudados.
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2.4.5 Andlise diferencial de abundancia

Além das andlises de diversidade alfa e beta, foram desenvolvidos métodos para
determinar espécies ou grupos de bactérias diferentemente abundantes entre grupos. O método
mais empregado é a analise de discriminante linear e tamanho de efeito (LEfSe - Linear
discriminant analysis effect size). Ele utiliza o Kruskal-Wallis para determinar os taxa
diferentemente abundantes entre os grupos e depois realiza uma anélise de discriminante linear
(LDA) para medir o tamanho do efeito destes taxa em cada grupo medindo a forca dessa
associacdo entre taxa diferentemente abundante e grupo (Segata et al., 2011). Uma analise
filogenética também é realizada em conjunto com o LEfSe dando visibilidade as bactérias
diferentemente abundantes nos grupos e suas proximidades filogenéticas (Palmer et al., 2019).

Métodos comumente empregados em analises de transcriptoma como o DESeq2 e
EdgeR também foram empregados em analises de microbioma para determinar bactérias
diferentemente abundantes (Ma; Luo; Jiang, 2020). Ambos sdo amplamente empregados em
dados de sequenciamento de RNA e utilizam uma regressao binomial negativa para determinar
as bactérias diferentemente abundantes no comparativo caso-controle (Lutz et al., 2022). No
entanto, o dado € normalizado com métodos diferentes, sendo a expressdo log relativa (RLE -
Relative Log Expression) utilizada no DESeq2 e a média aparada dos valores M (TMM -
Trimmed Mean of M-values) empregada no EdgeR (Abbas-Aghababazadeh; Li; Fridley, 2018).
Apesar das similaridades entre o dado de sequenciamento de RNA e do gene 16S rRNA de
bactéria, estes dois métodos de analise diferencial apresentaram ineficiéncias no controle de
falsos positivos quando aplicados em dados de microbioma (Yang; Chen, 2022). Além disso
tais métodos ndo levam em consideracdo a composicionalidade do dado de microbioma.
Recentemente, foi desenvolvido um método chamado LinDA (Linear models for Differential
Abundance analysis) que aplica regressdo linear logaritmica nas contagens transformadas por
CLR para lidar com a composicionalidade do dado (Zhou et al., 2022). Em seguida € aplicada
uma correc¢do de Vviés e sdo calculados os valores de p corrigidos para taxa de falsas descobertas.
O LinDA também permite a utilizacdo de uma regressdo de efeito misto para acomodar
desenhos experimentais longitudinais que ndo sdo contemplados nos outros métodos de analise
diferencial supracitados (Spies et al., 2017).

Este tipo de anélise é bastante importante para detectar bactérias mais abundantes em
grupos de interesse com potencial de uso para futuras estratégias paratrangénicas de controle.
Recentemente, algoritmos de aprendizagem de méaquina vém sendo aplicados em estudos de

microbioma para predizer os taxa de bactérias associados com caracteristicas de interesse
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(Zhou; Gallins, 2019). Tal abordagem se mostra bastante interessante por permitir lidar com
grande quantidade de dados principalmente em situacGes de meta analises de diversos estudos
(Cammarota et al., 2020). Na comparacao entre os diferentes métodos de anélise diferencial da
microbiota, resultados muito distintos foram encontrados (Nearing et al., 2022; YANG; Chen,
2022). Tais divergéncias na determinacgdo de bactérias diferentemente abundantes entre grupos
podem ser decorrente das diferentes formas de normalizacdo e deteccdo destas bactérias
empregadas em cada método. Assim, é importante levar em consideracdo como cada método
conduz a analise bem como as premissas que consideram em relacdo ao dado como esparsidade

e composicionalidade na hora de escolher o0 método de anélise.

2.4.6 Anédlise funcional

Adicionalmente as analises de microbioma supracitadas é possivel realizar a analise
funcional do microbioma identificando diferencas de funcdes metabdlicas entre populagdes de
bactérias de grupos de interesse. Dependendo da abordagem de sequenciamento empregada o
fluxo de trabalho da anédlise funcional varia. Quando WGS é empregado, sdo realizadas
predicdes genéticas dos metagenomas montados seguida de identificacdo dos genes e anotacao
funcional por meio de buscas baseadas em homologia em bancos de dados de enzimas (KEGG
- Kyoto Encyclopedia of Genes and Genomes) ou proteinas (Liu, G. et al., 2020). Em seguida é
realizada anéalise de enriquecimento funcional, LDA ou redes metabolicas de acordo com a
comparacao de interesse do estudo (Niu et al., 2018). Esta abordagem por meio de WGS é mais
generalista e permite detectar tanto funcdes metabdlicas das bactérias quanto de células do
hospedeiro presentes nas amostras facilitando uma melhor compreenséo da interagéo entre
microbioma e hospedeiro.

Em estudos que aplicam o sequenciamento do gene 16S rRNA bacteriano outras
abordagens foram desenvolvidas utilizando um banco de dados do KEGG que associa vias
metabdlicas a grupos de bactérias. Foram desenvolvidos alguns métodos que usam a
abundancia relativa da tabela de OTU/ASV e o0 banco de dados do KEGG para predizer as vias
metabolicas mais ativas de acordo com as bactérias mais abundantes e suas respectivas vias
metabolicas (lwai et al., 2016). Um desses métodos € o PICRUSt que utilizava o banco de dados
de 16S rRNA bacteriano Greengenes (Langille et al., 2013) enquanto que um outro metodo,
Tax4Fun, utiliza o banco do Silva (Asshaue et al., 2015). Recentemente atualizado, o
PICRUSt2, também utiliza o banco do Silva e trabalha com as ASVs do fluxo de analise do

QIIME2 (Douglas et al., 2020). Com base nos resultados obtidos por tais métodos de predicéo
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funcional da microbiota € possivel aplicar ferramentas que determinam abundéancia diferencial,
como as citadas no topico 2.4.5. De forma anéloga a anélise de enriquecimento empregada na
analise de dados de sequenciamento de RNA, é possivel usar os identificadores do KEGG
Orthology diferentemente abundantes para avaliar quais vias metabolicas estariam enriquecidas
em cada grupo (Wu et al., 2021).

Apesar de promissora, é importante ressaltar que essa abordagem é uma aproximacéo e
ndo leva em consideracdo a expressdo de proteinas das vias metabdlicas. Adicionalmente, o
banco de dados com a associacdo entre bactéria e via metabdlica do KEGG ¢é limitado
(Galloway-Pefia; Hanson, 2020). Ainda assim, a andlise funcional do microbioma permite
apontar possiveis mecanismos metabolicos que possam estar influenciando na relacéo patégeno

e artrépode, bem como na sua competéncia vetorial.

2.4.7 Redes de co-ocorréncia

A co-ocorréncia se da pelo presenca simultanea de duas unidades como espécies animais
ou bactérias em mesmo ambiente ou microbioma (Goberna; Verdd, 2022). Assim, matrizes de
co-ocorréncia foram empregadas em estudos de ecologia para descrever a distribuicdo de
espécies, taxa, em diferentes biomas ou ambientes (Goberna; Verdu, 2022). Mais recentemente,
com o intuito de avaliar a estrutura da comunidade microbiana, redes de co-ocorréncia vém
sendo cada vez mais aplicadas em estudos de microbioma na ultima década ao comparar a co-
ocorréncia em diferentes microbiomas com diferentes fendtipos, por exemplo caso-controle
(Gao et al., 2022). Dentre as formas de avaliacdo da co-ocorréncia de bactérias, métodos que
envolvem correlacdes e regressdes sdo os mais comumente empregados (Matchado et al.,
2021). Tal abordagem permite compreender como se correlacionam as bactérias de uma
microbiota bem como observar quais sdo importantes para a estrutura de toda a comunidade
microbiana ou de modulos especificos. Inicialmente foram utilizadas as correlagBes de pearson
ou spearman para avaliar as correlagdes entre bactérias de uma determinada microbiota
(Layeghifard; Hwang; Guttman, 2017). No entanto, 0 uso desses métodos de correlacdo vem
sendo criticado devido ao fato deles ndo levarem em consideracdo caracteristicas importantes
do dado de microbioma como a composicionalidade ocasionando correlagfes espurias
(Aitchison, 1982; Lovell et al., 2015).

Ao comparar diferentes métodos de correlagéo, foi observado que estas caracteristicas
do dado representam um gargalo na avaliacdo das correlaces entre bactérias uma vez que

estariam associadas a uma maior deteccdo de falsos positivos (Weiss et al., 2016). Assim, foram


https://paperpile.com/c/wPo2Hl/GBqs
https://paperpile.com/c/wPo2Hl/DUsrv
https://paperpile.com/c/wPo2Hl/1f7t
https://paperpile.com/c/wPo2Hl/1f7t
https://paperpile.com/c/wPo2Hl/s4JF
https://paperpile.com/c/wPo2Hl/gEEZ
https://paperpile.com/c/wPo2Hl/gEEZ
https://paperpile.com/c/wPo2Hl/JN9n
https://paperpile.com/c/wPo2Hl/QPDY+zYE6
https://paperpile.com/c/wPo2Hl/ACSC

32

desenvolvidos métodos que ajustam o dado para adequar essas questdes permitindo a utilizacdo
das correlacbes de pearson ou spearman como 0 SparCC, Sparse Correlations for
Compositional data (Friedman; Alm, 2012). Este método de correlacdo transforma o dado
usando CLR para ajustar a questdo da composicionalidade e faz uma aproximacao iterativa da
correlacdo entre bactérias (Matchado et al., 2021). Devido as multiplas interagdes para inferir
tanto a correlacdo bem como um pseudo valor de p, o SparCC é computacionalmente mais
pesado em comparagdo com outras formas de correlacdo (Hirano; Takemoto, 2019). Um outro
método que também ajusta para a composicionalidade porém ndo ajusta para a esparsidade é o
CCLasso, Correlation inference for Compositional data through Lasso (Fang et al., 2015). Este
também utiliza o dado transformado por CLR e aplica um modelo de varidvel latente com a
abundancia de cada bactéria, variavel dependente, em relacdo as outras bactérias, variaveis
independentes do modelo. Devido a alta dimensionalidade do dado é aplicada uma penalizacéo
como na regressdo de Lasso para controlar e reduzir associagdes espurias bem como o
sobreajuste. Em comparacdo ao SparCC, o CCLasso tem uma estimativa mais acurada da
correlacdo além de lidar melhor com correlagdes espurias enquanto o SparCC é mais robusto
em relacdo a esparsidade (Lutz et al., 2022).

Uma das vantagens de analisar uma rede de co-ocorréncia é a possibilidade de observar
bactérias ou grupos de bactérias importantes para a comunidade bacteriana, bem como capturar
a dindmica da microbiota em casos de estudos longitudinais (Layeghifard; Hwang; Guttman,
2017). Ela também contribui para a descri¢do de uma microbiota disbiética dado que esta ndo
estd associada somente a uma menor diversidade bacteriana, mas também com uma
desorganizacdo das correlacfes entre bactérias (Chen et al., 2020). Ao comparar as redes de co-
ocorréncia microbiana de individuos com doenga de Chron com individuos do grupo controle,
foi observada uma rede menos conectada e mais esparsa nos individuos doentes (Mondot et al.,
2016). Tal observacdo destaca a importancia de avaliar outros aspectos da microbiota para
descrever o estado de disbiose de uma determinada comunidade bacteriana.

Devido a forma como as redes de co-ocorréncia sdo construidas, € importante destacar
que correlagOes ndo informam a respeito de causalidade e assim tais redes ndo indicam uma
interacdo ecoldgica entre as bactérias (Goberna; Verdd, 2022). No entanto, ainda que nédo
informe diretamente a influéncia de uma determinada bactéria na microbiota, a rede de co-
ocorréncia possibilita identificar pontos de partida para estudos direcionados em bacterias

possivelmente importantes na estruturacdo da microbiota (Kishore et al., 2023).


https://paperpile.com/c/wPo2Hl/vmj4
https://paperpile.com/c/wPo2Hl/gEEZ
https://paperpile.com/c/wPo2Hl/6NsP
https://paperpile.com/c/wPo2Hl/qF2O
https://paperpile.com/c/wPo2Hl/eaXR
https://paperpile.com/c/wPo2Hl/JN9n
https://paperpile.com/c/wPo2Hl/JN9n
https://paperpile.com/c/wPo2Hl/dXKh
https://paperpile.com/c/wPo2Hl/iRuF
https://paperpile.com/c/wPo2Hl/iRuF
https://paperpile.com/c/wPo2Hl/1f7t
https://paperpile.com/c/wPo2Hl/DDAA

33

3 OBJETIVOS

3.1 Objetivo geral

Identificar biomarcadores bacterianos em vetores artropodes associados a competéncia

vetorial.

3.2 Objetivos especificos

e Comparar a comunidade bacteriana da microbiota de espécies de carrapato com ampla
competéncia vetorial na transmissdo de multiplos patégenos;

o Determinar fun¢Ges metabolicas associadas & competéncia vetorial de carrapatos pluri
competentes;

e Comparar a composi¢cdo microbiana de mosquitos com perfil de susceptibilidade ao
virus Zika com os refratarios;

e Apontar possiveis marcadores microbianos de mosquitos associados a susceptibilidade
ou refratariedade ao virus Zika.



34

4 RESULTADOS

Os resultados da tese serdo apresentados nos manuscritos a seguir:

MANUSCRITO 1: Another tick bites the dust: Exploring the association of microbial
composition with a broad transmission competence of tick vector species.

MANUSCRITO 2: The Evil that bacteria do in ZIKV susceptibility in mosquitoes.

4.1 Manuscrito 1 - Another tick bites the dust: Exploring the association of microbial
composition with a broad transmission competence of tick vector
species

O manuscrito foi aceito para publicacdo em 21/08/2023 na revista Microbiology
Spectrum (Fator de impacto = 9.043) como artigo cientifico e corresponde aos objetivos

especificos da tese:

Caracterizar a comunidade bacteriana da microbiota de espécies de carrapato com ampla
competéncia vetorial na transmissdo de multiplos patdgenos;
Determinar fungdes metabolicas associadas a competéncia vetorial de carrapatos pluri

competentes.

Link de acesso: https://doi.org/10.1128/spectrum.02156-23
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Another tick bites the dust: Exploring the association of microbial composition with a
broad transmission competence of tick vector species
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Abstract

Ticks harbor and transmit many different pathogens. While some species are competent
vectors of a single pathogen, Mono Competent Vectors (MCV), other species are proven to be
competent vectors of several pathogens, Pluri Competent Vectors (PCV). Such a difference in
vector competence might be related to the microbiome. To better comprehend its influence on
the vector competence of ticks for one or several pathogens, a data driven approach using
publicly available databases was applied on bacterial 16S rRNA from MCV and PCV tick
species. Alpha and beta diversity, co-occurrence networks and functional profiles were
analyzed. A differential analysis was performed to identify bacterial genera associated with
PCV ticks. These tick species presented higher richness and the bacterial composition showed
a significant difference between MCV and PCV ticks. The bacteria genera of PCV ticks
demonstrated fewer correlations within each other in comparison with MCV ticks. The
differential analysis revealed 14 bacteria genera related to PCV tick species, such as Rickettsia,
Staphylococcus and Corynebacterium. Using 24 differently abundant genera, tick samples from
another dataset could be classified into either PCV or MCV with high accuracy and
concordance. Moreover, pathway regulation related to ROS detoxification, -Lactam resistance
and dTDP-L-rhamnose biosynthesis could be participating in competence of PCV ticks for
several tick-borne pathogens. These findings enlighten our understanding of the bacteria

community’s role on some tick species’ broad vector competence.

Importance
Some tick species are competent to transmit more than one pathogen while other species
are, until now, known to be competent to transmit only one single pathogen. Such a difference
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in vector competence for one or more pathogens might be related to the microbiome and
understanding what differentiates these two groups of ticks could help us control several
diseases aiming at the bacteria groups that contribute to such a broad vector competence. Using
16S rRNA from tick species that could be classified into these groups, genera such as Rickettsia
and Staphylococcus seemed to be associated with such a broad vector competence. Our results
highlight differences in tick species when they are divided based on the number of pathogens
they are competent to transmit. These findings are the first step into understanding the

relationship of one single tick species and the pathogens it transmits.

Keywords: Vector competence, Tick-Borne Diseases, Microbiome, Pathogen transmission.

Introduction

Vector-borne diseases are responsible for more than 700,000 deaths per year and around
80% of the world's population are at risk of infection (1). Among the arthropod vectors, ticks
and mosquitoes are responsible for the majority of the vector-borne diseases transmission (2).
Ticks are obligatory hematophagous arthropods that have a broad host spectrum and are spread
worldwide, being an important vector linking pathogens to vertebrates. These characteristics
assign them as an important public health problem. Several tick species such as Ixodes
scapularis, Ix. ricinus, Haemaphysalis longicornis and Rhipicephalus microplus are known to
be vectors to many pathogens from distinct domains, i.e. virus, bacteria and protozoa (3).
Furthermore, they also impair the society’s economy and public health (4, 5).

Usually vector-pathogen studies on ticks focus on single-pathogen infections, despite
co-infections cases being a commonly noted occurrence on field ticks (6). Although co-infected
with many pathogens, these ticks should not be always considered responsible for their
transmission. Vector competence represents the arthropod’s ability to acquire a pathogen
infection, maintain it with replication and further transmission to a susceptible host leading to
disease development (7). Thus, the incrimination as a vector should be empirically determined
to avoid misclassification regarding pathogen transmission (8). Some species, such as IXx.
scapularis and Ix. ricinus were empirically described transmitting bacterial, protozoan and viral
pathogens (9-12). On the other hand, other tick species like Ix. holocyclus and Hyalomma
dromedarii were incriminated as vectors of many pathogens while having little empirical
evidence for most of these pathogens. This classification regarding the number of transmitted

pathogens was assumed in studies based on molecular detection, which does not prove vector
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competence (8). However, until now, empirical experiment-based studies suggested that they
are competent in transmitting only one single pathogen (13-16).

The vector competence of a given tick species to transmit multiple pathogens appears
to be related to its microbiome. It was demonstrated that pathogen-microbiome interaction
could influence the infection establishment and transmission. The study of tick microbiome
enlightened the tick-pathogen relashionship's complexity, in which symbiont bacteria plays an
important role in tick fitness and vector competence (17). This type of discovery with aid of
high-throughput approaches enables the development of new control methods focused on the
pathogen-microbiome-vector relationship (18). Moreover, a point of view from tick species that
are competent to transmit several pathogens in comparison with those that have a narrower
vector competence could bring us insights into control mechanisms to decrease such a broad
competence. For instance, the introduction of modified symbiont Sphingomonas in tick
microbiota has been demonstrated to reduce Anaplasma phagocytophilum infection in Ix.
scapularis ticks (19). Along these lines, the first group of ticks could be assigned as being pluri-
competent vectors (PVC) while the second group of ticks as being mono-competent vectors
(MCV).

Thus, the aim of the present work was to explore the microbiome data from tick species
identified as PCV in comparison with those that are, up to date, considered as MCV. This
exploratory approach can help us investigate what tick microbiome can tell us about such a

broad vector competence.

Results

For the literature review on vector competence of ticks that have 16S data deposited in
Sequence Read Archive (SRA), 2651 papers have been screened and 226 empirical vector
competence related studies were fully read, figure 1. The majority of these tick species with
16S data in SRA, 32 out of 58, could not be classified into MCV (competent to transmit one or
any pathogen) or PCV (competent to transmit more than one pathogen) as only one or no papers
have been found that have evaluated its vector competence for any pathogen. Among the 26
species that could be classified based on 226 studies, 17 species had samples with the inclusion
criteria for the microbiome analysis herein proposed, i.e. 16S V3-V4 or V4 region, paired-end
sequences, 250 to 300 bases, field collected, washed with ethanol, whole body tissue and free
of pathogens. Among the 1480 samples meeting the inclusion criteria, 352 samples were
divided into two datasets. This sample number was selected in order to balance the number of

samples of each tick species within each group as some species were over represented.
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The training dataset was used to characterize the microbiota and identify differentially
abundant bacteria while the validation dataset provided samples to assess the accuracy of the
bacteria associated with any of the groups to distinguish them. For the training dataset 225
samples of 7 species have been chosen, being the MCV group composed by Dermacentor
silvarum, De. occidentalis and Ix. holocyclus while the PCV group by Amblyomma cajennense,
Ha. longicornis, Ix. ricinus and Rh. sanguineus. The remaining samples, 127, were used for the
validation dataset being the MCV group composed by D. occidentalis, D. silvarum, Ha.
leporispalustris, Ix. holocyclus and Ix. persulcatus. The validation dataset’s PCV group was
composed of De. marginatus, De. reticulatus, De. variabilis, Ha. longicornis, Ha. punctata, IX.
pacificus, Ix. ricinus and Rh. sanguineus. A second validation dataset, 16S V1-V2 region, was
composed of 100 samples from four tick species, being Ha. humerosa and Ix. holocyclus
assigned to the MCV group while Ix. ricinus and Rh. sanguineus to the PCV group. For each
dataset, samples were randomly selected in order to balance the number of samples per tick
species within each group. Differences of sample number among groups was not statistically
significant when compared with the other datasets by chi-square test. The whole classification
results and list of tick species and pathogens pairs that have been evaluated can be seen in the

supplementary material.
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Figure 1: Flowchart of microbiome data search in
NCBI's Sequence Read Archive followed by
literature in PubMed review on tick species
containing 16S rRNA data. The light blue area
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represents the search in the SRA database. The light
yellow area represents the literature review and
classification into MCV and PCV tick species. The
purple area represents the datasets prepared for the
microbiome analysis. VC - Vector Competence;
MCV - Mono Competent Vector; PCV - Pluri

Competent Vector.

The bacterial community of ticks from each studied group (MCV and PCV) were
composed by similar families and genera, however, with different centered log-ratio, CLR,
abundances among the groups (Figure 2A). For instance, Rickettsiaceae, Moraxellaceae,
Staphylococcaceae and Corynebacteriaceae families were more abundant in the PCV group.
On the other hand, Enterobacteriaceae, Streptococcaceae, Rhizobiaceae, Flavobacteriaceae,
Sphingomonadaceae and Comamonadaceae were more present in the MCV group when
comparing both groups in the heatmap, figure 2A. In the beta diversity analysis using
Phylogenetic Isometric Log-Ratio transformation (PhILR) followed by an Euclidean distance
matrix, MCV and PCV groups presented different bacterial communities as seen in the Principal
Coordinate Analysis (PCoA), figure 2B. This separation between groups was statistically
significant (PERMANOVA, F = 93.04, R? = 0.294, p < 0.001). According to the
PERMANOVA test, 29.4% (R?) of the distance between groups could be explained by their
vector competence grouping (MCV and PCV). There was no statistically significant difference
in multivariate dispersion in the comparison between groups, F = 0.18 and p > 0.674. Thus, p-
value inflation in the PERMANOVA test should not be expected.
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Figure 2: Microbial composition and beta diversity highlighting differences in the bacterial
community of mono competent vectors, MCV, and pluri competent vectors, PCV. In A, a
heatmap using mean CLR transformed abundances by group is represented. Z-score has been
applied in order to reduce color scale range. In B, a PCoA from an Euclidean matrix of PhILR

transformed counts between groups is represented.

In order to evaluate how bacteria genera correlated with each other within groups,
networks using Sparse Correlations for Compositional data, SparCC, have been built for each
group separately. The co-occurrence network of PCV tick species was less modular, with lower
overall centrality and density as shown in figure 3. Due to this result, the alpha diversity has
been evaluated using rarefied counts to see if the smaller and less dense network seen in PCV
tick species was related to a lower diversity of bacteria. Contrasting this previous idea, alpha
diversity was higher in PCV ticks as measured by both Shannon and inverse Simpson metrics
with Mann-Whitney p < 0.0001, figure 3D.
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Figure 3: Co-occurrence networks of mono competent vectors, MCV (A), and pluri competent
vectors, PCV (B) tick species. Node diameter was measured by each node degree. Color of
nodes are related to the genera that were differently associated with each of the groups in the
Linear models for Differential Abundance analysis. Color of edges represent (red) positive and
(blue) negative correlations > 0.4 between genera. In C and D, boxplots of network performance
metrics and alpha diversity metrics are shown. Comparisons between groups were done using
Mann-Whitney test with p < 0.0001.

Among the 408 pathways predicted with PICRUSt2’s functional analysis, 197 were
associated to any of the groups, MCV or PCV, with log: fold change > 1 and BH adjusted p-
value < 0.05, according to Linear models for Differential Abundance, LinDA. The pathways
predicted to be more active in PCV tick species were related to the biosynthesis of dTDP-L-
rhamnose, mycothiol, peptidoglycan as well as methyl ketone. On the other hand, the pathways
which were predicted to be up-regulated in MCV tick species were L-tryptophan biosynthesis,
sulfoglycolysis and degradation of D-galactarate and D-glucarate. A complete table of all
differentially regulated pathways can be seen in the supplementary table 1.

Several bacteria genera were associated with each of the studied tick groups, presenting
LinDA’s log> fold change > 0.5 and BH adjusted p < 0.05 (figure 4A). Genera such as
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Candidatus Midichloria, Escherichia-Shigella, Francisella and Acidiphilum were related to the
MCV group. To the same degree, Rickettsia, Staphylococcus, Methylobacterium-
Methylorubium and Corynebacterium were associated with the PCV group. In order to validate
LinDA analysis results, a PCoA with PhILR and Euclidean distance matrix was used to assess
if separation was better using only the genera associated with each group. As seen in figure 4B,
the clustering separation between the groups was greater than that observed before the filter. In
both situations there was a statistically significant difference in centroid positions from both
groups (PERMANOVA, p < 0.001), while there was an increased R? value in the above-
mentioned validation dataset from 0.294 to 0.445. In both cases, the homogeneity dispersion of
samples within each group showed no statistically significant differences, F = 0.18 and p >
0.674; F = 3.60 and p = 0.057, respectively. Using the train dataset, i.e. the same dataset used
for the differential analysis, ticks were classified using a principal component regression
followed by a Receiver operating curve (ROC) which showed an area under the curve (AUC)
of 0.859. When another dataset with new samples that sequenced the same 16S variable region,
V3-V4, was used a similar AUC of 0.878 was obtained. Such comparison could not be
performed for the second validation dataset using samples that have sequenced the 16S V1-V2
region as the 24 differently associated bacteria genera by LinDA analysis were not present in
this dataset. The model using the 24 genera most associated with MCV or PCV ticks
demonstrated a high accuracy of 0.95 (95%CI 0.90-0.98) with a non-informative rate of 0.57

and high concordance, kappa coefficient of 0.90.
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Figure 4: Differential analysis to identify to which group bacteria genera were associated with
and validation of using these genera to measure the accuracy of using them to separate samples
from another dataset into MCV or PCV ticks. In A, LinDA analysis of the microbiota from both
mono competent vectors (MCV) and pluri competent vectors (PCV) groups. Only taxa with

log. fold change > 0.5 and Benjamini-Hochberg adjusted p < 0.05 are shown. In B, Principal
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Coordinate Analysis of the beta diversity, with PhILR and Euclidean distance, when only this
group of bacteria was kept. In C, Receiver operating curves (ROC) the area under the curve

(AUC) in the train and validation (V3-V4) datasets based on principal component regression.

Discussion

The tick species herein evaluated were selected based on the presence of laboratory
confirmation, and its vector competence being classified as MCV and PCV. Only species
assessed under experimental conditions were used. This evaluation was performed by a
comprehensive literature review of vector competence studies which highlighted a publication
bias in such kind of studies. For instance, some tick species such as Ix. ricinus, Ix. scapularis
and Ha. longicornis, have more studies on their vector competence for any pathogen. These
species are most likely to be part of the PCV group as more information regarding their
competence to transmit a broader range of pathogens is available in the literature. Regardless
of such limitations, several tick species with microbiome data deposited in NCBI’s SRA could
be classified as being MCV or PCV allowing us to further evaluate differences in their
microbiota.

The alpha diversity results showed a higher richness in PCV tick species. Such
observation contrasts what has been seen under empirical condition where Ix. scapularis co-
infected with three pathogens, Bo. burgdorferi, An. phagocytophilum and Ba. microti, did not
show differences in alpha diversity’s shannon index when compared with pathogen free ticks
(20). Considering our network analysis, the richer PCV group had a network with less
correlations among the genera. Such contrast demonstrates that although the microbiota
composition of PCV ticks being richer, less correlated microbiota might be important before
co-infection for multiple pathogen vector competence, since the samples herein evaluated were
free of infection. The microbiota’s beta diversity of MCV and PCV ticks differed in terms of
phylogenetic distance as shown in the beta diversity evaluation, PERMANOVA p < 0.001, and
as multivariate dispersion has not been observed, p-value tend not be over-inflated. Such a
difference in beta diversity suggests unique microbial composition related to competence in
transmitting several pathogens which was further evaluated with LinDA.

Considering the bacteria genera with LinDA’s logz > 0.5 and BH adjusted p-value <
0.05, Francisella genus was associated with the MCV group, suggesting that bacteria belonging
to this genus should direct tick species towards transmitting less pathogens. This genus is
composed of pathogenic species as well as endosymbionts that have been identified in many

tick species (21). In particular, the latter which are detected in all life stages both in colony
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reared and field collected ticks (21). High prevalence of Francisella was associated with
decreased Rickettsia genus, which impairs tick borne pathogens transmission by outcompeting
other bacterial genera (22, 23). In our analysis no direct correlation was observed between these
two genera.

Candidatus Midichloria was also associated with the MCV group. This bacterial genus
is closely related to symbionts such as Midichloria mitochondrii. This species has been recently
demonstrated to be positively associated with Bo. burgdorferi and Neoehrlichia mikurensis
while being negatively associated with An. phagocytophilum (24). However, a method has been
used which modeled co-occurrence of bacteria based on the chance of these bacteria be present
together with Mi. mitochondrii. As it is a symbiont bacteria present in many ixodid tick species
(25), co-occurrence with pathogens does not mean that it plays a role in infection or
transmission. In our analysis the genus Ca. Midichloria was positively correlated with
environmental genera such as Staphylococcus, Enterobacter and Acinetobacter (26) as well as
some symbiont bacteria such as Arsenophonus sp. and Rickettsia sp. (27). Such correlation with
environmental and symbiont bacteria might be indicating a bridge role of Ca. Midichloria as
environmental bacteria are acquired from habitat and blood meal shaping ticks microbiota (26).
Some of these genera were also associated in the present work with PCV tick species indicating
that Ca. Midichloria should be important for both evaluated tick groups as it showed positive
correlations in both networks.

Recently, Mi. mitochondrii’s pathways and tissue tropism has been studied showing that
it may play a role helping the tick by supplying nutrients, increasing its survival as well as
maintaining homeostasis and antioxidant defenses (28). Thus, this symbiont might be beneficial
for the survival of many bacteria that favor correlations of genera. Altogether, it should be
promoting an environment associated with both mono and pluri competence as suggested by
the results of the present work. The other bacteria genera associated with MCV group have not
been related to vectorial competence or any kind of influence on microbial composition yet.
Nonetheless, as demonstrated by the results of the present work, they might be somehow
affecting bacterial composition leaning vectorial competence for several pathogens.

The Staphylococcus and Corynebacterium genera are known environmental bacteria
that can be acquired by ticks and might interact with tick’s microbiota (26, 29). These genera
were associated with uninfected PCV ticks and might, directly or indirectly, favor the
colonization of several pathogens in one single tick. The genus Bacillus was also associated
with PCV ticks and correlated positively with other bacteria related to this same group such as

Staphylococcus and Cutibacterium. In recent work, Bacillus has been negatively associated
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with ticks infected by the pathogen R. helvetica while being positively associated with the genus
Rickettsia (30). In the present work such a positive correlation with Rickettsia was not observed,
at least not directly in the PCV network. However, its positive correlation with other genera
also related to PCV ticks indicates that it somehow should be helping to promote a favorable
environment for the competence to transmit some pathogens.

Although the genus Rickettsia has been associated with PCV ticks, it showed more
correlations with other genera in the MCV network demonstrating positive correlations with
other bacteria related to both groups. Since pathogen infected samples were removed from the
analysis and most of the species belonging to Rickettsia are non-pathogenic (31), we believe
that this genus detected in our analysis refers to non-pathogenic symbionts. Rickettsial
endosymbionts like Ri. peacockii and Ri. buchneri have been strongly related to rickettsial
pathogens such as Ri. rickettsii and Ri. monacensis, respectively (32, 33). However, little is
known about the influence of these endosymbionts in tick vector competence (34). Based on
the results of the present work, these bacteria should be somehow related to the transmission of
several pathogens by one single tick species.

Although geographically distinct populations of a given tick species have microbiomes
with different composition, functional profile is conserved and redundant within tick species
(35). The results from the functional analysis showed a higher predicted regulation of mycothiol
biosynthesis in PCV ticks which is associated with reactive oxygen species (ROS)
detoxification as well as protection against electrophilic compounds (36). Such a defensive
mechanism in PCV ticks against ROS and electrophilic compounds might be contributing with
the broader vector competence of these tick species as it facilitates pathogens replication and
transmission (37).

Biosynthesis of dTDP-L-rhamnose is an important pathway for viability or virulence of
many bacterial pathogens such as Group B Streptococcus, Enterococcus faecalis and
Pseudomonas spp. (38). This pathway was associated with PCV ticks and since it is absent in
mammals (39), it might be an interesting aim to modulate vector competence of this tick group
in order to make it less competent to transmit many pathogens.

It has been shown that Rickettsia and Corynebacterium genera were related to penicillin
degradation pathways (40). Thus, these genera might be related to the higher p-lactam
resistance predicted by PICRUSt2 analysis in PCV ticks, i.e. higher peptidoglycan biosynthesis
V B-lactam (MetaCyc). Both of these genera have been associated with PCV ticks and together
with the higher p-lactam resistance might represent an important mechanism to promote many

pathogens development.
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Most of the studies evaluating functional differences in the host-pathogen relationship
tests one single pathogen versus one single host. Our results alongside these one-to-one host-
pathogen interactions from previous studies have shown important shared pathways that
contribute with higher B-lactam resistance regulation and tick’s redox balance mechanisms.
Altogether these pathways might be related to the competence to transmit several pathogens.

After selecting the bacterial genera associated with any of the tested groups beta
diversity results differed in terms of R? being about 1.5 times higher after picking taxa with
LinDA’s log> > 0.5 and BH adjusted p-value < 0.05. This demonstrates that these bacteria are
better able to distinguish MCV and PCV ticks’ groups as by PhILR and Euclidean distance.
However, this performance should be applicable only to other tick samples that had sequenced
the 16S rRNA V3-V4 region as it had high accuracy, 0.95 (95%CI 0.90-0.98) when validated
with another set of samples from this same variable region. Validation with V1-V2 dataset
could not be tested as none of the 24 genera indicated by LinDA analysis were present in this
dataset. This difference in bacterial composition should be associated with the lower
comparability between datasets from different 16S variable regions due to specificities in
bacteria classification of each region (41).

Several bacteria groups related to PCV tick species are commonly found in the
environment which might be related to the sequenced tick tissue and pre-washing step. Samples
herein analyzed had the tick’s whole body sequenced and were surface washed with ethanol.
Such a cleaning method is known to be the least effective for surface decontamination when
compared to other methods, such as 5% sodium hypochlorite (42). However, if samples that
had been previously washed with 5% sodium hypochlorite were chosen as selection criteria for
the analysis, most of the tick samples would have been Australian ticks which sequenced the
V1-V2 16S rRNA region. This criteria would have decreased the influence of environmental
bacteria in the analysis, nevertheless, it would have inserted a geographical bias as well as
diminished the number of tick species from both groups.

It is noteworthy that the relationship of environmental bacteria with tick microbiota has
been proposed affecting its composition (43, 44). Thus, these bacteria may play a role in the
tick microbiota indirectly affecting the tick’s vectorial competence for many pathogens. Silva’s
16S rRNA database presents limitations to accurately identify bacteria to the species level (45).
Therefore, the analysis of the present study was limited to bacteria family and genera level.
Such accuracy level bewilders the separation of species that could be actually part of the
environment from those that had already established a co-evolutionary relationship in the tick

microbiome and thus, play a role in the vector competence of PCV tick species. Although
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environmental bacteria could not be removed from our analysis, assuming the influence of such
bacteria in microbial composition of ticks, changes in the environment could help us modulate
the tick microbiome (46). Thus, the bacteria genera herein appointed as associated with the
MCYV group, such as Escherichia-Shigella and Francisella could help us, until certain point,
diminish the vectorial competence for several pathogens of a PCV tick species. As an example,
such an approach can be performed as recently proposed by Mazuecos and collaborators (19)
where modified symbiont Sphingomonas promoted a reduction of An. phagocytophilum in Ix.
scapularis ticks. Thus, changing the tick’s microbiota using the above-mentioned bacteria
associated with mono competent vector ticks could be a method to reduce such a broad vector
competence. Naturally, due to the above-mentioned limitations regarding the samples,
predictions and mechanisms, the results of the present work should be empirically validated in

the future for better comprehension of the mechanisms related to PCVs.

Conclusion

Based on our exploratory approach on the microbiome of uninfected PCV versus MCV
ticks, the bacteria genera Rickettsia, Staphylococcus and Corynebacterium and Arsenophonus
among others are related to a broader vector competence. Additionally, pathways related to
ROS detoxification, dTDP-L-rhamnose biosynthesis and p-lactam resistance regulation could
be participating in the infection of several tick-borne pathogens in ticks. These findings could
be used in the future to regulate the permissiveness of PCV ticks in order to reduce their vector
competence or even block the transmission of several pathogens by one single tick species. As
we used and integrated publicly available data, it was not possible to determine the species level
for all ASVs. Due to this limitation, the genus level was used for the major analysis. Deeper
insights would be found evaluating each bacteria species on those ticks. Despite these
limitations, we were able to provide understanding on the bacteria community role on the vector

competence of tick species studied.

Methods

Vector competence literature review

For this analysis, tick species that have 16S rRNA gene sequencing data in the SRA
(Sequence Read Archive) and NCBI’s BioProject, between January and April 2023, were
selected. Following, a literature review was performed, assessing studies which evaluated the
tick species' vector competence for one or more pathogens. Thus, all 58 tick species with 16S

rRNA microbiota data deposited in SRA were reviewed for their vector competence for
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pathogens of medical and veterinary importance. Reviews were carried out for each species
through systematic searches, using the species name and terms related to vector competence
(i.e. "Vectorial competence™ OR "Vector competence” OR "Vector capability” ) as well as
pathogen transmission pathways (vertical OR horizontal OR transstadial OR transovarial) AND
transmi*). The searches were performed on the NCBI's PubMed. When less than 15 studies
were found, only the species name was used for the search and all results titles and abstracts
were filtered to find works that evaluated the vector competence of the species in a laboratory
setting.

To assess the vector competence of each species, tick species and pathogen pairs were
classified according to the degree of evidence presented, which used adaptations of the criteria
previously outlined in the literature (8). Thus, the criteria to determine vector competence were
experimental demonstration of:

I - acquisition of pathogens when feeding uninfected ticks on experimental infective
hosts;

ii - maintenance of pathogens during the seedlings of experimentally infected tick life
stages (vertical transmission and/or transstadial passage);

iii - transmission of pathogens to a susceptible host in a subsequent blood meal.

Each study was evaluated, focused on demonstration of any of these criteria and a
tick/pathogen pair was classified according to the level of evidence presented by the applied
method. The criteria was as follows:

- grade 1 when there was only detection of the pathogen in the tick collected in endemic
areas;

- grade 2 when ticks collected from the field were evaluated in the laboratory for
transmission of pathogens to susceptible hosts or to other life stages (vertical or transstadial
transmission) as well as laboratory experiments using artificial infections;

- grade 3 when there was experimental demonstration of at least one of the
aforementioned criteria using colony reared ticks;

- grade 4 when all vector competence criteria have been demonstrated in the laboratory.

Species were classified as competent to transmit a given pathogen only when there were
studies that evaluated vector competence with evidence degrees 3 or 4 and empirically
demonstrated such competence. Despite existing works declaring vector competence for certain
pathogens, if they were based only on pathogen detection in ticks or on citations of another

published work without enough vector competence evidence, the tick species was still classified
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as an incompetent vector for such pathogens. When tick species presented vector competence
for more than one pathogen with a grade 3 or 4 evidence degree it was classified as being PCV.
On the other hand, if it showed vector competence for only one or any pathogen with grade 3
or 4 evidence degree, it was classified as MCV. A table summarizing the findings and

classification of the review can be found in supplementary material.

Data selection and tick classification

From the data on each tick sample with bacterial 16S-rRNA sequencing deposited at the
NCBI, a metadata was assembled containing information such as life stage, pre-sequencing
washing method, variable region of the 16S gene, tick collection location and tick species. A
new variable was added regarding the number of pathogens that each tick species is competent
to transmit as the aforementioned classification. In order to reduce the heterogeneity between
samples and retain the highest number of tick species, only samples from datasets containing
field collected ticks by flagging, ticks' whole body, ticks without previous detection of infection
of any pathogen and ticks with prewash using alcohol or alcohol plus some other reagent in the
methodology were included. In addition, the sequencing was filtered for VV3-V4 or V4 regions
with paired-end layout and 250 or 300 bases as a higher number of samples was attained in

comparison with other variable regions.

Data processing

All samples were downloaded using SRA toolkit’s fastq-dump (github.com/ncbi/sra-
tools) and quality checked by Trimmomatic v0.32 (47) to remove sequencing adapter, small
and unspecific reads as well as those with Phred quality score lower than 30. After performing
the data quality control, all forward and reverse reads have been joined and processed on
QIIME2 2022.11 (48) pipeline, removing chimeric sequences and building ASVs (Amplicon
Sequence Variant) using the Deblur algorithm (49). Then, all ASVs have been classified using
the SILVA v138.1 16S database (50) assuming 97% identity. Before usage, the database was
filtered to remove sequences that could be associated with fungi, filtering out Eukaryota, plants,
removing Mitochondria and Chloroplast, and sequences with unspecified species classification
such as Unkown, uncultured, NA, metagenome and unidentified. After classification, a
phylogenetic tree was built using MAFFT (Multiple Alignment using Fast Fourier Transform)
(51) and fasttree (52) methods. For the analysis, all of these data generated on QIIMEZ2, i.e.

ASV table, ASV taxonomic classification and phylogenetic tree, have been imported in R
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environment v4.2.3 using Qiime2R package (53). This package creates a phyloseq object that
can be further analyzed by the Phyloseq package (54) to measure diversity indices.

Batch effect correction

Before any analysis, a batch correction has been performed to reduce the technical bias
variation that could have been caused by batch, e.g. each project being sequenced and
performed by different research groups and sequencing machines. Such correction was
performed by the ConQuR_libsize function (55), from the ConQuR package v2.0. After batch
correction, the corrected ASV table was incorporated in a phyloseq object. For future analysis,
samples with less than 100 reads and taxa with less than 10 counts have been removed.

Compositional and diversity analysis

To visualize the microbial composition of MCV and PCV tick species, heatmaps using
the batch corrected mean counts transformed by centered log-ratio, CLR, were created. CLR
transformed counts were scaled using Z-scores in order to reduce the range of values for better
visualization of differences between groups. As the alpha diversity metric could not be
measured using CLR transformed counts, the rarefied batch corrected counts have been used
for such analysis, rarefying for 1000 counts and using Shannon and Inverse Simpson indices.
Beta diversity was assessed by means of ASV count transformation using Phylogenetic
Isometric Log-Ratio Transform, PhILR (56), followed by an Euclidean distance matrix. Such
an approach takes into account the data's compositionality characteristic together with the
phylogenetic distance from taxa present in samples. Principal coordinate analysis was applied
to evaluate group distances in terms of beta diversity followed by PERMANOVA test (57), in
order to determine statistically significant differences in each group centroid according to the
Euclidean distance matrix. The multivariate dispersion has been tested through the vegan's
package v2.6.4 betadisper function to assess the homogeneity of each sample distance in
relation to its group centroid. If groups are equally homogeneous, then p-value from the
PERMANOVA test is not inflated.

Co-occurrence network

Co-occurrence networks have been built using Sparse Correlations for Compositional
data, SparCC, between samples from each group, MCV and PCV. In order to compare networks
from both groups, 100 bootstrap replicates of SparCC correlation matrices were made to extract

network performance metrics such as betweenness centrality, modularity and density. After


https://paperpile.com/c/db2cmP/aQZy6
https://paperpile.com/c/db2cmP/dxsfM
https://paperpile.com/c/db2cmP/77DI
https://paperpile.com/c/db2cmP/G6wp
https://paperpile.com/c/db2cmP/h6Je

51

collecting these metrics from 100 bootstrapped networks, they were compared between MCV
and PCV groups with Mann-Whitney test. The package ggClusterNet v0.1.0 has been used to

measure SparCC correlation matrices and networks were built using igraph v1.4.1.

Functional analysis

In order to further describe PCV ticks, a functional analysis was performed using
PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States), predicting metagenome functions that are regulated by a given bacterial community
based on 16S-rRNA sequencing (58). Predicted pathways were described according to the
MetaCyc database and further hierarchically classified into superclasses as provided by the
file2meco R package v0.5.1. Differently abundant pathways were identified using Linear
models for Differential Abundance, LinDA (59) with a cut-off of 1 log. fold change and
Benjamini-Hochberg false discovery rate (BH) adjusted p-value < 0.05.

Differential analysis and validation of differentially abundant bacteria

To determine groups of bacteria with higher probability to explain differences among
groups (MCV vs PCV), LinDA has been applied as it takes into account the data's
compositionality. Differently abundant genera related to MCV or PCV were determined when
log fold change was > 0.5 with an BH adjusted p-value < 0.05. Tick life stages have been used
in the LinDA model to adjust the vector competence variable.

The bacteria identified as differentially abundant between MCV and PCV ticks in
LinDA were used in a principal component regression approach to assess if these bacterial
genera accurately separate tick species as MCV or PCV. Thus, only bacterial genera with the
above mentioned fold change and p-value criteria were used to run a PCA. The first two
components were modeled in a logistic regression to determine if samples belonged to any of
the studied tick groups. A validation was performed on a dataset, composed of other tick
samples which sequenced V1-V2 and V3-V4 16S rRNA regions and were unused in the
differential analysis as well as samples from other tick species in both groups. The performance
of the logistic model built from the train dataset was measured using the above mentioned
validation datasets containing only the differently abundant bacterial genera. Receiver
operating characteristic (ROC) curves, package pROC v1.18.0, and the confusion matrix
method, package caret v6.0.94, have been used to measure the accuracy, non informative rate

and concordance kappa between train and test datasets.
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4.2 Manuscrito 2 - The Evil that bacteria do in ZIKV susceptibility in mosquitoes.

O manuscrito foi escrito para ser submetido na revista Microbiology Spectrum (Fator
de impacto = 9.043) como artigo cientifico e corresponde aos objetivos especificos da tese:

Comparar a composi¢do microbiana de mosquitos com perfil de susceptibilidade ao
virus Zika com os refratarios;

Apontar possiveis marcadores microbianos de mosquitos associados a susceptibilidade
ou refratariedade ao virus Zika.
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Abstract

Vector competence for Zika virus (ZIKV) was demonstrated for several mosquito
species mostly belonging to the Aedes genus. In contrast, Culex and Anopheles mosquito
species were refractory for ZIKV infections showing lower infection rates and viral loads. The
microbiome plays an essential role in the mosquito basal immune response which can promote
a refractoriness for arboviral infections. Thus, the present work aimed to compare publicly
available 16S rRNA data from ZIKV refractory mosquito species with ZIKV susceptible ones
in order to assess the microbiome profile of mosquito species associated with ZIKV
susceptibility. Alpha and beta diversity, differential abundance analysis, co-occurrence
networks and functional profiles were analyzed. Although no differences have been observed
in the microbial community of ZIKV susceptible and refractory mosquitoes, several bacteria
genera were differently abundant in both larva and adult mosquitoes. Genera such as
Pseudomonas, Halomonas, Wolbachia and Serratia were more abundant in ZIKV susceptible
adult mosquitoes while for the susceptible larvae only Variovorax and JG30-KF-CM45 were
differentially abundant. As for the functional profile, metabolism pathways were enriched in
ZIKV susceptible adults showing a more active microbiome when compared with the refractory
mosquitoes. The structure of the co-occurrence network showed a less dense and connected
bacterial community in ZIKV susceptible adults. These findings illuminate our comprehension
of the differences in the bacteria community in face of mosquito species’ vector competence

for ZIKV while pointing us out for new directions in vector borne disease control.

Importance
Mosquito vector competence for ZIKV may be affected by differences in their
microbiome. Such an influence of the microbiota on pathogen susceptibility has been shown

for several pathogens such as Dengue virus and Plasmodium falciparum. Therefore,
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understanding how the bacterial community of mosquitoes relates to the ZIKV susceptibility or
refractoriness could help us identify new possibilities for control measures. Employing a meta
analysis on publicly available 16S rRNA of ZIKV refractory and susceptible mosquitoes,
bacterial genera such as Pseudomonas, Halomonas, Wolbachia and Serratia seemed to be
related with ZIKV susceptible mosquitoes. Our results bring us light into a microbial profile
that could be shifting mosquito species towards a susceptibility to ZIKV infections. The results
of the present work are helpful to understand how the mosquito microbiota is associated with

its ZIKV susceptibility phenotype.

Introduction

Mosquito borne diseases are a major public health problem worldwide representing a
threat to half of the world’s population and accounting for about 17% of all infectious diseases
(1). Especially in tropical countries where its climate favors year-round transmission (2). These
diseases are prone to spread throughout the globe as global warming keeps changing weather
conditions which favors new mosquito populations to be established in places where they were
unlikely to be present (3). Many mosquito species from different genera such as Aedes, Culex
and Anopheles are responsible for the transmission of these diseases and their blood meal
preferences put in danger not only human but animal health as well (4). Among the pathogens
transmitted by mosquitoes, Zika virus (ZIKV) is one of great concern as its infection can lead
to Congenital Zika Syndrome causing brain abnormalities and/or microcephaly in newborns (5,
6). It belongs to the same family as Dengue virus (DENV), Flaviviridae, and together with
Chikungunya virus (CHIKV), Togaviridae, they share mosquito vectors with similar clinical
signs in humans (7).

Since the 2016-2018 ZIKV outbreak, several studies have been published regarding the
vector competence of different mosquito species of Aedes, Anopheles and Culex genera (6).
The species Ae. aegypti and Ae. albopictus were the most tested ones for ZIKV vector
competence and both were incriminated as being competent to get infected, disseminate
infection and transmit as well (8). Besides Cx. quinquefasciatus, all tested Culex sp. together
with Anopheles sp. and some Aedes sp. were refractory (9). Studies on Cx. quinquefasciatus
susceptibility to ZIKV have shown different results. However, due to few studies demonstrating
infection and dissemination in this mosquito species and such results not being reproduced in
most of the studies, it is highly unlikely that Cx. quinquefasciatus is susceptible to ZIKV (10).
Differences in mosquito susceptibility might be related to their microbiome as it has been shown

that a microbiota reintroduction has led to lower DENV-2 viral load in Ae. aegypti (11). Such
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an effect of the microbiota in viral infection is associated with the co-evolutionary relationship
between the mosquito and its microbiome which can modulate vector competence towards
either susceptibility or refractoriness (12). Thus, the mosquito microbiome in ZIKV infection
circumstances can help us identify means to modulate the mosquito vector competence.

Biological control methods are becoming more popular as mosquito resistance for
insecticide impairs the efficacy of classical chemical control measures (13). Thus, the screening
for new possibilities of biological control with different bacteria are important for the
development of novel mosquito-borne diseases control measures (14). The use of bacteria to
control mosquito-borne diseases has been extensively evaluated in the literature. For instance,
bacteria of the genus Wolbachia have shown an ability to diminish arboviral infections in
mosquitoes blocking transmission as well as limiting the vectorial capacity of Ae. aegypti (15).
The introduction of Serratia ureilytica previously to Plasmodium falciparum infection in
Anopheles sinensis has led to 98-100% reduction in oocyst count in the mosquito midgut (16).
Similarly, Chromobacterium spp. has shown interesting results being able to inhibit PI.
faciparum and DENV-2 infections in An. gambiae and mosquito C6/36 cell line, respectively
(17, 18). These findings highlight novel possibilities derived from the mosquito microbiome
that could play an important role in the development of new biological control measures.

The present work aimed to compare the microbiota of ZIKV susceptible and refractory
mosquito species in order to identify bacteria of interest that might be related to both
phenotypes. An approach using high throughput microbiome data of mosquitoes could be
helpful to identify bacteria of interest to be further evaluated on its use for ZIKV susceptibility

modulation.

Results

After batch effect correction and life stage stratification the ZIKV refractory group was
represented by 70 larva and 89 adult samples while the ZIKV susceptible group by 86 and 97
larva and adult samples, respectively. Unfortunately, there were not enough samples matching
the selection criteria to build a validation dataset. Bacterial composition analysis showed
differences in the bacterial community’s profile between mosquito ZIKV susceptibility groups,
figure 1. Genera such as Flavobacterium, Leucobacter, Enterobacter, Wolbachia and
Pedobacter seemed to be more abundant in ZIKV susceptible larva mosquitoes. On the other
hand, Streptococcus, Hydroegenophaga, Corynebacterium, Dechloromonas,
Novosphingobium and Rhodobacter seemed to be more prevalent in the ZIKV refractory group

in larvae as seen in the heatmap, figure 1. As for the adult mosquitoes, similar abundance
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differences have been seen for Wolbachia, Corynebacterium and Dechloromonas, i.e.,
Wolbachia being more abundant in ZIKV susceptible mosquitoes while the others being less
abundant in this group. Interestingly, the bacterial genus Hydroegenophaga seemed to be more
abundant in ZIKV refractory larvae as opposed to its higher abundance in ZIKV susceptible
adults. Additionally, Methylobacterium-Methylorubium, Aeromonas, Chryseobacterium and
Cutibacterium were also more abundant in ZIKV susceptible adult mosquitoes while
Acidovorax, Clostridium sensu stricto 1, Comamonas, Bacillus, Delftia, Stenotrophomonas and

Serratia were less abundant in this same group, figure 1.
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Fig 1. Microbial composition highlighting differences in the bacterial community of ZIKV refractory
and susceptible mosquito species for larvae and adults. A heatmap using mean CLR transformed

abundances by group is represented. Z-score has been applied in order to reduce color scale range.

Regarding the alpha diversity in the ZIKV susceptible adult group presented a higher
diversity only in the inverse Simpson index, figure 2A. Such a difference has not been observed
in larva mosquitoes for both indices. Groups of larval ZIKV susceptible and refractory
mosquitoes presented an almost overlapping bacterial community as seen in figure 3C. Such a
result has also been observed for adult mosquitoes. Only the comparison between groups in
adult mosquitoes showed a statistically significant difference with the PERMANOVA test, F
=7.64, R? = 0.04 and BH adjusted P-value < 0,01. The multivariate dispersion analysis showed
that, within groups, samples were heterogeneously dispersed with statistically significant



62

differences between pairwise comparisons of adult mosquitoes ANOVA’s F = 6.78 and P =

0.012.
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Fig 2. Bacterial community’s alpha and beta diversity of ZIKV refractory and susceptible mosquito
species for larvae and adults. In A and B, alpha diversity’s Inverse Simpson and Shannon metrics,
respectively, in two development stages, larvae and adults. Mann-Whitney test has been applied to
compare the alpha diversity between groups. Only statistically significant differences are shown, P <
0.05. In C, a PCoA from an Euclidean matrix of PhILR transformed counts between ZIKV refractory

and susceptible groups is represented for larva and adult mosquitos.

According to LinDA analysis, Variovorax and JG30-KF-CM45 were more abundant
and most related to larva mosquitoes susceptible to ZIKV, figure 3. On the other hand, 36
bacterial genera were associated to the refractory group in larvae being Dechloromonas,
Rhizobium, Acintobacter, Acidovorax and Rhodobacter more than four times more abundant
and Bosea and Chryseobacterium about eight times more abundant in this group. For the adult
mosquitoes, Pseudomonas, Serratia, Wolbachia, Stenotrophomonas, Staphylococcus,
Halomonas, Raoultella, Micrococcus and Shewanella were more abundant and associated to
the ZIKV susceptible group. In contrast, UKL13-1, Methylocystis and Dechloromonas were

less abundant in this same group of adult mosquitoes. Using only the differently abundant
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bacterial Genera or Family to classify the mosquito samples into being refractory or susceptible
to ZIKV, low areas under the curve (AUC), < 0.7, were achieved in the ROC analysis. A
moderate AUC, between 0.7 and 0.8, was only obtained for the adults using the differentially

abundant bacterial genera.
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Fig 3. Differential analysis to identify to which group bacteria genera were associated with, and
assessment of accuracy to classify mosquitos into ZIKV refractory or susceptible for both larvae and
adults using these bacteria genera. In A, results from LinDA analysis of the microbiota from both ZIKV
refractory and susceptible groups in larvae are shown. In B, the results for adults are exhibited. Only
taxa with log fold change > 0.5 and Benjamini-Hochberg adjusted P < 0.05 are shown. In C, receiver
operating curves (ROC) and the area under the curve (AUC) with 95% confidence interval within

parentheses in the train data set based on principal component regression.

Differently abundant KOs, predicted by PICRUSt2, were enriched, demonstrating the
majority of pathways, 40 out of 50, enriched in the ZIKV susceptible adult mosquitoes group.
Most of these pathways, 31 out of 40, were related to the metabolism of different compounds,
figure 4. Other pathways unrelated to metabolism such as Cationic AntiMicrobial Peptide
(CAMP) resistance, sulfur relay, Phosphotransferase, bacterial secretion and Two-component
systems as well as bacterial chemotaxis and pathways related to biofilm formation were also
enriched in adult ZIKV susceptible mosquitoes. In contrast, adult ZIKV refractory mosquitoes
presented only purine, sulfur, glyoxylate and dicarboxylate metabolisms enriched. Similarly as
observed in adult mosquitoes, in ZIKV susceptible larvae more enriched pathways have been

observed, 10 out of 50 in comparison with 2 out of 50 for ZIKV refractory larvae. In comparison
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with adult ZIKV susceptible mosquitoes, the larvae shared only two pathways,
lipopolysaccharide biosynthesis and Two-component system.
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Fig 4. Dotplot of enriched pathways based on differently abundant KEGG Orthology IDs predicted by
PICRUSt2 in ZIKV refractory and susceptible mosquitoes followed by LinDA analysis. Pathways are
sorted according to the KEGG BRITE level 1 hierarchy which are represented by different colors.

Networks of correlations between bacterial genera can be seen in figure 5A. Networks
from ZIKV refractory larvae mosquitoes seemed to be more connected and denser. Such a
difference has been confirmed when the density of 100 bootstrapped networks were compared,

figure 5B. The average degree and density of this group’s networks was higher in comparison
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with ZIKV susceptible larvae mosquitoes. Similarly, in the adult mosquitoes the ZIKV

susceptible ones demonstrated a less dense network with lower average degree as well.
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Fig 5. Co-occurrence networks of ZIKV refractory or susceptible mosquitoes at larval and adult

development stages. In A, networks of each group and development stage pair are presented. Connection
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and negative correlations, respectively. Node size was

measured by node degree, i.e. number of

connections. Node colors represent the bacteria that have been assigned as differently abundant for each
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group, blue for ZIKV refractory mosquitoes and orange for the susceptible ones. In B and C the

network’s average degree and density are compared in a boxplot from 100 bootstrapped networks.

Discussion

Studying the microbial composition of both larval and adult ZIKV susceptible or
refractory mosquitoes, differences could be observed in terms of bacterial genera composition.
However, no significant difference has been observed in terms of alpha and beta diversities.
The bacterial community of ZIKV susceptible adult mosquitoes seemed to be higher only for
the inverse Simpson metric. Such a difference was not replicated with the Shannon index.
Additionally, together with an almost non-significant P-value, 0.046, the idea of no difference
in alpha diversity between ZIKV susceptible and refractory mosquitoes is more probable.
Similar result in alpha diversity has been observed in field collected Ae. aegypti naturally
infected with ZIKV (34). When the alpha diversity of ZIKV resistant Ae. aegypti population
was compared with the ZIKV susceptible population, no statistically significant differences
have also been observed (35). For another Flavivirus, DENV-2, a reduction in microbial
diversity using antibiotic treated mosquitoes has not shown any difference in viral load and
prevalence in Ae. aegypti (36).

As for the beta diversity, a statistically significant difference has only been observed in
the comparison between ZIKV susceptible and refractory adult mosquitoes. However, due to
the heterogeneity seen in these groups, the PERMANOVA'’s P-value might be inflated in this
comparison. Thus, it is more reasonable to believe that there is no difference for the beta
diversity between ZIKV susceptible and refractory mosquitoes. An absence in beta diversity
difference of ZIKV susceptible and refractory Ae. aegypti has also been observed (35). Such
results corroborate what has been found in the present work and indicate that microbial diversity
does not affect both ZIKV infection or refractoriness.

Although, herein associated with ZIKV susceptible adult mosquitoes, Wolbachia
presence in mosquito species have been shown to diminish infection rates or even block
arboviral transmission (37). However, such an impact in mosquito-borne pathogens is mostly
related to the use of interspecies-transferred Wolbachia (14). It is believed that due to co-
evolution between native Wolbachia and mosquitoes, its pathogen-blocking trait is limited in
comparison with interspecies-transferred Wolbachia (37). In some studies with other
arboviruses, native Wolbachia infection did not affect DENV-2, DENV-3 and WNV infections
in terms of viral load and infection rate (38, 39). Thus, despite being present in natural

populations of mosquitoes, the role of native Wolbachia should still be assessed in order to
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evaluate its impact in vector competence (40). Due to limitations in the identification to the
species level of the SILVA database used in the present work (41), the Wolbachia genus herein
associated with ZIKV susceptible adult mosquitoes could be related to native symbiont
Wolbachia. Therefore, for ZIKV infection in mosquitoes these Wolbachia might be somehow
beneficial.

The genus Serratia has been associated with ZIKV susceptible adult mosquitoes in the
present work. Interestingly, it has been shown an increase in viral load of DENV-2, ZIKV and
Sindbis virus when Se. marcescens was introduced in Ae. aegypti four days post infection (42).
Such a positive effect in these viral infections was related to SmEnhancin, secreted by Se.
marcescens, which digests mucins in the mosquito’s gut epithelia (42). Similar increase in
mosquito susceptibility to arboviruses has been observed in other Serratia sp. For instance, Se.
odorifera has been associated with an increase in permissiveness of DENV-1 and CHIKV
infections, as it downregulates the immune response by means of P40 protein production (43,
44). Thus, based on the results of the present work and the above mentioned mechanisms, the
genus Serratia could be favoring ZIKV infections in adult mosquitoes.

In contrast with findings in the literature, Pseudomonas has been associated with ZIKV
susceptible adult mosquitoes in the present work. It has been recently demonstrated that Ps.
alcaligenes favors Plasmodium berghei infection catabolizing 3-hydroxykynurenine which
impairs the peritrophic matrix’s structure (45). The influence of Pseudomonas in mosquito’s
arboviral infections has not been evaluated yet. However, its role in protection of the peritrophic
matrix’s structure suggests that it should be rather blocking viral infection than shifting the
mosquito towards a susceptibility for ZIKV. Nevertheless, a less structured peritrophic matrix,
via HPx1 silencing, was associated with higher ZIKV load and infection intensity in Ae. aegypti
contrasting the results with DENV-2 (46). Therefore, the impact of the peritrophic matrix in
arboviral infection differs among closely related viruses, both DENV-2 and ZIKV belonging to
Flaviridae, and it seems to be positive for ZIKV infection in the mosquito. It is worth
highlighting that the impact of Pseudomonas on ZIKV infection in mosquitoes should be further
evaluated in the future.

The bacterial genus Halomonas has been associated with the ZIKV susceptible adults.
A bacteria of this genus, Ha. venusta, has been demonstrated to synthesize selenium
nanoparticles which has an anti biofilm activity (47). Thus, Halomonas sp. might be favoring a
ZIKV susceptibility by reducing biofilm formation favoring virus infection in mosquitoes.
However, little is known about the impact of biofilm on mosquito vector competence for

arboviruses. The majority of the literature regarding the effects of biofilm reduction in
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mosquitoes are related to its application as larvicide (48-50). Interestingly, our functional
analysis predicted pathways related to biofilm formation in ZIKV susceptible adults.
Nonetheless, it is not clear how biofilm would be associated with ZIKV infection susceptibility
in mosquitoes. It is possible that it is favoring bacteria such as Staphylococcus, Pseudomonas
and Serratia, which have been also related to ZIKV susceptible adult mosquitoes and known to
produce biofilm (51-53). Thus, such biofilm formation might be indirectly promoting a
microbial community that favors ZIKV infection in mosquitoes. The biofilm could also be
related to a physical barrier blocking the ZIKV-mosquito interaction (54). However, such a
barrier role for biofilms has not been demonstrated for arboviral infections in mosquitos thus
far. Therefore, the mechanisms through which Halomonas is favoring a ZIKV susceptibility
should be further evaluated.

Nothing has been found on the association between most of the herein differently
abundant bacterial genera and ZIKV infection in mosquitoes. Thus, based on the results of the
present work, they are probably related to ZIKV refractoriness or susceptibility. However, such
a statement should be empirically tested to elucidate the mechanisms through which they impact
the ZIKV-mosquito relationship.

The functional prediction analysis result shows that the microbiota changes influenced
by ZIKV susceptibility promote a higher expression of genes associated with metabolism
pathways by the microbiota. The higher number of enriched pathways related to metabolism
might be important for ZIKV susceptibility. Metabolic alterations such as pentose phosphate
and glycolysis, enriched in ZIKV susceptible adult mosquitoes, are known to favor ZIKV
infection in mosquito cells (55). Mosquito pathogen tolerance is associated with these metabolic
alterations (56) which might be triggered by the microbiota of ZIKV susceptible mosquitoes as
seen in the present work. The metabolism enriched pathways were related to the energy, amino
acid, carbohydrate, nucleotide and lipid metabolism as well as glycan biosynthesis. Such a wide
metabolic profile enriched in ZIKV susceptible mosquitoes may be related to the microbiota’s
response in the mosquito host in order to promote a homeostasis (57) which in return might be
promoting a ZIKV susceptibility. However, it is worth mentioning that such analysis using
bacterial 16S-rRNA sequences is a prediction based on the pathways that known bacteria
express, adjusted by the 16S gene expression. Thus, this enrichment result should be further
investigated to better evaluate their higher predicted expression under the condition of ZIKV
susceptibility.

The lower density and average degree in the ZIKV susceptible mosquito co-occurrence

networks might be related to a less complex microbiota community (58). Thus, a less connected
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microbial community may be related to a mosquito's susceptibility to ZIKV infections.
Comparing the co-occurrence networks of several mosquito species microbial communities,
lower density has been observed in Cx. quinquefasciatus in comparison with Ae. aegypti (59).
Differences in network densities have also been observed when eight silvatic mosquito species
in Brazil (60). Despite these differences in co-occurrence network densities between mosquito
species, little is known about the impact of viral infection or susceptibility on the network
connections and density. Based on the results of the present work, a less connected bacterial

community should be related to ZIKV susceptibility.

Conclusion

The present work has shown a lack of differences in bacterial diversity between ZIKV
susceptible and refractory mosquitoes. Additionally, there were low AUCs when the differently
abundant bacteria were used to understand how well these groups would be classified. These
findings indicate that probably instead of microbiome another aspect of these mosquito species
such as gene expression or genetic similarities might be more useful to distinguish them in
terms of ZIKV susceptibility. Nonetheless, interesting insights could be taken from the bacteria
present in ZIKV susceptible mosquitoes. For instance, native Wolbachia could be related to a
susceptible phenotype opposing what is known when interspecies-transferred Wolbachia are
used in a ZIKV infection context. Furthermore, other bacterial genera such as Pseudomonas,
Halomonas and Serratia could also be favoring the susceptibility of mosquitoes to ZIKV. These
results open up possibilities for future work on bacteria that can modulate the ZIKV

susceptibility in mosquitoes.

Methodology

Data selection and mosquito classification

Mosquito species were selected based on a previous review that evaluated ZIKV vector
competence of mosquitoes (9). Then, 16S rRNA gene sequencing data were searched in the
NCBI’s SRA (Sequence Read Archive) and BioProject, in August 2023. Data sets were
searched using “microbiome”, “microbiota”, “16S” and the mosquito species as a search query.
From the data on each mosquito sample with bacterial 16S-rRNA sequencing deposited at the
NCBI, a metadata was assembled containing information such as origin of the mosquito, i.e.,
colony reared or field collected, life stage, pre-sequencing washing method, 16S rRNA variable

region, collection location and mosquito species. A new variable was added regarding the
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vector competence to ZIKV of each mosquito species as recently reviewed in the literature (9).
In order to reduce the heterogeneity between samples and retain the highest number of mosquito
species, only samples from data sets containing mosquitoes’ whole body and without previous
detection of infection of any pathogen. In addition, the sequencing was filtered for V3-V4 or
V4 regions with a paired-end layout and 250 or 300 bases as a higher number of samples was
attained in comparison with other variable regions. After the above mentioned filters 190
samples of Ae. aegypti, Ae. albopictus and Ae. japonicus were selected for the ZIKV susceptible
group while 172 samples of An. gambiae, Ae. triseriatus and Cx. pipiens were selected for the

ZIKV refractory group.

Data processing

The download of all samples has been performed using SRA toolkit’s fastq-dump
(github.com/ncbi/sra-tools) and the quality check in order to remove the sequencing adapter,
small and unspecific reads, and those with Phred quality score lower than 30 has been done
using Trimmomatic v0.32 (19). Due to the low quality of the reverse sequences in some data
sets, only the forward sequence has been used in the downstream analysis. After data’s quality
control, all reads have been processed on the QIIME2 2023.5 (20) pipeline, removing chimeric
sequences and building ASVs using the Deblur algorithm (21). All ASV bacterial classification
has been done using the SILVA v138.1 16S database (22) assuming 97% identity. The SILVA
database was filtered to remove sequences associated with fungi and plants, filtering out
Eukaryota as well as Mitochondria and Chloroplast. Sequences with unspecified species
classification such as unkown, uncultured, NA, metagenome, and unidentified have also been
removed from the database. After classification, a phylogenetic tree was built using MAFFT
(multiple alignment using fast Fourier transform) (23) and fasttree (24) methods. For the
analysis in R environment v4.3.1, all generated on QIIMEZ2, i.e., ASV table, ASV taxonomic
classification, and phylogenetic tree, have been imported using Qiime2R package (25). This
package creates a phyloseq object that can be further analyzed by the Phyloseq package (26) to

measure diversity indices.

Batch effect correction

Before any analysis, a batch correction has been performed to reduce the technical bias
variation that could have been caused by batch, e.g., each project being sequenced and
performed by different research groups and sequencing machines. To diminish microbiota

differences due to mosquito origin, this variable has been used as a variable for batch correction
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as well. Such correction was performed by the ComBat_seq function (27), from the sva package
v3.48.0. After batch correction, the corrected ASV table was incorporated in a phyloseq object.
For downstream analysis, samples with less than 100 reads and taxa with less than 10 counts
have been removed and the data set was divided into adult and larva data sets as well as

separately analyzed.

Compositional and diversity analysis

To visualize the microbial composition of mosquito species refractory and susceptible
to ZIKV, heatmaps using the batch-corrected mean counts transformed by centered log-ratio
were created. CLR transformed counts were scaled using Z-scores in order to reduce the range
of values for better visualization of differences between groups. Since the functions to measure
the alpha diversity metrics only accept integers and not CLR transformed counts, the rarefied
batch-corrected counts have been used for such analysis, rarefying for 1,000 counts and using
Shannon and Inverse Simpson indices. Beta diversity was assessed by means of ASV count
transformation using PhILR (28), followed by a Euclidean distance matrix. Such an approach
takes into account the data’s compositional characteristics together with the phylogenetic
distance from taxa present in samples. Principal coordinate analysis was applied to evaluate
group distances in terms of beta diversity followed by PERMANOVA test (29), in order to
determine statistically significant differences in each group centroid according to the Euclidean
distance matrix. The multivariate dispersion has been tested through the vegan’s package v2.6.4
betadisper function to assess the homogeneity of each sample distance in relation to its group
centroid. If groups are equally homogeneous, then the P-value from the PERMANOVA test is
not inflated.

Co-occurrence network

Co-occurrence networks have been built using Sparse Correlations for Compositional
data (SparCC) between samples from each group of mosquito species, refractory and
susceptible within the larva and adult mosquitoes data sets. In order to compare networks from
both groups, 100 bootstrap replicates of SparCC correlation matrices were made to extract
network performance metrics such as density and average degree. After collecting these metrics
from 100 bootstrapped networks, they were compared between groups with the Mann-Whitney
test. The package ggClusterNet v0.1.0 has been used to measure SparCC correlation matrices,

and networks were built using igraph v1.4.1.
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Functional analysis

In order to further describe susceptible mosquito species, a functional analysis was
performed using PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States), predicting metagenome functions that are regulated by a given bacterial
community based on 16S-rRNA sequencing (30). Predicted pathways were described according
to the KEGG Orthology database and further hierarchically classified into the BRITE
Hierarchy. Differently abundant pathways were identified using Linear models for Differential
Abundance analysis (31) with a cut-off of 1.5 log. fold change and Benjamini-Hochberg false
discovery rate (BH) adjusted P < 0.05. Then, the differently abundant KEGG Orthology 1Ds
were used in an enrichment analysis as described in the package MicrobiomeProfiler v1.6.1

(32) using the functions compareCluster and enrichKO from clusterProfiler v4.8.2 (33).

Differential analysis and validation of differentially abundant bacteria

To determine groups of bacteria with higher probability to explain differences among
groups (refractory vs susceptible), LinDA has been applied as it takes into account the data’s
compositionality. Differently abundant genera related to refractory or susceptible groups were
determined when log. fold change was > 0.5 with a Benjamini-Hochberg false discovery rate
(BH) adjusted P < 0.05. Pre-wash method applied before DNA extraction has been used in the
LinDA model to adjust the variable for ZIKV susceptibility.

The bacteria identified as differentially abundant between ZIKV refractory or
susceptible mosquito species in LinDA were used in a principal component regression approach
to assess if these bacterial genera or families accurately separate mosquito species as refractory
or susceptible for ZIKV. Thus, only bacterial genera and families with the abovementioned fold
change and P-value criteria were used to run a PCA. The first two components were modeled
in a logistic regression to determine if samples belonged to any of the studied groups. The
performance of the logistic model built from the train data set was measured using the
abovementioned validation data sets containing only the differently abundant bacterial genera.
Receiver operating characteristic curves, package pROC v1.18.0, and the confusion matrix
method, package caret v6.0.94, have been used to measure the accuracy and non-informative

rate.
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5 DISCUSSAO

Ao analisar a microbiota de artropodes vetores associada a competéncia vetorial foi
possivel observar géneros de bactéria que podem estar modulando a competéncia vetorial do
artrépode. Sob a 6tica de um artropode competente para transmitir diversos patdgenos, bactérias
dos géneros Rickettsia, Staphylococcus e Corynebacterium foram associadas & competéncia
vetorial para transmitir diversos patdgenos em carrapatos. Por outro lado, sob a ética de um
patdgeno e seus vetores, 0s mosquitos tiveram bactérias dos géneros Pseudomonas, Serratia,
Halomonas e Wolbachia associadas a um perfil de susceptibilidade a infecgdo por ZIKV.

Tanto Staphylococcus quanto Micrococcus foram associados ao perfil amplo de
competéncia vetorial de carrapatos e ao perfil susceptivel de mosquitos para ZIKV. Ambas
ainda nao foram avaliadas quanto a sua influéncia na infeccdo de patdgenos em artropodes. No
entanto, os resultados do presente trabalho sugerem que tais bactérias estejam de alguma forma
associadas a competéncia vetorial de artrépodes. Possivelmente estejam contribuindo a
manutencdo de condicdes favoraveis a infecgbes por patdgenos como no caso de
endossimbiontes que contribuem a homeostase e atenuacdo da resposta imune do artrépode
(Sassera et al., 2013). Por outro lado, ndo houve bactérias em comum entre mosquitos
refratarios ao ZIKV e carrapatos mono competentes.

Um comparativo mais fidedigno seria a classificagdo de mosquitos de forma similar ao
que foi feita com carrapatos, ou seja, mono ou pluri competentes. Foi realizada uma revisdo de
literatura sobre a competéncia vetorial de mosquitos com os mesmo métodos aplicados em
carrapatos no presente trabalho. No entanto, o entendimento de competéncia vetorial em
carrapatos difere de como esta questdo foi avaliada em mosquitos. Para a literatura de
carrapatos, a competéncia vetorial deve ser avaliada demonstrando a transmissdo horizontal do
patdgeno a um hospedeiro vertebrado suscetivel (Eisen, 2020). Entretanto, apesar da questao
ter sido debatida e ser similar na literatura de mosquitos, a maioria dos trabalhos determinaram
transmissao somente pela detec¢do do patdgeno na saliva do mosquito (Bisia Et al., 2023). A
falta de padronizagdo de métodos e conceitos como no termo “transmissdo” na determinagao
da competéncia vetorial de mosquitos influenciou na classificagdo dos mosquitos em mono ou
pluri competentes (Drouin et al., 2022).

Recentemente foi publicada uma tentativa de padronizacgéo para que futuros trabalhos
possam empregar métodos e conceitos mais comparaveis (Wu et al., 2022). Devido a essas
questbes a grande maioria das amostras de microbioma de mosquitos foram classificadas como

pluri competentes, deixando desbalanceado o comparativo entre os grupos. Dessa forma, tal
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andlise ndo pode ser conduzida em mosquitos. Entretanto, foi possivel observar com a revisdo
de literatura da competéncia vetorial de mosquitos que no caso do ZIKV somente espécies do
género Aedes eram competentes enquanto espécies de outros géneros nao mantinham a
infeccdo. Tal achado foi corroborado com a revisdo recentemente publicada que avaliou
especificamente a competéncia vetorial de mosquitos para o ZIKV (Bisia et al., 2023).

Independente destas questdes supracitadas, diferencas no microbioma entre carrapatos
mono e pluri competentes bem como mosquitos suscetiveis ou refratarios ao ZIKV puderam
ser observadas. Nas duas situacdes foram encontradas bactérias simbiontes, comumente
encontradas na microbiota de carrapatos ou mosquitos. Esse tipo de bactéria é interessante para
o desenvolvimento de novas abordagens de controle biol6gico como a modulacéo da microbiota
pela introducdo de bactérias especificas (Ferreira et al., 2023). Além disso, algumas bactérias
simbiontes sofrem transmissdo vertical no artrépode permitindo que modificacBes nessas
bactérias seja passada para futuras geracdes do artropode (Mendiola; Civitello; Gerardo, 2020).
Em carrapatos, bactérias do género Candidatus Midichloria foram associadas a uma
competéncia vetorial mais restrita, vetores mono competentes. Esse género de bactéria € um
simbionte em carrapatos que participa na homeostase reduzindo o estresse oxidativo bem como
disponibilizagdo de nutrientes contribuindo na digestdo e biodisponibilizagio (Olivieri et al.,
2019). Em mosquitos, alguns géneros de bactérias como a Serratia, Wolbachia e Pseudomonas,
conhecidas por serem simbiontes, foram associadas ao grupo de mosquitos suscetiveis ao ZIKV
(Alomar et al., 2023; Bai et al., 2019; Khaligh; VVahedi; Chavshin, 2020). Assim, de acordo com
os resultados do presente trabalho, esses géneros de bactéria poderiam ser candidatos para
futuros testes que venham a de alguma forma modular a competéncia vetorial de artrépodes
vetores.

Em relacdo a diversidade da comunidade microbiana de carrapatos mono e pluri
competentes, uma maior diversidade foi observada em carrapatos com ampla competéncia
vetorial, pluri competentes. Esta diferenca na diversidade contrasta o que foi observado na
literatura com carrapatos da espécie Ix. scapularis infectados ou co-infectados por multiplos
patdgenos (Gil et al., 2020). Dado que utilizamos amostras ndo infectadas, a competéncia
vetorial para maltiplos patdgenos pode estar associada a uma maior diversidade microbiana.
No comparativo entre mosquitos suscetiveis ou refratarios ao ZIKV, ndo houve diferencas
significantes em termos de diversidade. Tal auséncia de diferenga na diversidade da
comunidade bacteriana também foi observada em Ae. aegypti naturalmente infectados por
ZIKV (Arévalo-Cortés et al., 2022). Em mosquitos Ae. aegypti de populacdes refratarias ao
DENV-2 também ndo foi observada uma diferenca na diversidade microbiana em comparacéo
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a mosquitos da mesma espécie, porém suscetiveis a infeccdo (Coatsworth et al., 2018). Assim,
diferengas na diversidade microbiana pode ndo estar associado a competéncia vetorial em
mosquitos, contudo a competéncia vetorial ampla ao menos em carrapatos.

A analise funcional do microbioma de carrapatos e mosquitos no presente trabalho
sugere uma maior abundancia na expressdao de algumas vias metabdlicas relacionadas a
competéncia vetorial de artropodes. Para carrapatos pluri competentes, vias relacionadas a
regulacdo do estresse oxidativo, biossintese de dTDP-L-rhamnose e resisténcia a B-Lactam
foram mais abundantes. Estas vias podem estar relacionadas a uma maior sobrevivéncia de
patdgenos no carrapato bem como uma manuten¢do da homeostase da microbiota (Chigwada
et al., 2022; Hernandez et al., 2019; Van Der Beek et al., 2019). Foi observado um
enriquecimento de diversas vias associadas ao metabolismo em mosquitos suscetiveis ao ZIKV.
Em especial as vias das pentoses-fosfato e glicélise estavam enriquecidas nos mosquitos deste
grupo. Tais vias metabdlicas estéo relacionadas a infeccdo por ZIKV em culturas de células de
mosquito (Thaker et al., 2019). Adicionalmente, alteracfes metabdlicas sdo importantes em
artropodes para a tolerancia patogenos (Oliveira; Bahia; Vale, 2020). Dessa forma, a alteracédo
em vias metabdlicas associadas a uma homeostase no artropode, por exemplo via controle do
estresse oxidativo, e suprimento de nutrientes podem estar associados a competéncia vetorial
em artrépodes.

Redes de co-ocorréncia menos densas e conectadas foram observadas tanto em
mosquitos suscetiveis ao ZIKV quanto em carrapatos pluri-competentes. Diferencas na
densidade das redes de co-ocorréncia foram observadas na comparacdo entre diferentes
espécies de mosquito (Da Silva; Oliveira; Sallum, 2022; Hegde et al., 2018). No entanto, pouco
se sabe sobre o impacto de uma infeccdo patogénica ou susceptibilidade a um ou mais patégenos
na estrutura da rede de co-ocorréncia microbiana de artrépodes. Redes menos densas e
conectadas estdo relacionadas a uma menor complexidade da comunidade microbiana (Zhou et
al., 2022). Assim, os resultados do presente trabalho sugerem que uma comunidade microbiana
menos complexa e estruturada pode estar contribuindo para a competéncia vetorial de um ou
mais patogenos.

E importante ressaltar que o banco de dados 16S rRNA de Silva apresenta limitacGes
para identificar com precisdo as bacterias ao nivel da espécie (Hoffman et al., 2021). Portanto,
a analise do presente estudo limitou-se ao nivel de familia e género de bactérias. Tal nivel de
precisdo impossibilita a identificacdo de espécies que realmente poderiam ter estabelecido uma
relacdo co-evolutiva no microbioma do artrépode e, portanto, desempenham um papel na

competéncia vetorial de artropodes. Conseguimos identificar géneros diferentemente
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abundantes associados, mas ndo sabemos quais espécies desses géneros estdo de fato associadas
a modulagdo da competéncia vetorial. Entretanto, os géneros de bactérias aqui apontados como
associados aos grupos de VMC ou VPC, suscetiveis ou refratarios ao ZIKV, podem nos indicar
um ponto inicial para futuros estudos na tentativa de modular a competéncia vetorial de
artropodes e desenvolver novos métodos de controle. Além disso, devido ao tecido dos
artrépodes ter sido o corpo inteiro e os métodos de lavagem prévia a extracdo de DNA, algumas
bactérias diferentemente abundantes podem ter sido oriundas do ambiente. Tais limitacdes séo
importantes de serem debatidas para que futuros trabalhos possam melhor avaliar o impacto das

bactérias identificadas no presente estudo na competéncia vetorial de artropodes.
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6 CONSIDERACOES FINAIS

Nosso trabalho demonstrou diferencas no microbioma de artrépodes vetores associados
a competéncia vetorial. As bactérias dos géneros Rickettsia, Staphylococcus e Corynebacterium
foram associadas aos carrapatos com pluri competéncia vetorial. Enquanto Cadidatus
Midichloria, Escherichia-Shigella e Francisella foram associados a um perfil de vetores mono
competentes. Em relacdo aos mosquitos, Pseudomonas, Serratia, Halomonas e Wolbachia bem
como Variovorax e JG30-KF-CM4 foram associadas a um perfil de susceptibilidade ao ZIKV
em adultos e larvas, respectivamente.

Em vista do crescente aumento de resisténcia dos artropodes aos métodos de controle
baseados em inseticidas e/ou repelentes, os géneros de bactérias identificados no presente
trabalho podem servir para o desenvolvimento de novos métodos de controle bioldgico. Tais
métodos podem ser estruturados para agir de forma mais focada na relagdo entre patdgeno e
hospedeiro invertebrado evitando o impacto ecoldgico dos métodos quimicos de controle em
outras espécies de artropodes importantes para a sustentabilidade de biomas.

Naturalmente, devido as limitacbes mencionadas em relacdo as amostras, previsdes e
mecanismos, os resultados do presente trabalho dever&o ser validados empiricamente no futuro
para melhor compreensdo dos mecanismos relacionados a relacdo da microbiota de artropodes
e sua competéncia vetorial. Independente das limitacGes apresentadas, o presente trabalho prové
pontos de partida para a compreensdo do papel da microbiota na competéncia vetorial de

artropodes.
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Abstract

Visceral leishmaniasis (VL) is a zoonosis caused by the protozoan Leishmania infantum
and in Brazil is transmitted mainly by the bite of Lutzomuyia longipalpis sand flies. Data
about the presence, distribution, natural infection rate, seasonal and monthly dynamics of
the vector population are important for optimizing the measures to control VL in endemic
areas. This study aimed to identify sand fly fauna in an endemic area for VL to detect the
prevalence of L. infantum infection in the Lu. longipalpis population and to elucidate the influ-
ence of bioclimatic factors on the monthly fluctuations of this vector. HP light traps were
monthly set in the intradomicile and peridomicile of residences located in the central and
beachfront areas of Camagari, a VL endemic area. The sand fly collection was conducted in
two periods: i) period 1—between December 2011 and November 2012 and ii) period 2—
August 2014 and July 2015. Sand fly species were identified and detection of L. infantum
infection by qPCR was performed in pools of female Lu. longipalpis. For the first time, the
parasite load of positive pools was correlated with the number of Lu. longipalpis captured
per month in both periods. Correlation analyses between the monthly fluctuation of the sand
fly population and bioclimatic indices of the municipality in both collection periods were also
performed. In both evaluated periods, more than 98% of the collected sand flies were Lu.
longipaipis, confirming the predominance of this species in the region. It was captured
mostly in the beachfront area in all months evaluated (99%). For the period 1, Leishmania
DNA was detected in 81% of tested pools representing a minimal infection rate of 9.6%. In
the period 2, 40% of the pools were positive with a minimal infection rate of 10.2%. Infected
sand flies were only detected in the beachfront area in both periods. The parasite load was
low and did not vary in the evaluated months despite the number of collected sand flies. No
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Abstract

Introduct on: Visceral leishmaniasis (VL) is endemic disease in the neighboring municipalit es of the cont nental island Ilha de Maré,
Salvador, Bahia, Brazil. Nevertheless, VL has not been reported in the island itself. Object ve: the present study aimed to invest gate
the seroprevalence and clinical signs of Canine Visceral Leishmaniasis (CVL) and to ident fy the sand fy populat on present in the
village of Botelho, Ilha de Maré. Methodology: sera of local dogs were tested for ant -Leishmania 1gG by immunoassays (screening
with TR DPP ™ rapid test and conf rmatory with indirect ELISA, Bio-Manguinhos/Fiocruz) and an entomological survey was conducted
to est mate and ident fy the phlebotomine fauna of the region. Results: seven out of 106 samples (6.6%) were posit ve using rapid
test. These posit ve samples were sent to the Central Laboratory of Bahia for conf rmat on by indirect ELISA. However, all samples
presentednegat ve results. Nine specimens of Pressat a chot, subfamily Phlebotominae were ident f ed, being this species frequently
found in areas with cutaneous leishmaniasis transmission in Brazil. Conclusion: although this work did not conf rm the presence of CVL
in llha de Maré, new serological and entomological studies in a larger area are required for the maintenance of the epidemiological
surveillance in the emphasized insular area.

Keywords: Leishmania. Pressat a chot . Phlebotomines

Resumo

Introdugdo: Leishmaniose Visceral (LV) é uma doenga endémica em municipios vizinhos a Ilha de Maré, situada na plataforma
cont nental do municipio de Salvador, Bahia, Brasil. Entretanto, casos de LV ndo tem sido not f cados nesta Ilha. Objet vo: O presente
trabalho objet vou invest gar a soroprevaléncia e sinais clinicos de Leishmaniose Visceral Canina (LVC) e ident f car a populagdo de
f eb6tomos presentes no povoado de Botelho, Ilha de Maré. Metodologia: soro de cdes locais foram testados para IgG ant -Leishmania
por imunoensaios (triagem com teste rdpido TR DPP™ e conf rmatério com Elisa Indireto, Bio-Manguinhos/Fiocruz) e uma invest gagdo
entomoldgica foi conduzida para est mar e ident f car a fauna f ebotominea da regido. Resultados: sete de 106 amostras (6,6%) foram
posit vas usando o teste rapido. As amostras posit vas foram encaminhadas ao Laboratério Central da Bahia para a conf rmagdo por
ELISA indireto. Entretanto, essas amostras apresentaram resultado negat vo. Foram encontrados nove exemplares da espécie Pressat a
chot, subfamilia Phlebotominae, espécie frequentemente encontrada em areas de transmissdo de leishmaniose cutanea no Brasil.
Conclusdo: apesar deste trabalho ndo ter conf rmado a presenca de LVC na Ilha de Maré, novos inquéritos sorolégicos e analises
entomoldgicas em uma maior drea sdo necessarios para a manutengdo de uma vigilancia epidemioldgica na regido insular em destaque.
Palavras-chave: Leishmania. Pressat a chot . Flebotomineos.

INTRODUCTION

Leishmaniasis are a group of zoonotic parasitic
diseases, present in many countries and known in two
clinical forms: visceral and cutaneous, depending on the

Leishmania species involved in the infect on (ALVAR et al.,
2012; CONTl et al., 2016; THAKUR et al., 2018). The World
Health Organizat on include these diseases among the
main zoonosis of the present t me, due to its high mor-
bidity and mortality registered in humans(WHO, 2017).
Domest c dog is considered the main urban reservoir
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of visceral leishmaniasis (VL), which is caused in the Amer-
icas by Leishmania infantum, due to its high suscept bility
to the parasite and intense cutaneous parasit sm (SILVA et
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Objective: Vaccination coverage is decreasing worldwide, favoring the potential reemergence of vaccine-
preventable diseases. In this study, we performed a longitudinal characterization of vaccination coverage
in Brazil and compared the profiles between the distinct regionsin the country to test whether there has
been a substantial change over the last 5 years.
Methods: De-identified publicly available data were retrieved from the repository of the Brazilian
Ministry of Health, comprising detailed information on vaccination coverage in all age groups between
1994 and 2019. The vaccination coverage for the whole country and for each Brazilian region, by year, was
examined, and a time-series pattern analysis was performed.
Results: A significant decrease in overall vaccination coverage across the country regions was observed
between 2017 and 2019, especially in childhood immunization. A reduction in BCG, hepatitis B, influenza,
and rotavirus vaccine coverage was observed. Conversely, vaccines against measles, mumps, rubella,
varicella, and meningococcus showed an increase in coverage. Region-specific changes in vaccination
patterns within the study period were observed.
Conclusions: A substantial reduction in vaccination coverage was detected in Brazil, a country already
highly susceptible to the emergence of epidemic infectious diseases. Continuing evaluation of the
immunization program actions may help to improve vaccination coverage and prevent new epidemics.
©2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
Thisisan open access articleunder the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

Introduction

(Greenlee and Newton, 2018). Recently, however, the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has

Over recent decades, humanity has seen the control or
eradication of several diseases due to the development of vaccines
(Hotez et al., 2020). Some generations have never experienced an
epidemic situation of certain diseases such as measles and polio
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been affecting countries worldwide, and the current absence of an
effective vaccination against the virus has had a devastating impact
on public health, with millions of casualties (Luan et al., 2020;
Velavan and Meyer, 2020), reinforcing the importance of vaccines.
Unfortunately, vaccination coverage has been decreasing world-
wide. This reduction could lead to the potential reemergence of
vaccine-preventable diseases (VPDs) (Siani, 2019).

The Brazilian National Immunization Program (Programa
Nacional de Imunizacdes, PNI) and the Unified Health System
(Sistema Unico de Salide, SUS) have been providing free vaccines
against several diseases to people of all age groups, reaching a
national coverage higher than 90% (Sato, 2018). Nevertheless,

1201-9712/© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Effects of larval rearing substrates on some life-table parameters of Lutzomyia longipalpis

sand flies.
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Abstract

Sand flies are the insects responsible for transmitting Leishmania parasites, the causative
agents of leishmaniasis in humans. However, the effects of sand fly breeding sites on their
biology and ecology remain poorly understood. Herein, we studied how larval nutrition asso-
ciated with putative breeding sites of the sand fly Lutzomyia longipalpis affects their oviposi-
tion, development, microbiome, and susceptibility to Leishmania by rearing L. longipalpis on
substrates collected from an endemic area for leishmaniasis in Brazil. The results showed
that female L. longipalpis select the oviposition site based on its potential to promote larval
maturation and while composting cashew leaf litter hindered the development, larvae reared
on chicken feces developed rapidly. Typical gut microbial profiles were found in larvae
reared upon cashew leaf litter. Adult females from larvae reared on substrate collected in
chicken coops were infected with Leishmania infantum, indicating that they were highly sus-
ceptible to the parasite. In conclusion, the larval breeding sites can exert an important role in
the epidemiology of leishmaniasis.

Author summary

Sand flies aretheinsect vectorsinvolved in the tranamission of many pathogens, however,
thetransmission of parasitesto humans leading to viscerd leishmaniasisis currently the
most critical threat caused by thisinsact. Despite theimportance of the vector, many
aspects of the biology of sand flies are poorly understood, espeddly their breading sites.
This study was designed to evaluate the oviposition, life span, microbiome, and parasite
infectionsin the main species of sand fly responsiblefor viscera leishmaniasisin America.
Insacts were reared on substrates collected from different putative habitats of sand fliesin

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009034 January 21, 2021
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Abstract

Background

Reports have shown correlations between the immune response to vector saliva and Leish-
maniasis outcome. We followed dogs in an endemic area for two years characterizing resis-
tance or susceptibility to canine visceral leishmaniasis (CVL) according to Leishmania
infantum diagnosis and clinical development criteria. Then, we aimed to identify a biosigna-
ture based on parasite load, serum biological mediators’ interactions, and vector exposure
intensity associated with CVL resistance and susceptibility.

Methodology/Principal findings

A prospective two-year study was conducted in an area endemic for CVL. Dogs were evalu-
ated at 6-month intervals to determine infection, clinical manifestations, immune profile, and
sandfly exposure. CVL resistance or susceptibility was determined upon the conclusion of
the study. After two years, 78% of the dogs were infected with L. infantum (53% susceptible
and 47% resistant to CVL). Susceptible dogs presented higher splenic parasite load as well
as persistence of the parasite during the follow-up, compared to resistant ones. Susceptible
dogs also displayed a higher number of correlations among the investigated biological medi-
ators, before and after infection diagnosis. At baseline, anti-saliva antibodies, indicative of
exposure to the vector, were detected in 62% of the dogs, reaching 100% in one year.
Higher sandfly exposure increased the risk of susceptibility to CVL by 1.6 times (Cl: 1.11—

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009137  February 22, 2021
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Most of the hematophagous insects act as disease vectors, including Aedes aegypti, responsible for
transmitting some of the most critical arboviruses globally, such as Dengue. The use of repellents based on
natural products is a promising altemative for personal protection compared to industrial chemical repellents. In
this study, the repellent effect of essential oils extracted from Lippia thymoides, Lippia alba, Cymbopogon
winterianus, and Eucalyptus globulus leaves was evaluated. Essential oils used showed repellent activity against
Ae aegypti in laboratory bioassays, obtaining protection rates above 70% from 3.75mg/mL and higher
concentration for all analyzed oils. GG/MS identified 57 constituents, which were used in the ligand-based
phamacophore model to expose compounds with requirements for repellents that modulate mosquitoes
behavior through odorant-binding protein 1 Ae aegypti. Ligand-based pharmacophore model approach results
suggested that repellent activity from C wintarianus, L alba, and L thymoides essential oils’ metabolites is related
to Gtronelal (QFIT= 26.77), Gitronelol (QFIT = 11.29), Gitronelol acetate (QFIT = 52.22) and Geranil acetate (QFIT=
10.28) with synergistic or individual activity. E globulus essential oil’s repellent activity is associated with Ledol
(094% QFIT=41.95). Molecular docking was applied to understand the binding mode and affinity of the
essential oils’ data set at the protein binding site. According to molecular docking, Gitronelol (ChemPLP = 60.98)
and geranyl acetate (ChemPLP = 60.55) were the best-classified compounds compared to the others and they
can be explored to develop new repellents.

Keywords: mosquito, essential oils, pharmacophore model, bioactive compounds, molecular docking.

Introduction
Aedes aegypti is a hematophagous arthropod of great
epidemiological importance. This vector is responsible

for arboviruses transmission such as urban yellow
fever, Dengue, Chikungunya, and Zika virus, being

Supporting information for this article is available on the
WWW under httpsy/doi.org/10.1002/cbdv.202100242

distributed mainly in tropical and subtropical regions
of the globe™

Despite the epidemiological impact of arboviruses
transmitted by Ae aegypti in tenms of public health,
the control of Ae aegypti has been a significant
challenge since the indiscriminate use of chemical
agents has favored the growth of resistant insect
populations and negatively impacted the environ-
ment, considering its toxicity!? Aspects related to
infrastructure problems in cities, especially in develop-

Chem. Biodiversity 2021, 18, 2100242
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Abstract

The study aimed to develop a multiplex gPCR to detect Leishmania infantum load in dif-
ferent sandfly sample settings using Leishrmania kDNA and sandfly vacuolar ATPase
(VATP) subunit C as intemal control gene. The amplification of Lutzomyia longipalpis
VATP gene was evaluated together with Leishmania infantum kDNA in a multiplex reac-
tion. The concentration of VATP gene oligonucleotides was adjusted until no statistically
significant difference was observed between all multiplex standard curves and singleplex
curves, that is, only kDNA amplification. Limit of detection (LoD) was measured using a
probit model and a cut-off defined by receiver operating characteristic analysis. Limit of
quantification (LoQ) was assessed by a linear model using the coefficient of variation
threshold of 25% After assuring VATP gene amplification, its primer-probe concentra-
tions were best at 100 nM/10 nM, respectively. The cut-off C; value for L. infantum
kDNA was defined as 35.46 with 100%of sensitivity and specificity. A total of 95%LoD
was determined to be of 0.162 parasites while LoQ was 5.858. Our VATP/KDNA multi-
plex gPCR assay shows that it can be used to evaluate both DNA integrity and deter-
mine L. infantum load in L. longipalpis even for low yielded samples, that is, individual
midguts.

KEYWORDS
insect control gene, multiplex qPCR, phlebotomine, visceral leishmaniasis

with L. infantum DNA when evaluated by molecular techniques
(Saraiva et al., 2009; Grott et al., 2015). In other states in Brazil,

Sandflies are responsible for the transmission of Leishmania in the
Americas, where the main vector species responsible to transmit
the etiologic agent for visceral leishmaniasis (VL), Leishmania
infantum, is Lutzomyia longipalpis. Despite recent VL cases in
Santa Catarina State, L.
(Borges et al.,, 2017). Other sandfly species such as Nyssomyia
neivai have been collected in this state and have been detected

longipalpis was not found, thus far

other sandfly species such as L. cruzi, Pintormyia fischeri or
Migonemyia migonei have been proved or suspected to be suscep-
tible to L. infantum infection (Guimaraes et al., 2016; Falcao de
Oliveira et al., 2017; Galvis-Ovallos et al., 2021). This entomologi-
cal survey together with L. infantum DNA detection is a crucial
information for the development of control strategies and detec-
tion of new vector species candidates.

Med Vet Entomol. 2022;1-9.

wileyonlinelibrary.conmyjournal/mve

© 2022 Royal Entormological Society. I 1
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ARTICLEINFO ABSTRACT

Keywords: In the Americas, Lutzomyia longipalpis is the most relevant sand fy species for the transmission of visceral
Pharmacophore model leishmaniasis. For its vector control in Brazil, insecticide spraying has not shown persistent reduction in disease

Molecular docking
Biological activity
Terpenoids
Ethnobotanical repellent

prevalence while some sand f y populations are reported resistant to the insecticides used in spraying. The usage
of repellents and personal protection behavior can reduce vector borne diseases prevalence. Therefore, the search
for new repellent compounds is needed to use together with insecticide spraying, especially from natural sources
to overcome the resistance developed by some sand f y populations to the compounds commercially used. In
silico strategies have been applied together with repellency bioassays successfully identifying new bioactive
compounds from natural sources. Thus, the present study aimed to screen repellent potential of neem (Azadir-
achta indica), citronella (Cymbopogon winterianus), bushy matgrass (Lippia alba) and ‘alecrim do mato’ (Lippia
thynides) essential oils against L. longpalpis and to identify potential repellent compounds by chemical analysis
and in silico approach. Plant essential oils were extracted from leaves and repellency bioassays were performed
on volunteers using colony reared L. longpalpis. Aside from neem cil, all other tested essential oil has shown a
reduced number of sand f y bites using higher concentrations. Chemical composition from oils was assessed and
its compounds were screened on a pharmacophore model using odorant binding protein 1 (OBP1). All essential
oils were majorly composed of either oxygenated monoterpenes, except for the oil extracted from neem which
was composed of sesquiterpene hydrocarbons. Molecular docking was performed with the compounds that best
superimposed in the OBP1 pharmacophore model, identifying those binding to OBP4, which is associated with
insect repellency behavior. Citronellol, Citronellol acetate, Citronellal and Geranyl acetate showed similar in-
teractions with OBP4 binding site as DEET. Thus, it is suggested that these compounds are able to bind to L.
longpalpis OBP4 generating repellent behavior in sand fies.

1. Introduction visceral leishmaniasis (VL) (McCall et al., 2013). In Brazil the lack of
effectiveness in VL control is attributed to late human case diagnosis,

Sand f ies are responsible for the transmission of protozoan of the dog culling delay after a positive diagnosis and low residual insecticide
species Lashmania infantum, etiologic agent of human and canine spray eff cacy on the most relevant sand f y species, Lutzomyia longpalpis
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