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RESUMO

Por milhares de anos, seres humanos coevoluiram com comunidades bacterianas
gastrointestinais e interagiram com o conjunto de seus genes, conhecido como microbioma.
Sabe-se que o microbioma possui papel fundamental na performance e na manutengcao da
saude do hospedeiro e que perturbagdes ao seu equilibrio podem levar ao desenvolvimento
de doengas. Apesar disso, pouco se conhece sobre a composicdo do microbioma
gastrointestinal da populagdo brasileira, em especial daquelas que habitam a regido
Amazobnica, que nas ultimas décadas tem passado por transi¢gdes epidemioldgicas para as
quais o papel do microbioma gastrointestinal é desconhecido. Por meio do sequenciamento
metagendmico das fezes, neste estudo investigamos a composicdo e diversidade do
microbioma gastrointestinal associado a grupos humanos da Amazénia em diferentes niveis
de urbanizacgao e industrializagao, bem como analisamos a dindmica temporal de populacdes
microbioldgicas ao realizar amostragens longitudinais. Como resultado, identificamos um
gradiente de urbanizagdo no microbioma de populagdes indigenas da Amazénia, o qual se
define pela presenga de marcadores microbioldgicos tipicos de microbiomas de populagdes
urbanizadas. Ademais, mostramos que o microbioma da populacdo urbana da Amazoénia se
difere daquele de outras regides urbanas brasileiras, e se assemelha as comunidades
intestinais observadas em grupos semi-urbanos e urbanos de paises africanos. Por fim,
identificamos que em areas urbanas da Amazdnia, comunidades microbianas intestinais sao
menos estaveis e mais sujeitas a pressdes ecologicas e evolutivas que aquelas de individuos
estadunidenses. De modo geral, apresentamos evidéncias de transicdo para a
industrializacdo no microbioma humano na Amazénia e destacamos a urgéncia em incluir
populagdes humanas de origens e contextos diversos nas pesquisas em microbioma. Nossos
resultados constituem a base sobre a qual serdo realizadas futuras investigagdes clinicas e

evolutivas a respeito do microbioma brasileiro e os seus impactos na saude humana.



ABSTRACT

For thousands of years, humans have co-evolved with complex gut bacterial communities,
known as the microbiome. The microbiome plays a fundamental role in maintaining host health
and perturbations to its balance can lead to the development of diseases. However, little is
known about the composition of the gut microbiome of Brazilian Amazonian populations,
which in recent decades have undergone epidemiological transitions for which the role of the
gut microbiome is unknown. Through fecal metagenomic sequencing, we investigated the
composition and diversity of gut microbiomes associated with Amazonian individuals living in
diverse levels of urbanization and industrialization, and examined the temporal dynamics of
such microbes by undertaking a longitudinal sampling approach. As a result, we identified an
urbanization gradient in the microbiome of indigenous populations in the Amazon, which is
defined by the presence of microbial biomarkers typical of urbanized microbiomes among rural
individuals. Furthermore, we show that the microbiome of the urban population of the Amazon
differs from that of other Brazilian urban populations, and resembles the intestinal
communities observed in African semi-urban and urban groups. Finally, we showed that in
urban areas of the Amazon, intestinal microbial communities are less stable and more subject
to ecological and evolutionary pressures than those of US individuals. In summary, we present
evidence of industrialization transitions in the human microbiome of the Amazon and highlight
the urgency of including human populations of different origins and contexts in microbiome
research. Our results form the basis on which future clinical and evolutionary investigations

will be carried out regarding the Brazilian microbiome in the Amazon.



1. INTRODUCAO

A conclusao do Projeto Genoma Humano (Venter et al., 2001) permitiu que diversas
questdes, até entdo obscuras, acerca da constituicdo genética dos seres humanos fossem
progressivamente esclarecidas (Collins & McKusick, 2001). As conquistas do projeto incluem
importantes avangos para a ciéncia basica, tecnologia e medicina personalizada, e
inauguraram uma nova era para a genémica humana (Naidoo et al., 2011).

Entretanto, em vista dos obstaculos a serem superados e questbes ainda nao
respondidas, € evidente que o mapeamento do genoma humano por si s6 nao € suficiente
para elucidar a vasta complexidade por trds dos processos biolégicos humanos. E
imprescindivel, para obtermos uma compreensao global da variabilidade genética entre as
populagdes, que consideremos paralelamente o genoma dos micro-organismos que residem
dentro e fora do organismo humano (Bokulich et al., 2012; Davies, 2001).

Sabe-se hoje, gragas as tecnologias independentes de cultivo — como o
sequenciamento de nova geragdo, que 0s micro-organismos estdo organizados em
comunidades mais abundantes e diversas do que se pensava. Por isso, ao considerar as
comunidades microbianas residentes no organismo humano, é necessario empregar uma
visdo ecoldgica e holistica, tendo em vista que as interagbes microbio-hospedeiro séo
constantes e suas dimensdes, consideraveis (Ursell et al., 2013).

Por décadas convencionou-se que o numero de células microbianas superava as de
origem humana numa razao de 10:1 no corpo humano (Luckey, 1972). Contudo, em calculo
atualizado, Sender et al. (2016) estimaram que essa proporgéo na realidade corresponde a
1,3 células microbianas para cada célula humana. O conjunto de micro-organismos presentes
no intestino grosso (apenas um de dezenas de habitats pelo corpo humano) compée um dos
ecossistemas mais densos que se conhece, com mais de mil espécies distribuidas em

aproximadamente 100 bilhdes de organismos por grama de fezes (Qin et al., 2010).



Além disso — em termos de conteudo genético, estas comunidades microbianas
possuem pelo menos 100 vezes mais genes que os seres humanos, o que as torna
metabolicamente mais flexiveis que o préprio genoma humano (Gilbert et al., 2018; Gill et al.,
2006; Qin et al., 2012). Em estimativa realizada pelo consércio Metagenomics of the Human
Intestinal Tract (MetaHIT), foram reportados 3,3 milhdes de genes microbianos nao
redundantes somente na regido gastrointestinal, o que torna evidente a diversidade genética
destas comunidades, sobretudo quando comparado aos 22 mil genes humanos (Qin et al.,
2010).

O conjunto desses micro-organismos e seus genes, conhecido como microbioma, é
considerado também como um “érgao esquecido” ou “o segundo genoma” (ou terceiro, se
considerarmos o genoma mitocondrial), tamanha sua recém descoberta relevancia para a
fisiologia do hospedeiro (Backhed et al., 2005; Bocci, 1992; Bokulich et al., 2012).

Surge, portanto, a nogdo de que as interagdes entre 0 genoma humano e os genes
da vasta e complexa microbiota sejam de suma importancia para a sobrevivéncia. Dessa
forma, o microbioma agora é tido ndo apenas como um dos aspectos microbioldgicos
associados a saude, mas sim como uma propriedade inerente a biologia humana (Blaser,

2018).

1.1. Composicao e localizagdao do microbioma

A composicao e o papel exercido pelo microbioma depende, em grande parte, do
habitat que ele ocupa no organismo hospedeiro. As populagdes desses ambientes sao
formadas por representantes dos trés dominios da vida — quais sejam os eucariotos, arqueias
e bactérias — e seus respectivos virus, presentes em diferentes proporgdes que variam

conforme suas fungdes e interagdes com outros micro-organismos (Lloyd-Price et al., 2016).



O grupo das bactérias € mais amplamente estudado, uma vez que essas compdem
mais de 90% do microbioma da maior parte dos habitats corporais, enquanto que os
eucariotos e arquéias sao representadas por espécies em menor abundancia. Organismos
eucariotos sao representados principalmente por fungos — como Malassezia e Candida,
protistas — como Blastocystis, e helmintos (Nash et al., 2017). Essa comunidade é designada
como eucarioma ou micobioma, em referéncia aos fungos (Nash et al., 2017).

Muito se discute sobre o papel comensal ou benéfico do eucarioma, e evidéncias
sugerem que seu papel como regulador do sistema imunolégico pode ser importante para a
prevengcao de doengas autoimunes e digestivas (Luke et al., 2015). Um exemplo é que
algumas espécies de fungos intestinais séo capazes de substituir a fungao bacteriana de
proteger o ambiente gastrointestinal contra patdgenos invasores em modelos in vivo (Jiang
et al., 2017). A fungéao protetora e estimuladora do sistema imune pode ser a razéo pela qual
populacdes com maiores niveis de colonizagao intestinal eucariética possuem microbiomas
mais diversos e menor prevaléncia de doengas como asma e doencga inflamatdria intestinal
(Audebert et al., 2016).

Em se tratando das arqueias, estas s&o encontradas no microbioma do trato
gastrointestinal (Gl), na cavidade oral, pele e pulmdes, e os grupos taxondmicos que
constituem o arqueoma sao principalmente da ordem das Methanobacteriales. Apesar das
caracterizagdes iniciais, pouco se sabe sobre a fungédo das arqueias como integrantes do
microbioma (Koskinen et al., 2017). De qualquer forma, é evidente que exercem papeis
importantes para a homeostase tecidual e populacional, uma vez que demonstraram ser
geneticamente adaptadas para degradagéo de polissacarideos e outras fontes energéticas
disponiveis no corpo humano (Samuel et al., 2007).

Por fim, o conjunto dos virus eucarioticos e procarioticos habitantes do microbioma é
chamado de viroma. O viroma é constituido principalmente por bacteriéfagos e, por conta da

sua natureza altamente variavel, estima-se que cada pessoa possua um viroma unico (Virgin,
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2014). A importancia do viroma é tamanha que evidéncias mostram que um transplante fecal
estéril, contendo apenas bacteridfagos e outros metabdlitos, sao suficientes para restaurar a
saude intestinal de pacientes infectados por Clostridium difficile (Ott et al., 2017).

Entre suas atribuicbes, os fagos sao responsaveis pelo controle populacional
bacteriano e por aumentar a taxa de transferéncia horizontal de genes entre grupos
bacterianos filogeneticamente distantes. Juntamente com mecanismos de coevolugao entre
fagos e bactérias, tais interagdes possibilitam um maior repertério metabdlico para o
microbioma e maiores redes de comunicacdo entre seus integrantes — principalmente em
regides densamente colonizadas (De Sordi et al., 2018; J. Wang, Gao, et al., 2016).

Quase todas as partes do corpo humano constituem nichos de colonizagéo para
micro-organismos, desde o trato gastrointestinal até a os pulmdes (Dickson et al., 2016)
(Figura 1). Em muitos 6rgéos, como na pele, a colonizagéo e fixagdo de micro-organismos
depende também dos fatores fisico-quimicos de cada regido. Por exemplo, o microbioma de
peles oleosas difere daquele de peles secas, assim como as comunidades encontradas na
regido dos bracos ndo se assemelham as encontradas no rosto (Byrd et al., 2018).

Entre os diversos fatores envolvidos no equilibrio desse ecossistema, destaca-se o
papel da competicdo entre diferentes espécies de micro-organismos para o controle
populacional. A predominancia de bactérias do género Lactobacillus no microbioma vaginal,
por exemplo, é tido como um biomarcador de saude — e a competi¢cao e possivel aumento de
outros grupos taxonémicos em detrimento desta determina a suscetibilidade a vaginose,
doenca inflamatdria pélvica, entre outras enfermidades (Sharma et al., 2014). Além disso, foi
descrito um papel importante da composi¢cdo do microbioma vaginal em gestantes para o
risco de parto prematuro, podendo a baixa abundancia de Lactobacillus crispatus estar
associada ao nascimento de bebés antes da 372 semana em mulheres de diversas

ancestralidades (Fettweis et al., 2019).
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Além da competicdo, o microbioma possui mecanismos sofisticados de controle
interno de composigéo, como demonstrado pela identificagdo de agrupamentos genéticos
biossintéticos que codificam para antimicrobianos (Donia et al., 2014). Isso significa que o
microbioma é capaz de sintetizar moléculas antibiéticas no corpo humano de modo a

promover a protecao e equilibrio do seu préprio ecossistema.

Canal auditivo externo Cabelo Boca

Narina Esoéfago

Pele Trato gastrointestinal

Pénis

M Firmicutes [CJ Bacteroidetes [ Fusobacteria

[ Actinobacteria [ Cyanobacteria [ Proteobacteria

Figura 1. A composicao do microbioma em diferentes regiées do corpo humano demonstrado por
meio da abundéncia relativa de filos bacterianos. Fonte: adaptado de Blum (2017).

12



Além disso, o microbioma também parece estar presente em regides antes
consideradas estéreis. Evidéncias reportadas por Aargard et al. (2014) descrevem a
composigdao do microbioma placentario como similar aquela encontrada na regido oral, que
sugere transferéncia de microbiota da boca para a placenta durante a gestagéo. Outros
pesquisadores, no entanto, argumentam que a regido ndo possui colonizagdo microbiana e
qgue as evidéncias podem, na verdade, indicar contaminacido experimental ou do ambiente
extrauterino (Goffau et al., 2019; Leiby et al., 2018).

Assim como a placenta, o pulm&o também era tido com um érgéo estritamente estéril,
até recentemente. Sabe-se hoje que o ambiente pulmonar possui 0 microbioma composto
principalmente por bactérias similares, mas ndo idénticas, as colonizadoras do trato
respiratorio superior. No caso de doengas respiratorias crénicas, como asma e fibrose cistica,
o microbioma pode sofrer modificagbes de acordo com a gravidade das inflamagbes e
produgao de muco na regidao, uma vez que esses efeitos exercem pressdes ambientais
importantes para a dinamica populacional microbiana (Dickson et al., 2016; Segal et al.,
2013).

Outros habitats no corpo humano, como é o caso da pele e da boca, estdo em
constante contato com micro-organismos do ar, das superficies e dos alimentos. Logo, é
evidente que a colonizagdo bacteriana dessas regides seja abundante e complexa. O
microbioma oral, por exemplo, é o segundo maior e mais diverso habitat microbiano do corpo
humano e possui mais de 700 espécies de micro-organismos (Backhed et al., 2012). Sabe-
se que o microbioma da boca tem um importante papel na manutencdo da saude bucal, e
que desequilibrios nessas comunidades estdo relacionados ao surgimento de caries,
periodontites, cancer e outras doengas (Abusleme et al., 2013; L. Zhang et al., 2020). Ainda,
sabe-se que o microbioma da regido oral tem influéncia direta na composi¢cdo de outro

ecossistema importante: o microbioma gastrointestinal (Segata et al., 2012).
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1.2. Microbioma gastrointestinal

Conforme discutido anteriormente, o microbioma gastrointestinal é tido como o
ecossistema mais denso que se conhece (Qin et al.,, 2010). Consequentemente, sua
composigao, repertorio metabdlico e influéncia na saide humana possuem elevado nivel de
complexidade. Além de interagir constantemente com o metabolismo humano e ter
importancia fundamental para a homeostase fisioldégica, € altamente variavel entre
populagcdes e até mesmo individuos (Lloyd-Price et al., 2016). Entretanto, apesar da
ubiquidade de micro-organismos nesse ambiente, sua composi¢gdo ndao se da de forma
homogénea. Por possuir variadas caracteristicas fisico-quimicas em suas diferentes porgoes
anatdmicas, o microbioma do trato gastrointestinal possui adaptagbes e composi¢cdes
especificas para colonizar cada micro-habitat (Donaldson et al., 2016).

Dessa forma, as diferentes regides do trato Gl formam um gradiente longitudinal de
densidade microbiana, no qual as porcdes distais possuem as maiores abundancias. Ao
longo do intestino delgado, ceco e cdlon, propriedades como pH, producdo de
antimicrobianos e disponibilidade de oxigénio sdo gradualmente modificadas e agem como
fatores de selegdo de micro-organismos (Figura 2). Portanto, o microbioma do intestino
delgado, regido de pH acido, com maior disponibilidade de oxigénio e alta concentracdo de
antimicrobianos secretados pelos acidos biliares e enzimas digestivas, possui colonizagéo
por anaerodbios facultativos tolerantes, como é o caso da familia dos Lactobacillaceae e

Enterobacteriaceae (Kastl et al., 2020).
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Small intestine Colon
Bacteroidaceae, Prevotellaceae,

Rikenellaceae,
Inter-fold regions

M Appendix

Digesta
Bacteroidaceae,
Prevotellaceae,
Rikenellaceae

Caecum

Rectum

10* cfug™

Bacterial load %‘

oH e

Antimicrobials [
Oxygen | ee——

Proximal Distal

Figura 2. Biogeografia do trato gastrointestinal. Fonte: Donaldson et al. (2016).

Além disso, as pregas e vilosidades ao longo da extenséo intestinal também propiciam
diferentes ambientes para colonizagao. Bactérias aderentes a essa regiao se alimentam do
muco secretado pelo epitélio intestinal e precisam resistir as espécies reativas de oxigénio
oriundas do metabolismo mitocondrial do hospedeiro (Albenberg et al., 2014)

Em contrapartida, a regido distal do trato Gl possui pH menos acido, com menor
concentracao de antimicrobianos e oxigénio. Assim, as bactérias colonizadoras da regido s&o
majoritariamente anaerdbias fermentadoras, como as da familia das Bacteroidaceae e

Prevotellaceae (Donaldson et al., 2016). Ademais, costumam metabolizar polissacarideos
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nao digeriveis advindos da dieta, sendo essa uma de suas principais fungdes (Lloyd-Price et
al., 2016).

E importante destacar que os habitos alimentares, entre outros fatores, possuem a
capacidade de alterar significativamente a composi¢gdo do microbioma Gl, conforme sera
discutido posteriormente. Todavia, independente de exposi¢cdo a fatores ambientais, em
niveis filogenéticos elevados o microbioma gastrointestinal € amplamente conservado e
possui pouca diversidade, sendo majoritariamente dominado por dois filos, quais sejam
Bacteroidetes e Firmicutes (Eckburg et al., 2005). Em maiores niveis de resolugao
taxondmica, como géneros, espécies e cepas, a diversidade do microbioma toma propor¢des
consideraveis, chegando a ser composto por 1.000 espécies diferentes (Qin et al., 2010).

A ampla diversidade taxondmica do microbioma Gl humano é reforgada pelo fato de
até 70% dos micro-organismos colonizadores deste habitat nunca terem sido cultivados em
laboratdrio ou terem tido suas fungbes descritas (Almeida et al., 2020). Dessa forma, pouco
se sabe sobre as reais capacidades metabdlicas, as interacdes e as fungdes do microbioma
intestinal. Em referéncia ao termo astronémico, essa porgéo nao caracterizada do microbioma
ambiental e humano ficou conhecida como “matéria escura” microbiana (Rinke et al., 2013).

Com o intuito de preencher essa lacuna no conhecimento da composi¢cdo do
microbioma, utiliza-se comumente a estratégia de estabelecer o chamado “core microbiome”,
que pode ser definido como o conjunto central ou nuclear de micro-organismos ou fungbes
comuns a uma determinada populagdo (Lloyd-Price et al., 2016). Resumidamente, essa
abordagem baseia-se no sequenciamento metagendmico de amostras representativas de
cada habitat microbiano e sua posterior caracterizagao taxondmica e/ou funcional. Com os
resultados, objetiva-se compreender de que forma os papéis desempenhados pelo
microbioma auxiliam na adaptacdo e sobrevivéncia do individuo em diversos contextos

ambientais e etapas de desenvolvimento (The Human Microbiome Project Consortium, 2012).
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1.3. Formacgao e fung¢ées do microbioma Gl

O estabelecimento de uma comunidade microbiana tem seu inicio desde os primeiros
instantes de vida extrauterina e evidéncias sugerem que sua manutencdo e maturacédo ao
longo da vida adulta dependem significativamente dos eventos ocorridos logo apés o
nascimento e durante os primeiros anos de desenvolvimento (Dominguez-Bello et al., 2019).

Por exemplo, uma das primeiras interacbes do recém-nascido com 0O universo
microbiano ocorre em fungéo da via de nascimento. O conteudo microbioldgico do intestino
de uma crianga nascida de parto vaginal se assemelha ao da vagina, pele e intestino de sua
mae (Backhed et al., 2015). Essa observagao foi constatada principalmente para bactérias
do género Bacteroides durante os primeiros meses de vida, cujo papel nessa fase é estimular
a maturagao do sistema imunolégico e tornar o trato Gl mais resistente a infec¢des por micro-
organismos patogénicos (Backhed et al., 2015).

Por outro lado, criangas nascidas via cesarea apresentam menor abundancia de
géneros herdados pela mae. Ainda, essa via de nascimento promove a colonizagéo
abundante de micro-organismos patogénicos oportunistas, como observado por Shao et al.
(2019) num estudo composto por quase 600 pares de bebés e suas maes. A presenga de
géneros enteropatogénicos como Enterobacter, Enterococcus e Klebsiella encontrados no
trato Gl desses recém-nascidos € um indicio da vulnerabilidade de seus microbiomas a
infecgdo por micro-organismos tipicos de ambientes hospitalares. Esse mesmo padréo foi
observado, em menor grau, em bebés nascidos por parto vaginal cuja mae havia sido tratada
com antibidticos de forma profilatica e naqueles que nao receberam aleitamento materno no
periodo neonatal, enfatizando a importancia da amamentagéo para a formagéo inicial do
microbioma (Shao et al., 2019).

O leite materno possui na sua composigao agucares especificos cuja metabolizagéo

€ realizada quase exclusivamente por bactérias do microbioma, os quais séo utilizados como
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fonte de energia por bactérias do género Bifidobacterium longum, que promovem efeitos
benéficos, como protegado contra patégenos, maturagéo de células do epitélio intestinal e
desenvolvimento do sistema imunoldgico pela estimulagcdo da producdo de células T
regulatérias e imunoglobulina A (IgA) (Arpaia et al., 2013). Criangas alimentadas com
férmulas infantis sdo colonizadas por outras espécies de Bifidobacterium e outros grupos
taxondémicos, incluindo Clostridium difficile (Dominguez-Bello et al., 2019; Timmerman et al.,
2017).

Varios fatores sdo decisivos para a formacdo do microbioma no periodo do
desenvolvimento infantil, que é marcado por sucessivas colonizagdes e transicdes
microbianas (Wampach et al., 2017). Alteragdes nesse processo finamente orquestrado
podem ter efeitos duradouros para a saude do hospedeiro, uma vez que o microbioma ainda
nao atingiu a maturidade e estabilidade de um adulto (Tamburini et al., 2016). Como mostrado
em grandes coortes, a exposicédo a antibidticos na infancia leva a um aumento no risco de
sobrepeso, do indice de massa corpérea (IMC) e de adiposidade central ao longo da vida
(Ajslev et al., 2011; Azad et al., 2014). Ademais, praticas como a constante higienizagdo com
sabonetes antibacterianos e a ingestdo de alimentos contendo conservantes bactericidas
também podem contribuir para a alteragdo do microbioma infantil e ter efeitos de longo prazo
(Cox & Blaser, 2015).

A partir dos trés anos de vida, o microbioma infantil passa a ter uma composicéo
semelhante ao de um adulto (Yatsunenko et al., 2012). Isso provavelmente se deve ao padrao
alimentar mais diverso e a maturagéo do sistema imunologico adaptativo. Na vida adulta, o
microbioma € caracterizado por certa estabilidade, e é quando caracteristicas como
resisténcia (a capacidade de evitar desequilibrios) e resiliéncia (a capacidade de voltar ao
equilibrio apds perturbagbes) se tornam importantes para a manutengdo da saude do

hospedeiro (Backhed et al., 2012).

18



Naturalmente, ao longo da vida ocorrem variagdes nessa comunidade, seja por
adoecimento, mudanga de estilo de vida, ingestdo de medicamentos, dietas, entre outros
fatores. David et al. (2014) analisaram a dindmica microbiana do intestino de dois individuos
diariamente ao longo de um ano e constataram que apesar de estavel, o microbioma Gl pode
ser profundamente impactado por experiéncias e alteragdes cotidianas, como viagens
internacionais e infecgbes alimentares por Salmonella (David et al., 2014).

Em situagdes de equilibrio, o conjunto de bactérias comensais compete com bactérias
patogénicas de forma fisica (por espagos ou nutrientes) e quimica, produzindo fatores
antimicrobianos — como bacteriocinas, ou pela produgao de metabdlitos secundarios (Corr et
al., 2007; Jacobson et al., 2018; Smith et al., 2013).

Quando as comunidades bacterianas do intestino ndo sdo capazes de se restaurarem
apos alteracdes no equilibrio, o microbioma entra num estado denominado disbiose, causado
por fatores como a perda substancial de bactérias comensais, colonizagéo persistente de
organismos patogénicos e consequente perda de diversidade (Levy et al., 2017). Logo, a
deplegao de bactérias benéficas, seja por antibidticos ou outros efeitos ambientais, € uma
forma de burlar a resisténcia a colonizagao inerente ao microbioma e comprometer suas
principais fungdes.

Os efeitos sistémicos produzidos pelo microbioma saudavel se devem principalmente
aos metabdlitos por ele produzidos, como os acidos graxos de cadeia curta (AGCC) (G. T.
Macfarlane & Macfarlane, 2012). Os AGCC sé&o o produto da fermentacao de carboidratos
nao degradados pelas enzimas digestivas humanas, como as fibras e o amido resistente, e
constituem o principal integrador do metabolismo microbioma-hospedeiro. Majoritariamente
por meio da ativagdo dos receptores de membrana acoplados a proteina G, sdo utilizados
para diversos processos celulares humanos (Koh et al., 2016; Rios-covian et al., 2016). Os

principais AGCC metabolizados pelas bactérias intestinais sdo o acetato, butirato e
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propionato, que compéem mais de 95% desse tipo de molécula no trato Gl (S. Macfarlane &
Macfarlane, 2003).

Em maior ou menor grau, todos os AGCC constituem fonte de energia para as células
da mucosa intestinal e interagem diretamente com o sistema imune, pois promovem a
expansao e diferenciagéo de células T regulatorias e a regulagao da produgao de citocinas,
entre outros mecanismos (Levy et al., 2017; Smith et al., 2013). Além disso, possuem conexao
direta com outros sistemas — como figado, pancreas, cérebro e tecido adiposo — e estado
associados a prevencdo do acumulo de gordura corporal, aumento da sensacgédo de
saciedade e diminui¢do da resisténcia a insulina (Canfora et al., 2015; Y. P. Silva et al., 2020).
No ambiente intestinal também promovem a prote¢do contra patégenos por estimularem a
renovagao de células intestinais e producdo de muco, além de aumentarem o pH do cdlon
(Koh et al., 2016; G. T. Macfarlane & Macfarlane, 2012; Morrison & Preston, 2016). Por fim,
sao importantes fatores de protecdo em doengas como diabetes mellitus tipo 2 (DM2) e
cancer pois induzem a apoptose de células tumorais (Harstra et al., 2015; OKeefe et al.,
2015).

A abundancia e forma de utilizacdo de cada um dos AGCC dependera de quais
nutrientes estao disponiveis para degradagao bacteriana e quais grupos taxondmicos estao
presentes no intestino. Baixa ingestdo de fibras, portanto, modificam o metabolismo
bacteriano, que passam a buscar outras fontes de nutrientes, como muco e proteinas
endogenas, podendo causar danos a saude do hospedeiro, como resisténcia insulinica e
inflamacao instestinal (Makki et al., 2018; Martens et al., 2008; Yatsunenko et al., 2012).

Diante disso, a dieta é considerada o principal fator modulador do microbioma GI, uma
vez que tem o poder de selecionar e modificar a expressdo génica dos micro-organismos
presentes. Diversos estudos tém observado que pessoas e populagdes com dietas ricas em

fibras e vegetais tendem a possuir um microbioma diverso e considerado saudavel, ao passo
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que o alto consumo de gorduras, proteina animal e alimentos processados esta associado a
padrdes de adoecimento (Glick-bauer & Yeh, 2014; OKeefe et al., 2015; Schnorr et al., 2014).

Por exemplo, numa comparagao entre microbiomas Gl de individuos seguidores de
dietas vegetarianas, veganas e onivoras, Glick-Bauer e Yeh (2014) observaram menor
abundéancia de espécies patogénicas e maior de espécies protetoras nos individuos que se
alimentam exclusivamente de vegetais. De forma similar, De Filippis et al. (2015) analisaram
0 microbioma de pessoas que baseiam sua alimentagdo num padrdo mediterrdneo e outras
gue possuem habitos alimentares tipicamente ocidentais. A dieta mediterranea caracteriza-
se pelo alto consumo de fibras, vegetais, frutas, moderado consumo de peixes e raro
consumo de alimentos processados e carne vermelha, enquanto a alimentagdo ocidental é
rica em gorduras, proteinas e alimentos processados, com baixa ingestdo de fibras. Os
resultados revelaram maior producdo de AGCC entre os adeptos da alimentagao
mediterranea, o que reflete a selegcdo de bactérias especializadas na degradagéo de fibras
vegetais nao digeriveis (De Filippis et al., 2015; Tindall et al., 2018).

A especializagdo do microbioma Gl também pode se dar pela obtengdo de novas
formas de adquirir energia a partir dos nutrientes disponiveis na dieta, conforme constatou-
se na populagao japonesa. Hehemann et al (2010) observaram que uma das bactérias do
grupo Bacteroides presentes no intestino de individuos do Japdo possui uma enzima
especializada na degradagéo de fibras presentes nas algas marinhas. Os pesquisadores
concluiram que a enzima foi adquirida por transferéncia horizontal a partir da bactéria Zobellia
galactanivorans, que vive principalmente em algas marinhas tradicionalmente utilizadas no
preparo do sushi, e que o fato desse gene nao ter sido encontrado em individuos nao-
japoneses comprova a adaptagéo do microbioma ao estilo de vida asiatico (Hehemann et al.,
2010).

Dada a selegao bacteriana promovida pela dieta e estilo de vida, frequentemente

grupos de individuos costumam se enquadrar no que chamamos de “enterotipos”, que

21



consistem em subgrupos de microbiomas representados pela prevaléncia de um ou mais
grupos taxondmicos especificos (Arumugam et al., 2011). Tais grupos taxondmicos sao como
biomarcadores de determinados perfis microbianos e tém sido Uteis para categorizar perfis
microbiologicos individuais. Por exemplo, um dos principais géneros bacterianos
sinalizadores de uma alimentagéo rica em fibras € Prevotella, grupo especializado na
degradacdo de polissacarideos vegetais, enquanto que Bacteroides tem sido comumente
descrito entre individuos com padrées alimentares ocidentalizados ou pobres em fibras, uma
vez que constitui um grupo resistente a bile, tornando-se prevalente em dietas ricas em
gorduras (David et al., 2014; Fehlner-Peach et al., 2019).

Considerando as complexas relagbes entre o microbioma e fatores ambientais do
hospedeiro, é evidente que a diversidade populacional tenha um importante papel na
determinagdo da composicdo do microbioma. Existem poucas evidéncias validadas,
entretanto, do papel da genética humana no desenvolvimento e composi¢cdo do microbioma.

Goodrich et al. (2014), em estudo com gémeos monozigéticos e dizigdticos,
identificaram que a familia bacteriana Christensenellaceae € o grupo taxondmico mais
herdavel do microbioma GI, e que esta significativamente associada a menores IMC.
Posteriormente, os autores observaram que genes relacionados a composicdo do
microbioma s&o aqueles envolvidos em dieta e metabolismo (Goodrich et al., 2016). Por
exemplo, a presenga da bactéria acido-latica Bifidobacterium parece estar relacionada ao
gene LCT, que produz lactase para degradagéao do leite. Individuos nao produtores de lactose
(e que se alimentam de laticinios) possuem maior abundancia de Bifidobacterium, uma vez
que a lactose persiste no intestino grosso como nutriente disponivel para sua metabolizagcédo
(Goodrich et al., 2016).

Adicionalmente, um estudo de associagdo metagenémica (MGWAS, do inglés
Metagenomic Association Studies) identificou 42 loci no genoma humano que possuiam

associagao com medidas de composigdo, que em conjunto eram responsaveis por 10% da
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interindividualidade microbiana. Entre os genes observados como importantes, estavam
VDR, LCT, FUT2 e NOD2, mas nao apresentaram resultados significativos a nivel genémico
(J. Wang, Thingholm, et al., 2016).

Evidéncias mostram que diversos fatores ambientais além da dieta e medicamentos
também podem ter um efeito importante para o microbioma, como o convivio com animais
domésticos e de pecuaria, relagdes interpessoais com conjuges e tabagismo (Dill-McFarland
et al., 2019; Mosites et al., 2017; Nolan-Kenney et al., 2020; Tun et al., 2017). Logo,
caracterizagbes microbianas a nivel global — incluindo popula¢des em diversos contextos
sociais e ambientais — sdo importantes para a elucidacao dos efeitos sistémicos na relacao

microbioma-hospedeiro.

1.4. Diversidade populacional

Ao longo de toda a histéria, o microbioma humano precisou se adaptar as novas
condigbes ambientais impostas pelo estilo de vida do hospedeiro (Tito et al., 2012).
Anteriormente vivendo como cagadores-coletores, a partir da revolugdo neolitica ha 10 mil
anos, o modo de subsisténcia humano mudou drasticamente com a domesticagao e cultivo
de plantas e animais (Cordain et al., 2005).

Para compreender de que forma o microbioma acompanha e reage as novas
demandas ambientais ao longo da historia, seria util caracterizar o microbioma dos povos do
passado. Entretanto, pouco se sabe sobre a constituicdo do microbioma Gl dos humanos que
habitaram a terra nos ultimos milhares de anos; o que sabemos atualmente é fruto de
pesquisas realizadas em remanescentes arqueoldgicos humanos, por meio da analise
microbiolégica de coprolitos (fezes fossilizadas) ou do trato Gl de espécimes bem
conservadas, mas a integridade do material biolégico € frequentemente uma limitagao

(Warinner et al., 2015).
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O célebre homem de gelo ou Otzi, como foi denominado, foi um homem que viveu na
Europa ha aproximadamente trés mil anos e teve seu corpo mumificado pelas condigcbes
climaticas. O microbioma da regido distal do seu intestino foi analisado por Lugli et al. (2017)
e os dados possibilitaram a descricdo de parte do genoma de algumas espécies presentes,
como do género Clostridium e Pseudomonas, que aparentam ser enteropatogénicas.

Adicionalmente, Tito et al. (2012) investigaram o microbioma de coprdlitos
encontrados em esqueletos humanos de sitios arqueoldgicos dos Estados Unidos (8.000
anos Antes do Presente — A.P.), Chile (1.600 anos A.P.) e México (1.400 anos A.P.). Os
resultados foram comparados aos dados disponiveis para populagdes atuais e, curiosamente,
revelaram que o microbioma dos individuos que viveram no passado se assemelha aquele
descrito para populagdes tradicionais do presente, como os Hazda da Tanzania (Schnorr et
al., 2014). O fato de populagdes tradicionais contemporaneas terem o microbioma similar os
de populagdes pré-historicas sugere que as populagdes tradicionais como os Hazda podem
ser investigadas como um parametro de caracterizagdo do que seria o microbioma ancestral
(Blaser & Falkow, 2009; Schnorr et al., 2016)

Os Hazda sado um dos ultimos povos cagadores-coletores que se conhece, e habitam
regido oriental do continente africano. Essa populagao possui habitos alimentares baseados
em tubérculos ricos em fibra, frutas, castanhas e caca de animais silvestres, e seus
microbiomas Gl sdo abundantes em taxons como Prevotella e Treponema (Schnorr et al.,
2014). Assim como outros grupos de cagadores-coletores, como os Sandawe da Tanzania,
os Hazda apresentam o microbioma Gl mais diverso quando comparado as populacdes
industrializadas, como a dos Estados Unidos ou da Italia (Hansen et al., 2019; Schnorr et al.,
2014; Yatsunenko et al., 2012).

As diferengas entre o microbioma Gl de individuos que praticam modos de
subsisténcia tradicionais e de individuos vivendo em areas urbanas, sobretudo em relagao a

diversidade, tém chamado atencgéo (Blaser & Falkow, 2009). Durante o século XX, seres
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humanos modificaram drasticamente seus habitos alimentares e de higiene. A introdugéo e
expansao do uso de antibidticos, aumento do saneamento e saude publica, associados a
incorporacdo de alimentos processados na dieta propiciaram mudangas drasticas no
microbioma (Blaser, 2018).

Tais mudangas podem ser observadas pelo emprego de alguns biomarcadores, como
a diminuicdo da prevaléncia de Helicobacter pylori no microbioma gastrico e a troca entre
Prevotella e Bacteroides no trato Gl de populagbes industrializadas (Dominguez-Bello &
Blaser, 2011; Yatsunenko et al., 2012). O mais alarmante, entretanto, € a perda de espécies
observada entre algumas populagdes.

Por exemplo, os indigenas Guahibo da Venezuela e a populagéo rural do Malawi
apresentam microbiomas semelhantes entre si quando comparados ao microbioma de
moradores da Philadelphia, nos Estados Unidos. Tais semelhangas se devem principalmente
ao maior numero de espécies e a presenca de bactérias especializadas na degradacéo de
polissacarideos vegetais (De Filippo et al., 2017; Yatsunenko et al., 2012). O mesmo padrao
de diferengas foi observado na comparagéo entre os indigenas Matses, do Peru e os
Tunapuco, da regido dos Andes com individuos dos Estados Unidos (Obregon-tito et al.,
2015).

A perda de diversidade no microbioma dos Estadunidenses gera preocupacao, pois
quanto maior a diversidade de espécies, maior o repertério enzimatico microbiano,
favorecendo a obtengéo de energia e a metabolizagdo de AGCC, gerando beneficios para a
saude. Além disso, microbiomas mais diversos sdo mais resilientes, pois possuem diferentes
formas de competicdo e a probabilidade de haver redundancias metabdlicas sdo maiores
(Larsen & Claassen, 2018).

Outros povos urbanos e semi-rurais, entretanto, também apresentaram tais
caracteristicas, como foi observado entre nigerianos e camaroneses vivendo em um

gradiente de urbanizagao (Ayeni et al., 2018; Lokmer et al., 2020). Dessa forma, mesmo
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vivendo no mesmo pais, individuos podem apresentar diferentes microbiomas Gl
dependendo de onde estdo no “espectro” de urbanizagédo. Jha et al. (2018), por exemplo,
caracterizaram o microbioma de quatro grupos, entre agricultores e coletores, vivendo aos
pés do Himalaia. Os resultados mostraram que os Tharu, cuja vida agricola e sedentaria havia
se iniciado ha 250 anos, se assemelham mais a uma populacido urbana do que os Raute e
Raiji, que deixaram de ser cagadores-coletores ha apenas 30-40 anos. Tais constatagbes sao
indicios de que é possivel observar uma linha do tempo na transicdo de um microbioma
tradicional para urbano e que esse processo ocorre de forma gradual.

Para testar a hipotese de que a dieta é capaz de induzir tais extingcbes microbianas,
Sonnenburg et al. (2016) modificaram a dieta de camundongos de modo a diminuir a ingestao
de fibras ao longo de multiplas geragdes. Na segunda geragéo, os pesquisadores observaram
a reducdo na abundancia de micro-organismos degradadores de polissacarideos vegetais,
mas que logo aumentou com a reintrodugéo da dieta rica em fibras e carboidratos néo
digeriveis. Entretanto, nas geragdes seguintes, a reintrodugéo de fibra na dieta dos roedores
nao foi suficiente para aumentar a abundancia dos micro-organismos especializados,
mostrando que a extingdo microbiana € cumulativa e ocorre ao longo das geracdes (E. D.
Sonnenburg et al., 2016).

Essas evidéncias mostraram que a transmissao vertical do microbioma & importante
para o estabelecimento das comunidades, e que a manutencédo delas depende da dieta.
Portanto, dados os habitos em contextos industrializados e urbanos, tanto a aquisigéo vertical
de micro-organismos (como pelo parto vaginal e amamentagao) quanto a dieta, limitam
drasticamente o contato com um microbioma diverso e rompem padrdes ancestrais da
relagdo microbioma-hospedeiro (Blaser & Falkow, 2009; J. L. Sonnenburg & Sonnenburg,

2019; Yatsunenko et al., 2012) (Figura 3).

26



Industrializacao

Dieta rica em fibras Dieta ocidental pobre
e carboidratos S em fibras e carboidratos
nao-digeriveis nao-digeriveis

& Micro-organismos ) Micro-organismos
degradadores de fibras, degradadores de muco,

(&) O
* produtores de AGCC Q" resistentes a antibioticos

Figura 3. A influéncia da transicao de estilo de vida tradicional para industrializado na formagéao
e fungbes do microbioma gastrointestinal. Fonte: adaptado de Sonnenburg e Sonnenburg (2019).

Vangay et al. (2018) analisaram o impacto da imigragédo aos Estados Unidos no
microbioma de uma populacdo tailandesa antes da chegada, logo apds a instalacéo e
residentes de primeira e segunda geragao. Seus resultados revelaram que a emigragao de
uma regido nao-industrializada para os Estados Unidos causou efeitos imediatos na
diminuigdo da diversidade microbiana, com queda na abundéancia de Prevotella e aumento
de Bacteroides. Constatou-se, ainda, o aumento na prevaléncia de obesidade como
consequéncia dessas mudangas para individuos residentes e de primeira e segunda geracéo
de imigrantes (Vangay et al., 2018)

Posteriormente, ao comparar o microbioma de criancas urbanas e rurais da Burkina
Faso com criangas Italianas, De Filippo et al. (2017) corroboraram a importancia da dieta na
determinacgdo do microbioma GI. Seus resultados revelaram que criangas urbanas possuem

maiores semelhancas entre si independente de localizagcdo geografica e pertencimento
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étnico, uma vez que o microbioma de criangas urbanas da Burkina Faso se assemelha mais
ao microbioma urbano da Italia e ndo do microbioma das regides rurais do mesmo pais (De
Filippo et al., 2017; Filippo et al., 2010).

Em relagdo as populagcbes sul-americanas, foram descritos o microbioma de
individuos urbanos da Argentina, Chile, Coldmbia e Rio de Janeiro, no Brasil (Belforte et al.,
2019; Escobar et al., 2015; Fujio-Vejar et al., 2017; Pires et al., 2019). Os resultados mostram
que a composigdo do microbioma urbano do Chile, Argentina e Rio de Janeiro sao
semelhantes ao que foi descrito para populacdes industrializadas de outros continentes,
como América do Norte e Europa. A populagdo colombiana ndo mostrou grandes
semelhancas com outras populag¢des, mas todos os grupos urbanos mencionados aparentam
ser distintos das populag¢des tradicionais e rurais, como os indigenas Yanomami, Matses e
Tsimané, a populacédo andina Tunapuco, € os ribeirinhos de Buiugu e Puruzinho, do estado
brasileiro do Amazonas (Clemente et al., 2015; Obregon-tito et al., 2015; Pires et al., 2019;
D. D. Sprockett et al., 2019).

Conforme diferentes grupos populacionais sao caracterizados em variados contextos
de subsisténcia (Tabela 1), algumas caracteristicas frequentes em microbiomas tradicionais
tém sido estabelecidas. Conforme mencionado anteriormente, a diversidade, medida em
rigueza/numero de espécies, costuma ser maior nessas populagdes, como foi observado nos
indigenas Yanomami da Venezuela, que possuem o microbioma Gl mais diverso ja registrado
entre populagdes humanas (Clemente et al., 2015). A presenga de parasitas intestinais como
Entamoeba spp. e helmintos também estdo associados a maior diversidade em populacdes
rurais (Morton et al., 2015; Rubel et al., 2020).

Além disso, microbiomas tradicionais também sdo mais compartilhados entre
individuos quando comparados a populag¢des industrializadas. Isso significa que pessoas de
uma mesma comunidade tradicional comumente apresentam grupos taxonémicos e

abundancias semelhantes nos seus microbiomas Gl, como é o caso dos Asari, da Papua
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Nova Guiné, e dos BaAka, da Republica Centro-africana (Gomez et al., 2016; Greenhill &
Walter, 2015). No caso de individuos urbanos, as praticas de higiene, diminuigdo do contato
social e pouco compartiihamento de alimentos nado favorecem a dispersdo de micro-
organismos, aumentando as disparidades interindividuais (Ayeni et al., 2018; De Filippo et
al., 2017).

A depender do modo de subsisténcia, também é possivel observar variagdes no
microbioma Gl em fungéo de género. Nos Hazda, por exemplo, as mulheres possuem maior
abundéancia de géneros como Treponema e Prevotella, a0 passo que 0os homens possuem
maior prevaléncia de Blautia (Schnorr et al., 2014). Conforme discutido pelos autores, essas
diferengas provavelmente se devem as divisées de trabalho, uma vez que as mulheres sao

responsaveis por coletar frutas e vegetais, enquanto os homens sao responsaveis pela caga.

29



Tabela 1. Principais pesquisas visando caracterizar o microbioma Gl de populagées mundiais tradicionais ou em urbanizagao.

Populacées Continente N Subsisténcia Metodologia Referéncia
Indigenas Guahibo América do Sul, Venezuela: rural 16S (V4) +
(Venezuela), Malawi e Africa e América 326 Malawi: rural (milho) Metagenomic shotgun %ﬁtzs)unenko etal,
Estados Unidos do Norte Estados Unidos: industrializado  pyrosequencing
Sao Petersburgo, Saratov,
Metrépoles e vilarejos da Asia 9% Rostov-on-Don, Novosbirsk: Metagenomic shotgun (Tyakht et al., 2013)
Russia industrializado pyrosequencing ”
Tatarstan, Omsk, Tyva: rural
‘o - Bangladesh: industrializado
Baf‘dg'adeSh € Estados S‘S'ﬂ e rtAme”Ca 14 (urban slums, ou favelas) 16S (V1-V3) (Lin et al., 2013)
nidos o Norte Estados Unidos: industrializado
Indigenas Hazda (Tanzénia) ;.. Hazda: cagadores-coletores
e Bologna, Italia Africa e Europa 46 Italia: industrializado 16S (V4) (Schnorr et al., 2014)
Metréooles e vilareios da ) Ullan Bator: industrializado Metagenomic
Mon glia ] Asia 320 TUW: industrializado pyrosequencing + (J. Zhang et al., 2014)
9 Khentii: ndbmades gPCR
Indigenas Yanomami - Cacadores-coletores (Clemente et al.,
(Venezuela) América do Sul 34 semi-ndmades 16S (V4) 2015)
Comunidades rurais da . . , E (Greenhill & Walter,
Papua Nova Guiné Oceania 40 Asaro e Sausi: rural agricola 16S (V5-V6) 2015)
Indigenas Matses (Peru), - Matses: cagadores-coletores L
Tunapuco (Andes), Estados ﬁg:::gz gg Elglrtz 79  Tunapuco: rural agricola 16S (V4) + Shotgun (200?"56;90” tito et al.,
Unidos Estados Unidos: industrializado
Plgmel,ls e Bantus de Africa 64 Bgntu: ru.ral agricola 16S (V5-V6) (Morton et al., 2015)
Camardes Pigmeus: cagadores-coletores
Indigenas Chayenne e América do Norte 38  Rural + alimentos processados 16S (V4) (Sankaranarayanan et

Arapaho

al., 2016)




Populacées Continente N Subsisténcia Metodologia Referéncia
Plgmel,!s BaAka e Baptu da Africa 57 BaAka'I: cagador’es-coletores 16S (V1-V3) (Gomez et al., 2016)
Republica Centro-africana Bantu: rural agricola
Tibetanos (4800m): pastoralistas
Tibetanos e Han Chineses - Tibetanos (3600m): camponeses R .
em diferentes altitudes Asia 68 Han (3600m): rural 16S (V1-V3) (K. Lietal., 2016)
Han (500m): rural
Indigenas Inuit do Artico e - Inuit: pescadores/cagadores .
Montreal, Canada America do Norte 45 Montreal: industrializado 16S (V4) (Girard et al., 2017)
Indigenas Ha.zda.(Tanzanla) Africa 350 Cagadores-coletores 16S + Shotgun (Smits et al., 2017)
— estudo longitudinal
Provincia de Hunan, China  Asia 40 Rural e industrializado 16S (V4) (Winglee et al., 2017)
) Nanoro: rural (De Filippo et al
Burkina Faso e ltalia Africa e Europa 37  Ouagadougou: industrializado 16S (V5-V6) 2017) PP v
Florenca: industrializado
Bassa: rural agricola
Nigéria Africa 48 llorin, Abeokuta, Ado EKkiti, 16S (V3-v4) + (Ayeni et al., 2018)
L o Metaboloma
Ibadan, Abuja: industrializado
Tibetanos rurais Asia 24 Gradiente de urbanizagio 16S (V4-V5) (H. Li et al., 2018)
pastoralistas
Cgmunldades rurais no Asia 54  Gradiente de urbanizagao 16S (V4) (Jha et al., 2018)
Himalaya
Indianos em diferentes ; Ballabhgarh: rural e
Asia 84  industrializado 16S (V1-V5) (Das et al., 2018)

altitudes

Leh: rural
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Populacées Continente N Subsisténcia Metodologia Referéncia
Hazda, San: cacadores-
. coletores
Hazda, Maasal,AS.andawe, o Maasai, Herero: pastoralistas
Burunge (Tanzania) e San,  Africa 126 Burunge, Bantu: agropastoril 16S (V1-V2) (Hansen et al., 2019)
Bantu, Herero (Bostwana) San da%vé' cagadorgles-
coletores/agropastoril
Rio de Janeiro, Buiugu e . . .
Puruzinho (Amazonas, América do Sul 43 Slu?u%i Jg:%rzoihrgur?ég?rliﬁﬁgo I1\/I6eSta(tYo A%r-\tla (Pires et al., 2019)
Brasil) ’ '
Indigenas Tsimané, Bolivia ~ América do Sul 104 Rural agricola 16S (V4) (2E()).1§;)rockett etal,
Mbal Yaoundé ) Yaoundé: industrializado
amayo, yaounde, Africa 147 Mbalmayo: semi-urbano 16S (V4) (Lokmer et al., 2020)
Ngoantet de Camarbes Ngoantet: rural
Fulani: pastoralista,
Populacdes rurais e Africa 575 Baka, Bagyeli: cacadores- 16S (V4) (Rubel et al., 2020)

tradicionais de Camardes

coletores
Bantu: agropastoril
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Em estudo longitudinal, Smits et al. (2017) observaram que o microbioma desses
cacadores-coletores também sofre variagdes conforme as estagdes seca e chuvosa. Essa
dindmica sazonal € ciclica e provoca o aumento na abundancia de alguns grupos
taxondmicos e diminuigao de outros ao longo do ano, dependendo dos nutrientes disponiveis
por meio dos alimentos coletados na natureza.

O conjunto de grupos taxondmicos associados a populagdes nédo-ocidentalizadas foi
denominado VANISH (do inglés, Volatile and/or Associated Negatively with Industrialized
Societies of Humans), e consiste na presenga de membros das familias Prevotellaceae,
Spirochaetaceae e Succinivibrionaceae (J. L. Sonnenburg & Sonnenburg, 2019). Outras
caracteristicas que distinguem microbiomas industrializados e tradicionais estao listados na

Tabela 2.

Tabela 2. Caracteristicas que comumente diferenciam o microbioma gastrointestinal de

populacdes tradicionais e urbanas. Fonte: Sonnenburg e Sonnenburg (2019).

Caracteristicas Populacodes tradicionais Populacbes urbanas
Taxons VANISH Abundantes Raros

Akkermansia muciniphila Raro Abundante
Abundancia de Bacteroides Baixa Alta

Diversidade filogenética Alta Baixa

Diversidade enzimatica Alta Baixa

Dindmica sazonal Presente Ausente

A urbanizacgdo tem levado o microbioma Gl de populacdes em diversos continentes a
sofrer uma evolugao convergente, saindo de um estado com alta diversidade taxonémica e
metabdlica para um padrdo pouco diverso e com abundéncia de micro-organismos
patogénicos (Winglee et al., 2017). Blaser (2018) argumenta que o microbioma humano é
mais um elemento da biodiversidade que acompanha a era de extingdes, como 0 oceano e

as mudancas climaticas.
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Por milhares de anos, o microbioma Gl esteve adaptado a degradar carboidratos de
fontes vegetais, enquanto o genoma e metabolismo humano esteve adaptado a presenca
desses micro-organismos e seus produtos, como os AGCC, favorecendo uma relagao
mutualistica. Numa sociedade que limita a quantidade de carboidratos acessiveis as
bactérias, a consequéncia € o desaparecimento e modificagdo do microbioma (E. D.
Sonnenburg & Sonnenburg, 2019).

A evolugao do microbioma reflete grandes eventos na histéria humana e, nos ultimos
250 anos, o ser humano tem modificado seu ambiente, e consequentemente seu microbioma,
a uma velocidade que torna dificil o genoma acompanhar. Uma vez que o genoma humano
nao possui a dinamicidade e a plasticidade dos genomas bacterianos, a relagdo microbioma-
hospedeiro parece estar divergindo (Greenhill & Walter, 2015).

Sonnenburg & Sonnenburg (2019) propdéem o termo “Sindrome da Insuficiéncia de
Microbiota” para descrever a perda de diversidade microbiana e de suas fungbes importantes
para seres humanos ancestrais nas populagdes contemporaneas ocidentais. Essa perda de
micro-organismos parece estar por tras do aumento na prevaléncia de doengas crénicas n&do-
transmissiveis nos ultimos séculos. Por exemplo, a incompatibilidade do microbioma com o
genoma humano pode fazer com que os metabdlitos produzidos pelo microbioma
industrializado causem inflamagdo no hospedeiro, levando a perturbacées metabdlicas —
como alta incidéncia de sindromes metabdlicas, obesidade, DM2, além de resisténcia a

antibioticos, entre outras (Blaser, 2018).

1.5. Microbioma Gl e o adoecimento

Os mecanismos pelos quais o desequilibrio do microbioma pode levar ao
desenvolvimento de doengas € complexo e geralmente esta relacionados aos processos

imunolégicos do trato gastrointestinal ou aos metabdlitos produzidos pela degradagéo de
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nutrientes ingeridos pelo hospedeiro (Levy et al., 2017; Tindall et al., 2018). Estudos de
associagcao tém demonstrado que o microbioma Gl esta alterado em diversas doencgas e,
embora n&o seja sempre uma comprovagao de causalidade, podem auxiliar na compreensao
de seus mecanismos e no desenvolvimento de tratamentos.

Algumas pesquisas realizadas em modelos animais, entretanto, observaram um papel
crucial do microbioma para doengas metabdlicas, cardiovasculares e outras doencgas cronicas
nao-transmissiveis como a obesidade. Por exemplo, Turnbaugh et al. (2006) publicaram a
primeira associagao entre o microbioma Gl e a obesidade ao demonstrar a possibilidade de
transplantar o fendtipo de obesidade para camundongos estéreis. Os animais receberam
comunidades microbianas de gémeos obesos e hdo-obesos e aqueles com o microbioma de
individuos obesos desenvolveram maior adiposidade e ganho de peso, enquanto que os
camundongos colonizados pelo microbioma do gémeo n&o-obeso ndo apresentaram esse
fendtipo. Posteriormente, ao reproduzir essa pesquisa, Ridaura et al. (2013) propuseram que
a composi¢cao do microbioma de individuos obesos pode proporcionar maior capacidade de
obtengao de energia (ou seja, fermentagao de carboidratos e produgéo de AGCC) a partir da
alimentacéo.

Além disso, o microbioma também pode estar envolvido na obesidade por meio da
modulagdo da expressdo génica bacteriana e na regulacdo da sinalizagdo de apetite e
saciedade no cérebro (Cuevas-Sierra et al., 2019). Em geral, estudos apontam a prevaléncia
de alguns grupos taxondémicos em individuos obesos, como maior razao
Firmicutes/Bacteroidetes além de maior abundancia de Proteobacteria, Mollicutes, € menos
Verrucomicrobia, Faecalibacterium, Bacteroidetes, entre outros (Crovesy et al., 2020). A
presenca de Lachnospiraceae e Streptococcus também esta associada ao risco
cardiometabdlico em populacbes africanas e dos Estados Unidos, enquanto que
Faecalibacterium e Oscillospira foram mais abundantes em pessoas saudaveis (Fei et al.,

2019).
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E possivel perceber que estudos encontraram associagdes divergentes entre os
taxons especificos que podem ou ndo causar um fendtipo de adoecimento. Entretanto, é
importante lembrar que o metabolismo bacteriano, muitas vezes redundante entre espécies,
possui um papel crucial nos estados de saude (I. Cho & Blaser, 2012). Por exemplo, um dos
metabdlitos produzidos pelo microbioma, o 6xido de trimetilamina (TMAO) é conhecidamente
uma molécula pro-aterogénica (Koeth et al., 2013). O TMAO é o produto da metabolizagao
microbiana da colina e L-carnitina, cujas principais fontes dietéticas sdo carne vermelha,
figado, ovos e leite. Um estudo in vivo demonstrou que a introdugéo de colina na dieta de
camundongos aumentou o risco de aterosclerose, que por sua vez foi diminuido apds
administragao de antibiéticos, sugerindo importante papel do microbioma Gl na mediagéo da
doenca cardiovascular causada pela dieta (Z. Wang et al., 2011).

Adicionalmente, o microbioma Gl também é responsavel pela metabolizagdo de
acidos biliares secundarios a partir dos nutrientes disponiveis na dieta (Ridlon et al., 2014).
Individuos com alimentagao rica em gordura favorecem a metabolizagdo de acidos graxos
secundarios hidrofébicos, que também estdo associados ao desenvolvimento de
aterosclerose e outras doengas como DM2 (Ridlon et al., 2016; Wei et al., 2020). Nessas
doengas crbnicas nao-transmissiveis, observa-se um microbioma Gl com padrao de menor
diversidade, menor capacidade fermentativa, maior abundancia de espécies
enteropatogénicas e maior propenséao a padrdes inflamatdrios (Jie et al., 2017).

Uma das formas de manter a diversidade — e consequentemente a saude — do
microbioma Gl é por meio da regulagdo imunolégica mediada por células T e anticorpos IgA
(Kubinak et al., 2015, p. 88). Essa relagdo microbioma-sistema imune foi demonstrada em
estudo realizado em camundongos, no qual mostrou-se que uma reducao da resposta imune
mediada por células T levam a menores niveis de secrecdo de IgA pela mucosa. Essa
diminui¢cdo causou a perda de bactérias do grupo Clostridia e levou a fenétipo de obesidade

e resisténcia a insulina (Petersen et al., 2019).
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Além disso, o padrao inflamatério crénico € uma das caracteristicas de doengas
metabdlicas, e pode ser causada pela translocacao de bactérias e seus metabdlitos até outros
tecidos, onde desencadearao respostas pro-inflamatérias do hospedeiro (X. Li et al., 2017).
Provavelmente essa translocagao bacteriana é causada pela destruicdo da mucosa intestinal
e aumento da permeabilidade tecidual, uma consequéncia da abundancia de micro-
organismos degradadores de mucosa, frequentes em estados de disbiose (Levy et al., 2017;
X. Li et al., 2017). Dietas ricas em gordura também favorecem o padrao disbiético pois
selecionam bactérias gram-negativas ricas em lipopolissacarideos (LPS) que induzem a
inflamagao pela ativagdo de receptores toll-like e citocinas proé-inflamatérias (Ahola et al.,
2017; Wisniewski et al., 2019). Adicionalmente, a abundancia de LPS intestinal também leva
ao aumento da concentragcido plasmatica de LPS, causando endotoxemia, comum na DM2
(Ahola et al., 2017).

Em um estudo de associagdo metagendmica (MGWAS), Qin et al. (2012) observaram
que a disbiose em pacientes diabéticos estava relacionada a diminuicdo de bactérias
produtoras de acidos graxos como butirato e & abundancia de vias metabdlicas resistentes a
estresse oxidativo. Numa populagao chinesa também foi constatada a menor abundancia de
produtores de AGCC, como Faecalibacterium prausnitzii, € outros grupos taxonémicos como
candidatos a biomarcadores para a pré-diabetes e DM2 (X. Zhang et al., 2013). A existéncia
de biomarcadores também foi sugerida por um estudo realizado com mulheres europeias e
individuos africanos, embora os grupos taxonémicos candidatos para essas populagdes nao
coincidam com aqueles sugeridos para os chineses (Doumatey et al., 2020; Karlsson et al.,
2013). Esses resultados enfatizam a importancia da investigagao a nivel global, uma vez que
particularidades populacionais sdo importantes para quaisquer eventuais aplicagdes clinicas
dos referidos achados.

Além da gordura e proteina animal, outros elementos comuns na alimentagdo

urbanizada podem ter efeitos negativos na composi¢gao do microbioma (Zmora et al., 2019).
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Adocantes artificiais, frequentes em alimentos processados, parecem selecionar bactérias
especializadas na degradagcao de glicanos, caracteristica que ja foi associada ao
metabolismo de esfingolipidios e biossintese de LPS, marcadores importantes na DM2 (Suez
et al., 2014). Além disso, os emulsificantes, que sdo substancias detergentes comumente
encontrados na alimentagao ocidental, induzem respostas inflamatérias crénicas mediadas
pelo microbioma GI, que, conforme discutido anteriormente, € um dos precursores da
obesidade e doengas metabdlicas (Chassaing et al., 2015).

Dessa forma, o desenvolvimento dessas doencas, também conhecidas como
“‘doencas da civilizagdo”, parecem estar ligadas diretamente ao crescente estilo de vida
ocidental, pois, até recentemente, eram pouco frequentes em populagdes tradicionais e nao-
industrializadas (J. L. Sonnenburg & Sonnenburg, 2019; Warinner et al., 2015). No Brasil,
dados relativos ao aumento de doencas desse tipo em populagcdes tradicionais,
especialmente as amazénicas, sdo recebidos com preocupacdo, uma vez que essas
populacdes possuem menor acesso aos sistemas de saude e ainda tem alta prevaléncia de
doencas infecciosas e parasitarias, tipicas de regides nao-ocidentalizadas (Arrifano et al.,
2018; Conde & Monteiro, 2014; Popkin, 2006).

A populagao da etnia Surui, por exemplo, apresentou alta prevaléncia de obesidade,
apesar de ser uma populagao tradicional indigena da Amazonia, e identificou-se que o padrao
de ganho de peso esta diretamente relacionado ao aumento do status socioeconémico
(Lourenco et al., 2008). A transicao nutricional acelerada também foi observada entre os
indigenas Xavante no periodo de 1962-2006, com a populagao tendo sofrido aumento de
peso e IMC ao longo desse periodo (Welch et al., 2009). Da mesma forma, os indigenas
Xikrin também possuem alta prevaléncia de obesidade, além de DM2, dislipidemias e
hipertenséo (Barbosa et al., 2019). Souza-Filho et al. (2015) identificaram que o0 aumento na

pressdo arterial conforme o aumento de idade entre populagdes indigenas &€ uma
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consequéncia da transicdo de estilo de vida, uma vez que indigenas idosos que vivem
isolados néo apresentaram aumento de pressao arterial.

Conforme a incidéncia dessas doengas se torna mais prevalente em regides onde
habitam populagdes isoladas, populagdes que passam pela transicido rural-urbana e
populagdes tradicionais, como a Amazénia, surge a urgéncia de se compreender qual papel
o microbioma Gl esta desempenhando nesse contexto e de que forma ele esta distribuido
entre populagdes vulneraveis. Além disso, o microbioma tem sido associado a patogenia de
outras doengas importantes, como ao tratamento e a fisiologia do cancer, a parasitemia na
malaria, e aos sintomas motores da doenga de Parkinson (Garrett, 2017; Sampson et al.,

2016; Villarino et al., 2016).

1.6. Iniciativas globais e a medicina translacional

O estudo do microbioma humano tem se expandido nas ultimas décadas e hoje ja
passa da fase de descri¢gdo para a investigagéo dos reais mecanismos moleculares por tras
das interagbes microbioma-hospedeiro e como podemos manipula-los no contexto da
pesquisa translacional (Kastl et al., 2020; Proctor et al., 2019). Algumas iniciativas globais de
coleta e caracterizagdo do core microbiome humano foram responsaveis pelo
estabelecimento de protocolos e da definicdo do que consiste um microbioma saudavel ou
disbiotico, como é o caso do Human Microbiome Project, financiado pelo National Institute of
Health e lancado em 2007 (NIH, Estados Unidos) e o MetaHIT (Europeia e China) (Qin et al.,
2010; The Human Microbiome Project, 2012).

Desde entao outros grandes projetos tém surgido como o Belgian Flemish Gut Flora
Project, Global Microbiome Conservancy e os mGWAS, importantes para o estabelecimento
de associagdes entre o microbioma e o adoecimento humano (Falcony et al., 2016; Gilbert et

al., 2016; Groussin et al., 2021; J. Wang & Jia, 2016). Algumas alternativas terapéuticas ja
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foram testadas e sdo promissoras, como é o caso do transplante de microbioma fecal (FMT),
gue mostrou resultados efetivos de até 90% de cura para infecgdes persistentes por C. difficile
e tem auxiliado nos sintomas da doenca inflamatdria intestinal (J. M. Cho et al., 2019; Gianotti
& Moss, 2017).

Além disso, o microbioma Gl estda sendo investigado como um auxiliar na
imunoterapia contra o cancer, uma vez que é capaz de promover a maturacido de
determinadas células do sistema imunoldgico, melhorando a eficiéncia da apresentagéo de
antigenos (Dai et al., 2020). O FMT de individuos respondedores e ndo respondedores a
imunoterapia para camundongos estéreis, mostrou que individuos respondedores possuiam
no seu microbioma maior quantidade de imunidade antitumoral, e que a administracdo de
antibiéticos causa menor probabilidade de resposta ao tratamento (Routy et al., 2018). Dessa
forma, a modulagdo do microbioma Gl em tratamentos oncoldgicos pode representar uma
opc¢ao viavel para pacientes que nao respondem bem as terapias.

Além disso, grupos taxonémicos do microbioma podem servir como biomarcadores
de determinadas doengas como diabetes e doenca de Parkinson, e novas estratégias de
nutricdo também podem ser baseadas na selecao positiva ou negativa de certas espécies
(Gilbert et al., 2016; Kolodziejczyk et al., 2019). A luz dos novos conhecimentos adquiridos
por meio da metagendmica, é possivel aplicar novos usos para antibioticos ou probidticos.
Por exemplo, probiodticos podem ter efeitos positivos no controle da hipertensao arterial e
doencgas crbnicas nao-transmissiveis (Noce et al., 2019). Tendo em vista a agdo do
microbioma Gl, também ja foram utilizados e testados alguns probiéticos com resultados
promissores no autismo, de modo a retardar sua progressdo e diminuir seus efeitos
comportamentais e cognitivos (Chidambaram et al., 2020).

Apesar de inimeros avangos nos ultimos anos, um problema persistente é a falta de
catalogagédo e caracterizagdo dos micro-organismos identificados, fazendo com que a

“‘matéria escura” do microbioma seja crescente. Recentemente, esforgos voltados para o
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aumento dos catalogos e sequéncias-referéncias possibilitaram a descoberta e reconstrugao
de milhares de genomas antes nao identificados (Almeida et al., 2019, 2020; Nayfach et al.,
2019; Pasolli et al., 2019). De todos os genomas reportados, 70% sao de espécies nao
cultivadas e 40% nao possuem anotacgao funcional, demonstrando que o que sabemos sobre
0 genoma microbiano e os ecossistemas humanos s&o, ainda, a “ponta do iceberg”. Os
resultados apontam para novas espécies presentes em populacdes isoladas e populacdes
na transicao rural-urbana, além de destacar grupos taxondmicos desconhecidos envolvidos
no mecanismo de doencgas (Almeida et al., 2020).

Existem evidéncias que sugerem que o papel da microbiota é tamanho que seriamos
capazes de transferir fenétipos por meio de uma transferéncia de espécies, conjunto de
espécies ou do microbioma completo (Beaumont et al., 2016; Vrieze et al., 2012). Tais
perspectivas sao animadoras para o campo da medicina personalizada e podem revolucionar
a forma que tratamos diversas doencas. Entretanto, assim como o sucesso da pesquisa
translacional genética dependera imensamente da caracterizagdo genémica da diversidade
populacional global, s6 poderemos manipular o microbioma a partir de dados que
conhecemos. Dessa forma, é imprescindivel caracterizar o microbioma de populagdes
diversas, em multiplos contextos ambientais e étnicos, especialmente comparando diferentes

populagdes inseridas em um mesmo contexto geografico e cultural (Hansen et al., 2019).
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2. JUSTIFICATIVA

A medida que uma fracdo crescente das populacdes humanas da Amazoénia adota
estilos de vida urbanizados, parte da biodiversidade do microbioma intestinal corre o risco
iminente de ser extinta. Destaca-se, portanto, a necessidade urgente de incluir a populagado
brasileira nesse contexto de pesquisa em rapida evolugao e que é considerado o futuro da
medicina personalizada; caso contrario, a literatura continuara concentrada em maiorias
étnicas e persistirdao as disparidades envolvendo comunidades desfavorecidas em saude
publica. Enfatiza-se, principalmente, a vulnerabilidade das populagcbes tradicionais
amazonicas e das populagdes urbanas com pouco acesso a condicdes adequadas de
servicos de saude e saneamento. Em vista do ritmo crescente que se observa em termos de
prevaléncia de doengas metabdlicas e sua associagdo ao microbioma gastrointestinal, este
torna-se um tépico urgente e de importancia a nivel de saude publica. Para que as populagdes
brasileiras — e, mais especificamente, as sistematicamente sub-representadas — possam
acompanhar este avango, a caracterizacdo proposta pelo presente projeto € o primeiro de

muitos passos fundamentais para sua concretizagao.

42



3. OBJETIVOS

3.1.

Objetivo geral

Caracterizar o microbioma gastrointestinal de individuos saudaveis pertencentes as

populagdes urbanas e tradicionais da regido da Amazénia brasileira, investigar fatores que

exercem influéncia sobre a sua composigao e discutir o papel do microbioma gastrointestinal

na saude do hospedeiro de acordo com suas particularidades geograficas e culturais.

3.2.

Objetivos especificos

Coletar e analisar informagdes relativas ao estilo de vida (dieta, saude,
saneamento basico) dos individuos participantes da pesquisa.

Investigar a colonizagao parasitaria (para a presenga de protozoarios e
helmintos) no intestino dos individuos participantes por meio de exame de
parasitoscopia das fezes.

Realizar sequenciamento metagenémico de 16S e shotgun a partir de
amostras de fezes de individuos habitantes de regides isoladas, rurais e
urbanas da Amazoénia.

Caracterizar as comunidades microbianas Gl das populagdes urbanas e
tradicionais quanto a composicao e diversidade.

Investigar a estabilidade do microbioma de individuos habitantes de uma area
urbana da Amazoénia.

Fazer anotagdo funcional dos genomas microbianos obtidos a partir do
sequenciamento metagendmico.

Contextualizar os dados obtidos com outros estudos e bases de dados de

microbiomas de populagées mundiais.
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Shifts in subsistence strategy among Native American people of the Amazon may be the cause of typically western diseases
previously linked to modifications of gut microbial communities. Here, we used 16S ribosomal RNA sequencing to characterise the
gut microbiome of 114 rural individuals, namely Xikrin, Surui and Tupaid, and urban individuals from Belém city, in the Brazilian
Amazon. Our findings show the degree of potential urbanisation occurring in the gut microbiome of rural Amazonian communities
characterised by the gradual loss and substitution of taxa associated with rural lifestyles, such as Treponema. Comparisons to
worldwide populations indicated that Native American groups are similar to South American agricultural societies and urban
groups are comparable to African urban and semi-urban populations. The transitioning profile observed among traditional
populations is concerning in light of increasingly urban lifestyles. Lastly, we propose the term “tropical urban” to classify the

microbiome of urban populations living in tropical zones.

npj Biofilms and Microbiomes (2021)7:65; https://doi.org/10.1038/541522-021-00237-0

INTRODUCTION

Gut microbiome metagenomic characterisations across multiple
human populations have shed light on the roles of this complex
ecosystem in maintaining human health'2. Evidence shows
substantial differences in gut/stool microbiome diversity and
composition between populations living in diverse subsistence
strategies. Generally, individuals living in rural and/or traditional
societies harbour highly diverse microbiomes when compared to
those from industrialised areas®*. Among other environmental
factors, dietary habits, access to medication, sanitation practices
and interpersonal contact are mainly responsible for shaping such
gut microbial structure®”’,

Consumption of highly plant-based diets such as those followed
by traditional hunter-gatherers and rural agriculturalists promote
gut colonisation by fibre-degrading microbes, such as those from
the Spirochaetes phylum and Prevotella genus®®. For this reason,
the gut microbial communities of populations such as the Hazda
and Yanomami are regarded as a “window into the past”, given
their hosts follow a lifestyle comparable to that of ancient pre-
industrialised humans3#. Such a lifestyle is marked by relying on
foraging and hunting for food, as well as gender division of labour
and seasonal food cycling, markedly opposed to the contempor-
ary industrialised world®'°. Thus, it is thought that the gut
microbiome of non-urbanised people is ideally adapted to human
physiology, as it promotes overall gut health and beneficial
interactions with the immune system'"12,

Conversely, gut microbial communities of industrialised socie-
ties seem to have been altered and are increasingly enriched for
mucus-degrading and antibiotic-resistant taxa, which may trigger
pro-inflammatory responses and gut dysbiosis'?. Microbial bio-
markers for this lifestyle are typically a high abundance of
Bacteroides genus and Akkermansia municiphila, while diets are
rich in animal fat and protein, simple sugars and processed
foods'%'3, Urbanisation and shifts in dietary habits are likely the

cause of gut microbial extinctions across generations, disrupting
the host-microbiome equilibrium that may eventually lead to the
appearance of autoimmune disorders, obesity, type 2 diabetes
and other non-communicable diseases'*'>.

The compositional shifts in gut microbiomes of traditional
populations have been a topic of debate and great concern in the
field of microbiology and medicine’® In the Brazilian Amazon
territory, there are 500 Native American populations living across a
large urbanisation gradient, with some ethnic groups belonging to
a hunter-gatherer and agricultural subsistence lifestyle, while
others inhabit areas near small or large urban centres. This
subsistence shift will likely result in disrupted gut microbiomes,
drawing attention to the dangers of compromising the Amazonian
biodiversity present in indigenous settings, which have contrib-
uted to health maintenance and ecological balance over
thousands of generations'®.

In this regard, the work of Pires et al.'” was the first to
characterise the gut microbiome of Brazilian Amazonian popula-
tions living in a rural setting. They found that the trade-off
between the abundance of Prevotella and Bacteroides taxa was the
main feature distinguishing two Amazonian riverine populations
from urban individuals of Rio de Janeiro, located in southeast
Brazil. However, these data do not include populations experien-
cing lifestyle transitions and it remains unclear if these results are
transferable to rural Native American Amazonian communities
and individuals living in urban Amazonian cities.

Here, we aimed to determine whether the microbiomes of rural
Native American populations in the Brazilan Amazon show
markers of transition to urbanisation and to what extent recent
subsistence changes are impacting gut microbiome compositions.
Currently, there are no data comparing the gut microbiome
composition of Native American and urban populations from the
Brazilian Amazon, a region with vast biodiversity. We employed
16S ribosomal RNA (rRNA) sequencing to profile the gut
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Fig. 1

Map and lifestyle patterns of the sampled populations. a Location of each sampling site in relation to the South American continent

and the Brazilian Amazon. b, ¢ The village and typical Surui (R) residence. d, e Tupaiu (R) home and armadillo being prepared for consumption.
f-h A circular arrangement of Xikrin (R) households, the nearby Bacaja River and the preparation of the cassava flour.

microbiome of 114 individuals from four distinct populations of
urban and Native American Brazilian Amazonians and compared
microbial community structures to other urban and rural groups
surveyed in Brazil and across the globe.

RESULTS
Studied populations and metadata

We recruited three rural (R) Native American populations, namely
the Xikrin (R) (N = 22), Surui-Aikewara (R) (N =30) and Tupaiu (R)
(N =30), and one urban (U) population (Belém, N =32) from the
Brazilian Amazon (Fig. 1). A total of 268 and 332 individuals inhabit
the indigenous territory of the Xikrin (R) and the Surui (R)
populations, respectively'®'®, The community located in the
extractive reserve home to the Tupait (R) houses ~50 families,
while over 1.3 million individuals live in Belém (U), the capital of
Para state?%2',

Among the Native American communities, access to the Xikrin
group is the most logistically challenging, due to the vast and
dense Amazon rainforest that composes and surrounds the
territory and poor road accessibility. The Surui are accessible by
land, while the Tupaiu are reachable by boat or helicopter, and
both are located ~100 km from the nearest rural town. Dietary
interviews and metadata collection were used to characterise the
subsistence and lifestyle profile of each population (see “Methods”
section).

Microscopic examination of faecal samples revealed that 68% of
all tested individuals harbour at least one species of gut protozoa,
with commensal Endolimax nana as the most frequent (Supple-
mentary information 1: Figure S1D). At the population level, the
Xikrin (R) had the highest gut protozoa prevalence—except for
Belém (U), which only had 35% of samples tested—followed by
Surui (R) and TupaiG (R) (Pearson’s x> test, p value =0.029)
(Supplementary information 1: Figure S1F). Gut helminths were

npj Biofilms and Microbiomes (2021) 65

observed in 6% of samples, belonging to either Xikrin (R), Tupaiu
(R) or Belém (U) populations. Regarding Entamoeba sp. colonisa-
tion, 20% of samples tested positive for E. coli, Entamoeba
histolytica/dispar or both. Of these, 39% were Xikrin (R), 30% were
Tupaiu (R), 18% were Surui (R) and 13% from Belém (U).

Amazonian rural and urban microbiomes show similar
diversities

Alpha diversity was computed to determine differences in richness
estimates among the Amazonian populations (Supplementary
Data 1: Table 1). This analysis revealed that the Xikrin (R) harbour
the most diverse and Tupail (R) the least diverse microbiomes
among the investigated groups (Shannon index analysis of
variance (ANOVA), p value =0.006) (Supplementary information
1: Figure S2). The urban population from Belém had the second
highest Shannon diversity index mean and similar diversity to Surui
(R) and Tupaiu (R) traditional populations (Fig. 2a).

Spearman’s correlation analyses (Supplementary information 1:
Figure S3A-D) did not show significant associations among alpha-
diversity values and age or sex data for any of the populations (R
= —0.023, p values = 0.71, Shannon index for “age” and T test, p
value =0.13 for “sex”). However, higher alpha-diversity values
were associated with the presence of gut protozoa colonisation as
showed by Shannon and Chao1 diversity indexes (T test, p value
=0.036 and 0.008, respectively) and number of observed species
(T test, p value =0.0099) (Supplementary information 1: Figure
S3A-D). Further, concurrent colonisation by Escherichia coli and
Entamoeba histolytica/dispar was associated with higher Chao1l
alpha diversity (ANOVA, p value = 0.041) and number of observed
species (ANOVA, p value = 0.042) (Supplementary information 1:
Figure S4R-T).

Further, although no statistical significance was detected (T test,
p value =0.051), we also observed that individuals with helminth
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intestinal colonisation had increased alpha-diversity values when
compared to negative microscopic examinations (Supplementary
information 1: Figure S4M-P).

To assess similarities among microbial community structures,
we computed beta diversity with Unifrac and Weighted Unifrac
distances. Results show that the Xikrin (R) population shares the
most compositional features, followed by Surui (R), Tupait (R) and
Belém (U). We also used permutational multivariate analysis of
variance (PERMANOVA) to test whether the dispersion from
centroid values was the same among all groups. In this analysis,
rural microbiomes showed less inter-individual variation when
compared to the urban group (PERMANOVA p value = 0.001) (Fig.
2b, c). No significant correlation between alpha- and beta-diversity
measures were observed (R = —0.74, p value = 0.26) (Supplemen-
tary information 1: Figure S5A-H).

Principal coordinate analysis (PCoA) based on Unifrac and
Weighted Unifrac distances revealed that the Xikrin (R) population,
although with a small degree of overlap, forms a distinct cluster
and shows far less dispersal than other population groups, which
indicates a more homogeneous microbiome structure among
individuals (Fig. 2d, f). Further, this analysis highlights the
structural similarities between rural and urban groups, demon-
strated by the considerable overlap between the Surui (R), Tupaiu
(R) and Belém (U) samples. In the computed pairwise PERMANOVA
analysis on Unifrac and Weighted Unifrac distances (Fig. 2e, g), the
greatest amount of variation was among Xikrin (R) and Belém (U),
followed by Xikrin (R) and all other population groups. Surpris-
ingly, the least amount of variation was observed between pairs
Belém (U) and Surui (R), and Belém (U) and Tupait (R) populations,
suggesting there are little compositional differences between such
microbial communities.

Microbial compositions are shared among rural and urban
groups

Considering we did not find discrete population clustering
between all rural and non-rural dwellers, we sought to identify
which taxonomic features could be driving compositional
similarities observed in Unifrac distance-based PCoA analyses.
First, we determined the most frequent genus in each individual
microbiome, characterised by the taxa with the highest relative
abundance in each sample (Supplementary information 1: Figure
S6A). Nine taxa summarise the most frequent genera across all
samples: Prevotella (53%), Faecalibacterium (14%), Bacteroides (9%),
Roseburia (9%), Succinivibrio (7%), Treponema (5%), Oscillospira
(2%), Escherichia (1%) and Ruminobacter (1%).

Notably, aside from microbiomes with Escherichia, Bacteroides
and Faecalibacterium as the most frequent genera, nearly all other
samples had Prevotella genus in the top three most prevalent taxa.
For individuals with Faecalibacterium-prevalent microbiomes,
more than half harboured Prevotella as one of the top three most
frequent taxa.

Prevotella is the most frequent dominant taxa in all populations
(Supplementary information 1: Figure S6A). Nonetheless, we
observed typically urban-like signatures in both urban and rural
samples, aside from Xikrin (R). For instance, Bacteroides- and
Faecalibacterium-prevalent microbiomes were observed only in
Belém (U), Surui (R) and Tupail (R), while the presence of
individuals with Treponema as the most prevalent taxa were only
observed among the Xikrin (R) and Surui (R).

Further, considering higher abundance of Bacteroidales in
relation to Clostridiales order is a biomarker for traditional
microbiomes from Africa and South America*??, we tested such
proportions across sampled Amazonian populations. The Xikrin (R)
presented a higher relative proportion of Bacteroidales when
compared to other populations (ANOVA test, p value = 4.7e — 08),
while other Native American groups are not significantly different
from urban Belém (U) (Supplementary information 1: Figure S6B).

npj Biofilms and Microbiomes (2021) 65

Moreover, an analysis of the population-based core microbiome
was performed to explore taxonomic compositions shared
between individuals from the same community. At higher
taxonomic resolutions, such as phyla, core taxonomic composi-
tions and proportions are similar among Belém (U), Surui (R) and
Tupail (R), with abundance variability displayed mainly within
Proteobacteria taxa and the presence of Lentispharae in Belém (U)
(Fig. 3a). The Xikrin (R) population was distinct for the presence of
Spirochaetes and the absence of Actinobacteria in the core
microbiome.

Lower taxonomic levels such as family and genus barplots (Fig.
3b, ¢) showed substantial similarities between Belém (U) and
Tupait (R), in which the proportions of Ruminococcaceae,
Lachnospiraceae and Prevotellaceae are highly comparable. None-
theless, almost all Tupaiu (R) participants show the presence of
Veillonellaceae and approximately half harbour variable abun-
dances of Succinivibrionaceae, a feature shared only by other
sampled Native Americans. For instance, the highest abundances
of Succinivibrionaceae belong to Surui (R), while the presence of
Spirochaetaceae is unique to the Xikrin (R), represented by
Treponema at the genus level.

Further, network analyses showed that 46% of core genera are
shared among all populations and 80% are shared by at least two
groups (Fig. 3d). Interestingly, only Belém (U) and Xikrin (R)
showed group-specific genera: Parabacteroides (Bacteroidetes)
and Victivallis (Lentisphaerae) in Belém (U), and CF237 (Bacter-
oidetes), Treponema (Spirochaetes) and Anaerovibrio (Firmicutes)
in Xikrin (R). Hypergeometric enrichment p values were analysed
and indicated significant overlaps between the core microbiomes
of the Surui (R) and Tupaiu (R) populations (BH p-adj value = 2.2e
— 3) (Supplementary Data 1: Table 2).

Next, we investigated microbial co-occurrence patterns to
determine relationships between different genera in the micro-
biome ecosystem. Using sparse correlation coefficients (SparCC)?3,
we found two main co-abundance groups that seem to be centred
around the trade-off between Prevotella and Bacteroides (Supple-
mentary information 1: Figure S7A-C). In the Prevotella co-
abundance group, other taxa such as CF231, Treponema,
Succinivibrio and Catenibacterium are seen in high frequencies.
In contrast, mainly Odoribacter and Escherichia genera were
observed to have comparable frequencies to Bacteroides in the
opposite co-abundance group. The optimal number of clusters in
this analysis was assessed by k-means and Partitioning Around
Medoids (PAM) clustering methods and validated with Hopkins
statistic (Supplementary information 1: Figure S7B).

Signs of transition to urbanisation among Amazonian
microbiomes

Given that Native American populations (Surui and, especially,
Tupait) share more similarities with Belém (U) than the rural, more
remote Xikrin, three scenarios were suggested: (1) Surui (R) and
Tupait (R) populations are increasingly displaying urban-like
microbiomes, hence their shared features with Belém (U); (2)
Belém individuals do not follow a typically urbanised microbiome
composition and are more similar to other non-urban human
groups, or (3) both scenarios are occurring simultaneously.

To test these hypotheses, we computed significant differentially
abundant taxa at genus, family and order taxonomic resolutions
with analysis of composition of microbiomes (ANCOM)?* between
populations from the present cohort and compared results to
others from Brazil: the rural Amazonian riverine Buiugu (R) and
Puruzinho (R) populations and urban individuals of Rio de Janeiro
(U)'7 (Fig. 4). Results are shown as the logarithm of re-scaled
relative abundances, as described by Hansen et al.?2.

ANCOM results showed that six taxa are differentially abundant
between groups at the genus level (Fig. 4a). Of these, Treponema
(Kruskal-Wallis, p = 2.8e — 09), Succinivibrio (p value =4.8e — 06),
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and CF231 (p value = 3.7e — 09) were more abundant in the Xikrin
(R) and display decreasing abundances according to urbanisation.
In contrast, Butyricimonas showed the highest abundance in
Belém (U) (p value =1.1e — 06), while Bacteroides was most
abundant in Rio de Janeiro (U), Belém (U) and Tupaiu (R) (p
value = 1e — 13). Bifidobacterium (p value = 9.8e — 06) showed the
lowest abundances among three rural communities (Xikrin, Buiucu
and Puruzinho) and the urban Rio de Janeiro.

At the family level, differential abundance analyses detected $24-7
(Muribaculaceae) as significantly more abundant in the microbiomes
of the Xikrin (R), Buiucu (R) and Puruzinho (R) (Kruskall-Wallis, p value
=2.6e — 05). Moreover, Succinivibrionaceae and Spirochaetaceae
families were significantly more abundant among the Xikrin (R)
when compared to other tested populations (Fig. 4b). Lastly, the
Bifidobacteriales (Kruskal-Wallis, p value =9.8e — 06) and Spirochae-
tales (Kruskal-Wallis, p value = 4.4e — 09) orders were found to be
differentially abundant. Interestingly, the abundance of Bifidobacter-
iales among the Xikrin, Buiucu and Puruzinho rural groups was not
significantly different from urban Rio de Janeiro, but was significantly
lower than remaining rural populations (Fig. 4c).

We also computed differential abundance analyses with South
American native and rural populations (Supplementary informa-
tion 1: Figure S8)*°. ANCOM boxplots show that Prevotella
abundances in Brazilian Amazonian individuals, particularly the
Xikrin (R), are similar to those found for Venezuelan Yanomami (R)
and the Tunapuco from the Peruvian Andes (R) populations.

Differential abundances for the Amazonian populations in this
cohort compared to African populations living in a gradient of
urbanisation in Cameroon’ (Supplementary information 1: Figure S9)
revealed that Prevotella abundances in Amazonian populations are
similar to what is observed in an urbanisation transitioning context.
For instance, Xikrin (R) abundances of this genus are similar to that of
rural Ngoantet, while Surui (R) and Tupait (R) show abundance
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means comparable to semi-urban Mbalmayo. The lowest Prevotella
abundance in this comparison belongs to the urban Yaounde, the
capital of Cameroon, while Belém (U) has the lowest among
Amazonian groups, yet higher than the Yaounde population.

This pattern is the same for the Bacteroides genus, but with
inversed proportions. When observing the Succinivibrio genus, this
tendency continues with the exception of the Surui (R) and Tupaiu
(R) populations, which display mean abundances more comparable
to urban than the semi-urban and rural groups. However, some
genera (e.g. Oscillospira, Coprococcus and Mitsuokella) have higher
abundances in Brazil than in Cameroon, independently of
urbanisation levels.

Using PCoA based on Bray-Curtis distances to compare the
Xikrin (R) (most rural group) and Belém (U) (most urbanised)
populations with other South American and USA populations, we
found that the Brazilian Amazonians were located at the
intermediate stage of an urbanisation gradient (Fig. 5a, c). The
Peruvian Tunapuco (R) largely overlap the Xikrin (R) and some
Belém (V) individuals, while others from Belém (U) clearly share
features with urban populations.

The same analysis was used to compare the Xikrin (R) and
Belém (U) populations to three Cameroonian populations living in
a gradient of urbanisation. We found that Belém (U) largely
overlaps with Yaounde (U) and Mbalmayo (SU) populations, while
the Xikrin (R) are similar to both the Ngoantet (R) and the
Mbalmayo (SU) (Fig. 5b, d). Additional comparisons to African rural
populations, such as the Tanzanian Sandawe and the Botswana
San, can be found in Supplementary information 1: Figure S10.

In light of the various technical differences across gut
microbiome datasets, meta-population comparisons must be
interpreted with caution as they do not rule out the influence of
technical factors in producing such findings.
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Fig. 4 Differentially abundant taxa among Brazilian populations as determined by ANCOM analyses considering a W> 0.9 cut-off
significance value. a Differentially abundant genera. b Differentially abundant families. ¢ Differentially abundant orders. NS not significant,

*p < 0.05, **p <0.01, **p < 0.001, ****p < 0.0001.

Different predicted metabolic functions among urban and
traditional groups

We used Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt) to predict the metabolic potential
of microbial communities based on 16S data and Kyoto Encyclopae-
dia of Genes and Genomes (KEGG) pathways®°.
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After removing eukaryote-related pathways, PICRUSt results
identified 30 different metabolic functions summarised to level 2
KEGG pathway resolutions (Supplementary Data 1: Table 6).
Pathways related to membrane transport, carbohydrate metabo-
lism, amino acid metabolism, replication and repair, translation and
energy metabolism were responsible for 54% of the observed
metabolic predictions (Fig. 6a).
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Then, we performed ANCOM to identify which pathways were
differentially abundant among the Amazonian populations (Fig.
6b). Considering a W > 0.9 significance threshold, ANCOM results
revealed four pathways, namely transcription, glycan biosynthesis
and metabolism, folding, sorting and degradation, and transport
and catabolism. Of these, glycan metabolism and folding, sorting
and degradation were enriched among the Xikrin (R) population,
while transcription was found to be significantly decreased.
Finally, the transport and catabolism pathways were significantly
less abundant among the Surui (R).

When considering significance levels at W>0.6, ANCOM
revealed 27 differentially abundant pathways (Supplementary
Data 1: Table 7). Here, we highlight that pathways related to
carbohydrate metabolism (Kruskal-Wallis, p value =1.4e —07)
and xenobiotics biodegradation (Kruskal-Wallis, p value =
0.0012) were found significantly more abundant among in Belém
(U) microbiomes, and decreased according to the urbanisation
gradient (Supplementary information 1: Figure S 11G, O).

DISCUSSION

We have characterised the gut microbiome of several populations
living in diverse lifestyles in the Brazilian Amazon. Our findings
support a pattern of transition to urbanisation among Native
American populations living outside urban centres, showing that
gut microbiomes of rural Native American people are experien-
cing structural modifications and these data represent a glimpse
into the stages of biodiversity loss and/or microbial compositional
transitions during such changes.
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Higher alpha-diversity values for the Xikrin (R) were expected, as
traditional populations far from industrialisation have been shown
to display higher microbial diversity than industrialised indivi-
duals'>422_ Further, the Native American Surui (R) and Tupaiu (R)
displayed similar diversity to that of urban Belém, which is
comparable to those previously observed among Rio de Janeiro
and Amazonian riverine individuals'”

A compositional transition among the rural populations of Suruf
and Tupaiu is further supported by the high rate of dispersal in
beta-diversity distance measures, similar to that of an urban group
such as Belém. Urbanisation evidence is also demonstrated by the
distribution of the most prevalent genera in individuals of each
group (Supplementary information 1: Figure S6A). For instance,
Treponema-prevalent microbiomes only in the Xikrin and the Surufi
may reflect that the Surui are more recently changing lifestyle
patterns, as these taxa are considered a biomarker of traditional
societies®™12,

The Xikrin (R) follow a diet mostly composed of highly fibrous
tubers such as sweet potatoes and cassava, which explains the
abundance of polysaccharide degrading taxa in the gut micro-
biome, as reported for other traditional groups such as the
Yanomami, Matses, Hazda and BaAka®~>%. Meanwhile, the absence
of Treponema prevalence among the Tupaiu (R) could indicate
that a transition to an urbanised microbiome is more advanced,
reinforced by the higher frequency of Bacteroides-prevalent
microbiomes. Further, the abundance of Bacteroides and Bifido-
bacterium taxa have shown to be antagonistic to the colonisation
of Treponema species in urbanised individuals, representing an
adaptive response to increased consumption of refined carbohy-
drates and dairy®®
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The fact that only Xikrin (R) and Belém (U) core microbiomes
showed group-specific taxa (genera not present in core micro-
biomes of other populations), such as Treponema and Parabacter-
oides, respectively, suggests that they represent opposite
extremes of the urbanisation gradient in the Amazonian gut
microbiomes (Fig. 3D). However, it is noteworthy that the urban
Amazonian microbiome is different and should not be regarded as
a typically urban-like profile such as what is shown for the United
States, ltalian and other industrialised societies®'”?”. This is
especially evidenced by the similarities shared by Belém (U) and
urban and semi-urban groups from Cameroon?? and its differ-
ences from USA and Rio de Janeiro individuals (Fig. 5a).

Despite being the capital of the Para state and populated by
nearly two million people, Belém is an urban centre in which only
14% of the population receives sewage collection and, of these,
only 3% are treated?®. Moreover, the city is located at the margins
of the Pard river and in close proximity to the rainforest
environment, which may have an important role in microbial
dispersal and composition. Such factors may explain the
prevalence of gut protozoa and alpha-diversity values among
the urban individuals in our study. In addition, the dietary habits of
Belém individuals are unique, as they consist of industrialised food
consumption while also including fresh and unprocessed items
such as cassava flour, acai and tropical fruits regularly. This diet
may have an effect on the fibre intake of this population,
explaining the abundance of Prevotella among such individuals.

We argue that diet, geographical proximity to native biodiver-
sity and lack of adequate access to sanitation has an important
role in determining the gut microbial composition of Belém
individuals, in spite of subsistence strategy. Thus, we propose the
term “Tropical Urban” as a category of subsistence strategy, in the
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scope of microbiome research, to define populations inhabiting
urban settings located in the tropical zone. This new classification
considers that tropical urban environments are inserted in a
context of proximity to great biodiversity, which has an important
impact in defining the ecological and cultural contexts of these
cities. Such circumstances determine interactions with microbial
diversity and, consequently, shape gut microbial compositions, as
seen for Belém and its similarities to urban African populations.

Further, we clarify that the term “semi-urban” is not an
appropriate categorisation of these areas, as they constitute the
urban extreme in the local gradient of urbanisation. Additional
comparisons to African and Asian populations living in tropical
urban settings will elucidate which aspects of such environments
most influence gut microbial compositions.

Our data corroborate recent findings of gut eukaryotes being
one of the main factors involved in microbiome alpha diversity
among neighbouring rural and urban populations’. In the case of
the present Amazonian populations, however, alpha diversity was
influenced only by concurrent infections of Entamoeba coli and E.
histolytica/dispar. As discussed by Lokmer et al.”, an industrialisa-
tion transition is accompanied by a loss in bacterial diversity and
colonisation by Entamoeba sp. If we apply this concept to our data
analysing overall Entamoeba sp. prevalence, an industrialisation
gradient would have the Xikrin (R) at one side of the spectrum
with increasing industrialisation passing by Surui (R) Tupaiu (R)
and Belém (U) (Supplementary information 1: Figure STE).

Since we did not obtain individual dietary information for the
Native American populations, we were not able to make direct
correlations between microbial composition and dietary habits.
However, considering we found varying degrees of urbanisation in
the microbiomes of rural populations, it is possible that factors,
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such as a non-sexual subdivision of labour, play a part in
determining gut microbial composition, simitar to what has been
described for the Hazda hunter-gatherers>.

We hypothesise that individuals responsible for periodically
leaving the indigenous territory for commercial or social affairs in
close-by semi-urban towns may display more urbanised gut
microbiomes when compared to those in charge of tending to
crops, for instance. This access to a semi-urban environment may
increase the consumption of industrialised foods and exposure to
antimicrobial medications, driving compositional changes in gut
microbial communities. Future studies controlling for such
community roles as well as longitudinal studies will be helpful in
determining the conditions under which the gut microbiomes of
rural Native American people are more prone to urbanisation.

The transition gradient observed in the present cohort may,
therefore, be driven by factors that influence access to an
urbanised environment in general. For instance, access to the
Xikrin (R) community is the most difficult, which makes it
troublesome (but not impossible) to obtain urban food products.
This is not the case for the Surui (R) and Tupaiu (R), although the
latter is only accessible by boat or helicopter. Moreover, language
is expected to impose a barrier for transitioning. The Xikrin (R) are
part of the Jean linguistic group, and only a select number of
individuals speak Portuguese. Conversely, the Surui (R), although
having non-Portuguese speakers, has a larger number of
individuals who were able to communicate with the research
staff. Regarding Tupaiu (R), their native language was hardly
spoken, considering they are a mixture of multiple Native
American ethnicities.

Language may also stand as a genetic obstacle, meaning non-
Portuguese speaking communities are possibly more ethnically
homogeneous. It is possible, therefore, that a language barrier is
one of the causes for little to no evidence of urbanisation among
the Xikrin gut microbiome, as substantial and continued contact
with urbanised populations is rare for a majority of these
individuals. Therefore, we suggest that future research should
investigate host genetic diversity as a means of elucidating its role
in the urbanisation transition on gut microbiomes.

In this sense, we highlight that ethnicity has also been found to
play a role in determining gut microbiome structures, as it can
serve as a proxy for dietary and lifestyle variability?°. Considering
the urban population of Belém is ethnically diverse®® and the
Tupail are made up of individuals from multiple Native American
ethnicities®', it is possible that this may influence the high inter-
individual variability observed among the Belém and Tupaiu
populations. This is further supported by the homogeneous
ethnicity of the Xikrin, which also displayed homogeneous gut
microbial profiles, but is contradicted by the microbial variability
seen among the Surui, which are not ethnically diverse32,

Regarding clustering analyses with other South American
traditional populations, the Xikrin (R) showed more proximity to
the Andean Tunapuco’ than to the recently contacted Yanomami
of Venezuela®. Despite both Yanomami and Xikrin being
Amazonian native communities, the Yanomami follow a hunter-
gatherer lifestyle, while the Xikrin are adapted to an agricultural
system. In addition, this might explain the separation between the
Xikrin and other hunter-gatherers such as the Bostwana San and
the Tanzania Sandawe?? (Supplementary information 1: Figure
S10A), and their similarities with the Tunapuco population, which
also presents rural agriculture subsistence strategies (Fig. 5a)°. It is
important, however, to state the possible bias in interpreting
meta-population microbiome data given the technical differences
employed in the generation of each dataset.

Nonetheless, compared to other rural populations, all the
Amazonian samples analysed in this study showed higher
abundances of Coprococcus, Lachnospira and Sutterella taxa
(Supplementary information 1: Figure S8). A similar abundance
of such groups was found to be associated with urban populations
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of Burkina Faso and lItaly?’. Lachnospiraceae family seems to be
associated with non-communicable diseases such as obesity and
metabolic syndrome33, while its Coprococcus genus has also been
associated with low high-density lipoprotein concentrations, high
blood pressure and hyperglyceridaemia across the epidemiologi-
cal transition®*. Members of the Lachnospiraceae family (such as
Coprococcus) were also found to be enriched among the Native
American Cheyenne and Arapaho individuals from North America,
which are increasingly shifting towards an industrialised lifestyle
pattern3>. Considering a recent report®® showing increased
prevalence of obesity and type 2 diabetes among the Xikrin (R),
the abundance of these taxa points to a gut microbiome similar to
that of urbanised populations even in an environment with
minimal intake of processed foods and medication, difficult access
and linguistic barriers. In an Amazonian rural Native American
population, this double burden of diseases can lead to public
health issues.

An urbanisation of the gut microbiome of rural populations is
also corroborated by PICRUSt metabolic pathway predictions.
Despite limitations of this approach, predictions show an
increasing abundance of pathways linked to urbanised micro-
biomes among Amazonian populations, such as membrane
transport, carbohydrate metabolism and xenobiotics biodegrada-
tion, similar to what has been seen for Bantu, Tanzania and
Botswana populations undergoing urbanisation®%? As discussed
by Gomez et al® for the Bantu individuals, such pathways are
associated with higher exposure to pesticides as well as food
additives,  frequently  present in  industrialised and
processed foods.

The gut microbiome characterisation of heterogeneous tradi-
tional/rural and urban communities from the Amazon represents
the opportunity to observe the worldwide tendency of changes in
gut microbiome composition and transitions in an environment
known for its tremendous biodiversity. We observe a local and
global transitioning gradient among such populations, with the
Native American Xikrin (R) as the most rural-like microbiome and
similar to that of other agricultural South American societies. Suruf
(R) and Tupaiu (R) show a transitioning microbiome with both
signs of traditional and industrialised communities, and the urban
Belém (U) was similar to the urban and semi-urban African
population.

It is critical that we promote the inclusivity of diverse
populations in microbiome research to allow that all human
groups benefit from scientific/clinical advancements. The increas-
ing rhythm observed in the prevalence of metabolic diseases and
its association with gastrointestinal microbiomes makes the
characterisation of Amazonian gut microbiomes an urgent topic
in terms of public health. Further studies should investigate a
longitudinal perspective for tracking the transition process while
controlling for disease biomarkers and host genetic factors.

METHODS

Ethics approval

Ethics approval and indigenous territory entry permits were obtained
through the Research Ethics Council from the Federal University of Para
and from the National Council on Research Ethics, under protocol number
3.094.486. Written informed consent was obtained from the urban-living
participants individually and a group consent was obtained from the
ethnic leadership in each Native American community, as established in
the Brazilian legislation for research in Native American communities (CNS
304/2000). This research was carried out according to the ethical principles
established by the Declaration of Helsinki .

Population characterisation

We sampled 114 individuals from four locations in the Brazilian Amazon
including rural Native American communities (Xikrin, N = 22, Surui, N =30
and Tupaiud, N =30) and one urban population (Belém, N =32). All three
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Native American communities were visited during the dry season in the
Amazon rainforest, which spans from May to December. Figure 1 shows
population locations in relation to South America and the Brazilian
Amazon. Maps were designed by the authors in QGIS v.3.18 using
geographical limits from IBGE public database®’-8,

Access to the Trincheira-Bacaja indigenous territory, home to the Cateté
Xikrin and Bacaja Xikrin ethnic groups, is the most difficult as it requires
over 12 h of land and river travel through the dense Amazonian rainforest,
characterising it as the most remote of the sampled populations. The
Cateté and Bacaja Xikrin people inhabit opposing sides of the territory and
are named according to nearby rivers. In this study, we included the Bacaja
Xikrin individuals (here referred to as Xikrin), who inhabit the margins of
the Bacaja River. Subsistence practices among the Xikrin include mostly
subsistence agriculture (sweet potatoes, cassava, corn, pumpkin and
bananas), small game hunting, fishing and gathering of nuts and fruits. The
Xikrin are known for hunting and gathering over long distances across the
territory, which allows for a great food variety.

The Surui live in the Sororé indigenous territory and access is done by
land; the villages are located ~100km from the closest rural town.
Subsistence modes among the Surui consist of small-scale cattle raising,
rice cultivation and small game hunting, and is progressively less
dependent on subsistence agriculture, although it is still present mainly
through cassava root and sweet potatoes. Industrialised food products
such as frozen poultry, sugar, dairy and crackers are increasingly common.

The Tupaiu are one of the several emergent Native American people
that inhabit the Tapajés-Arapiuns Extractive Reserve, located by the
margins of the Tapajés River, a major tributary of the Amazon River®'.
Access to this territory is only possible by boat or helicopter. Nevertheless,
communication among neighbouring villages is common, and commu-
nities are frequently formed by people from multiple ethnic backgrounds.
Located in a riverine setting, the subsistence practices are largely
dependent on fishing, small game, cassava root agriculture and fruit
harvesting.

The urban population from Belém was recruited in the Federal
University of Pard (UFPA) and samples consisted of university students,
faculty members and surrounding neighbourhoods. Belém is the capital
and largest city of the Para state, in the northern region of Brazil, and is
located at the mouth of the Amazon River. The typical diet reported by
participants consists mainly of rice, beans, animal protein, manioc flour,
dairy products and industrialised foods.

Sampling and metadata collection

Each participant received a stool collection container with a lid and
instructions for collecting the sample. When received by the research staff,
a midsection of the stool sample was immediately stored in a 5mL tube
containing RNAlater stabilising solution (Thermo Fisher Scientific) and
frozen at —20°C until arrival at UFPA, where samples underwent
immediate DNA extraction.

Metadata collection for dietary information consisted of individual
dietary habits interviews with urban-living participants and several
interviews with ethnic leaders in the Native American populations. Further,
stool samples were microscopically examined for intestinal parasites, and
medical information regarding medication intake, previous and current
diseases were obtained through the local medical staff responsible for
each community or through individual interviews with urban-living
participants.

DNA extraction and 16S rDNA amplicon sequencing

Total DNA from faecal samples was extracted using the DNeasy PowerSoil
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol
with small modifications. Eluted DNA was quantified with fluorometry and
subsequently stored at —20°C. The next-generation sequencing library
preparation was carried out according to the lllumina Metagenomic
Sequencing Library Prep protocol with established primers and Illumina
Nextera adapters targeting the V3-V4 region of the 16S rDNA, as follows:
Bakt 341F (CCTACGGGNGGCWGCAG) and Bakt 805R (GACTACHVGGG-
TATCTAATCC). Libraries were subsequently pooled and quantified with
TapeStation (Agilent, Santa Clara, CA) before being sequenced as 300 bp
paired-end reads on the lllumina MiSeq platform in two sequencing runs,
yielding an average 141,377 + 52,840 raw reads per sample.
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Quality control and ASV classification

Initial raw data quality visualisation was carried out in FastQC*. All raw
read quality control was performed in Quantitative Insights into Microbial
Ecology (QIIME 2) software®. Reads were demultiplexed, denoised,
merged, low-quality reads were trimmed, filtered and chimaeras were
removed using DADA2*'. After filtering, reads per sample were an average
of 11,925 +4051. Amplicon sequence variant (ASV) data were generated by
a Naive-Bayes machine-learning classifier in QIIME 2, which subsequently
output a feature table identifying a total of 39,085 ASVs. A phylogenetic
tree was inferred from ASVs using FastTree v.2.1.3*> and taxonomic
classification was carried out in QIIME 2 using a Naive-Bayes classifier
based on Greengenes database v.13.8 clustered at 97% similarity. Prior to
taxonomic analyses, we removed one sample that yielded no mapped
reads and any singleton ASVs and taxa with an unassigned phylum level.

Data analyses

All alpha- and beta-diversity analyses were performed in R v.3.5.3*® using
“phyloseq”** and “vegan” packages**. Based on rarefaction curves
(Supplemental information 1: Figure S12), we rarefied samples to 5000
reads to compute a number of observed species, Simpson, Chaol and
Shannon diversity metrics, which maintained 97.3% of samples and 75% of
operational taxonomic units (OTUs) (Supplementary Data 1: Table 1).
Statistical differences among population alpha diversity were tested using
one-way ANOVA and Kruskal-Wallis H and pairwise comparisons were
computed using T test and Wilcoxon's rank-sum (Mann-Whitney U) test.

Beta diversity analyses were carried out by normalising unrarefied
sample counts to relative abundances, removing taxa unobserved in at
least 1% of samples and agglomerating taxa to genus level. We computed
Bray-Curtis, Unifrac and Weighted Unifrac distances. Differences in
dispersion from centroids in both Unifrac and Weighted Unifrac distances
were tested with PERMANOVA. Pairwise PERMANOVA implemented in the
adonis function of the “vegan”* package in R was used to determine
distances between population pairs. Spearman’s correlations were used to
evaluate the relationship between alpha- and beta-diversity metrics. PCoA
was computed in R using ggplot2 package*®.

To compare our samples to data from other worldwide population gut
microbiomes, we downloaded the filtered data from each study*>7-17:22
and performed OTU picking and taxonomic assignment with QIIME 2 using
vsearch closed-reference based on Greengenes v.13.8 clustered at 97%
similarity.

The most prevalent genus was determined considering taxa present in
at least 1% of samples. The core microbiome taxa for each population were
computed by determining taxa observed at least three times in the dataset
and with a minimum frequency of 50% of samples within each population.
Results were observed through an interaction network at genus and
phylum levels created using the Cytoscape software (http://www.
cytoscape.org/). Statistical analyses were carried out through hypergeo-
metric enrichment tests to determine significant overlaps between core
microbiomes of different populations using the phyper function in R v.3.5.3
“stats” package v.3.6.2*°. P values were adjusted for multiple testing with
the Benjamini-Hochberg method (Supplementary Data 1: Table 2).

Correlations between OTU abundances were calculated using SparCC
software implemented in python?. For this analysis, we selected only the
taxa present in at least 5% of samples to avoid any false correlations for
low abundant taxa. Results were represented as a heatmap with Ward's
hierarchical clustering of taxa based on the dissimilarity matrix. The
optimal number of clusters was determined based on k-means and PAM
methods and validated with Hopkins statistic. An interaction network for
visualisation was created with the Cytoscape software.

To test differences in taxa abundance among Amazonian and worldwide
microbiome samples, we used ANCOM?*, which accounts for the
compositional nature of microbiome data. W-statistic cut-offs are reported
in Supplementary Data 1: Table 3, but significance was defined as W> 0.9
in this analysis. Relative abundances are shown as the logarithm of re-
scaled abundances as described by Hansen et al.?2,

For functional prediction analyses, reads were taxonomically classified
by closed-reference using vsearch with Greengenes v.13.5 database
clustered at 97% similarity. KEGG pathways were predicted using PICRUSt
1 v.1.1.4%. Predicted metagenome functions were collapsed at level 2
pathways, and after removing eukaryote-related pathways, they were
analysed using ANCOM?* to determine differentially abundant pathways
among the population. Results were displayed in boxplots of relative
abundances and p values were determined by Kruskal-Wallis H test and
pairwise Wilcoxon’s rank-sum (Mann-Whitney U) test.
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Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Figure S1

Metadata collection. A) Sex relative frequency per population. B) Relative frequencies of age
groups per population. C) Presence of gut helminths as determined by microscopic examination
of fecal samples. D) Gut colonisation by Endolimax nana. E) Gut colonisation by Entamoeba
sp. F) Presence of gut protozoa as determined by microscopic examination of fecal samples
(Pearson’s Chi-Square test, p value = 0.029). G) Subtypes of Entamoeba sp. observed in fecal

samples.
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Figure S3

Box plots and scatter plots of alpha diversity indexes and information on participant age and
sex. Significance was determined using Spearman correlation, t-test, and Wilcoxon rank sum
(Mann Whitney U) tests. (Red = Xikrin (R), Yellow = Surui (R), Blue = Tupait (R), Green =
Belém (U)).



A3 B 4004 Cc3 D3 1000 -
£ 3 . < 0.996 - 2 °
= 6.0 1 2 ° < 0 £ °
3 @ 600 2 i > 7501
@ 3 % 0.994 2
297 $ 400 £ 0.992 1 g 500
= 2 = 1 &
§ 5.0 4 8 2004 é 0.990 5 250 -
- .988 A °
5451 : Tiest, p=0036 5 Tiest, p=0.0099 £ 0988 S Wilcoxon, P 013 £ ] T-test, p = 0.008
> r h E
@ Absent Present Absent Present @ Absent Present Absent Present
Protozoa Protozoa Protozoa Protozoa
x x
Eg §800- Gg émoo- °
5607 3 & 09961 < 750
a % 6001 % 0.994 1 z
297 2 400 2 0.992 1 g 500
c 2 2 0.990 8
5501 & 200 ] 0-988 . 5 2501
§ 45 o Tiestp=0.11 5 T-test, p=0.089 g ¢ Wilcoxon, p =0.19 g 0- T-test, p = 0.11
=z T T A T T
@ Absent Present Absent Present @ Absent Present Absent Present
E.nana E.nana E.nana E.nana
|13 Ja K3 P -
2 % 800 3 § 1000
=807 3 2 9% = 7501
% & 6001 B 0.994 1 =
2551 400 2 0.9921 § 5001
2 g = 1 8
S 5.0 28 5004 g 0.990 = 2504
S ° gooss{  Swi 099 $
S 451 o Titest p=091 S T-test, p = 0.79 g ficoxon, p = § oA T-test, p = 0.74
z T T A
@ Absent Present Absent Present @ Absent Present Absent Present
G.lamblia G.lamblia G.lamblia G.lamblia
M 3 8 o ) P % 1000 1
© 2 800 4 ° 3
5607 e = 0.996 1 * R
§ 551 2 400 é’ 0.992 S 500
S 2
4 a
£ 50 £ 200 g 0.990 — 2504
= = 3 0.988 Wilcoxon, p =0.27 §
S 451 T-test, p = 0.059 2 0 T-test, p=0.051 ¢ ° P =0. 5 0 T-test, p = 0.051
@ Absent Present Absent Present @ Absent Present Absent Present
Helminths Helminths Helminths Helminths
x x * * *
Q.“é R§ 800 - * ° * * S§ - é 1000 4 °
< 6.0 2 < 0.996 1 * £ ]
g % 6001 o * £ 0.994 z 750 ==
é’ 551 g 400 - § 0.992 4 § 500 1
S 2
B @ . o o
§ 50 8 200 ° 5 8'222 1 T 2501 .
§ 454 ANOVA p= 0 11 K 04__ANOVA, p =0.042 é‘ ’ tsruskal-Wallls, p=0.29 g 0+4_ANOVA, p =0.041
z T T T —T P T T T T T T T
®  Absent Both Coli " Absent Both ~ Coli "5 AbsentBoth  Coli "giastee’ Absent Both ~ ColiHisioytica/
Entamoeba suotypes Entamoeba subtypes Entamoeba subtypes Entamoeba subtypes
U ?) g W g > 1000 +
o -5 800 2 g
Eg 8 =, 0.9% £ 5
z % 6001 G 0.994 z
é’ 55 € 400 é’ 0.992 § 5001
s 2
a
S 5.0 é 200 - 80.990 — 250
€ = 3 0.988 8
545 . T-test, p = 0.67 5 T-test, p = 0.4 g o Wilcoxon, p 0.99 5 04 T-test, p = 0.37
= E
@ Absent Present Absent Present @ Absent Present Absent Present
Entamoeba Presence/Absence Entamoeba Presence/Absence Entamoeba Presence/Absence Entamoeba Presence/Absence
Figure S4

Box plots of alpha diversity indexes and metadata variables. A-D: Gut protozoa colonisation.
E-H: Gut colonisation by Endolimax nana. I-L: Gut colonisation by Giardia lamblia. M-P:
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Figure S5

Scatter plots of within-population mean alpha diversity indexes versus weighted and

unweighted Unifrac distances. Significance was determined using Spearman correlation tests.

(Red = Xikrin (R), Yellow = Surui (R), Blue = Tupait (R), Green = Belém (U)).
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Microbial co-abundance analyses. A) Heatmap based on microbial sparse correlation
coefficients. B) Co-abundance clustering tendencies based on k-means and PAM methods. C)
Network representation of microbial co-abundance patterns, where blue edges indicate

positive correlations and red represent negative correlations.
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ANCOM results comparing differential abundances among taxa from other South American

populations. Populations are ordered from most rural (left) to most urbanised (right)

lifestyles. R = rural, SU = semi-urban, U = urban. Displayed p-values refer to Kruskal-Wallis

H statistical tests.
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ABSTRACT

Increasing levels of industrialization have been associated with changes in gut
microbiome structure and loss of features thought to be crucial for maintaining gut ecological
balance. The stability of gut communities over time seems to be largely affected by this
transition, but has been overlooked among transitioning populations from low to middle-
income countries. Here, we used shotgun sequencing to characterize the temporal dynamics
of gut microbiomes of 24 individuals living in an urban non-industrialized lifestyle in the
Brazilian Amazon and contextualized our data with 165 matching longitudinal samples from
an urban industrialized and a rural non-industrialized population. Results show that gut
microbiome composition and diversity is increasingly variable over time among non-
industrialized individuals and that the same taxa may have different temporal dynamics across
populations. Using enterotype classifications we show that temporal shifts in microbiome
structure may lead to enterotype changes within healthy individuals. Further, by tracking
genomes over time, we show that levels of strain replacements are more frequent among
Amazonian individuals and that microbial populations of the Bacteroides species are the most
dynamic. Our results suggest that the stability of gut microbiomes is influenced by levels of
industrialization and that microbial population dynamics is important to track how host-

microbiome interactions will adapt to these transitions.
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BACKGROUND

The gut microbiome consists of a complex and dynamic community of microbes that
interacts closely with host physiology and has a large role in maintaining human health ".
These communities are sensitive to perturbations, and it is well established that the
composition of gut microbiomes is dependent upon environmental forces, such as host diet,
antibiotic use, and sanitation practices ™.

Existing research recognizes the critical role of lifestyle and subsistence strategies in
determining the structure and function of the gut microbiome. Overall, individuals living in rural
non-industrialized societies show gut microbiomes with increased levels of diversity and
abundance of dietary fiber-degrading taxa when compared to that of urban industrialized
populations *°.

Among several features that distinguish microbiomes based on lifestyle, compositional
shifts driven by annual seasonality have been presented as putative hallmarks of rural and
traditional societies . Such seasonal variability, reported among the Hadza hunter-gatherers
of Tanzania, is thought to be caused by the cyclical availability of certain food groups, which
in turn drives the cyclical abundance of bacterial taxa and phylogenetic diversity é. Being that
humans have been transitioning from foraging and hunter-gathering lifestyles to
industrialization, the absence of these defining characteristics of isolated and rural
microbiomes highlights the loss of potentially fundamental properties of host-microbiome
adaptations in urbanizing populations.

Thus, in order to understand how transitions to urbanized lifestyles affect gut
microbiome health, it is crucial to determine how these communities behave over time.
Existing accounts on the stability of gut microbiomes in urban individuals point to highly
resilient and stable communities, despite fluctuations at monthly and even daily timescales -
. Defining what levels of temporal changes are expected for healthy individuals will aid in the
understanding of microbiome-associated disease development. For instance, tracking the
diversity of gut microbiomes over time can be used to predict the onset of type 2 diabetes 2.

In middle and low-income countries, urbanization of gut microbiomes will likely have
a negative impact on host health. Given that urbanization in these societies often includes
high levels of socio-economic disparities that influence patterns of human nutrition, it is
expected that nutritional and epidemiological transitions will influence the composition of gut

1

microbiomes 3. However, what is currently known about the temporal dynamics of gut

microbial populations is largely biased by data on high-income countries "4
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Previously, we demonstrated the existence of an urbanization gradient in the Brazilian
Amazon. Our results showed that the urban population of Belém, located on the margins of
the Amazon basin, shares gut microbiome features with local indigenous populations, as well
as with urban individuals from the United States and Cameroon, which thus characterizes an
urbanization transition .

Here, we investigate the presence of seasonal cycling and temporal stability in the gut
microbiome of individuals from Belém, an urban non-industrialized (UN) community in the
Brazilian Amazon. By employing shotgun metagenomic sequencing, we examine species and
strain level dynamics, while leveraging data from urban industrialized and rural non-
industrialized individuals to appropriately contextualize temporal changes of gut communities

among diverse populations.
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RESULTS

Lifestyle variation between Amazonian seasons

In order to investigate the temporal variation in gut microbiomes of urban Amazonia,
we enrolled 24 adult individuals living in the urban non-industrialized Amazonian city of Belém
and carried out shotgun sequencing of 48 longitudinal stool samples from two time points. To
include both rainforest seasons, samples were collected in March/April 2021 (wet season, T1)
and July/August 2021 (dry season, T2). Additionally, three-day self-reported dietary records
were collected for all individuals at both time points, along with other lifestyle metadata
(Additional file 1: Table 1).

To effectively explore how stability may be affected by levels of urbanization and
industrialization, we included two sets of gut microbiome longitudinal shotgun metagenomic
data from the literature in our analysis. To represent an urban industrialized (Ul) population,
we retrieved data from 127 samples from the Broad Institute-OpenBiome Microbiome Library
(BIO-ML), which consists of longitudinally collected stool samples of individuals living in the
Boston area, USA ''. To match time series data from Belém, we filtered data from Boston to
include individuals who had collected stool samples in the interval of five to seven months,
which yielded a total of 27 individuals (Figure 1A).

As an isolated-rural and non-industrialized (RN) population, we analyzed data from 38
stool samples of the Hadza hunter-gatherers of Tanzania that were collected across seasons
8, Importantly, only three individuals from the Hadza population were longitudinally sampled
and selected for shotgun sequencing. Nonetheless, we incorporated this dataset as it consists
of the only record of seasonal cycling of the gut microbiome in a rural population; when
individual-level data was crucial, the dataset was disregarded from the analysis. For all
populations, we hereby refer to time points as T1 (wet season or first collection date) and T2
(dry season or second collection date) (see Methods section).

Analysis of dietary records from Belém individuals showed that the average nutrient
intake did not change between seasons in regards to animal proteins, total fats, fiber, and
dairy consumption. However, we observed a decrease in the average intake of plant proteins
and an increase in the consumption of agai, an important local food staple, in T2 (Additional
file 2: Figure S1). Overall, reported dietary habits were similar to what we had previously
described °, consisting of typically westernized food items combined with unprocessed, natural

ingredients such as cassava flour and tropical fruits.
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Stability of microbial diversity and composition across industrialization levels

The first set of analyses aimed to characterize how microbiome diversity is impacted
across time (Figure 1). Unsurprisingly, overall, alpha diversity measures were significantly
different between populations and followed a gradient of urbanization, with lowest microbial
richness in Boston (Ul) microbiomes, followed by Belém (UN) and the Hadza hunter-gatherers
(RN) (Shannon index, Kruskal-Wallis, p = 1.4e-11) (Additional file 2: Figure S2). Seasonal-
dependent variation in diversity was not observed in Belém and Boston, given there is no trend
in increase or decrease of microbiome richness for any given time point, unlike the Hadza

individuals, who display increased levels of alpha diversity during T2 (Figure 1B).
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Figure 1. A) Density plot showing the interval between sample collection for each population (in days).
B) Alpha diversity levels calculated using Shannon diversity index. Lines connect individuals across
sampling time points. C) PCoA plot of Bray-Curtis beta diversity distances comparing all three
populations. D,E) Scatter plots showing the associated between Shannon diversity metrics and Bray-
Curtis distances between individuals. F,G,H) PCoA of Bray-Curtis distances between samples, lines
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between individuals. F). (ns : p > 0.05, *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001)
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A Principal Coordinate Analysis (PCoA) of Bray-Curtis distances between populations
shows discrete population clustering with several points of overlap between Belém and
Boston, which constitute the two urbanized groups in our sample (Figure 1C). There is no
evidence of discrete clustering based on collection time point for urban populations, whereas
seasonal-specific clustering among the Hadza individuals can be observed (Figure 1H). Next,
we used Pearson correlation coefficients to test whether alpha diversity is associated with
levels of compositional shifts in the gut microbiome. We found that increased values of alpha
diversity variation between time points (Boston, R = 0.61, p = 0.00068; Belém, R=0.41, p =
0.044) and alpha diversity index at T1 (Boston, R = 0.62, p = 0.00055; Belém, R =0.53, p =
0.0072) were positively associated with within-individual Bray-Curtis distances across time for
urbanized populations (Figure 1D-E).

Levels of compositional differences between time points were measured using Bray-
Curtis dissimilarity, which revealed lower amounts of structural shifts in the gut microbiome of
Boston individuals when compared to non-industrialized populations (Figure 1F-I).
Nonetheless, in Belém and Boston, differences between individuals were greater than within
individuals, illustrating the individual-specific nature of gut microbiome structure. Species-level
analyses revealed that Boston and Belém individuals maintained a similar proportion of taxa
fromT1t0T2(0.84 £0.12 and 0.89 £ 0.16, respectively) (Wilcoxon, p = 0.42). Such inferences
could not be drawn from the Hadza dataset due to the small individual-level longitudinal
sampling size.

Next, we used Analysis of Composition of Microbiomes (ANCOM) *® to investigate
whether such compositional differences could be driven by variability in the abundance of
specific taxa between time points. At the species-level, no taxa were found to be differentially
abundant across time points for Belém and Boston. For the Hadza, however, ANCOM
reported a total of 10 differentially abundant species between time points. For inter-population
analysis, results showed a total of 110 bacterial genera to be differentially abundant between
all three populations when disregarding specific time points. (Additional file 1: Table 2).

To assess whether temporal variations in microbiome composition result in functional
and metabolic changes, we performed an alignment of protein-coding sequences predicted
from contigs to the KEGG Orthology database (Additional file 2: Figure S3). Using ANCOM,
we tested the differential abundance of levels 2 and 3 KEGG pathways. The Hadza of
Tanzania were the only population to show a significant differential abundance of metabolic
pathways across sampling time points, as shown in Additional file 2: Figure S4. We did not
observe any significant differences in the functional potential of microbial communities across

time for the urban populations of Belém and Boston, which demonstrates a high level of
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functional stability and redundancy of the gut microbiome, even when subject to structural

modifications over time.

Intra-individual variance
Intra-individual variance
~

Intra-class Correlation Coefficient

Inter-individual variance Inter-individual variance

Figure 2. A) Boxplot showing the intra-class correlation coefficient (ICC) for gut microbial species of
Belém and Boston cohorts. B,C) Relationship between within and between-individual species variance,
as calculated using mixed-effects models. Species are colored according to their relative abundance in
each respective population. Species with total variance > 3 are labeled.

Next, we used intra-class correlation coefficients (ICC) to determine the level of
stability for all 440 individual species across urban populations. This metric is calculated based
on abundance variance within and between individuals for each species (see Methods
section). An ICC of 0 indicates no stability, while an ICC of 1 shows high species stability over
time.

We observed that the gut microbiome of individuals from Boston (Ul) has overall
greater stability than that of Belém (UN) (Wilcoxon, p < 2.2e-16) (Figure 2A). The median ICC
score for species in Boston individuals was 0.63, while in Belém the median ICC was 0.4
(Additional file 1: Table S3). This is explained by the increased levels of intra-individual
variance among species from Belém when compared to species from Boston cohort, which in

turn have higher levels of inter-individual variance (Figure 2B-C).
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Interestingly, Enterobacter cloacae, Klebsiella pneumoniae and Akkermansia
muciniphila, species previously linked to gut inflammation, showed the highest intra-individual
variance and, therefore, the lowest amount of stability in Belém (Figure 2B). On the other
hand, for Boston individuals, intra-individual variance is mostly driven by probiotic species
such as Streptococcus thermophilus and Streptococcus salivarius (Figure 2C).

Further, Prevotella copri and Prevotella sp., which are generally associated with non-
industrialized lifestyles or higher intake of dietary non-digestible fibers show distinct patterns
of contribution to variance in both populations. In Belém (UN), P. copri is highly abundant and
more associated with fluctuation in abundance at the intra-individual level, whereas the

opposite is observed for Boston (Ul).

Enterotype changes across time points

Classification of microbiomes based on enterotypes has been used to distinguish
healthy and disease-prone gut communities '°. Here, we used community typing to test how
three populations living in diverse levels of industrialization would be classified and grouped
according to community composition. Additionally, our goal was to understand to what extent
levels of microbiome stability affect enterotype classification across time. We employed a
Dirichlet Multinomial Mixtures (DMM) model on abundance data for all three populations in
our study and chose the optimal number of clusters based on the best model fit according to
performance metrics, as shown in Figure 3A.

Using samples from Hadza, Belém, and Boston, clustering based on community
composition determined the existence of four distinct enterotypes. Two of these community
types, hereby referred to as BactA and BactB, are driven by high abundances of the
Bacteroides genus, as well as the presence of Parabacteroides and Alistipes taxa,
respectively (Figure 3B, Additional file 2: Figure S5A). The second set of enterotypes, PrevA
and PrevB, is defined by high abundances of the Prevotella genus, with the marked distinction
that PrevA includes increased abundances of Bacteroides genus, whereas PrevB has
Faecalibacterium and Blautia as secondary drivers (Figure 3B).

A PCoA of Bray-Curtis dissimilarities shows that samples form distinct clusters based
on enterotypes, with evidence of overlap between BactA and BactB community types (Figure
3C). At the population level, we observed that the PrevB enterotype is exclusive to the Hadza
individuals, which harbor a highly distinct microbiome composition from the other populations
(Figure 3D). Most samples from Belém (UN) cluster into the PrevA enterotype, followed by
BactB and BactA. On the other hand, BactA is the most common community type among

Boston samples, followed by BactB and PrevA.
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population that have gut microbiomes belonging to each enterotype classification.

Remarkably, despite having shown a higher level of compositional stability, a total of
six individuals from the Boston cohort changed enterotypes between time points, all of which
transitioned from BactA to BactB or vice versa (Figure 3E). In Belém, this shift was seen in
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two individuals, which followed a gradient directionality as well, from BactA to BactB and PrevA
to BactB.

In view of previous associations between Bacteroides-dominated enterotypes and
systemic low-grade inflammation, diabetes, and obesity '°, we assessed Body Mass Index
(BMI) data for Belém individuals to identify associations between increased BMI and
community typing. Our analysis showed there was no significant association between BactA
and BactB enterotypes and high BMI values (Kruskal-Wallis, p = 0.11) (Additional file 2: Figure
S5B).

Strain replacements as a genomic metric of microbiome stability

Population dynamics within different species in the gut microbiome may be influenced
by strain-level interactions and replacements over time. To understand microbial population
stability in the gut microbiome of individuals living in different levels of industrialization, we
analyzed the genomic similarities between individual strains across time points.

First, genomes were de novo assembled from metagenomic sequences using
metaSPAdes 2°2" and clustered into bins with MetaBAT2 ?2. Overall, metagenome-assembled
genomes had high quality (89% median completeness, 0.7% median contamination, a median
length of 2.236.137 base pairs, and a median N50 of 30.513 base pairs), according to CheckM
analyses .

Next, we joined bins from each individual from both time points and used dRep v.3.2.2
24 to dereplicate genomes. Then, we ran InStrain 2° on 22 pairs of individuals per population
to identify the level of genomic similarities (average nucleotide identity — ANI) between
genomes from the same species in each individual across time points. We also used InStrain
to calculate the number of shared strains within and between individuals, as shown in Figure
4. Predictably, strains are more similar within individuals than between individuals across time
points.

After filtering bins for those that were compared considering at least 25% of their
length, we obtained a total of 506 genomes, 254 from Belém and 251 from Boston individuals,
spanning across 35 distinct bacterial families, 83 genera, and 168 species (Additional file 1:
Table S4.
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respectively.

Results yielded information for both conANI and popANI (see Methods section).
InStrain defines conANI (or consensus average nucleotide identity) as the average similarity
between two sequences when considering SNPs that modify the consensus base (major
allele) in either sequence. PopANI (or population average nucleotide identity) refers to the
similarity between a pair of sequences when taking into account only SNPs that modify more
than one allele 12/21/22 10:03:00 PM. Here, we considered genomes to be identical when
conANI = 0.99999. Pairs of genomes with conANI < 0.99999 and > 0.97 were regarded as
distinct strains of the same species, and will hereby be refered to as “strain replacements”.

When comparing both analyzed populations, we observed that individuals from Belém
have a higher number of strains than those from Boston (Figure 5A-B). Overall, nucleotide
identity values are a reflection of the number of SNPs found between pairs of genomes, and
our results indicate that there is an increased level of genomic differences between strains
that were replaced in Belém individuals versus replaced strains in Boston individuals.

Strikingly, 21% of strains assembled from Belém individuals, versus 13% from Boston,
had population-level SNPs indicating a change in genomic identity that represents no common
alleles. This suggests that strains replaced across time points in Belém are increasingly

divergent from each other.
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tested for strain replacements.

We found that this pattern of higher genomic distances between species was
especially the case for strains belonging to the Bacteroides genus (Figure 5A-B, Additional file
2: Figure S6). Despite genus-level distances, closer inspection of Bacteroides species
revealed no significant differences between Belém and Boston when analyzing nucleotide
identity between strains (Figure 5C). Further, we observed that in spite of representing the
greatest amount of genomic diversity in our Belém dataset, Bacteroides abundances were

significantly lower than what was found for Boston individuals, indicating there is not
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necessarily an association between species abundance and levels of strain replacements

across time (Figure 5D).

DISCUSSION

In this paper, we report the temporal dynamics of gut microbiomes from a non-
industrialized urban population of the Brazilian Amazon. We placed our studied population in
context by incorporating literature data consisting of individuals from divergent lifestyles but
similar sampling intervals, in order to obtain an appropriate understanding of gut microbial
variability across diverse populations.

Similar to what was reported for the Hadza population &, we also identified a slight shift
in dietary intake among Belém individuals. Previous studies had reported that changes in host
diet are the main factor for causing compositional shifts in the microbiome 226, Here, although
we observed signals of such changes, it is unlikely that the higher consumption of agai berry
in the Dry season would lead to significantly detectable shifts in microbiome composition.

Considering the population of Belém (UN) is located at the center of the urbanization
gradient between Boston and the Hadza hunter-gatherers (according to alpha and beta
diversity metrics), it is reasonable to assume that increased compositional differences across
time points among non-industrialized populations may be linked to levels of transition to
industrialization.

Interestingly, aside from Prevotella, the species that displayed the highest values of
intra-individual variance in Belém (Enterobacter cloacae, Klebsiella pneumoniae,
Akkermansia muciniphila) are typically associated with industrialized populations. Gibbons et
al., ?" and David et al., ® showed that abundance variability is part of the equilibrium dynamics
of the healthy gut microbiome, and that deviations are expected to occur within weekly or even
daily timescales, eventually returning to a steady community state.

One hypothesis is that we captured a moment of such deviation from stability, in which
there was a bloom of these specific species. Alternatively, their high intra-individual variance
may also be explained by external forces, such as shifts in host diet or exposure to microbes,
which are likely considering the transitioning context of this population.

Nevertheless, the unchanged functional profiles of gut microbiomes in our dataset and
evidence that individuals are more similar to themselves than to others, further corroborate
previous findings that the gut microbiome has evolved to maintain equilibrium for long periods

of time 14,16,28-30

&3



Our enterotyping analyses provide further validation of the extent gut microbial
stability. Populations from both the industrialized and non-industrialized cohorts rarely shifted
to another enterotype in the course of 4 to 6 months, and diverging cases always transitioned
to the next enterotype following a gradient-like shift. This also demonstrates that subtle
compositional variations are enough to cause a switch of community type, thus supporting
earlier studies that argue in favor of a non-discrete interpretation of such community profiles
31.

Genomic analyses showed that strain replacements were more common among the
urban non-industrialized individuals from Brazil than those from urban industrialized United
States. Our most interesting finding demonstrates that microbial temporal dynamics are
variable across species, which is in agreement with previous research %8, Here, species
belonging to the Bacteroides genus were more frequently replaced and had the most SNPs
differentiating T1 and T2 strains.

This could be explained by alternations in dominant strains among members of the
Bacteroides genus. The fact that other species did not show the same level of divergence and
replacements suggests that temporal dynamics in the gut affect taxa in different ways 263233,
It could be that Bacteroides, a commensal highly associated with industrialized populations
626 experiences increased ecological pressures to stably colonize the gut of transitioning non-
industrialized individuals. Previous work on temporal gut microbial stability showed that
Bacteroides was among the most stable genera in the microbiome of individuals from urban
Europeans, which provides support to our hypothesis 2.

Moreover, it has been shown that other evolutionary mechanisms, such as horizontal
gene transfer, may play an important role in industrialized and transitioning microbiomes 3.
Experimental work has demonstrated that within-host adaptative evolution is a common
feature of gut commensals, even in the absence of disruptive perturbations such as antibiotic
intake *. It can thus be suggested that such adaptations are important to overcome initial
barriers imposed by well-established stable communities during a transition to
industrialization.

Another possible explanation for our findings is that multiple strains of the same
species were present at both time points, but our sequencing efforts solely captured one of
them. According to earlier findings ''*, the coexistence of related strains within the gut
microbiome may be the result of independent niche occupations, thus allowing for the stable
presence of two or more members of the same phylogenetic clade.

Here, a note of caution is due, considering one major limitation of our study was that

the genomic divergence of strains was tracked only in cases where genomes for the same
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species were reconstructed across both time points. Given the nature of metagenomic data,
this means we were not able to identify the loss or confirm a decrease in the abundance of
specific strains across time points. Second, we did not investigate the biological repercussions
of the SNPs that caused strain divergence across time points. It is possible that information
on which genes accumulated SNPs over time can help elucidate details and drivers of gut
population dynamics.

Additionally, despite showing signals of seasonal cycling to some extent, the lack of
longitudinal data derived from the shotgun metagenomic sequencing of Hadza hunter-
gatherer stool samples, carried out by Smits et al.%, is a significant limitation that hindered
appropriate data analysis and impacted our ability to draw conclusions from individual-level

data from two non-industrialized populations.

CONCLUSION

Taken together, our results show that gut bacterial communities of individuals living in
urban environments are subject to distinct population dynamics and that levels of
industrialization may have a role in determining their stability. Characterizing the temporal
variability of gut microbiomes of Brazilian Amazonians and other non-industrialized
populations is a fundamental step toward understanding the effects of industrialization on gut
communities and overall host health. To fully grasp the extent and impact of strain
replacements and compositional shifts, future research should focus on additional time series
associated with isolate culturing to uncover both the short-term and long-term stability of non-

industrialized gut microbiomes.
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METHODS

Ethics approval

Written informed consent was obtained from all individuals. Ethics approvals were
granted by the Institutional Ethics Review Board of Universidade Federal do Para, under
protocol number 2.686.839. This study was carried out according to the ethical principles

established by the Declaration of Helsinki.

Study cohort and sampling

We recruited a total of 24 individuals living in the city of Belém, Para, Brazil. The
average age of participants was 30 years old (18-59), and we recruited both male (N = 9) and
female (N = 15) individuals. Participants recruited and included in this study did not report
antibiotic medication intake at least three months prior to sample collection.

Belém is the capital and largest city of the Para state, in the northern region of Brazil,
and is located at the mouth of the Amazon River. It is classified as an urban non-industrialized
city, according to criteria employed by the Global Microbiome Conservancy **, due to a human
development index (HDI) of 0.689 and population density of approximately 3800 inhabitants
per km? 3¢ We aimed to recruit inhabitants of different regions of the city, which consists of
medium-income urbanized centers and low-income stilt sSlum communities.

Participants were asked to provide stool samples at two time points during the year,
the first in March/April of 2021, during the Wet/Rainy season of the Amazon, which spans from
December through May. The second sample collection took place in July/August 2021, during
the Dry season, which occurs from June to November. For the purposes of this study, the
Wet/Rainy season is referred to as Time point 1 (T1) and the Dry season is referred to as
Time point 2 (T2).

Stool samples were collected in sterile containers and returned to the research staff
up to six hours after collection. Samples were stored in RNA later stabilization solution

(Thermo Fischer Scientific) and frozen at -80°C until DNA extraction.

Literature data

Longitudinal gut microbiome metagenomic data was also included for two other
populations in order to create an urbanization gradient for the purposes of our analyses. A
total of 38 samples (from 34 individuals) from the Hadza hunter-gatherers of Tanzania,

representing the subset of samples submitted for shotgun sequencing from Smits et al.®, were
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processed and analyzed in this study. The Hadza represent a rural non-industrialized lifestyle.
Importantly, only three individuals from this population were longitudinally sampled across at
least two distinct seasons and were represented in shotgun metagenomic sequencing
(namely, individuals 54, 55, and 56). Thus, the Hadza were removed from genomic analyses
that aimed to identify SNPs among microbial strains across time points and that required
paired sequencing data.

A total of 127 longitudinal gut microbiome samples from the Broad Institute-
OpenBiome Microbiome Library (BIO-ML) ', collected in the Boston area, USA, were included
to represent an urban and industrialized lifestyle. Of these, 27 individuals were sampled in
periods ranging from five to seven months apart, and were selected for analysis of bacterial
strain replacements in order to match sampling periods from Belém, Brazil. In the paper, this
population is referred to as “Boston, USA”.

We also classified Hadza samples into T1 and T2, where samples collected in Early
or Late-Wet periods (November to April) are referred to as T1, and those collected during
Early or Late-Dry periods (May to October) are referred to as T2. For Boston samples, first

collection date is referred to as T1, and the second collection date as T2.

Metadata collection

Dietary information was collected using food journals during three days prior to sample
collection. This consisted of detailed information on meals and food consumption, which were
later assessed for nutrient intake. We also applied a questionnaire for participants to provide
information on previous and current clinically diagnosed diseases, medication intake, BMI,
household type (brick, wooden, apartment building), sewage treatment or lack thereof, source

of drinking water, pets, and number of co-inhabiting individuals.

DNA Extraction and Sequencing

Total DNA from fecal samples was extracted using the DNeasy PowerSoil Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Eluted DNA was
quantified with fluorometry and subsequently stored at —-20°C. Library preparation for
sequencing was carried out according to the lllumina DNA Prep protocol. Libraries were
subsequently pooled and quantified with TapeStation (Agilent, Santa Clara, CA) before paired-
end (2x150-bp) sequencing on the lllumina NextSeq500 platform.
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Metagenome quality control and processing

Sequencing yielded a median of 1.7 million reads per sample. Read quality was
assessed with FastQC 3 and quality-filtered using FastUniq v1.1 % to dereplicate reads and
Trimmomatic v0.39 “° with parameters LEADING:3 TRAILING:3 SLIDINGWINDOW:5:20
MINLEN:50. We indexed the human genome (version hg 38) using BWA *' and removed reads

that aligned to human sequences using Samtools v1.9 *2.

Taxonomic classification and diversity assessment

Filtered reads were assigned taxonomic labels with Kraken2 v2.0.8 ** and abundance
estimates were carried out by Bracken v2.5 *. Taxonomic classification was based on
sequences from the Kraken2 standard database completed with a sequence database derived
from the Global Microbiome Conservancy isolate library ''**. Employing this custom database
increased taxonomic profiling by 1.7 times when compared to classification using solely the
Kraken2 standard database (Wilcoxon, p = < 2.2e-16) (Additional file 2: Figure S7).

Alpha and beta diversity analyses were performed in R v.3.5.3. #° using functions
implemented in “phyloseq” and “vegan” packages “¢*’. For alpha diversity metrics, samples
were rarefied to the minimum number of reads and calculated based on Number of Observed
Species, Shannon index, Chao1 index, and Simpson index. For beta diversity analyses, data
was filtered to remove taxa not present in at least 10% of samples. Compositional
dissimilarities were computed using relative abundances and genus level taxonomy with Bray-

Curtis distances.

Intra-class correlation coefficient analysis

We employed intra-class correlation coefficients (ICC) to determine the reliability of
stability data for all 440 individual species across Belém and Boston individuals. First, the
mean and variance of each species were calculated and fit into Mixed Effects Models using
the Ime4 package implemented in R *®. For this, we used logo-transformed abundance counts
for each species and fit the model by considering individuals are random variables and time
points as fixed effect. The model outputs information regarding total variance, which is
separated into within-individual (o) and between-individual variance (o%). Thus, ICC values

are equal to 0%s/(0%si + G%wi).

Differential abundance analysis
In order to assess differential abundances between pairs of individuals and groups of

populations, we used ANCOM '8, which compared absolute abundances of taxa while
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accounting for the compositional nature of microbiome data. Here, we considered taxa as

differentially abundant if it passed the W-statistic 0.6 cutoff.

Metagenome assembly

Samples were processed independently for de novo genome assembly with
metaSPAdes software, implemented in SPAdes v3.15.3 2°%'. Contigs were indexed, aligned,
and sorted using Samtools v1.9 and Bowtie2 v.2.4.2 *>*°_ Then, contigs were clustered into
bins with MetaBAT2 ?? and dereplicated with dRep v3.2.2 (10% maximum contamination, 50%
minimum completeness) .
v1.1.11 2 and are available in Additional file 1: Table S2.

Assembly quality statistics were measured using CheckM

Functional annotation

Protein coding sequences were predicted from contigs using Prodigal v2.6.3 *°. To
identify the metabolic functions associated with the microbial population of each sample,
protein sequences were aligned to the KEGG Orthology database using HMMER v3.1b2

(hmmsearch) *' filtering for hits with E-value < 0.01 and coverage 275%.

Strain profiling

Population-level diversity analyses were performed using InStrain ° to determine
strain replacements across time points in individuals from Belém, Brazil and from the BIO-ML
cohort from Boston, USA. InStrain calculates the average nucleotide identity (ANI) between
reads and the genomes they map to. We joined, indexed and aligned dereplicated genomes
from each individual and ran InStrain using the profile and compare function, to determine
differences between genomes assembled from each individual. InStrain outputs results for
ANI between genome pairs and calculations for consensus ANI (conANI) and population ANI
(popANI). For each comparable base pair in each genome pair, InStrain determines whether
there is a conANI substitution (major alleles differ between sequences) and/or a popANI
substitution (no alleles are shares between sequences). We used a threshold of < 99.999%
conANl to identify different strains, as suggested by Olm et al.?®, and also filtered for genomes
belonging to species recovered from at least five samples and with >25% of genomes
compared between paired samples. Taxonomic classification of each genome was carried out
using GTDB-Tk v.1.0.2 %2 against the Genome Taxonomy Database Release 89 2. To perform
strain-level analyses, we selected strains from species present at least five times in each

population.
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Enterotype assignments

Enterotyping (also known as community typing) was performed on genus-level relative
abundance data filtered for ASVs present in at least 50% of samples using Dirichlet
Multinomial Mixtures (DMM) models, as described in Holmes et al.>®. This method uses
probabilistic modeling to calculate the optimal number of clusters (enterotypes) and classify
each sample into an enterotype based on compositional similarity. These calculations were
applied to our dataset including all 213 samples from all three populations using the

R 4% Measures of model

DirichletMultinomial package version 1.24.1 implemented in
performance (AIC Akaike information criterion, BIC Bayesian information criterion, Laplace).

Choose the model that best describes the observed data.
Data availability

Datasets generated in this study are available in the European Nucleotide Archive

repository under accession humber XXXX.
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Additional file 2: Fig S1

Nutrient intake across time points as calculated from three-day self-reported dietary records
from Belém, Brazil individuals. A) Average agai consumption (mL) in T1 and T2. B) Average
intake of animal protein (g) in T1 and T2. C) Average intake of plant protein (g) in T1 and T2.
D) Average intake of fats (g) in T1 and T2. E) Average fiber intake (g) in T1 and T2. F) Average
consumption of dairy products (g) in T1 and T2.
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Additional file 2: Fig S2
Shannon alpha diversity metrics for Boston, USA, Belém, Brazil, and Hadza, Tanzania
individuals. Shapes indicate sample collection times.
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Additional file 2: Fig S3

A) Abundance plots of core taxa (genera prevalent in at least 50% of individuals from each
location) according to collection time points. B) Abundance plots of level 2 KEGG pathways
per population and time points.
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Additional file 2: Fig S4
Differential abundance of level 2 KEGG pathways across time points among the Hadza

hunter-gatherers according to ANCOM results.
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Additional file 2: Fig S5
A) Top driver taxa of the four enterotypes attributed to individuals from Boston, USA, Belém,

Brazil, and Hadza, Tanzania. B) Body mass index values per enterotype classification for

individuals from Belém, Brazil.
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Additional file 2: Fig S6

Average nucleotide identity at the genus level according to the presence of population SNPs

(more than two different alleles) (***: p < 0.001).
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Additional file 2: Fig S7
Taxonomic classification of metagenomic reads when using the standard Kraken2 database
and when implementing a custom database containing sequences from the Global

Microbiome Conservancy isolate library.
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6. DISCUSSAO GERAL

No primeiro capitulo desta tese, publicamos o primeiro registro de transicdo para a
urbanizagdo entre microbiomas gastrointestinais de populages indigenas da Amazénia
brasileira. Por meio do sequenciamento metagendmico por 16S, realizamos a caracterizagao
taxondmica de comunidades intestinais de trés populag¢des indigenas rurais (Surui-Aikewara,
Xikrin do Cateté, Tupaiu) e uma populagao urbana (Belém do Para) nao industrializada.
Nossos resultados revelaram que padrdes de diversidade microbiolégica e abundéancia de
taxons tidos como biomarcadores da industrializacdo seguem um gradiente de urbanizagéo
entre essas populacgdes, fato este que retrata a adaptagcao do microbioma ao novo estilo de
vida adotado gradualmente pelo hospedeiro.

Inicialmente, a coleta de dados secundarios revelou caracteristicas dos padrées de
alimentagéo de cada populagdo. E importante notarmos as particularidades de se realizar
entrevistas entre populagbes indigenas, uma vez que as mesmas sao comumente
representadas por liderangas comunitarias, a partir das quais estes dados sao fornecidos.
Assim, entre os Xikrin, Surui e Tupaiu, as entrevistas sobre habitos alimentares ndo foram
realizadas a nivel individual, o que pode representar uma limitagdo da capacidade de realizar
inferéncias sobre nutrientes especificos e seus reflexos na composicdo do microbioma. No
entanto, destacamos a importancia de se adaptar metodologias e protocolos de pesquisa que
contemplem a realidade de cada populagao a ser investigada, de modo a n&do perpetuar a
exclusao de povos historicamente pouco representados (Dominguez-Bello et al., 2016).

Nossos resultados mostraram que a alimentacdo das populagdes rurais segue rica
em fibras nado-digeriveis provenientes da cultura de mandioca e batata doce, ao mesmo
tempo em que alimentos processados e ricos em agucares sao gradativamente introduzidos
nestas comunidades. As analises de diversidade microbioldgica revelaram que existe um

gradiente de riqueza média entre os microbiomas das populagbes estudadas (resultados
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observados a partir do indice Shannon de diversidade), no qual os individuos Xikrin e os da
cidade de Belém constituem cada um dos extremos do gradiente. E interessante observar
que entre as populagdes Surui e Tupaiu, os indices de riqueza sdo menos homogéneos, 0
que indica niveis variados de diversidade microbiana a nivel intrapopulacional. Além disso,
estes dados sinalizam uma transigdo gradual do microbioma para um estado menos diverso,
e sugerem que o ritmo desta transi¢do € unico de cada individuo e pode depender de fatores
intrinsecos, como resiliéncia do microbioma e genética do hospedeiro ou fatores extrinsecos,
como exposigao a dieta industrializada ou ingestdo de medicamentos. Propomos que futuras
pesquisas investiguem, a nivel intrapopulacional, o papel de diferentes fatores internos e
externos para a manutengcdo ou perda de niveis de diversidade entre populacdes
vulnerabilizadas.

As evidéncias que indicam a urbanizagdo dos microbiomas incluem a diminuida
abundancia de géneros associados a populagdes tradicionais rurais como Treponema,
Succinivibrio e Prevotella e o aumento da abundancia do género Bacteroides entre as
populacdes indigenas analisadas neste estudo. Propusemos que fatores como distancia de
centros urbanos, diminuicdo de praticas de cultivo para subsisténcia, ingestdo de
medicamentos e idiomas falados nas aldeias podem ser determinantes para essa transicao,
uma vez que influenciam o acesso a alimentacdo industrializada e a composigdo do
microbioma intestinal. Resultados semelhantes ja haviam sido observados entre outras
populacdes rurais, como em Botswana, onde o microbioma de individuos que praticam a
subsisténcia agropastoril compartilha caracteristicas com o microbioma de individuos
urbanizados vivendo na Philadelphia, nos Estados Unidos (Hansen et al., 2019). Essas
semelhancas indicam que a transigdo dos microbiomas € uma tendéncia global, que se
expandira a medida em que a manutencio de estilos de vida isolados e rurais se tornam

insustentaveis frente a urbanizagao.
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Por fim, nossos achados revelaram que a populagdo urbana da Amazonia, aqui
representada pela populagcdo que vive na cidade de Belém, ndo deve ser considerada uma
populagéo tipicamente urbana para fins de classificagdo de microbiomas. Portanto, propomos
uma nova nomenclatura aquelas populagcdes urbanas, provavelmente por se tratar de uma
populacdo urbana nao-industralizada, proxima a floresta e que ainda mantém um gradiente
de microbiomas que perpassa as populag¢des tradicionais e urbanas. Apontamos, todavia,
que o estado em que se encontra o microbioma de populacdes “tropicais urbanas” seja talvez
um estagio intermediario e que os aproximara, com o tempo, do que é observado em
populagdes industrializadas fora de regides tropicais.

Observamos que a composigdo do microbioma da populagdo de Belém compartilha
caracteristicas principalmente com individuos de regides urbanas e semi-urbanas de paises
do continente africano (Lokmer et al., 2020), e apresenta divergéncias em relagédo ao
microbioma de individuos brasileiros de outras regides, como o Rio de Janeiro (Pires et al.,
2019). A partir destes dados, concluimos que as pressdes ambientais as quais 0 microbioma
de individuos da Amazdnia esta sujeito sdo unicas e podem indicar diferengas na forma com
gue o microbioma desta populagao se adapta ao hospedeiro.

Concluimos que para uma correta classificacdo e caracterizagao do microbioma das
populagbes amazdnicas é necessario considerar multiplos aspectos para além do perfil
taxondmico fornecido pela metagendmica de amplicon (16S). Uma vez que identificamos a
presenca de caracteristicas de microbiomas isolados e rurais em individuos da cidade de
Belém, como menor abundéancia de Bacteroides quando comparada com a populacéo do Rio
de Janeiro e Estados Unidos, nossa hipotese era que a transicdo para a urbanizagcéo na
Amazénia segue ritmos ou estagios diferentes, e que é possivel que outros elementos (por
exemplo, vias metabdlicas) das populagdes isoladas e rurais ainda nao tenham sido perdidos

nesta regido.
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Por exemplo, a presenca de dindmicas sazonais tem sido discutida como importante
biomarcador de microbiomas em regides de subsisténcia tradicional, aspecto este observado
entre os Hadza, grupo de cagadores-coletores da Tanzéania (Merrill et al., 2022; Smits et al.,
2017; E. D. Sonnenburg & Sonnenburg, 2019). Além disso, a estabilidade das popula¢des
bacterianas no intestino é vista como um indicador de saude deste ecossistema, e tem
potencial para ser um fator decisivo em se tratando da aplicagao de terapias de modulagao
microbioldgica, como o transplante de microbioma, e o restabelecimento do equilibrio apds
perturbagdes (Aho et al., 2019; Baktash et al., 2018; Mehta et al., 2018; Zhou et al., 2019).

Portanto, no segundo capitulo desta tese, exploramos as dindmicas temporais do
microbioma gastrointestinal da popula¢do urbana de Belém com o objetivo de caracterizar
sua estabilidade e os fatores envolvidos na sua manutengdo. Optamos por realizar
amostragens longitudinais em dois periodos do ano, de modo a representar as comunidades
bacterianas presentes na estagao chuvosa (inverno amazénico), que compreende o periodo
entre dezembro e maio, e na estagao seca (verao amazodnico), que corresponde ao periodo
entre os meses de junho a novembro.

Nesta etapa, empregamos a metagenémica “shotgun”, cujo objetivo € sequenciar o
genoma completo de todos os organismos presentes na amostra. Dessa forma, os dados
permitem que analisemos n&o s6 a composi¢cao taxondmica das comunidades, como também
a constituicdo genémica dos micro-organismos ali presentes. Adicionalmente, incluimos
dados metagenémicos de outras populagdes que vivem em variados modos de subsisténcia
com o objetivo de contextualizar o microbioma amazénico do ponto de vista da urbanizagéo.
Para isso, inicialmente classificamos a populagédo de Belém como uma populagéo urbana
nao-industrializada utilizando critérios de densidade populacional e indice de
desenvolvimento humano, conforme proposto e empregado por Groussin et al. (2021) e pelo
Global Microbiome Conservancy. Em seguida, buscamos incluir uma populagéo urbana

industrializada e uma populagdo nao-urbana/rural e nao-industrializada. Selecionamos,
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portanto, individuos da cidade de Boston, nos Estados Unidos e a populacédo dos Hadza, da
Tanzania (Poyet et al., 2019; Smits et al., 2017).

Nossos resultados mostraram que, no microbioma intestinal da Amazénia urbana, nao
existe uma dindmica sazonal que acompanhe necessariamente a mudanca das estacoes,
como o que é relatado para os cagadores-coletores africanos. Observamos que as variagdes
em diversidade nesta populacdo ocorrem a nivel individual, de modo que tanto a riqueza
quanto a composicado das comunidades intestinais sofrem modificagdes temporais Unicas de
cada hospedeiro. Como era esperado, observamos maior riqueza no microbioma dos
individuos de Belém quando comparados com a populag¢ao de Boston, além de constatarmos
novamente a presenga de um gradiente de urbanizagdo que posiciona a populagao urbana
da Amazénia ao centro.

No que corresponde a composi¢cado do microbioma, mostramos que individuos de
Belém apresentaram elevados niveis de variagdes estruturais, o que indica que estas
comunidades sdo menos estaveis ao longo do tempo em relagdo a populagéo urbana dos
Estados Unidos. Posteriormente, consideramos a importancia de rastrear de que forma esses
microbiomas seriam classificados de acordo com uma métrica proposta para diagnosticar
estados de saude e adoecimento de comunidades intestinais. Apesar de controverso, o
emprego de enterotipos tem recuperado a atengao da comunidade cientifica nos ultimos anos
por ser uma ferramenta capaz de discriminar microbiomas de pacientes doentes e saudaveis
(Knights et al., 2014; MetaCardis Consortium et al., 2020; Yang et al., 2019). Nossos
resultados revelaram que é possivel que individuos sem qualquer doenca aparente troquem
de enterotipo ao longo ano, chamando atengéo para o fato de que mesmo modificagdes
estruturais pequenas sao capazes de mudar a classificagao destes individuos.

Além disso, é importante notar que a inclusdo de populacdes diversas pode influenciar
a agrupamento de enterotipos, pois os Hadza, um grupo rural cujo microbioma apresenta

clara variabilidade sazonal, foi classificado inteiramente como pertencente a um unico
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enterotipo devido as diferengas quando comparado com os dois grupos urbanos. Logo,
destacamos a necessidade de desenvolver métodos que contemplem essa diversidade
populacional para evitar classificacbes errbneas como adoecimento em microbioma de
populacdes saudaveis ndo-urbanas.

A recuperacdo e montagem de genomas bacterianos a partir dos dados de
sequenciamento nos permitiu acompanhar a dindmica populacional do microbioma intestinal
ao longo do tempo. Identificamos, para a populagdo de Belém e de Boston, quais cepas
bacterianas se mantiveram idénticas ao longo dos periodos de coleta e quais foram
possivelmente substituidas ou tiveram sua abundancia aumentada em detrimento de outras.
Nossos resultados revelaram que no microbioma de individuos da Amazdnia € mais frequente
que linhagens de algumas espécies sejam substituidas por outras, 0 que mostra ndo s6 que
esse ecossistema é mais dindmico quando comparado com outra a populagdo urbana, mas
também que tais substituicbes sao espécie-especificas. Além disso, mostramos que as
distdncias genémicas entre as linhagens de um periodo e outro na Amazénia sdo maiores, 0
que pode ser resultado das pressdes advindas da transi¢cdo para a urbanizacéo.

Essa hipotese € corroborada principalmente pelo fato de que o género que mais
sofreu tais substituicdes e divergéncias genémicas foi Bacteroides, um biomarcador de
populagdes industrializadas (Gorvitovskaia et al., 2016; E. D. Sonnenburg & Sonnenburg,
2019). Estudos anteriores mostraram que evolugéao intra-hospedeiro € comum no microbioma
intestinal, e que espécies podem acumular variantes benéficas ao longo do tempo, que
favorecem sua colonizagéo e a manutencgéo de seus nichos no ecossistema intestinal (Poyet
et al., 2019; Zhao et al., 2019). E esperado que, conforme seres humanos modificam seus
estilos de vida, o microbioma acompanhe tais transformagdes com novas maneiras de se
adaptar aos novos nichos. Groussin et al. (2021), mostraram que transferéncias genéticas
horizontais sdo mais comuns entre individuos urbanizados, e que os genes compartilhados

refletem o contexto de cada populacdo. Por exemplo, no microbioma de individuos rurais,
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genes relacionados a degradacdo de fibras sdo mais frequentemente transferidos entre
espécies, enquanto que genes associados a plasmideos e transposons sdo 0s mais
transferidos entre as bactérias que colonizam populagdes industrializadas (Groussin et al.,
2021). Portanto, nossos resultados estao de acordo com a ideia de que niveis de urbanizagao
tém um papel importante em determinar de que forma o microbioma se adaptara ao
hospedeiro.

O conhecimento que acumulamos até o presente acerca do microbioma humano é
enviesado pela falta de representatividade populacional adequada. No total, 71% dos dados
de metagenémica humana depositados nos trés principais repositérios de sequéncias
gendmicas sdo provenientes do microbioma de individuos europeus e norte-americanos, que
juntos representam menos de 5% da populagao mundial (Abdill et al., 2022). Enquanto isso,
dados relativos ao microbioma da populacao do sul e sudeste asiatico, que compdem mais
de um quarto da populagao mundial, correspondem a menos de 2% destas sequéncias. No
que concerne a populacdo brasileira, amostras coletadas na América Latina e Caribe
representam apenas 4% do que se encontra armazenado em bancos de dados. Este
importante levantamento realizado por Abdill et al. (2022) evidencia que nosso entendimento
sobre o microbioma humano possui uma lacuna e ignora o impacto da diversidade
populacional na evolugao e estabelecimento de comunidades microbianas.

Essa tendéncia impossibilita que populagbes n&do estudadas sejam também
favorecidas pelas conquistas tecnoldgicas e terapéuticas advindas da compreensao da
fisiologia humana em associacdo com comunidades microbianas. Assim como é debatido nas
pesquisas em genética humana, abordar a diversidade biolégica é indispensavel para
expandir a aplicabilidade e efetividade da medicina gendmica (Peterson et al., 2019).
Portanto, € fundamental que em microbiologia humana também consideremos e

compreendamos o contexto bioldgico, geografico e sociocultural de cada grupo populacional.
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O impacto da diversidade humana no estudo do microbioma engloba também
aspectos socioeconémicos, como discutem Harrison e Tarren (2018) ao proporem que a
desigualdade em paises de baixa e média renda esta relacionada as diferengas observadas
na composi¢cdo do microbioma gastrointestinal. Um dos padrbes resultantes dessa
disparidade, por exemplo, é que o grupo com menor poder aquisitivo tende a basear suas
escolhas nutricionais na razao “calorias-por-dolar’, e consequentemente, possui uma dieta
de alta densidade caldrica e pouco valor nutritivo (Harrison & Taren, 2018). Conforme
apresentado anteriormente, nutrientes que favorecem a colonizagédo de bactérias benéficas
para a saude humana se encontram majoritariamente em alimentos frescos e naturais, que
sa0 pouco acessiveis para individuos de baixa renda residentes de areas urbanas (Harrison
& Taren, 2018; Makki et al., 2018). Logo, em se tratando de diversidade humana, variados
aspectos e dinamicas populacionais podem influenciar a constituigdo do microbioma.

Neste estudo, realizamos a caracterizacdo das comunidades microbianas intestinais
de populagbes amazénicas vivendo em diferentes contextos geograficos e modos de
subsisténcia, com foco na representatividade de individuos vivendo em espacos urbanos,
rurais e isolados. Estimativas da Organizagdo das Nag¢des Unidas apontam que, até 2050,
90% da populagao brasileira residira em areas urbanas (United Nations Department of
Economic and Social Affairs, 2022). Evidentemente, tais proje¢des incluem populagbes que
hoje vivem em territorios rurais, onde, sobretudo na Amazénia, o acesso a infraestrutura em
saude coletiva é precaria e a urbanizagao se apresenta como fator de risco para modificagdes
estruturais do microbioma e consequente desenvolvimento de doengas nao transmissiveis
(T. C. da Silva et al., 2022; I. P. Silva et al., 2021). Enfim, destacamos a importancia dos
nossos achados para a compreensédo dos fatores que influenciam a trajetéria evolutiva
humana, que depende invariavelmente de sua relagdo com comunidades microbiolégicas, e

para a vigilancia em saude das populag¢des indigenas e urbanas do Brasil.
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7. CONCLUSAO

Neste estudo, propusemos a caracterizagdo do microbioma gastrointestinal de
populagbes urbanas e tradicionais saudaveis da Amazoénia. Mostramos que a metagendmica
€ uma ferramenta eficaz para a acompanhar a resposta dos micro-organismos a transi¢ao
para a urbanizacdo e industrializacdo. Ademais, fornecemos uma perspectiva evolutiva das
constantes adaptagbes das comunidades microbiolégicas as formas de interagir com o
ambiente e seu hospedeiro.

Nossos achados servirdo de base para futuras pesquisas focadas na caracterizagao
de microbiomas em adoecimento ou em modulacéao terapéutica de comunidades microbianas
intestinais. Dessa forma, permitiremos que populagdes humanas da Amazénia sejam
representadas e incluidas nos avangos conquistados a partir do conhecimento em

microbiologia humana.
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Background
Present.-day Brazilians are the result of centuries of admix-
wure belween llwee main ethnic groups, namely Nallve
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Americans, Ewropeans and Africans (1), As the fivst colo-
nizers of the American continent, Amerindians arrived via
Bering slait and reached Brasilian Lerrilory during Lhe late
Pleistocene (2). Later, the Furopean component of the
Brazilian colonization had an importaol impact on the
composition of the current day papulations.

Besides Potluguese selllers, olther Luropean groups
also invaded ar populated the country, such as Spanish,
Dulch, French, English, ltalian, Germun, Middle-Easlern
and Japancsc popwations. Most of these settlements
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Abstract: Apoptosis is one of the main types of regulated cell death, a complex process that can
be triggered by external or internal stimuli, which achvate the extrinsic or the infrinsic pathway,
respectively. Amang various factors involved in apoptosis, several genes and their interactive
nelworks are crucial regulalors ol the oulcomes of cach apoplolic phase. Furlhermore, milochondria
are kev players in delermining the wav by which cells will react lo internal slress stimuli, lhus being
the main contributor of the intrinsic pathway, in addition to providing enecgy for the whole process.
Other factors that have been reported as important plavers of this intricate molecular network are
mikN As, which regulate the gemes involved in the apoptotic process. Imbalance in any of these
mechanizms can lead to the development of several ilinesses, hence, an overall understanding of
these processes is cssential for the comprehension of such situations, Although apoptosis has been
widely sludied, the current lilerature lacks an updaled and more general overview on Lhis subjecl.
Therelvre, here, we review and discuss ihe mechanisms of apoptosis, highlighting the roles of genes,
miRNAs, and mitochondria involved in this type of cell death.

Keywurds: regulated cell death; apoptosis; mitochondria; miRNAs; genetics

1. Intruduction

The mechanisms underlying cell death and survival have a great impact on maintaining cellular
balance, such that their deregulation may lead to the development of various diseases, such as multiple
types of cancer and nevrodegenerative disorders [1,2]. ‘The classifications about cell death madalities
depend mainly on morphaelogical and structural details of individual tissues and cells [3]. Among the
different types of cell death, apoplosis stands out as onc of the most widely studied in the past years.
Slill, only a [ew arlicles provide a general and descriplive overview of apoplosis.

Apoplosis is a normal mechanism thal can oceur af any slage of lhe individual’s developmenl or
upon cell damage, and is marked by the following characteristics: Protein cleavage (occurring mainly
by the activation of cysteine proteases known as caspases), nuclear TINA breakdown, and apoptotic cell
recognition by phagocytic cells [4]. 'These processes are responses ke internal (intrinsic ot mitochendrial)
or external {extrinsic pathsvay or death receptors, L) stivul to the cell, converging in the Ginal stage,
known as the apeplelic execulion phase (Figure 1).

There are many intricale aspecls Lo bolh apoplolic palhways and lhe numerous molecules involved
in their mechanisms. The stude of the apeptotic pathway has shown tobe a great approach in the search
for new anticancer therapy, since promnising compounds that trigger apuptosis are often non-toxic to
healthy cells [5].

Tt LA, Sod, 2009, 20, 4138 dai: DB msXin 74155 wiwv e pleomdonmalijms
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Abstract: Background: Parkinson’s disease (PD) is currently the second most common neurode-
generative disorder, burdening about 10 million elderly individuals worldwide. The multifactorial
nature of PD poses a difficult obstacle for understanding the mechanisms involved in its onset and
progression. Currently, diagnosis depends on the appearance of clinical signs, some of which are
shared among various neurologic disorders, hindering early diagnosis. There are no effective tools to
prevent PD onset, detect the disease in early stages or accurately report the risk of disease progression.
Hence, there is an increasing demand for biomarkers that may identify disease onset and progression,
as treatment-based medicine may not be the best approach for PD. Over the last few decades, the
search for molecular markers to predict susceptibility, aid in accurate diagnosis and evaluate the
progress of PD have intensified, but strategies aimed to improve individualized patient care have not
yet been established. Conclusions: Genomic variation, regulation by epigenomic mechanisms, as well
as the influence of the host gut microbiome seem to have a crucial role in the onset and progress of PD,
thus are considered potential biomarkers. As such, the human nuclear and mitochondrial genome,
epigenome, and the host gut microbiome might be the key elements to the rise of personalized
medicine for PD patients.

Keywords: Parkinson’s disease; neurodegeneration; genetics; non-coding RNAs; microbiome; mito-
chondria; epigenetics; biomarkers; precision medicine

1. Introduction

As life expectancy rises as a result of technological advances, humanity faces an
increased burden of aging diseases, such as cancer, diabetes, cardiovascular and neurode-
generative disorders. Degenerative diseases affecting the nervous system are recognized
as major causes of death and disabilities among the elderly population worldwide [1].
However, the molecular mechanisms engaged in the onset and progression of neurode-
generative diseases remain elusive. A complete understanding of the molecular biology of
neurodegeneration will benefit the search for biomarkers to be employed in strategies for

Int. J. Mol. Sci. 2021, 22, 9839. https:/ /doi.org/10.3390/ijms22189839
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The mangrove oysters (Crassostrea gasar) are molluscs native to the Amazonia region
and their exploration and farming has increased considerably in recent years. These
animals are farmed on beds built in the rivers of the Amazonia estuaries and, therefore,
the composition of their microbiome should be directly influenced by environmental
conditions. Our work aimed to evaluate the changes in bacterial composition of oyster's
microbiota at two different seasons (rainy and dry). For this purpose, we amplified and
sequenced the V3-V4 regions of the 16S rRNA gene. Sequencing was performed on
the lllumina MiSeq platform. According to the rarefaction curve, the sampling effort
was sufficient to describe the bacterial diversity in the samples. Alpha-diversity indexes
showed that the bacterial microbiota of oysters is richer during the rainy season. This
richness is possibly associated with the diversity at lower taxonomic levels, since the
relative abundance of bacterial phyla in the two seasons remained relatively constant. The
main phyla found include Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria.
Similar results were found for the species Crassostrea gigas, Crassostrea sikamea, and
Crassostrea corteziensis. Beta-diversity analysis showed that the bacterial composition
of oyster’s gut microbiota was quite different in the two seasons. Our data demonstrate
the close relationship between the environment and the microbiome of these molluscs,
reinforcing the need for conservation and sustainable management of estuaries in
the Amazonia.

Keywords: mangrove oyster, oyster, oyster mi iota, ia, Ci

INTRODUCTION

The phylum Mollusca is one of the largest and most important in the animal kingdom.
From the six classes that make up the phylum, we can highlight the Bivalvia class,
composed of about 7,500 species of soft-bodied animals protected by a shell, which
acts as a skeleton for the connection of muscles and protects against predators
(Gosling, 2003; Dame, 2011). Oysters are molluscs belonging to the Ostreidae family
found in various marine and estuarine environments around the globe (Dame, 2011).
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