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RESUMO

Relevancia: O intestino de mamiferos possui populagdes microbianas abundantes, com
grande diversidade taxondmica e que sofre influéncia de diversos processos no organismo.
Um dos fatores que influenciam este microbioma sdo variagdes no ciclo claro-escuro. Novas
publicagdes, utilizando metagendmica, sugerem que a luz possui uma importante funcdo na
constituicdo de comunidades microbianas, apresentando variagdes em sua abundancia, de
forma circadiana. Entretanto, este método molecular ndo distingue microorganismos viaveis
de ndo vidveis. Estudos que avaliem esta variagdo utilizando métodos que quantifiquem
microrganismos metabolicamente ativos (e.g, cultura microbiana) sdo escassos. Objetivo:
Compreender a oscilagdo circadiana do microbioma intestinal de ratos Wistar macho através
de andlise de cultura microbiana de diferentes tecidos do trato gastrointestinal (i.e., ceco e
reto) e fezes. Métodos: Durante um periodo de 24h, 3 animais foram eutanasiados, a cada 6
horas (n = 12), sendo o zeitgeber time zero (marcador de passagem de tempo; ZTO0)
correspondendo as 7 horas da manha. Imediatamente apds a eutanasia, foi feito a disseccdo
dos segmentos intestinais. Para possibilitar o plaqueamento nos meios de cultura (i.e., Brain
Heart Infusion Agar/BHI, Mitis Salivarius Agar/MS, Sabouraud Agar/SA e Brucella
Agar/BA), todas as amostras foram diluidas em tampao fosfato-salino (PBS). Os meios foram
armazenados em condigdes gasosas com diferentes tensdes de oxigénio/nitrogénio € em
temperaturas especificas (entre 26°C e 37°C, dependendo do meio de cultura) para possibilitar
o cultivo microbiano. Entdo, realizou-se a contagem de Unidades Formadoras de Colonia por
ml (UFC/ml). As anélises estatisticas foram feitas utilizando o teste de Kruskal-Wallis,
seguido pelo teste de multiplas comparagdes de Dunn. Resultados: No meio Brucella, a
contagem de UFC/ml nas fezes foi significativamente maior no ZTO0, seguido dos ZT6, ZT18
e ZT12 (p = 0,0156). Em relagdo aos meios de cultura, nas amostras do meio BHI, foram
contadas mais UFC/ml em fezes (FZ) do que em ceco (CE) e mais em ceco do que em reto
(RT)no ZT6 (p = 0,0321) e no ZT12 (p = 0,0036). Nos meios Sabouraud (p = 0,0214) e Mitis
Salivarius (p = 0,0107), foi observado o mesmo padrio (i.e., FZ>CE>RT) no ZTO.
Conclusdes: Nos demonstramos que, a cada 6 horas, ¢ possivel observar variacdo nas
contagens de UFC pelo método de cultura microbiana, abrangendo a oscilagdo diurna de
bactérias anaerobias metabolicamente ativas. Além desta variacdo nos horarios avaliados,
também foram apresentadas diferengas quantitativas de comunidades em diferentes tecidos.
Estudos futuros devem ser realizados objetivando a complementaridade de métodos
moleculares e culturas microbianas, visando um melhor entendimento mecanistico e
fisiologico do microbioma intestinal. Apoio Financeiro: FIPE/HCPA, CNPq, CAPES,
FAPERGS.

Palavras-chave: microbiologia; ritmos circadianos; ciclo claro-escuro; bactérias anaerobias;
fungos.



ABSTRACT

Relevance: The intestine of mammals has abundant microbial populations, with great
taxonomic diversity and which is influenced by several processes in the organism. One of the
factors that influence this microbiome is variations in the light-dark cycle. New studies, using
metagenomics, suggest that light plays an important role in the constitution of microbial
communities, with variations in its abundance, in a circadian way. However, this molecular
method does not distinguish viable from non-viable microorganisms. Studies that evaluate
this wvariation utilizing methods to quantify metabolically active microorganisms (e.g,
microbial culture) are scarce. Objective: To understand the circadian oscillation of the gut
microbiome of male Wistar rats through analysis of the microbial culture of different tissues
of the gastrointestinal tract (i.e., cecum and rectum) and feces. Methods: During a 24h
period, three animals were euthanized, every 6 hours (n = 12), with zeitgeber time zero (time
pass marker; ZT) corresponding to 7 am. Immediately after euthanasia, the intestinal
segments were dissected. To enable plating in the culture media (i.e., Brain Heart Infusion
Agar/BHI, Mitis Salivarius Agar/MS, Sabouraud Agar/SA, and Brucella Agar/BA), all
samples were diluted in phosphate buffered saline (PBS). The media were stored in gaseous
conditions with different tensions of oxygen/nitrogen and at specific temperatures (between
26°C e 37°C, depending on the culture medium) to enable microbial cultivation. Then, the
Colony Forming Units per ml (CFU/ml) count was performed. Statistical analyzes were
performed using the Kruskal-Wallis test, followed by Dunn's multiple comparison test. In the
Brucella medium, the CFU/ml count in feces was significantly higher in ZTO0, followed by
ZT6, ZT18 and ZT12 (p = 0.0156). Results: Regarding the culture media, in the BHI
samples, more CFU/ml was counted more in feces (FZ) than in cecum (CE) and more in
cecum than in rectum (RT) in ZT6 (p = 0.0321) and in the ZT12 (p = 0.0036). In Sabouraud
(p = 0.0214) and Mitis Salivarius (p = 0.0107), the same pattern (i.e., FZ> CE> RT) was
observed in ZT0. Conclusion: We demonstrated that every 6 hours, it is possible to observe
variation in CFU counts by the microbial culture method, covering the daytime oscillation of
metabolically active anaerobic bacteria. In addition to this variation in the evaluated times,
quantitative differences in communities in different tissues were also presented. Future
studies should be carried out focusing on the complementarity of molecular methods and
microbial cultures, aiming at a better mechanistic and physiological understanding of the
intestinal microbiome. Financial support: FIPE/HCPA, CNPq, CAPES.

Keywords: microbiology; circadian rhythm; light-dark cycle; anaerobic bacteria; fungi
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1. Introducio

O sistema circadiano fornece ritmicidade a varios processos fisiologicos dos seres
vivos (e.g., secre¢do hormonal, temperatura) e € sincronizado por pistas temporais fornecidas
pelo ambiente (i.e., pistas externas de temporalidade). Ritmos diarios de, aproximadamente,
24 horas sdao chamados de ritmos circadianos, termo cunhado por Franz Halberg em 1969
como circadian (do latim, circa - “cerca de” + diés - “um dia”’; (HALBERG; PETERSON;
SILBER, 1959; HALBERG, 1969; CORNELISSEN et al., 2013). A sincronizagao do sistema
circadiano (i.e., ritmos enddgenos) com as pistas ambientais € fundamental para a
manutengdo da saude de forma geral (ASCHOFF, 1960, 1965; WELSH; TAKAHASHI;
KAY, 2010). Esta sincronizacdo ocorre, em sua maioria, pela luz, o principal zeitgeber
(“doador de tempo”, em alemdo; pista temporal que reflete na passagem de tempo;
ASCHOFF, 1960, 1965). O desalinhamento dos ritmos enddgenos com as pistas temporais
exdgenas ¢ frequentemente associado com transtornos psiquidtricos, metabolicos e
gastrointestinais (ERREN; REITER, 2009; RUGER; SCHEER, 2009; JAGANNATH;
PEIRSON; FOSTER, 2013). Além disso, estudos recentes observaram que a
dessincronizagdo de ritmos também parece afetar populagdes microbianas no intestino,
demonstrando uma possivel associagdo entre a microbiota intestinal e ritmos circadianos

(THAISS et al., 2014, 2016; VOIGT et al., 2014; VOIGT, R. M. et al., 2016).

O ser humano hospeda variadas populagdes microbianas em diversos sitios de seu
corpo. Uma comunidade de microrganismos, independentemente do local em que reside, ¢
chamada de microbiota (CRESCI; BAWDEN, 2015). Dentre as microbiotas, uma das
principais € a intestinal, onde estima-se que 10'* microrganismos a integram, fazendo deste o
maior local do corpo com diferentes espécies de procariotos (DONALDSON; LEE;
MAZMANIAN, 2016; KODUKULA et al., 2017; LI et al., 2017). Concomitante a isto, a
distinta biogeografia do trato gastrointestinal (TGI) permite diferentes caracteristicas ao
longo desse trato, desempenhando um papel critico na manutengdo da homeostase fisiologica
do hospedeiro (DETHLEFSEN; MCFALL-NGAI; RELMAN, 2007; CHUNG; KASPER,
2010). As diferentes regides anatomicas do trato digestivo tém diferentes condigdes
fisico-quimicas especificas de nicho, como taxa de fluxo intestinal, potencial redox,
concentracdo de oxigénio, disponibilidade de nutrientes, resposta imune do hospedeiro e
estratificacdo espacial desta estrutura (METCALF et al, 1987; HE et al., 1999;
KOROPATKIN; CAMERON; MARTENS, 2012).
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A microbiota intestinal ¢ influenciada por diversos fatores. Estudos experimentais
recentes com roedores demonstram que, quando submetidos a uma dieta hipercalorica ou
quando administrado antibidticos periodicamente, as populacdes microbianas intestinais
sofreram alteragdes significativas (LEONE et al., 2015; THAISS et al., 2016). Outros estudos
apontam um possivel papel da microbiota intestinal associada a obesidade (YIN et al., 2018)
e comportamentos tipo-depressivo-ansioso (FOSTER; MCVEY NEUFELD, 2013; YANG et
al., 2017). Adicionalmente, modelos experimentais reforcam que a composi¢do da microbiota
intestinal apresenta variagdo circadiana do ciclo claro-escuro, mudando sua conformacao ao
longo do dia (VOIGT et al., 2014; PAULOSE et al., 2016; WU et al., 2018). Logo,
observa-se que um dos fatores essenciais nesse processo de oscilagdo da microbiota ¢ a
variacdo de ciclos claro-escuro (VOIGT, R. M. et al, 2016; KHALYFA et al., 2017,
DEAVER; EUM; TOBOREK, 2018). Além disso, estudos recentes indicam um importante
papel da melatonina produzida centralmente (i.e., glandula pineal) com variagdes na
composi¢do destes microambientes (PAULOSE et al, 2016; PARKAR; KALSBEEK;
CHEESEMAN, 2019).

Diferentes sdo as abordagens para a caracterizacdo da microbiota intestinal.
Tradicionalmente, o método de cultivo microbiano tem sido utilizado e recentemente o estudo
de acidos nucleicos tém confirmado e aprofundado os resultados ja conhecidos. O método de
cultura microbiana parece ser relativamente mais barato, quando comparado aos demais
métodos moleculares de identificacdo (i.e., gendmica, transcriptomica), pois permite o
crescimento de diversos microrganismos ¢ pode ser feita de forma seletiva ou nao,
possibilitando a caracterizagdo de microrganismos metabolicamente ativos e cultivaveis, além
da possibilidade de estudo dos fatores de viruléncia microbianos (LAGIER et al., 2015;
AUSTIN, 2017, OVERMANN; ABT; SIKORSKI, 2017). Sao escassos os estudos que
utilizam o método de cultura microbiana para caracterizar populagcdes microbianas intestinais.
Além disso, a quantidade de estudos diminui ainda mais ao relacionar este método com as
variagdes nos microbiomas. Constata-se que, na maioria dos estudos encontrados atualmente,
o método utilizado para caracterizagdo dessas comunidades ¢ a metagenomica. Esta técnica
identifica geneticamente populacdes de microrganismos, mas ndo discrimina as viaveis (i.e.,

funcionais) de nao viaveis (i.e., ndo funcionais).

Portanto, o uso de diferentes metodologias para quantificar os microrganismos da

microbiota intestinal e a avaliagdo deste microambiente em diferentes momentos no tempo ¢
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crucial para entender como diferentes populacdes microbianas podem estar associadas a um

determinado desfecho.

13



2. Revisao da literatura
2.1. Microbiota e simbiose

Microbiota ¢ o nome dado a uma comunidade de microrganismos existentes (e.g.,
bactérias, fungos, arqueas e/ou virus), independentemente do local em que reside (SAVAGE,
1977; MARCHESI; RAVEL, 2015; PRESCOTT, 2017). Em humanos, o termo ¢ usado para
descrever, geralmente, organismos que habitam determinada parte do corpo, ou seja,
microbiota intestinal, bucal ou vaginal, por exemplo (TURNBAUGH et al., 2007,
KODUKULA et al., 2017). Os microrganismos que compdem uma microbiota podem ser
classificados de acordo com seu comportamento para com o hospedeiro. Portanto, microbios
“comensais” sdo os que residlem no hospedeiro sem causar nenhuma doenga e que o
beneficiam (e.g., Lactobacillus). Os “colonizadores”, que podem ou ndo serem simbiontes e
que comumente residem no corpo, ocasionalmente podem causar doencas (e.g.,
Staphylococcus). “Patobiontes” sdo simbiontes residentes em tecidos capazes de promover
doengas apenas quando houver alteracdes em condi¢des genéticas, ambientais e nutricionais
especificas, favorecendo a quebra da barreira tecidual. Por fim, os ‘“microrganismos
transitorios/exogenos” tém, geralmente, origem ambiental e sdo capazes de causar doengas
apos a colonizagdo do tecido hospedeiro (FUCHS et al., 2012; CASADEVALL; PIROFSKI,
2014; JOCHUM; STECHER, 2020).

Pathogen

Cause disease

Non-pathogen

+
Does not cause disease

Commensal

Tissue-resident
& beneficial to host

Symbiont

® Tissue-resident, beneficial to
host, gets benefited from host

Colonizer

Tissue-resident & may or -
may not disease causing

beneficial, cause disease under
special occasions

B _Dle=_ple=_"»
BE=_ 0 Be_ 0 =_0

Figura 1. Tipos de microrganismos e sua relagdo com o hospedeiro. A maioria destas associagdes sdo
especificas para cada condigdo e podem mudar com base em fatores como associacdo entre microbios,
disponibilidade nutricional, adequacdo da colonizagcdo e resposta imune. Portanto, sob condigdes alteradas,
microrganismos comensais intestinais benéficos podem causar infec¢des oportunistas. Adaptado de Dey e Ray

Chaudhuri, 2022
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Disbiose ¢ um termo usado para descrever um desequilibrio na composi¢do e na
funcdo da microbiota intestinal. Quando ocorre este desequilibrio, hd uma alteracdo na
propor¢ao de diferentes microrganismos no intestino, podendo levar a um aumento de
patobiontes potencialmente prejudiciais ou uma diminui¢do de comensais, levando a um
desequilibrio na microbiota intestinal (MARCHESI et al., 2016; SENDER; FUCHS; MILO,
2016). De forma geral, microrganismos comensais podem prevenir infeccdes patogénicas.
Uma microbiota estavel e em perfeito equilibrio tende a impedir a colonizagdo por exdgenos.
Em condi¢do compativel com satde, microrganismos patobiontes estio em menor abundancia
e sao menos competitivos. Entretanto, sob determinadas condicdes, as interacdes entre os
microrganismos e entre eles, mas também entre o hospedeiro, se alteram, tornando os
patobiontes tornam-se mais competitivos (LI et al., 2012; COSTA et al., 2018). A literatura
vem nos mostrando que diversos patdogenos podem causar infecgdes ou comensais podem
tornar-se patobiontes oportunistas. Para tanto, se requer um conjunto especifico de condig¢des
favoraveis que ditam a aptidao e sobrevivéncia dentro de um microambiente particular. Essas
condi¢des podem ser classificadas em trés grandes categorias: adequacdo da colonizagao,
mutacdo patoadaptativa e evasdo da resposta imune do hospedeiro. Bactérias comensais
podem ndo causar infeccdo em condigdes normais, mas a alteracdo em estados fisioldgicos
pode criar um microambiente tecidual que favorece o aumento da colonizagdo dos patobiontes
e infec¢des subsequentes (RIBET; COSSART, 2015; TROPINI, 2021). Na mesma dire¢ao,
microrganismos transitorios € patdgenos obrigatorios podem colonizar apenas quando a
colonizagdo ultrapassa a resposta imune do hospedeiro (PACZOSA; MECSAS, 2016; DE
JONG; ALTO, 2018). Microbios comensais que se considera permanecerem em associagao
simbidtica com o hospedeiro e cepas probidticas consideradas benéficas, sob certas condigoes,
seu crescimento exacerbado esta associado a varias doengas agudas e cronicas (LI et al.,
2012; COSTA et al., 2018). Além disso, ndo diretamente, mas os comensais podem ajudar os

patdgenos a melhorar sua eficiéncia de colonizagao e viruléncia (FAST et al., 2018).

A classificacao destes seres ¢ feita através de nomenclaturas taxonomicas baseadas em
caracteristicas bioldgicas. Quando descoberto, o microrganismo ¢ incorporado em
determinado Dominio, Filo, Classe, Ordem, Familia, Género e Espécie, respectivamente
(WOESE; KANDLER; WHEELLIS, 1990). Como esperado, a abundancia de microrganismos
hospedados também ¢ vista, abrangendo diferentes Filos (i.e., Bacteroidetes, Proteobacteria,
Firmicutes e Actinobacteria) e, consequentemente, espécies (THURSBY; JUGE, 2017). A

grande maioria do microbioma humano reside na microbiota do TGI. O genoma desses
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microrganismos codifica mais de 3 milhdes de genes Unicos, duas ordens de grandeza maiores
que o nimero de genes no genoma humano. Mais de 1000 espécies foram detectadas no
intestino, com representantes de pelo menos nove Filos bacterianos e cerca de 150 espécies
dominantes no intestino de cada individuo (NEISH, 2009; HUMAN MICROBIOME
PROJECT CONSORTIUM, 2012; MARTINEZ; MULLER; WALTER, 2013). O microbioma
intestinal desempenha um papel critico na determinagdo da satide humana, influenciando o
desenvolvimento e a fungdo do sistema imunologico (MASLOWSKI et al., 2009; CHUNG;
KASPER, 2010; MASLOWSKI; MACKAY, 2011), processando nutrientes e afetando a
absor¢ao de energia pelo hospedeiro (HOOPER; MACPHERSON, 2010). Doencas
inflamatorias intestinais (XAVIER; PODOLSKY, 2007) e enterocolite necrotizante (FELL,
2005; SCHNABL et al., 2008) foram associadas a anormalidades na composi¢do do
microbioma intestinal e ativagdo inadequada das respostas do sistema imunoldgico
direcionadas contra a microbiota intestinal (KOGUT; LEE; SANTIN, 2020; YOO et al.,
2020; ZHENG; LIWINSKI; ELINAY, 2020).

Human microbiome
Archaea, bacteria, fungi and viruses

Digestive Urogenital

Figura 2. O microbioma humano. Diferentes microbiotas como o bucal, intestinal, genital e da pele compdem o

microbioma humano. Adaptado de National Institutes of Health (NIH), 2022
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Vérios fatores podem causar mudancas na comunidade microbiana intestinal,
incluindo a disponibilidade de nutrientes, consumo de drogas e a presenca de patdgenos
oportunistas  (MATSUMOTO et al, 2021; NOVA; GOMEZ-MARTINEZ;
GONZALEZ-SOLTERO, 2022; ZHANG, 2022). A biodiversidade, que se manifesta
particularmente em nivel de espécie e linhagem no microbioma intestinal, também parece
atuar como um fator na manutengdo e melhoraria o funcionamento deste microecossistema
diante de mudancas ambientais (BACKHED et al., 2004; KRISS et al., 2018). Apenas certas
cepas de Bifidobacterium longum mostraram fornecer protecdo contra patdégenos como
Escherichia coli devido a presenca de genes que codificam transportadores de carboidratos
(FUKUDA ef al., 2011). A viruléncia do Staphylococcus epidermidis varia entre diferentes
cepas (GILL et al., 2005), assim como a capacidade do Staphylococcus aureus de inibir a

formacao do biofilme (IWASE et al., 2010).

Aliado a isto, um dos fatores de grande influéncia na biodiversidade de
microrganismos da microbiota intestinal ¢ a biogeografia do TGI. A ecologia e organizacgao
espacial do TGI possibilita a organizacdo de microrganismos nesse ambiente e que esta
sujeito a mudangas nesses padrdes com o tempo (LAVELLE et al., 2016). A biogeografia
busca estabelecer a estrutura da comunidade da microbiota em diferentes habitats corporais e
nichos dentro desses habitats. Esta estrutura sofre mudancas por diversos fatores do
hospedeiro, incluindo questdes relacionadas a processos evolucionistas, diferengas
populacionais etnogeograficas e distirbios na estrutura geral do TGI (LEE et al., 2013;
THAISS et al., 2016; LI et al., 2017). Além disso, diversos mecanismos potenciais foram
propostos para explicar supostos gradientes transversais, incluindo gradientes na tensao radial
de oxigénio, alteragdes no pH na interface luminal ou adaptagcdo de produtores de butirato
para metabolizar glicanos liberados de organismos degradadores de mucina sintréfica,
enquanto mecanismos propostos para variacdo longitudinal incluem mudangas no pH,
disponibilidade de substrato e expressao do hospedeiro de receptores de membrana (WANG et
al., 2010; VAN DEN ABBEELE et al., 2013; ALBENBERG et al., 2014). Ainda, recentes
publicagcdes propdem que a luz, seja ela natural ou artificial, parece exercer um papel
fundamental nestes mecanismos, podendo agir como um agente modulador no microbioma

intestinal (SUMMA et al., 2013; THAISS et al., 2015; WU et al., 2018)
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2.2. Ritmos biologicos e organizagdo temporal

O ciclo claro-escuro, assim como diversos processos fisioldgicos dos seres vivos (e.g.,
secrecdo de hormonios especificos, temperatura, pressdo arterial) se comportam de forma
ciclica (ASCHOFF, 1960, 1965). Os ritmos bioldgicos que apresentam duragdo de cerca de 24
horas sao denominados ‘“circadianos” (do latim, circa - “cerca de” + diés - “um dia”;
(HALBERG; PETERSON; SILBER, 1959; HALBERG, 1969)). Sua organizacdo temporal
interna, sincronizada com o meio ambiente, ¢ crucial para a manutencdo da saude e ¢
fornecida pelo Nucleo Supraquiasmatico (NSQ), localizado no hipotalamo (MENAKER,
1972; CASSONE; LANE; MENAKER, 1983; RALPH et al., 1990). Trata-se de um par de
nucleos que recebem axdnios provenientes de células ganglionares da retina que também
funcionam como fotorreceptores, capazes de detectar mudangas de luminosidade do ambiente
através de um pigmento fotossensivel chamado melanopsina (CZEISLER et al., 1981;
BRAINARD et al., 1982; FIGUEIRO et al., 2005; BUIJS et al., 2017). Apos receber o sinal
luminoso, o NSQ emite sinais para os demais oOrgdos e tecidos do corpo, agindo
metaforicamente como o maestro de uma orquestra, na qual os instrumentos precisam estar
sincronizados. Ou seja, ele ¢ um relogio central que sincroniza os reldgios periféricos as
variagdes ciclicas do ambiente (STEPHAN; ZUCKER, 1972; DIBNER; SCHIBLER;
ALBRECHT, 2010). Para os animais, esta sincronizacdo ocorre, principalmente, pela luz, o
principal sinalizador externo ou zeitgeber, termo em alemao que significa “doador de tempo”

(ASCHOFF, 1960, 1965; SILVER et al., 1996).

Um importante sinalizador gerado pelo NSQ, quando este recebe informacao fotica, é
a ativacao ou supressdo da sintese de melatonina, essencial para o funcionamento do reldgio
(REITER; FRASCHINI, 1969; REITER; SORRENTINO; JARROW, 1971). A sintese e
secrecdo de melatonina produzida centralmente pela glandula pineal ¢ estimulada pela
auséncia de luz que, via agdo noradrenérgica, ativa a enzima arilalkilamina n-acetiltransferase
(AANAT), convertendo serotonina em n-acetil-serotonina (NAS), a qual é convertida em
melatonina pela enzima hydroxyindol-O-metiltransferase (HIOMT; KLEIN ef al., 1992; DO
AMARAL; CIPOLLA-NETO; AFECHE, 2022). A melatonina ¢ diretamente liberada na
corrente sanguinea e no liquido cefalorraquidiano, enviando a informagdo temporal do
periodo noturno para todo o organismo e servindo como comando bioldgico para regular o
horario do ciclo sono-vigilia (CIPOLLA-NETO; AMARAL, 2018; DO AMARAL;
CIPOLLA-NETO; AFECHE, 2022). Visto que os niveis plasmaticos deste hormdnio sdo

baixos durante o dia, por conta da inibi¢do de sua sintese (SUGDEN, 1989), e altos durante a
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noite, a melatonina possui um papel fisiologico essencial na temporizacao circadiana do ciclo
sono-vigilia e de fungdes fisiologicas didrias. Este sistema neural complexo ¢ produto da
selecdo natural que tornou o perfil noturno de secre¢do de melatonina como um representante
interno da noite externa (AMARAL; CIPOLLA-NETO, 2018). Além do importante papel
temporizador circadiano, ¢ bem estabelecido o papel da melatonina como temporizador
sazonal. A duragdo da secrecdao noturna de melatonina segue a durag¢do da noite e, assim, varia
ao longo do ano, fornecendo uma pista para a organizagdo de fungdes ritmicas sazonais, como
por exemplo a reproducdo e o crescimento do pelo em alguns animais (LINCOLN;

LOUDON, 2015).
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Figura 3. Maquinario molecular dos ritmos bioldgicos. (a) O reldogio molecular compreende um loop de
feedback transcricional-translacional dos fatores de transcricdto CLOCK e BMALI que, por sua vez, levam a
expressao de Per e Cry, além de uma série de genes que regulam a fisiologia e o metabolismo. Apds, PER e CRY
inibem CLOCK e BMAL, autorregulando sua prépria expressdo. O periodo desse loop ¢ de cerca de 24 horas
(circadiano). (b) Em humanos, o reldgio mestre esta alojado no NSQ, onde este relégio se comunica e conduz os
relogios periféricos do corpo, resultando em saidas fisioldgicas ritmicas coordenadas. (¢) Exemplos de tais saidas
incluem (de cima para baixo) a regulacdo da secrecdo de melatonina pela pineal, niveis de hormdnios do estresse
(cortisol), regulagdo da temperatura corporal central (CBT) ¢ niveis de alerta. Adaptado de Jagannath, Peirson ¢

Foster, 2013.
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Em condigdes naturais, os ritmos endogenos sdo sincronizados com as variagdes de
fatores externos (e.g., ciclo claro-escuro, horario de alimentagdo). Esta sincronizagdo ¢
essencial para manter a saide ¢ um bom funcionamento das fungdes fisioldgicas do corpo
(DUFFY; CZEISLER, 2009). No entanto, interferéncias externas ligadas a invencao da luz
elétrica mudaram drasticamente a interagao dos seres humanos com a luz. As rotinas sociais,
agora moldadas por horarios estritos e, geralmente, alocados em turnos matutinos, acabaram
entrando em descompasso com o reldgio endogeno, afetando a sincronizagdo ritmica interna e
podendo causar prejuizos a saude (ALBRECHT; RIPPERGER, 2018). Diversos estudos
mostram que a cronodisrupgao, (i.e., desalinhamento entre ritmos internos e pistas externas)
esta associada com diferentes desfechos em satide (ERREN; REITER, 2009; DE SOUZA,
HIDALGO, 2015; BEAUVALET et al., 2019). Estudos experimentais e epidemioldgicos
demonstram que a exposicdo irregular a iluminagdo e padrdes alterados nos ritmos de
atividade-repouso associam-se a piores desfechos metabolicos, sintomas depressivos e
doencas intestinais (RUGER; SCHEER, 2009; SMAGULA et al., 2015; QIAN; SCHEER,
2016; ALTAHA et al., 2022; LI et al., 2022). Ainda, a relagdo entre diferentes populagdes
microbianas no trato gastrointestinal e a organizacdo temporal do hospedeiro tem sido
explorada em diversos estudos, mostrando que a perda de ritmicidade parece influenciar
substancialmente nesse microambiente (THAISS et al., 2014, 2016; DEAVER; EUM;
TOBOREK, 2018; WU et al., 2018). Portanto, destaca-se a importancia de entender como a
exposi¢do a luz e a microbiota intestinal impactam na fisiologia e no metabolismo dos seres

Vivos.
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2.3. Cronodisrupg¢do, microbiota intestinal e eixo cérebro-intestino

Sob condigdes normais de iluminagao, ou seja, periodos consistentes de claro e escuro,
os ritmos de atividade-repouso, bem como expressdo de genes do reldgio e liberagdo de
hormonios se mantém sincronizados com o ciclo externo. No entanto, ao ocorrer a
dessincronizagdo entre ritmos endogenos e exdgenos, o surgimento de diversas patologias
parece estar associada ao processo que chamamos de cronodisrup¢ao (ERREN; REITER,
2009; DE SOUZA; HIDALGO, 2015; BEAUVALET et al., 2019). Em modelos animais, a
exposicao a luz constante induz um comportamento free running (livre-curso) dos ritmos de
atividade-repouso, que se caracteriza por um ritmo nao sincronizado a pistas ambientais e que
oscila em um ciclo diferente de 24 horas. Consequentemente, os ritmos de alimentagdo sao
alterados, a amplitude da expressdo de genes do relogio ¢ reduzida e esta dessincronizacdo
também estd associada a distirbios metabdlicos, como maiores niveis de tecido adiposo,
alteracdes no gasto energético, resisténcia a insulina e metabolismo de glicose alterado
(SUDO et al., 2003; SHI et al., 2013; CASIRAGHI et al., 2016; CONSTANTINO et al.,
2022). Nesta mesma dire¢dao, em protocolos de dessincronizagdo forgada, onde animais sao
submetidos a periodos diferentes de 24 horas, também sdo observados ganho de peso, maior
gordura corporal ¢ maiores niveis de triglicerideos (CASIRAGHI et al., 2016). Em humanos,
diversos estudos demonstraram taxas mais altas de cancer (mama e préstata), doencas
cardiovasculares, obesidade, doencas psiquiatricas e neurodegenerativas trabalhadores de
turno (inversao de ciclo claro-escuro; (BECHTOLD; GIBBS; LOUDON, 2010; GOLOMBEK
et al., 2013; ZELINSKI; DEIBEL; MCDONALD, 2014; DE SOUZA; HIDALGO, 2015;
BEAUVALET et al., 2019). Recentemente, essa ruptura de ritmos tem sido associada a uma
série de patologias intestinais, abrangendo, principalmente, questdes relacionadas a

microbiota intestinal.

Desde o inicio dos anos 1970, sabe-se que a funcdo do trato gastrointestinal tem
ritmos circadianos (FURUYA; YUGARI, 1974), mas dados recentes demonstram que o
microbioma também exibe variagdes diurnas (THAISS et al., 2014; ZARRINPAR et al.,
2014). Estudos in vitro demonstram que as bactérias exibem flutuacdes diurnas (e.g.,
Enterobacter aerogenes; PAULOSE et al., 2016) e que o niimero de bactérias na camada
mucosa epitelial varia durante os periodos claros e escuros (e.g., Mucispirillum schaedleri,
THAISS et al, 2016). Evidéncias sugerem que os ritmos microbianos estdo fortemente

inter-relacionados com o ritmo circadiano do hospedeiro. Os mecanismos especificos ainda
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ndo sao bem compreendidos, mas provavelmente sdo uma combinagdo de mecanismos

dependentes e independentes do reldgio circadiano.

Circadian disruption
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Figura 4. A relagdo bidirecional entre a microbiota intestinal ¢ seu hospedeiro. Os ritmos circadianos do
hospedeiro influenciam a estrutura e fungdo da microbiota intestinal, e os ritmos microbianos influenciam os
ritmos circadianos no sistema digestivo; ambos os sistemas intactos sdo a chave para manter a homeostase
metabolica do hospedeiro. Os fatores do estilo de vida moderno que levam a interrupgdo do ritmo circadiano
(por exemplo, exposi¢do a luz artificial a noite, ciclos irregulares de sono-vigilia, comer tarde da noite)
interrompem essa homeostase afetando a microbiota e o relogio circadiano do hospedeiro, mudando o
metabolismo para aumentar a extracdo de calorias e diminui¢do do gasto energético, proporcionando um
ambiente que promove a sindrome metabolica (MetS), inflamagdo cronica ¢ uma série de malignidades.

Adaptado de Bishehsari, Voigt e Keshavarzian, 2020.

Em modelos com roedores, cronodisrupgdes ambientais (mudangas semanais no ciclo
claro-escuro) e perturbacdes genéticas em genes do relogio (nocaute do gene CLOCK,
presente na regulacdo de ritmos circadianos) foram associadas com disbiose da microbiota
intestinal, principalmente quando combinado com um estresse alimentar, como uma dieta rica
em gordura ou consumo de alcool (VOIGT et al., 2014; VOIGT, R. M. et al., 2016). A
disrupcdo da ritmicidade circadiana no hospedeiro também parece influenciar as populagdes

bacterianas do intestino (VOIGT et al., 2014; VOIGT, R. M. et al., 2016; VOIGT, Robin M.
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et al., 2016). Thaiss e colaboradores demonstraram que até 20% das bactérias intestinais
exibem flutuagdes diurnas em abundancia relativa e atividade (THAISS et al., 2014). Essas
flutuagdes também foram observadas na abundancia bacteriana em outros estudos
(ZARRINPAR et al., 2014; LIANG; BUSHMAN; FITZGERALD, 2015). Curiosamente, um
estudo mostrou que os ritmos bacterianos em camundongos fémeas sdo mais robustos do que
os observados em camundongos machos (LIANG; BUSHMAN; FITZGERALD, 2015).
Camundongos nocauteados para os genes PER1 e PER2 (genes do relogio) apresentaram
perda de ritmicidade circadiana no TGI e, também, desenvolveram disbiose (THAISS et al.,
2014), resultado que se assemelha aos encontrados em ratos nocauteados para BMALI, outro
gene do relogio (LIANG; BUSHMAN; FITZGERALD, 2015). Logo, esses estudos parecem
apoiar a ideia do papel desempenhado pelo genoma do hospedeiro na regulagdo do padrao
circadiano da microbiota intestinal e que pode, em parte, ser impulsionado por diferencas
induzidas pelo ritmo circadiano nos padrdes luminosos, expressao de genes do reldgios e
alimentares.

Em estudos relacionados a saude mental e a microbiota intestinal, ndo ha consenso
sobre uma composicdo da microbiota intestinal ideal para um melhor bem-estar
(VALLES-COLOMER et al., 2019), bem como também ndo ha um consenso em relagao a
genes especificos que mantém uma populagdo microbiana estavel dentro do hospedeiro
(DINAN; CRYAN, 2017; CHEUNG et al., 2019). Estudos recentes também revelaram que o
estresse pode resultar em disbiose intestinal e desequilibrios na microbiota gastrointestinal,
enquanto a disbiose, por sua vez, impacta fortemente na vulnerabilidade para o
desenvolvimento de sintomas depressivos (RIOS et al., 2017; DANTZER et al., 2018;
CATHOMAS et al., 2019). Considerando a conexado entre a microbiota intestinal e humor, um
topico de pesquisa que vem ganhando destaque nos ultimos anos € o eixo cérebro-intestino,
que considera a importancia da interconectividade e comunicagdo entre Sistema Nervoso
Central (SNC) e o Sistema Nervoso Entérico (SNE), ligando centros emocionais e cognitivos
do cérebro com fungdes periféricas intestinais (BERCIK, 2011; CAMILLERI et al., 2012;
CARABOTTI et al., 2015).

Dentro desse eixo, a microbiota intestinal parece afetar a fungdo cerebral por meio de
trés vias, produzindo um fluxo bidirecional de informa¢des (BACKHED et al., 2004;
MACPHERSON; HARRIS, 2004; DIAZ HEUTZ et al., 2011; CRYAN; DINAN, 2012;
BREIT et al., 2018). A primeira delas ¢ a via imunorreguladora, na qual a microbiota interage
com as células imunes de forma a afetar os niveis de citocinas, fator de reagdo citocinética e

prostaglandina (FENG; CHEN; WANG, 2018). A segunda ¢ a via neuroendocrina. Existem
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mais de 20 tipos de células enteroenddcrinas no intestino, que constitui o maior 6rgao
endocrino do corpo humano (RAYBOULD, 2010). Portanto, o microbioma intestinal poderia
afetar o eixo hipotalamo-hipofise-adrenal (HPA) e o SNC, regulando a secrecdo de
neurotransmissores como cortisol, triptofano e serotonina (5-HT). A terceira ¢ a via do nervo
vago, na qual o sistema nervoso entérico desempenha um papel importante (POWLEY et al.,
2008). Evidéncias anatomicas indicam que os neurdnios sensoriais do plexo mioentérico
intestinal estdo expostos a microbiota intestinal. Logo, esses neurdnios formam contatos
sindpticos com neurdnios motores no intestino que estdo envolvidos na regulagdo da
motilidade intestinal e na secre¢do de hormonios intestinais. O sistema nervoso intestinal
também forma conexdes sindpticas com o nervo vago, que conecta o intestino ao cérebro
(POWLEY et al., 2008) e constitui uma via de transmissdo de informacdes que pode ser
descrita como a via microbiota intestinal-SNE-vago-cérebro. Além disso, metabdlitos
neurotoxicos, como acido D-latico e amoénia produzidos pela microbiota intestinal, podem
passar pelo nervo vago para o SNC, afetando assim a fungao cerebral, as respostas ao estresse
e a estrutura do sono (BONAZ et al., 2013; WANG; KASPER, 2014). Da mesma forma, o
SNC também pode regular a composicao da microbiota intestinal por meio dessas trés vias.
Por exemplo, o eixo HPA regula o peristaltismo intestinal e controla as fungdes das células
epiteliais, afetando assim o ambiente da microbiota intestinal, incluindo a permeabilidade
intestinal e alterando ainda mais a composicdo da microbiota intestinal (BERCIK, 2011;

CAMILLERI et al., 2012; BAUER; HUUS; FINLAY, 2016; ROGERS et al., 2016).
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3. JUSTIFICATIVA

A comunidade cientifica busca entender as relacdes de diferentes comunidades
microbianas com as mais variadas questdes fisiologicas do organismo, abrangendo,
geralmente, desfechos relacionados a disturbios psiquiatricos e metabolicos. Contudo, ao
olharmos para a literatura, os poucos estudos que avaliam estas relagdes observam a
microbiota de interesse em um unico momento, deixando de lado a ritmicidade das
populagcdes microbianas. Portanto, a relagdo bidirecional entre ritmos bioldgicos e diferentes
microbiotas, embora tenha avangado substancialmente, ainda estd longe de ter sido
totalmente explorada. Além disso, a microbiota intestinal tem sido associada com diversos
desfechos em saude, principalmente transtornos metabodlicos (i.e., obesidade, resisténcia a
insulina, hipertensdo e hiperlipidemia) e mentais (i.e., depressdo, ansiedade). Nesta mesma
direcdo, transtornos metabdlicos e mentais sdo constantemente associados em diversos
estudos, sendo, geralmente, considerados fatores de risco para o desenvolvimento de outras
doencas. Por isso, ¢ fundamental que melhoremos nossa compreensao dos mecanismos por
tras das mudancas de populagdes microbianas no intestino. Deste modo, visando entender a
oscilagdo circadiana nas comunidades microbianas do TGI, um modelo experimental ¢ ideal
para estudar essa interacdo. O ambiente controlado e a alimentagdo ad libitum sdo essenciais
para diminuir possiveis interferéncias que um modelo clinico esta sujeito. Logo, conforme
explicitado anteriormente, os métodos moleculares baseados em DNA existentes possuem
limitacdes, fazendo necessario a aplicagdo de outro método complementar em estudos desta

area.
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4. HIPOTESES

A comunidade cientifica abrange grande parte de seus estudos no que diz respeito a
relagdo entre a microbiota intestinal e desfechos relacionados a saude. Além disso, a
ritmicidade destas comunidades microbianas também ja foi vista em alguns estudos, mesmo

que escassos. Portanto, levantamos as seguintes hipoteses (H1):

1) Existe uma ritmicidade diurna das comunidades bacterianas da microbiota intestinal e
serd possivel observa-la pelo método de cultura microbiana

2) Existe uma ritmicidade diurna das comunidades bacterianas com demandas de
oxigénio distintas (i.e., aerobios e anaerobios) da microbiota intestinal e serd possivel
observa-la pelo método de cultura microbiana

3) Existe uma ritmicidade diurna das comunidades fingicas da microbiota intestinal e
serd possivel observa-la pelo método de cultura microbiana

4) Existem diferencas biogeograficas entre as diferentes partes do trato gastrointestinal
em relacdo a quantidade de microrganismos

5) Existem diferengas biogeograficas entre as diferentes partes do trato gastrointestinal
em relagdo ao tipo de microrganismos de acordo com a sua demanda de oxigénio (i.e.,

aerobios e anaerobios)
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5. OBJETIVOS
5.1 Geral

Compreender a oscilagdo circadiana do microbioma intestinal de ratos Wistar machos
adultos por meio de analise de cultura microbiana de diferentes tecidos do trato

gastrointestinal (i.e., ceco e reto) e fezes retiradas diretamente da ampola retal.

5.2 Especificos

- Descrever as bactérias aerdbias, anaerdbias facultativas, anaerobias estritas e
microaerofilicas pelo método de cultura microbiana, a cada 6 horas, por 24 horas em
ratos Wistar macho;

- Descrever as populagdes aerobias, anaerdbias facultativas, anaerobias estritas e
microaerofilicas pelo método de cultura microbiana, a cada 6 horas, por 24 horas no
ceco, reto e fezes de ratos Wistar macho;

- Comparar as quantidades de microrganismos cultivados nos meios de cultura em
relagdo ao momento do dia em que foi coletado (diferencas temporais)

- Comparar as quantidades de microrganismos cultivados nos meios de cultura em

relacdo ao sitio de coleta (diferencas biogeograficas)
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Abstract: The composition of the gut microbiota oscillates according to the light—dark cycle.
However, the existing literature demonstrates these oscillations only by molecular methods.
Microbial cultures are an interesting method for studying metabolically active
microorganisms. In this work, we aimed to understand the diurnal oscillation of the intestinal
microbiota in Wistar male rats through microbial culture analysis. Over a 24 h period, three
animals were euthanized every 6 h. Intestinal segments were dissected immediately after
euthanasia and diluted in phosphate-buffered saline (PBS) for plating in different culture
media. The CFU/mL counts in feces samples cultured in the Brucella medium were
significantly higher at ZTO0, followed by ZT6, ZT18, and ZT12 (p = 0.0156), which
demonstrated the diurnal oscillation of metabolically active anaerobic bacteria every 6h using
microbial culture. In addition, quantitative differences were demonstrated in anaerobic
bacteria and fungi in different gastrointestinal tract tissues.

Keywords: microbiology; light-dark cycle; circadian rhythm; anaerobic bacteria; fungi.
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1. Introduction

The circadian system provides rhythmicity to several physiological processes of living
beings (e.g., hormonal secretion, temperature, and blood pressure) and is synchronized to
cyclic environmental signals (i.e., external clues of temporality) in a process known as
entrainment. Daily rhythms of approximately 24 h are called circadian rhythms [1-3]. The
entrainment of the circadian system (endogenous) with environmental signals (exogenous) is
crucial for maintaining health [4,5] and occurs mainly by light, the main zeitgeber (“time
giver” in German; environmental cue of the passage of time) [6,7]. Moreover, circadian
misalignment (mismatch between internal and external rhythms) is often observed to be

associated with metabolic and gastrointestinal disorders [8—11].

Recent studies have demonstrated that the intestinal microbiota also undergoes diurnal
compositional and functional oscillations, which are driven by the light—dark cycle [12—-14].
This oscillation has been demonstrated in adults (and associated with short-chain fatty acid
levels) [15] and in mice kept under different light exposure protocols, where the group in a
forced jet lag protocol showed arrhythmicity of these populations [12]. Diurnal microbial
pattern drives, in turn, the host physiology and metabolism in many ways [16]. Additionally,
diabetes type 2 was associated with disrupted rhythmicity of microbial populations in the gut
of a longitudinal population-based cohort [17]. Similarly, another study suggested that this
microenvironment could be an independent contributor to elevated serum amino acid levels
in participants with insulin resistance [18]. In addition to its diurnal oscillation, gut
microbiota is influenced by biogeography, allowing the establishment of different microbial

populations in each intestinal microenvironment [19,20].

Assessing microbial populations at different times is crucial for understanding such
diurnal oscillations. Different studies have showed that pathological outcomes are associated
with circadian rhythm disruption [21,22], which also induces microbiota dysbiosis [9,23].
Furthermore, a recent study demonstrated the oscillation of different microbial phyla in
healthy mice, but also the lack of rhythmicity of mice in constant conditions (e.g., 24h of
constant darkness every day) and knockout for clock genes [24]. Thus, it is important to

address multiple time points to better characterize any gut microbiota change.

Different approaches can be used to characterize the gut microbiota. With the advent

of high-throughput sequencing, most studies nowadays characterize these microbial

29



communities by metagenomics [25,26]. However, metagenomics does not discriminate viable
from non-viable cells as well as active or quiescent microorganisms. This may be mitigated
using RNA sequencing, but metatranscriptomics is still a high-cost technology inaccessible to
most researchers. The microbial culture method can be used to study the metabolically active
populations that represent major components of the intestinal microbiota, such as cultivable
bacteria and fungi [27,28]. In addition, this traditional method can be the first step toward
culturomics [27,29], where new microbial species can be taxonomically validated and
officially named. Moreover, the microbial culture could complement the microbiota
characterization provided by metagenomics because this molecular method may also detect
inviable microorganisms, giving a false assumption about their role [30]. To date, a few
studies have evaluated the diurnal oscillations in intestinal microbial populations, but none

have used the microbial culture method.

To fulfill this need, the aim of this study was to analyze the microbial cultures of
different tissues of the gastrointestinal tract (i.e., cecum and rectum) as well as feces taken
directly from the rectal ampoule at different zeitgeber times to understand the diurnal

oscillation of the gut microbiota of male Wistar rats.

2. Material and Methods
2.1. Animals

Male Wistar rats (n = 12) at 13 weeks of age were obtained from the Centro de
Reproducdo e Experimentagdo em Animais de Laboratorio (CREAL, Porto Alegre, Brazil).
The sample size calculation was based on work by Thaiss et al. (2016) and was defined based
on the evaluation of circadian variation in the composition of the gut microbiota [13]. Before
the protocol started, the rats had been moved daily among cages to ensure that all animals
were housed with all other animals for at least 2 days. This procedure enables the induction
of a uniform baseline microbiota across all of them. All animals were fed ad libitum with a
regular chow diet and kept under the same controlled conditions of temperature (22 + 2 C),
humidity, reduced noise exposure, and a standard photoperiod (12 h light and 12 h dark, with
lights on at 7:00 am). These conditions are the standard for a bioterium of rats that is not
intended to cause any intervention or stress on the animals. The research protocol was

approved by the Institutional Animal Research Ethics Committee at the Hospital de Clinicas
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de Porto Alegre (CEUA/HCPA, protocol number 2019-0413), following the
recommendations set out in the ARRIVE guidelines [31].

2.2. Experimental Protocol

Over the course of a 24 h period, 3 animals were euthanized every 6 h. Immediately
after cuthanasia, the intestines were dissected on a sterile field. The small intestine was
separated and sectioned to obtain samples of cecum and rectum. Feces were taken directly
from the last portion of rectal ampoule. The fragments of each sample (i.e., cecum, rectum,
and feces) were weighed and stored per animal in separate Falcon tubes, preparatory to
microbial culturing. After collecting the sample, sterilized phosphate-buffered saline (PBS)
solution was added to the tube, maintaining the proportion of 1 mg of sample to 1 uL of PBS.

The procedures for the use of scientific animals were also conducted in accordance
with the Guide for the Care and Use of Laboratory Animals [32]. This study was registered
with the National System of Genetic Resource Management and Associated Traditional

Knowledge (SisGen), under registration number ABFDCA4F.

2.3. Serial Dilutions and Culture Media

Serial dilutions were performed starting from the initial sample to 1/10, 1/1000, and
1/100,000 using PBS solution. The undiluted sample was pipetted at the center of a Petri dish.
Each Petri dish (90 x 15 mm) was divided into three equally distributed sections. Three 25uL
drops of each dilution were pipetted into one of the three sections, one section per dilution,
with no contact between drops [33]. The periods, conditions of incubation, and purpose of
each culture medium used are described in Figure 1. The culture media (purchased from
HiMedia®, Mumbai, India) chosen were selected to cover the main groups of cultivable
microorganisms from the gut. This method was used only for the purpose of counting these

microorganisms.
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Culture media incubation

Period Condition to grow Purpose
Brain HE:-T.IL'”'U"-OH ad Microbiclogical incubator Facultative anaerobic or
I Atgm s ays at 37°C aerobic microbes
SA .
Sabouraud & days Incubated at room temperature Fungi and yeasts
Agar {25°+2°C; first day), then at 37°C (obligate aerobes)
MS o -
Mitis Salivarius & days Incubated in microaerophilia Streptococcus spp.
Agar {carbon dioxide at 10%)
BA 4 davs Incubated inside jars with Strict or facultative
Brucella ¥ anaerobic generators at 37°C anaerobic
Agar

Figure 1. Periods, conditions of incubation, and purpose of each culture medium. The three divided

sections in the dish represented one section per dilution (i.e., 1/10, 1/1000, and 1/100,000).

The number of colony-forming units (CFU) present in a single drop (25 L per drop)
was determined for each culture media by multiplying the number of CFU observed during
counting by 40, 400, 40,000, or 4,000,000, depending on the dilution being counted, as
obtained by the following equation: CFU initial sample/mL (total) = CFU count x 40 x
dilution factor. These dilutions were chosen to allow better visualization of the cultivated

colonies.

In cases where an extremely high number of colonies made counting of CFU
impossible, it was decided to use the maximum number possible of CFU in a 25 L drop (i.e.,
75 CFU) at dilution of 107, as described by Naghili et al. (2013) [33]. Petri plates with

patterns indicative of contamination were excluded from analyses.

2.4. Time Measurements

The exact time referring to the light and dark phase is of major importance to our
study because it is directly linked to the outcome. Thus, the results were described through
the measure of time called zeitgeber time (ZT), commonly used to measure time in
chronobiological studies. The ZTs correspond to six-hour intervals within a 24 h period,

starting at the beginning of the light phase. The experimental protocol started at ZT0, which
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corresponded to the moment when the lights in the bioterium were turned on, namely 7 am

for the researchers.

2.5. Statistical Analysis

All analyses were performed in GraphPad Prism version 8.4.2, with significance at p
< 0.05. Study variables are described as median (interquartile ranges) because there was no
parametric distribution of the data (see Table S1). For comparisons of CFU/mL counts
between different sites and ZTs, the Kruskal-Wallis test followed by Dunn multiple

comparison was used.

3. Results

The CFU/mL results for each culture medium for samples collected at each ZT are

expressed as their respective medians (see Figure 2 or Table S1).

3.1. Differences between ZTs

In samples plated in BA medium, the CFU/mL count in feces was significantly higher (p =
0.0156) at ZTO, followed by ZT6, ZT18, and ZT12. This indicates that the microorganisms cultivated
in this medium peaked their concentration in the beginning of the light phase (ZT0), decreased in the
middle of the light phase (ZT6), reached the lowest point at the end of light phase (ZT12), and started
to increase their concentration again in the middle of the dark phase (ZT18). There was a trend
towards statistical significance (p = 0.0662) for the RT samples in the MS medium, with the highest
CFU/mL count observed at ZT6, followed by ZT18, ZT12, and ZT0. Similarly, as observed in BA
medium, this trend indicates that higher concentrations of microorganisms were observed during the
light phase (ZT0 and ZT6 = light phase). Specifically, the concentration of CFU/mL peaked in the
middle of the light phase (ZT6), reached the lowest point at the end of the light phase (ZT12),
increased its concentration again in the middle of the dark phase (ZT18), and decreased again in the
beginning of the light phase (ZT0). There was no statistical difference between ZTs in BHI and SA

media.
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3.2. Biogeographic Differences

In samples plated in BHI medium, the CFU/mL count was higher in FC than in CE
and higher in CE than in RT at both ZT6 (p = 0.0321) and at ZT12 (p = 0.0036). This
indicates that there is a different concentration of microorganisms and could indicate a
distinct diversity in the middle of the light phase (ZT6) when comparing sample sites. There
was a trend towards statistical significance at ZT18 (p = 0.075) following the same pattern
(i.e., FC > CE > RT) (Figure 2), indicating the same difference observed in BHI medium, but
in the middle of the dark phase (ZT18). In samples plated in SA and MS media, there were
statistically significant differences at ZT0 (p = 0.0214; p = 0.0107) following the same
pattern, also indicating the same biogeographic differences observed in other media, but at
the beginning of the light phase (ZT0). There was no statistical difference in samples plated

in BA medium.
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Figure 2. Panel of scattered dot plots illustrating median (IQR) of CFU/mL counts at each ZT. Each
line corresponds to a culture medium, while each column corresponds to a collection site.
Kruskal-Wallis test followed by Dunn’s test for multiple comparisons were performed; Statistical
significances (p < 0.05) are marked with “*”; Trends to significance (p > 0.05 but < 0.07) are marked
with “#”; Differences in CFU/mL counts between ZTs are marked with black triangles. The direction
and the number of black triangles indicate the hierarchical position of each point based on the
CFU/mL count. A A = highest CFU/mL counting; A = second highest CFU/mL counting; ¥V =
lowest CFU/mL counting; ¥ = second lowest CFU/mL counting.
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4. Discussion

In this preliminary work, we present evidence of the diurnal oscillation of microbial
populations in the gut and differences in their composition using microbial culture methods.
Our results also indicated differences among sampling sites, demonstrating biogeographical
differences in different GI tract sites. Our main findings showed that the feces samples
cultivated in Brucella agar (i.e., facultative anaerobic bacteria) exhibited microbial variation
between ZTs, with higher concentrations of CFU/mL at the beginning and in the middle of
the light period (i.e., resting phase). Using a metagenomic approach, Thaiss et al. (2014)
found evidence of rhythmic disruption in microbial populations of Ruminococcaceae, a
family belonging to Firmicutes (predominantly anaerobic) [12]. Two other species from this
phylum also exhibited changes in relative abundance over the course of the day. These
species had a higher relative abundance value in the resting phase [12]. Here, our results
suggested a similar oscillation of bacterial concentration, although we used a microbial

culture method, collecting species from different sites.

In this study, the laboratory growth conditions favored facultative anaerobic bacteria
of the genus Streptococcus to be cultivated in the BA medium. There was a high number of
microorganisms at the beginning of the light phase, observed by the peak in CFU/mL
counting at ZTO0. Li et al. (2017) observed that the gastrointestinal microbiome of rats is
predominantly composed of the phylum Firmicutes, regardless of the tissue collected [20].
Similarly, Thaiss et al. (2016) demonstrated that Mucispirillum schaedler, a species from the
Deferribacterota phylum that is also anaerobic, had higher concentrations at the beginning of

the light phase [13]. Both studies seem to agree with the results of this study.

Our findings also revealed differences between collection sites in CFU counts during
the middle of the light phase (ZT6), and afterward at the end of the light phase (ZT12) in BHI
media (facultative anaerobic bacteria). These differences indicated that feces exhibited higher
concentrations of microorganisms than the cecum and rectum, respectively. Relative
abundance regarding the rhythmicity of bacterial communities in different sample sites of the
intestinal tract of rats has also been reported throughout the day [12—14]. The control group
exhibited a different configuration of bacterial genera depending on the time of day.
However, rats submitted to a chronodisruption protocol lost the oscillatory pattern [12].

Another study observed similar rthythmicity of several microbial taxa once every 4 h [34]. We
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observed different CFU counts depending on the time of day for bacteria cultivated in the

BHI media, representing highly abundant and metabolically active microorganisms.

Results from the Mitis Salivarius and BHI culture media indicate biogeographical
interference due to the highest CFU/mL values for FC, followed by CE and RT. Recently, the
bacterial communities present in each segment of the gastrointestinal tract (feces and the
contents of the large and small intestine) of male rats were described using metagenomics
[35]. Higher bacterial diversity and proportion for bacterial components of different genera
and families in the large intestine, but mainly in feces, were observed. These genera and
families are mostly represented by anaerobic bacteria. Furthermore, Li et al. (2017) also
presented results consistent with the study mentioned before. The diversity found was
attributed to a more complex micro-ecosystem in the large intestine of rats, resulting in
higher bacterial concentrations in feces [20]. Although cultures do not enable all
microorganisms to be cultivated separately, our results from Mitis Salivarius and BHI are

consistent with the studies mentioned above.

Fungi are an important component of the gut microbiome, but they are frequently
neglected in most studies [36]. Here, we observed a higher CFU/mL count at the beginning of
the light phase (i.e., rest period). Chen et al. (2018) demonstrated that Aspergillus fumigatus
colonization in rats knocked out for different clock genes differed depending on the time at
which the animal was infected. Moreover, there was a difference in CFU counts between the
times, with the ZT0 having the highest number of CFU counts in the lung compared to ZT12.
The authors suggested that the interaction between the host and this particular fungus may be
under some circadian control [37]. In our study, higher fungal counts were also observed at
the beginning of the morning (ZTO0) in feces when compared to the other collection sites.
However, A. fumigatus cannot be cultured in the SA medium. In our study, we incubated the
SA media plates at room temperature (25 C 2 C) following incubation at 37 C (see Figure 1).
As described by Hazen and Hazen (1987), Candida albicans room-temperature-grown cells
were generally less sensitive to environmental perturbation and germinated more uniformly
than cells grown at 37 C [38]. Furthermore, a different study suggested that there is a synergy
between this fungus and species of Bacteroides. The authors observed that while Bacteroides’
growth was significantly enhanced in co-culture with C. albicans, the cell concentrations of
some strains of C. albicans were unaffected by the presence of specific Bacteroides species.

This result suggests the cells of C. albicans may serve as an additional nutrient source for the
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bacteria in anaerobic regions of the gut [39]. Here, this synergy could explain the higher
concentrations of CFU/mL in feces when compared to other collection sites. Bacteroides
species are mainly represented in BA media and, as described before, the concentration of
CFU/mL in feces peaked at ZTO. This peak may have influenced the concentration of
CFU/mL of fungi evaluated in the SA culture medium. Furthermore, this influence could
have led to differentiation in the number of microorganisms between sites, resulting in a

higher concentration of fungi in feces than in other sites.

To date, this is the first study to highlight the diurnal oscillation and biogeographical
differences of the gut microbiota using culture media, and the results presented here have
relevant implications. First, the identification of a diurnal oscillation of metabolically active
anaerobic bacteria once every 6 h indicates that this component possibly impacts most studies
involving the gut microbiota. Therefore, the evaluation of this oscillation is of major
importance to ensure the reproducibility and reliability of future research. Furthermore, it is
important to emphasize how different microorganisms can be in one day. For instance, in the
same direction of melatonin’s phase response, it is extremely important that every study
focused on evaluating microbial communities should aim to assess at least three different
moments during a day. Thus, future studies should consider a chronobiological design for the
collection and evaluation of the outcome of interest, regardless of the microbiota. Moreover,
our study provides a model of what to expect from regular variations of intestinal
microorganisms because the rats were kept in normal conditions in every aspect (i.e., food
intake, light exposure, no stressors). It is important to note that our preliminary results were
obtained over the course of one 24 h period. Additional studies should be performed with
longer periods of time to confirm the periodicity of our findings, but also to compare with
different photoperiods. It is important to understand the extension of how metabolically
active microorganisms behave in constant photoperiods (i.e., 24 h of constant light or
darkness) to elucidate the role of light and its influence on the gut microbiota. It is also
important to note that our small sample size was based on a sample size calculation, which
supports the fact that our procedure and results derived from our methodology are not
random. Similarly, there are plenty of studies evaluating outcomes related to the rhythmicity
of the gut microbiota using small samples similar to ours [12,13]. In addition, these studies
usually use some type of intervention, whether light (e.g., constant darkness) or medication
(usually antibiotics). Thus, future studies should aim to increase the protocol time to assess

whether the rhythmicity observed in some culture media is maintained over longer periods.
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Second, the use of different culture media enables the detection of changes in
intestinal microbial compositions at different collection sites, providing the baseline for the
application of more advanced culture methods in future studies analyzing the circadian
rhythm of the gut microbiota. Thus, this traditional method can be the first step toward the
use of culturomics in circadian rhythm research, where new microbial species could be
taxonomically validated and officially named. Moreover, it is important to note that one of
our goals here was to observe the diurnal oscillation of anaerobic microorganisms more
carefully because they also constitute a large portion of the gut microbiota. Furthermore, we
also aimed to observe these oscillations in fungi, which are also an important component of
the gut microbiome, though they are frequently neglected in most studies. Hence, we chose
culture media that could fulfill these goals. More specifically, BA and MS culture media were
chosen to cover most anaerobic bacteria, whereas BA and SA would cover aerobic
microorganisms (bacteria and fungi, respectively; see Figure 1). Additionally, there is a
portion of the gut microbiota that comprises non-culturable microorganisms and that plays an
extremely important role in the physiology and homeostasis of this microenvironment. To
meet this need, next generation sequencing techniques, such as amplicon sequencing (e.g.,
16S rRNA), could be used to address non-culturable taxa characterization. Currently, this
technique is the most widely applied in microbiome studies [25,26] and has plenty of
standardized analytical pipelines aiming to produce accurate and reproducible results, thereby
allowing comparison between studies [40]. It is important to note that we only used male rats
due to uncertainty regarding whether there is any interaction with the estrous cycle and
microbial communities in the gut. The literature has shown that the estrous cycle interferes
with several physiological processes in rats [41-43]. We do not know for sure whether this
process interferes with the rhythmicity of the gut microbiota, but to avoid the risk of
influencing this microenvironment, we chose not to use female rats. Future studies should
evaluate whether there is some interaction between the estrous cycle and microbial
communities while controlling the phases of the estrous cycle that occur after the vaginal

opening.

Third, we chose to use non-specific culture media in conditions to favor the growth of
strict and facultative anaerobes, allowing the growth of a large group of cultivable
microorganisms. Therefore, it is expected that they vastly cover the expected populations in
the gut microbiota. It would also be interesting to evaluate the oscillation of specific targets,

such as Klebsiella spp., which is fundamentally important in studies of hospital-acquired
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infections and antibiotic resistance [44,45], as well as Escherichia coli, which has been
observed to be associated with several intestinal diseases and virulence potential [46—48].
Furthermore, future studies should focus on evaluating lactic acid bacteria due to their
relevance as one of the major components of microorganisms in the gut microbiota.
Furthermore, plenty of culture media could be used to grow these microorganisms, such as
MRS (De Man, Rogosa, and Sharpe) agar, for example. Other physiological and molecular
aspects may be associated with these diurnal oscillations in the gut microbiota and should be
observed in future studies. Wang et al. (2021) aimed to explore the effect of different feeding
patterns on intestinal health through, among other parameters, the expression of short-chain
fatty acids (SCFA), intestinal tight junction proteins, clock genes, and the diurnal rhythm of
microbial populations in rabbits [49]. At the beginning of the dark phase (ZT13), levels of
butyric acid (SCFA) were higher in the control group when compared to the restricted food
group (intervention group). However, in the same ZT, levels of CLAUDIN-1 (intestinal tight
junction proteins) and PER1 (clock gene) were significantly higher in the intervention group.
In addition, there were different percentages of relative abundance in Firmicutes and
Bacteroidetes phyla in ZT13; the first were cited higher in the intervention group but the
second were cited lower in the same group [49]. Here, we observed different CFU/mL
counting at ZT12 among the culture media, and the BA medium had the lowest count. This
suggests a similar behavior observed of the Bacteroidetes phylum’s relative abundance in the
control group. Anaerobic bacteria are also present in this phylum. Therefore, the results
ofWang et al. (2021) seem to agree with our results. Furthermore, aiming to fully understand
the mechanisms that underlie the diurnal rhythmicity of the gut microbiota, future studies
should aim to evaluate specific molecules that underlie the physiology of the gastrointestinal

tract.

Lastly, it is important to emphasize that every methodology of assessing microbial
populations has both advantages and limitations. The microbial culture-based method is
time-consuming, dependent on culture media and incubation characteristics, and unsuitable
for fastidious bacteria growth with complex nutritional requirements. Furthermore, as stated
before, some microorganisms that cannot be cultivable and are crucial to understanding gut
microbiota complexity. Remarkably, advances in molecular approaches contribute to several
topics of microbiology research and have brought about a significant body of new knowledge
regarding not only diseases, but also health aspects. However, as stated before, most

molecular methods are not able to fully demonstrate the aspects of several microbiotas. The
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characteristics of both culture-based and molecular methodologies were previously elucidated
by Siqueira and Rogas (2005) [30]. The authors suggest a workflow on how to combine both
methodologies to achieve a better understanding of the microenvironment landscape. Hence,
we reinforce the idea that future studies should aim to incorporate both molecular and

culture-based methods for a better understanding of the microbiota of interest.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/1ife13030831/s1. Table S1: Median (minimum-maximum)

CFU/mL values, considering culture media, sample type, and collection time.
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Supplementary Material

Table S1. Median (minimum-maximum) CFU/ml values, considering culture media, sample

type, and collection time. Different capital letters in the same column represent statistically

significant differences in alphabetic order among the collection sites for the same ZT

(p<0.05; Kruskal-Wallis, Dunn). Different symbols in the same column represent statistically

significant differences for different ZT specimens from the same site in the same culture

media (p<0.05; Kruskal-Wallis, Dunn). BHI = Brain Heart Infusion Agar; SA = Sabouraud

Agar; MS = Mitis Salivarius Agar; BA = Brucella Agar; FC = Feces; CE = Cecum; RT =

Rectum; ZT = Zeitgeber time.

Feces Sample (EC)
BHI (CFU = 1077} SA (CFU = 107h MS (CEU = 107%) BA (CFU = 107
ZT0 5.2000.15 - 17.20) 4.00(0.80-8.000 A 156.00 (80,00 -172.000 A 30.00 (30.00 — 30.00) *
ZT6 20.00 (0302080 A 28.00 (0 - 32.00) 180.00 (3.00 - 300.00) 18.00 (0.10 - 30.00) #
ZT12 020(7.20-14800 A 0(0-4.00 20.00 (64.00 - 12.00) 0.05(0.001-0.18) O
ZT18 10.00 (6.00 — 14.00) 124.00 (0 - 200.00) 84.00 (52.00 - 300.00) 030(021-5320) 8
Cecum Sample (CE)
BHI (CFU « 10*7) SA (CFU = 1Y) M5 (CEU = 10%%) BA (CEU « 1077}
ZT0 0.23 (0,04 —4.40) 040(040-080B 32.00(0.76 - 76.00 B 30.00 (012 — 30,00
ZT6 6.00(030-12800 B 12.40 (4.800 - 44.00) 20.00 (2.40 - 64.000 0.30(0.16 - 7.20)
ZT12 021(011-430)B 5.60 (0 - 8.00) 32.00 (28.00 - 300.00) 0.003 (0.001 - 22.80)
ZT18 0.27 (0.08 — 6.80) 3.60(0-5.20) 3.00 (2.04 - 300.00) 0.14 (0.00004 — 30.00)
Rectum Sample (RT)
BHI (CFU « 10 SA (CFU = 1Y) MS (CEU = 10%) BA (CEU « 1077}
ZT0 1.80 (0.002 —22.00) 0(0-040) C 0.17 (0.0016 - 14000 C 12.00 (003 — 30.00)
ZT6 116.00(0.30-1720) C 0.80 (040 - 10.80) 3000.00 (2340.00 - 3000.00) 11.60(0.30 - 19.60)
ZT12 16.00 (0.30-4.800 C 0(0-0 4.40 (2.80 - 3000.00) 2.40 (0.23 - 13.600
ZT18 80.00 (2.80 — 20.80) 0(D-48.00) 3000.00 (30.00 - 3000.00) 1440 (12.00 - 14.40)
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7. Conclusoes e Consideracoes Finais

Em concordancia com as nossas hipoteses, destacamos as seguintes conclusdes do

estudo realizado para esta dissertagao:

e Observamos uma variacdo nas contagens de Unidades Formadoras de Colonia (UFC)
pelo método de cultura microbiana a cada 6 horas. Portanto, este método deveria ser
usado para o entendimento da microbiota intestinal e para complementar estudos
baseados em analises de DNA, sobretudo genomica e metagenomica;

e Observamos uma oscilacdo diurna nas comunidades microbianas anaerobias
metabolicamente ativas e diferencas biogeograficas em relagdo a quantidade de

microrganismos em cada sitio de coleta.

Portanto, as nossas perspectivas sao:

e Usar diferentes fotoperiodos e tempos mais longos de protocolo para confirmar a
periodicidade de nossos achados com diferentes intervengdes;

e Realizar analises de comunidades microbianas por meio de sequenciamento de alto
rendimento e que avaliam expressdo proteica de constituintes desse microbioma,
complementando e expandindo os resultados obtidos;

e Incorporar métodos moleculares e baseados em cultura para uma melhor compreensao

da microbiota de interesse.
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