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RESUMO

Santoro, E.P.
Microbioma de corais termo resistentes e manipulagdo de microrganismos benéficos
para corais contra estresse térmico em Mussismilia hispida

Rio de Janeiro, 2020. Tese (Doutorado em Biotecnologia Vegetal e Bioprocessos) —
Decania do Centro de Ciéncias da Saude, Universidade Federal do Rio de Janeiro, Rio
de Janeiro, 2019.

Os recifes de coral sdo ecossistemas com grande importancia ecolégica, biotecnolégica
e econOmica. Apesar de toda sua importancia, os recifes de coral vém sendo ameagados
devido as consequéncias das mudancas climaticas. Anomalias térmicas, cada vez mais
intensas e duradouras estéo atingindo os corais, levando a eventos de branqueamento
em massa e mortalidade sem precedentes. No entanto, diferentes graus de
susceptibilidade ao estresse térmico veem sendo identificados em coldnias de corais da
mesma espécie, sendo algumas mais resistentes do que outras. Nesse sentido, a
investigagao de fatores que influenciam na resiliéncia e resisténcia de corais a estresses
térmicos € de extrema importancia para guiar futuras intervencées de mitigacdo de
impactos nesses ecossistemas. A flexibilidade e composi¢cdo do microbioma vem sendo
apontada como fatores envolvidos na resiliéncia do coral & estressores ambientais.
Dessa forma, o presente estudo visou: (i) investigar o limite térmico e a dindmica do
microbioma de individuos da espécie do coral brasileiro M. hispida com diferentes
susceptibilidades ao branqueamento, e (ii) desenvolver um consoércio probidtico
utilizando microrganismos benéficos para corais (BMC) para aumentar a resiliéncia ao
branqueamento causado por estresse térmico, além de compreender 0os mecanismos
envolvidos na manipulacdo do microbioma. Para a primeira parte do estudo, colonias do
coral M. hispida identificadas como termo resistentes (TR) e termo sensiveis (TS) foram
marcadas em Maradu, Bahia, Brasil, durante o branqueamento de 2016, causado por um
evento de aumento de temperatura. Passados 2 meses ap0s 0 branqueamento, as
colénias marcadas foram coletadas e utilizadas em experimentos de estresse térmico
(32 °C / 30,5 °C, respectivamente para TR e TS) em mesocosmos. Corais TR e TS
demostraram respostas distintas. O rendimento quantico maximo do Fotossistema Il
(Fv/Fm) das algas associadas a TR foi recuperado apés periodo de recuperacéo a 26 °C,
assim como nenhum sinal visivel de dano ao tecido foi observado durante o experimento.
No entanto, todos os corais TS branquearam a 30,5 °C. O microbioma de corais TS
também demostrou ser mais variavel que de corais TR. Ambos TR e TS mostraram
comunidades bacterianas associadas distintas, além de bioindicadores de resisténcia e
funcdes virais, eucaridticas e procarioticas especificas. Genes codificadores de proteinas
do fotossistema | e Il, citocromo C oxidase (COX), ATPase tipo F, complexo citocromo
b6 e chaperonas foram detectados em maior abundancia em corais TR apés estresse
térmico. A maior deteccdo de genes associados ao fotossistema pode indicar a
multiplicacdo de microrganismos fotossintéticos e a comunidade microbiana pode estar
influenciando em tal processo, tendo em vista diferengas na flexibilidade do microbioma
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entre TR e TS. A fim de avaliar a segunda pergunta desse estudo, um consércio
probidtico utilizando BMCs isolados de M. hispida, foi desenvolvido e testado através de
outros experimentos em mesocosmo para mitigar a mortalidade de corais causada por
estresse térmico. Dessa forma, um conjunto de analises “Gmicas” foi realizado no inicio
do experimento (T0), no pico de temperatura (30,5 °C; T1), no ultimo dia de exposicao a
alta temperatura (30,5 °C; T2) e apdés o periodo de recuperacao de 15 dias (26 °C; T3).
O tratamento com BMC causou um aumento na taxa de sobrevivéncia dos corais em
40%, concomitante com a recuperacdao do desempenho fotossintético pelas algas
endossimbidticas, em comparagédo com corais tratados com “placebo” (solu¢do salina
sem BMCs). A tolerancia térmica e a sobrevivéncia dos fragmentos tratados com BMC
foram seguidas por padrbes de degradacdo de DMSP, manutenc¢éo de residuos lipidicos,
além de mudancas proeminentes na expressao de marcadores imunes e de estresse do
coral hospedeiro. Mais notavelmente, encontramos regulacédo negativa da atividade da
guinase que controla a cascata de apoptose em corais tratados com BMC. Esses dados
demonstram que a exposicdo ao BMC desencadeia um processo dinamico de
reestruturacdo do microbioma que instiga mudancas no coral hospedeiro, evidenciado
por alteracdes genéticas e metabodlicas que eventualmente mitigam o branqueamento e
mortalidade do coral. O presente estudo demonstra a importancia do microbioma na
resiliéncia e resisténcia de corais ao estresse térmico, destacando a manipulacédo de
microrganismos benéficos para corais como uma intervencédo eficaz para aumentar a
sobrevivéncia de corais durante eventos de anomalias térmicas.

Palavras-chave: Recifes de coral, estresse térmico, corais termo resistentes,
Microrganismos Benéficos para Corais, manipulagdo de microbioma.
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ABSTRACT
Santoro, E.P.

Microbioma of thermo resistant corals and manipulation of beneficial microorganisms for

corals in Mussismilia hispida to cope with thermal stress.

Coral reefs are ecosystems with great ecological, biotechnological, and economic
importance. Despite their importance, coral reefs have been and are threatened by the
consequences of climate change. Thermal anomalies are increasing in intensity and
duration, leading to mass bleaching events and unprecedented coral mortality. Different
degrees of susceptibility to thermal stress have been identified in coral colonies from the
same species, with some of them being more resistant than others. In this sense, the
investigation of factors which influence the resilience and resistance of corals to thermal
stresses is essential to guide future interventions to mitigate the decline of these
ecosystems. The flexibility and dynamics of the coral microbiome appear to be a factor
involved in coral resilience. This study aimed to: (i) understand the role of the microbiome
on colonies of the Brazilian coral M. hispida with different susceptibilities to bleaching,
and (ii) develop a probiotic consortium using Beneficial Microorganisms for Coral (BMC)
to increase coral resilience to thermal bleaching, while also investigating the mechanisms
involved in microbiome manipulation. For the first part of the study, colonies of the M.
hispida coral identified as thermal resistant (TR) and thermal sensitive (TS) were tagged
at Marau, Bahia, Brazil, during the 2016 thermal bleaching event. After approximately 2
months of the bleaching event, tagged colonies were sampled and used in mesocosm
experiments. TR and TS corals presented different responses to the acute heat stress.
The maximum quantum yield of Photosystem Il (Fv / Fm) of the algae associated with TR
was returned to pre-stress levels after the recovery period, as well no visible signs of
tissue damage were observed during the experiment. However, all sensitive corals (TS)
were bleached at 30.5 °C. Our results revealed that the TS coral microbiome was more
variable than TR coral. Both the TR and TS corals had distinct bacterial communities, in
addition to bioindicators of resistance and specific viral, eukaryotic and prokaryotic
functions. Genes encoding for proteins of photosystem | and II, cytochrome ¢ oxidase
(COX), ATPase type F, cytochrome b6 complex and chaperones were detected in higher
abundance in TR corals after thermal stress. The higher detection of genes associated
with this photosystem may indicate the multiplication of photosynthetic microorganisms
and the microbial community may be influencing this process, based on the differences
in the microbiome flexibility between Tr and TS. In order to evaluate the second question
in this study, a probiotic consortium using native M. hispida BMCs, as well as a saline
solution placebo, were developed and tested to see if the consortium would mitigate coral
mortality caused by thermal stress. Thus, a set of omics analyzes were conducted at the
beginning of the experiment (TO), at the peak temperature (30.5 °C; T1), on the last day
of exposure to high temperature (30.5 ° C; T2) and after the 15-day recovery period (26
°C; T3). Treatment with BMC increased coral survival rates by 40%, concomitant with the
recovery of photosynthetic performance by endosymbiotic algae. Thermal tolerance and
the survival of fragments treated with BMC were followed by patterns of DMSP
degradation, maintenance of lipidic remnants and prominent changes in the expression
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of immune and stress markers in the host coral. Most notably, we found negative
regulation of kinase activity that controls the apoptosis cascade in corals treated with
BMC. These data demonstrate that exposure to BMC triggers a dynamic process of
microbiome restructuring that instigates changes in the coral host, evidenced by genetic
and metabolic changes that eventually mitigate coral bleaching and mortality. The present
study demonstrates the importance of the microbiome in the resilience and resistance of
corals to thermal stress, highlighting the manipulation of beneficial microorganisms for
corals as an effective intervention to increase the survival of corals during of thermal
anomalies events.

Keywords: Coral reefs, thermal stress, thermal resistant corals, Beneficial

Microorganisms for Corals (BMCs), microbiome manipulation.
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1. Introducéo

1.1. Corais

Corais séo invertebrados marinhos do filo Cnindaria e com representantes
distribuidos nas classes Anthozoa e Hydrozoa (RUPPERT; BARNES; FOX,

2005).
pertencentes a classe Anthozoa, ordem Scleractinia inseridos na subclasse

No entanto, os considerados “corais verdadeiros” sdo aqueles

Hexacorallia. Grande parte do ciclo de vida desses animais é seéssil, e a
organizacdo desses pélipos pode ser em forma de colbénias ou ndo (VERON,
2000). Esses animais possuem duas camadas de tecido, a epiderme e a
gastroderme, que sao separadas por uma matriz extracelular livre de células, a
mesogléia. Além disso, corais apresentam uma camada de muco produzida por
células especializas da epiderme, que atua, dentre outras fungdes, como uma
primeira barreira de protecdo desses animais (RUPPERT; BARNES; FOX,
2005). A figura 1 detalha a anatomia do polipo e a distribuicdo dos diferentes

micro-habitats oferecidos por cada um desses compartimentos anatdmicos.
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Figura 1: Representacdo da estrutura geral de corais calcificadores. Fonte: Modificado de
https://coral.org/coral-reefs-101/coral-reef-ecology/coral-polyps/; Acesso em: 17 de nov. de 2020
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Os corais sé@o animais heterotroficos que se alimentam, por exemplo, de
zooplancton capturado pelos tentaculos e através de particulas aderidas ao
muco (VERON, 2000). No entanto, a maior parte dos corais de 4guas rasas
apresentam uma estratégia de mixotrofia, devido a relacdo simbidtica com
microalgas fotossintéticas pertencentes a familia Symbiodiniaceae
(LAJEUNESSE et al., 2018). Nesta relacdo, as algas sao responsaveis por
fornecer, intracelularmente, grande aporte de carbono organico produzido a
partir da fotossintese para os corais (YELLOWLEES; REES; LEGGAT, 2008).
Corais e as algas endossimbioticas evoluiram e se especializaram para manter
essa relacdo simbiotica benéfica para ambos. O hospedeiro abriga as algas
dentro de estruturas chamadas simbiossomas, em sua gastroderme,
fornecendo protecdo, gas carbbnico (CO2) e nutrientes inorganicos para as
microalgas. Em contrapartida, até 95% dos produtos derivados da fotossintese
séo translocados, sendo utilizados como fonte de energia pelo coral hospedeiro
e pelas comunidades microbianas que vivem em associagéo (BERTUCCI et al.,
2013). Além de suprir grande parte das reservas energéticas do coral, essa
relacdo simbiotica resulta em um aumento nas taxas de calcificacdo do coral
(MULLER-PARKER; D’ELIA; COOK, 2015). A calcificacdo é um processo
fisiolégico de deposicao de carbonato de calcio (CaCOs) pelos corais. Esse
processo € responsavel pela formacdo do esqueleto calcario de cada colénia
de coral e, em conjunto, formam grandes estruturas tridimensionais nos

ambientes marinhos, os recifes de coral.

1.2. Recifes de coral —importéancia e distribuicéo

Recifes de coral sdo ecossistemas complexos do qual a base
tridimensional é construida pela acdo de organismos marinhos calcificadores.
Embora outros organismos como algas calcarias (KUFFNER et al., 2008),
foraminiferos e cocolitoforideos (LANGER; SILK; LIPPS, 1997), e hidrocorais
(AMARAL et al., 2008) também apresentem capacidade de depositar esqueleto
calcario, sdo os corais escleractineos 0s principais responsaveis por construir
essas estruturas tridimensionais, senso assim, associados ao termo “Recifes de

Coral”.
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Os recifes possuem grande importancia ecolégica, biotecnolégica, social
e econdbmica. Apesar de representarem apenas cerca de 0,2% das areas
marinhas, os recifes de coral sdo os ecossistemas mais biodiversos do oceano,
abrigando em torno de um terco de todas as espécies marinhas descritas
(REAKA-KUDLA, 2001) e sendo comparados a florestas tropicais em termo de
biodiversidade (DAVIDSON, 1998). Os ecossistemas recifais oferecem abrigo,
comida e habitat para diversas espécies marinhas, além de uma importante area
de ciclagem de nutrientes (MOBERG; FOLKE, 1999). Além disso, 0s corais
podem influenciar de maneira direta ou indireta o clima local, uma vez que, tanto
o hospedeiro quanto suas algas endossimbiontes, produzem o composto
dimetilsulfoniopropionato (DMSP) (STEFELS, 2000; RAINA et al.,, 2013). A
degradacdo de DMSP por bactérias marinhas e/ou associadas aos préprios
corais levam a producédo de dimetilsulfeto (DMS), um importante gas volatil que
induz a formacdo de nuvens, reduzindo, assim, os niveis de intensidade
luminosa e temperatura da dgua (AYERS, GRAS, 1991; VALLINA, SIMO, 2007).

Adicionalmente, recifes e o conjunto de organismos que vivem neles
também representam uma importante matéria-prima para prospeccao de
produtos farmacoldgicos, cosméticos e biotecnolégicos (KAMM; GRUBER;
KAMM, 2007). Devido a complexidade e diversidade desse ambiente, as
interacOes entre 0s organismos e a competicao por espacgo e nutriente levam a
producdo de metabdlitos secundarios que demonstram grande potencial
antibacteriano, anti-incrustante, antiviral etc. (MODOLON et al., 2020).

No ambito econbmico, recifes de coral sdo ecossistemas que
representam uma grande éarea de atrativo turistico e, devido sua grande
biodiversidade, fonte de renda para pesca tanto de subsisténcia quanto
comercial (MOBERG; FOLKE, 1999). Além disso, as estruturas tridimensionais
dos recifes de corais formam uma espécie de barreira contra correntes, ondas e
tempestades, protegendo a costa de intemperismo (BECK, 2019). Dessa forma,
o valor econdmico dos recifes de coral foi estimado em cerca de US$ 375 bilhdes
por ano (PANDOLFI, 2003).
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Recifes coralineos sdo ecossistemas que estdo distribuidos em todo
planeta, sendo principalmente encontrados em regides tropicais rasas (figura 2).
Os recifes podem alcancar extensao de até 2.000km, como a Grande Barreiras
de Corais (GBR) na Australia, sendo considerada a maior estrutura bioldgica do
planeta (DE’ATH et al., 2009). No Atlantico Sul, a uUnica area de recifes

verdadeiros se encontra no Brasil, onde se distribuem por cerca de 3.000 km,

em faixa descontinua, ao longo da costa (KIKUCHI et al., 2010).

Figura 2: Distribuicdo dos recifes de corais ao redor do mundo. Fonte: adaptado de NOAA
(https://oceanservice.noaa.gov/education/tutorial_corals/coral05_distribution.html), acessado em
10 de novembro de 2020.

1.3. Recifes brasileiros e Mussismilia hispida

O Brasil abriga os principais recifes biogénicos e corresponde a area de
maior diversidade do Atlantico Sul. Um total de 28 espécies de corais de aguas
rasas ocorrem nessa regio, sendo 23 corais e 5 hidrocorais (LEAO et al. 2016).
Os recifes de coral brasileiros apresentam uma alta taxa de endemismo por area
ocupada, totalizando 8 espécies de corais que sdo encontrados somente na
costa brasileira (MOURA, 2002; NUNES et al.,, 2008). Além disso, possuem
estruturas Unicas em formato de cogumelo, os chapeirdes, que s6 sao formadas
na regi&o de Abrolhos (LEAO e KIKUCHI, 2005).

O género Mussismilia abriga as principais espécies formadoras de recifes
no Brasil, possuindo ampla distribuicdo e cobertura em toda a costa brasileira,

sendo também um dos géneros mais antigos existentes de escleractineos
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(LEAO et al., 2016). Esse género compreende em quatro espécies: M. hispida,
M. braziliensis, M. harttii e M. leptophylla (BUDD et al, 2012) (Figura 3), sendo a
espécie M. hispida a mais difundida ao longo da costa, ocorrendo desde o
Maranhdo até Sao Paulo, incluindo as ilhas oceanicas de Atol das Rocas (RN,
Brasil), Fernando de Noronha (PE, Brasil) e llha da Trindade (ES, Brasil) (LEAO
e KIKUCHI, 2005; PICCIANI et al., 2016). Todas as espécies representantes
desse género sdo endémicas do Brasil, sendo sua preservagcdo de grande
preocupacao, especialmente devido a proliferacdo de doencas e mortes em
massa de representantes desse importante género (FRANCINI-FILHO et al,
2008).

Figura 3: Exemplo de espécies do género Mussismilia. (A) Coldnia de coral Mussismilia
braziliensis, fotografia de Gomes, 2009. (B) Colbnia de coral Mussismilia harttii, foto retirada de
Duarte et al.,, 2015. (C) Coldnia do coral Mussismilia hispida, fotografia tirada por Athila
Bertoncini e com identificacdo de Débora Pires, retirada de Castro et al., 2016. (D) Colénia de
Mussismilia leptophylla, foto tirada pelo Coral Vivo no Parque Natural Marinho do Recife de Fora.

Os recifes brasileiros abrangem areas com alta taxa de turbidez e
sedimentacao, estando sujeitos a irradiancia reduzida devido a matéria organica
dissolvida e suspensa (van WOESIK et al., 2012). Tais caracteristicas, podem
contribuir para o aumento da tolerancia a estressores ambientais incluindo o
aquecimento das aguas superficiais (BASTOS et al. 2018), como observado em
recifes marginais da GBR (MORGAN et al. 2017), no Caribe (GARCIA-SAIS et
al. 2017) e outras regides (van WOESIK et al., 2012). Corais presentes em
recifes com essas caracteristicas tendem a apresentar maior resisténcia ao
branqueamento, e, por isso, esses ambientes vém sendo chamados de “refugios
das mudancas climaticas” (TEIXEIRA et al, 2019).

Apesar das caracteristicas locais talvez conferirem uma certa tolerancia
ao branqueamento, os recifes de coral brasileiros vém sofrendo ameacas devido

a estresses locais e globais. Ao longo das ultimas décadas, a deteccdo de
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doencas vem sendo registrada principalmente devido a exposicéo desses corais
a estressores locais como poluicdo e sedimentacdo (FRANCINI-FILHO et al.,
2008, LEAO e KIKUCHI, 2005). O aumento da temperatura superficial dos
oceanos (SST), no entanto, é o principal fator que ameaca a sobrevivéncia
desses ecossistemas em escala global. Dados provenientes dos eventos de
branqueamentos em 2015-2016 e 2019 (TEIXEIRA et al, 2019; DUARTE e
VILLELA, 2020) no Brasil, demonstram que apesar de serem considerados
reflgios para mudangas climéticas, os corais brasileiros também estdo sob

ameaca devido as consequéncias das mudancas climaticas.

1.4. Mudancas climéticas e impacto nos recifes de coral

A acao antrépica vem ocorrendo de maneira tdo intensa no planeta que
alguns grupos sugeriram o termo Antropoceno para marcar a era geologica a
qual estamos passando (WATERS et al, 2016; HUGHES et al., 2017). Dessa
forma, sdo muitos o0s ecossistemas em declinio por consequéncias das
mudancas climéticas ocasionadas por essas interferéncias, sendo os recifes de
coral um dos mais afetados (HUGHES et al., 2018; CAVICCHIOLI et al., 2019).
Além dos fatores de impacto locais como a sobrepesca e polui¢do, os recifes
vém sendo afetados principalmente pelas a¢cdes das mudancas climaticas, como
a acidificacao e o aumento da temperatura dos oceanos (HERON et al, 2016).

O aumento crescente das emissdes de diéxido de carbono (CO2) esta
diretamente relacionado a acidificacdo dos oceanos. Isso porque o CO:2
atmosférico reage com moléculas de agua (H20), formando o &cido carbdnico
(H2CO3) que, por sua vez, se dissocia, liberando protons (H+), bicarbonato
(HCO3-) e carbonato (CO3%). Resumidamente, os prétons de H+ liberados por
essa dissociacao diminui o pH da agua, aumentando a acidez; j4 os ions de
bicarbonato (HCO3-) e carbonato (CO3%) formam um sistema tampéo do pH da
agua do mar, e seu equilibrio € essencial para a deposi¢cdo de carbonato de
calcio (CaCO3) pelos organismos calcificadores (PANDOLFI et al., 2011).
Portanto, o aumento da concentracdo de CO2 atmosférico aumenta a liberacao
de protons H+, alterando o pH e o balaco estequiométrico delicado dessa reacéo,
0 que causa interferéncia no processo de calcificacdo e torna os elementos do
esqueleto calcario mais soluveis (RIES; COHEN; MCCORKLE, 2009).
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O aumento da SST (Sea Surface Temperature ou temperatura superficial
dos oceanos) € o fator mais relevante que vem levado ao branqueamento e
declinio de corais nas ultimas décadas (HUGHES et al. 2018). Eventos globais
de branqueamento em massa (GBE — Global Bleaching Event) vem sendo
reportados desde a década de 80, tendo sido os mais severos em 1983, 1998,
2010, 2015-2016 (HUGHES et al., 2017), afetando recifes de corais do mundo
todo.

O brangqueamento consiste na interrupcdo da relacdo simbiotica entre as
algas fotossintéticas da familia Symbiodiniaceae e o coral hospedeiro
(ROSENBERG et al., 2007). Durante um periodo de estresse térmico e/ou
luminoso, o aparato fotossintético das algas € sobrecarregado, levando a
formacao excessiva de espécies reativas de oxigénio (ROS), causando danos
oxidativos na célula do coral hospedeiro e, consequentemente, a expulsao das
algas endossimbioticas (WEIS et al, 2008). A expulsédo das algas pode se dar de
diferentes maneiras. Uma dessas maneiras € a apoptose ou necrose da célula
do hospedeiro, o que geralmente esta correlacionado a danos do tecido (DUNN
et al, 2012). Outra forma de ocorrer esse processo € através da expulsdo do
endossimbiossoma intacto com a alga dentro (BIERI et al. 2016). Uma vez que
essas algas possuem pigmentos que déo cor ao coral, uma consequéncia da
expulsdo destes microrganismos da célula € que o esqueleto branco de
carbonato de calcio se torna aparente, motivo pelo qual o processo € chamado
de branqueamento (YELLOWLEES; REES; LEGGAT, 2008). O brangueamento
consiste em um evento reversivel, desde que as condi¢des ambientais voltem a
ser favoraveis para o reestabelecimento da relagdo simbiotica (Figura 4).
Entretanto, como as algas endossimbiéticas representam grande fonte de
nutriente (tépico discutido no item 1.1), periodos prolongados de estresse
térmico podem levar a morte do coral (BAIRD; MARSHALL, 2002).
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Figura 4: Os trés diferentes estados em que hospedeiros associados a algas simbiontes podem
ser encontrados: A) Coral saudavel: zooxantelas vivem dentro de suas células epiteliais e
fornecendo energia para o hospedeiro, ao mesmo tempo que recebe protecdo entre outras
vantagens; B) Coral branqueado: estado de salde comprometida que ocorre, principalmente,
quando ha aumento de temperatura dos oceanos, e que ainda é reversivel, C) Coral morto:
estado irreversivel, aonde a situacdo de branqueamento de manteve por tempo prolongado e o
coral ndo foi capaz de retomar sua simbiose com a alga, morrendo e seu esqueleto sendo coberto
por algas filamentosas. Fonte: Modificado de https://www.markettamer.com/blog/australian-
government-to-invest-half-a-billion-dollars-in-restoring-great-barrier-reef, Acesso em: 24 fev
2019.

Anomalias térmicas vem sendo cada vez mais intensas (em termos de
duracdo e temperatura alcancada) e frequentes, o que ja levou a perda de até
50% de corais na Grande Barreiras de Corais (GBR) na Australia (HOEGH-
GULDBERG et al., 2019). Os relatérios de mudancas climéaticas do
Intergovernmental Panel on Climate Change — IPCC estimou um aumento de 1°
C = 0.2 na temperatura global devidos as atividades humanas e prediz que o
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aguecimento atinja 1,5 °C entre 2030-2050 caso as emissdes continuem a
aumentar no ritmo atual (relatorio IPCC especial 1,5 °C, 2019). Mesmo diante do
atual cenario de um aumento de 1°C na temperatura global, significa dizer que
esses ecossistemas estariam expostos a temperaturas médias préximas de seu
limiar de branqueamento e/ou mortalidade. Dessa forma, 0s ecossistemas
recifais podem passar por um declinio catastréfico, havendo uma reestruturacao
global na composicéo da paisagem recifal.

O aumento de mortalidade de corais ao redor do mundo vem sendo cada
vez mais reportados. Mesmo recifes, como no Brasil, considerados reflugios das
mudancas climaticas (BANHA et al, 2019; TEIXEIRA et al, 2019), mostrou uma
alta taxa de mortalidade de corais durante o ultimo GBE em 2019 (DUARTE e
VILLELA et al, 2020). Esse evento se torna particularmente preocupante devido
a alta taxa de endemismo no Brasil.

O branqueamento de corais pode ser desencadeado por diversos
motivos, como doencgas causadas por patégenos (BEN-HAIM; ROSENBERG,
2002), baixa salinidade (GOREAU; MACFARLANE, 1990), exposicdo a
compostos quimicos (CERVINO et al., 2003), entre outros. No entanto, o
aumento de temperatura € o principal fator que vem levando ao branqueamento
de corais (HUGHES et al, 2018).

1.5. Papel dos microrganismos no holobionte coral

Além da importante e bem documentada relacéo simbiotica com as algas
pertencentes a familia Symbiodiniacea, os corais também abrigam uma vasta
comunidade microbiana composta por representantes de bactérias, arquéias,
protozoarios, fungos e virus (ROSENBERG et al., 2007; LITTMAN; WILLIS;
BOURNE, 2011; WOOD-CHARLSON et al., 2015). O hospedeiro coral possui
compartimentos bem definidos, e por isso, as camadas de muco, tecido e
esqueleto apresentam comunidades microbianas distintas, formando
microhabitats (BOURNE; MUNN, 2005; KOREN; ROSENBERG, 2006). A
comunidade microbiana também se difere da encontrada na agua circundante,
ndo so em relacdo a composicao (RIES et al., 2009), mas também em relacéo a

concentracéo de células (ROSENBERG et al., 2007). Os microrganismos, mais
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especificamente os procariotos, desempenham funcfes fundamentais para a
salude e manutencdo do coral hospedeiro, tais como fixacdo de nitrogénio,
ciclagem de enxofre, eliminacdo de espécies reativas de oxigénio (ROS) e
producéo de antimicrobianos contra patdgenos (figura 5) (PEIXOTO et al., 2017;
VAN OPPEN e BLACKALL, 2019). A transferéncia horizontal de genes entre
bactérias parece ser um facilitador evolutivo rapido, alterando funcdes
metabdlicas que podem posteriormente conferir caracteristicas ao coral
hospedeiro (WEBSTER e REUSCH, 2017). Essa relacdo intima e de
interdependéncia entre o coral hospedeiro e seus simbiontes é definida como
holobionte, onde todos os organismos funcionam e evoluem como um Unico ser
(ROHWER et al., 2002).
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Figura 5: Possiveis associagfes entre corais e seus simbiontes e entre os simbiontes de corais
(Adaptado de Peixoto et al., 2017).

1.6. Resisténcia contra estresse térmico em corais e 0s possiveis
fatores determinantes

Os recifes de coral tém enfrentado eventos de brangueamento em massa
sem precedentes nas Ultimas décadas, conduzido, principalmente, pelo

aguecimento dos oceanos (como mencionado no item 1.4). No entanto, maiores
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taxas de resisténcia ao branqueamento vém sendo relatadas em recifes
presentes em areas onde a SST €, naturalmente, mais alta (RITSON-WILLIAMS
E GATES, 2020, JURY E TOONEN, 2019, BELLANTUONO, 2012). Este fato
sugere uma capacidade de aclimatacdo e adaptacdo ao estresse térmico de
corais presentes nestes locais. Ainda ndo ha um consenso com relacdo as
causas que levam a ascensdo de corais resistentes ao branqueamento. No
entanto, alguns fatores como o genétipo do coral, associagdo com algas mais
resistentes e associagdo com grupos bacterianos especificos, vém sendo
considerados determinantes.

Nesse contexto, estudos demonstram que a pré-exposicdo a
temperaturas elevadas mais brandas (temperatura “sub-letal”) conferem
tolerancia térmica aos corais expostos a estresse térmico subsequentes. A
aclimatacdo foi acompanhada de mudancas na expressdo de genes do
hospedeiro (AINSWORTH et al. 2016), alteracdo da densidade e fisiologia das
algas endossimbio6ticas (BERKELMANS e VAN OPPEN 2006; MIDDLEBROOK
et al. 2008; BELLANTUONO et al. 2012) ou ainda troca de populacbes de
Symbiodiniaceae mais susceptiveis para espécies mais resistentes (PALUMBI
et al., 2014; MORIKAWA e PALUMBI, 2019). Outros estudos de aclimatacéo
apontam ainda que o gendtipo do coral é o principal fator que explica a
aclimatacdo (DRURY et al., 2017; DILWORTH et al., 2020). No entanto, mesmo
corais adaptados a temperatura mais altas podem nédo sobreviver a eventos de

anomalias térmicas mais extremas (AINSWORTH et al. 2016).

1.6.1. Resposta da comunidade microbiana ao estresse térmico

O holobionte € um sistema que funciona de maneira dinamica, no qual
mudancas ambientais geralmente estédo associadas a alteracées na comunidade
microbiana. Tais alteragcbes podem conduzir a um processo de quebra da
homeostase, chamado de disbiose (EGAN e GARDINER, 2016), ou ainda a uma
adaptacao do holobionte as condigdes ambientais estabelecidas (ROSENBERG
e FALKOVITZ, 2004; ZIEGLER et al.,, 2017). Alteragbes na comunidade
microbiana podem ocorrer através de mecanismos como: i) mudangcas na

abundancia de membros da comunidade microbiana (“shuffling”) e/ou ii)
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mudancas de taxons através da aquisicdo de microrganismos do ambiente
(WEBSTER; REUSCH, 2017). Dessa forma, a flexibilidade da comunidade
microbiana frente as alteragdes ambientais consiste em uma maneira muito mais
rapida e versatil de modular as respostas do hospedeiro do que a adaptacao
genética do coral, principalmente se tratando das taxas atuais de mudancas
climéaticas (WEBSTER; REUSCH, 2017; VOOLSTRA e ZIEGLER, 2020).

A importancia da comunidade bacteriana na modulagéo da resiliéncia de
corais vém sendo cada vez mais reportada. O trabalho de Ziegler e
colaboradores (2017), por exemplo, demonstrou que além do perfil térmico de
onde os corais estdo localizados, a dinamica, composicdo e estabilidade da
comunidade influenciam a susceptibilidade do coral ao branqueamento. Dessa
forma, os autores observaram que 1) a comunidade bacteriana dos corais se
alterou em resposta a um transplante de um local com perfil térmico mais ameno
para um local com aguas naturalmente mais quente; 2) Essa alteracdo se deu a
ponto de os corais transplantados ndo demonstrarem diferencas na comunidade
microbiana com col6nias originalmente do local de transplante; 3) Além disso, tal
alteracdo tornou os corais transplantados resistentes ao branqueamento em um
experimento posterior de estresse térmico, em que a comunidade bacteriana n&o
se alterou, ou seja, permaneceu estavel. Em contraste, no mesmo trabalho, foi
observado que os corais dos locais de onde as col6nias transplantadas vieram
originalmente, além de serem susceptiveis ao branqueamento ndo tiveram
mudancas significativas no microbioma (ZIEGLER et al, 2017).

Estudos recentes apontam que a dindmica/ flexibilidade da comunidade
microbiana consistem num forte fator na modulagéo da resposta e aclimatacao
do coral hospedeiro & estresses ambientais. O trabalho de Ziegler et al. (2019)
sugere que a flexibilidade da comunidade microbiana pode ser modulada a partir
de dois tipos de corais hospedeiros. Os “conformers”, que sdo espécies
hospedeiras que mostram adapta¢ado microbiana ao ambiente circundante; e os
“regulators”, aquelas espécies hospedeiras que mantém um microbioma estavel,
ou seja, exibem regulacdo microbiana independentemente das diferencas no
ambiente externo. Baseados nesse estudo, Voolstra e Ziegler (2020) postularam
a hipotese de que a flexibilidade do microbioma contribui para a capacidade dos
organismos em responder e se adaptar as mudancas ambientais, que podem

ocorrer de maneira mais rapida do que processos tradicionais de adaptacéo
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genética dos organismos. Os experimentos citados anteriormente sugerem que
a emergéncia de corais resilientes é fortemente influenciada pela tolerancia
térmica adquirida pela comunidade microbiana adaptada. Tais indicios
convergem com a conhecida Hipétese do Coral Probiético (RESHEF et al.,
2006), a qual estabelece que mudancas na abundancia relativa de membros
benéficos pode se dar de forma a ajudar o holobionte na adaptacéo a condicdes
de estresse. Portanto, a estratégia de introducdo ou o aumento na abundancia
relativa, ou seja, a manipulagao intencional de membros do microbioma de corais
gue sejam benéficos a saude do holobionte, se mostra bastante promissora na
area da conservacdo dos recifes. Tal conceito foi discutido por Peixoto de
colaboradores (2017) e o termo Beneficial Microorganisms for Corals (BMCs) foi
cunhado para se referir a esses microrganismos benéficos a corais. Os autores
sugerem, ainda, que € possivel manipular esses BMCs de forma a aumentar a

resisténcia e resiliéncia do holobionte coral a diferentes tipos de estresse.

1.7. Manipulagdo do microbioma de corais como ferramenta para
a conservacao de recifes

O cenario das mudancas climaticas estimados para as proximas décadas
reforcam o uso de técnicas de intervencfes mais ativas para mitigar os efeitos
do estresse térmico (PEIXOTO, SWEET E BOURNE, 2019). Nesse contexto, a
Academia Nacional de Ciéncias, Engenharia e Medicina dos Estados Unidos
(2018) sugeriu uma série de estratégias de intervencbes para protecao,
preservacao e recuperacdo de ambientes coralineos, incluindo a manipulacéo
de probiéticos em ecossistemas marinhos sugerido por Peixoto e colaboradores
(2017).

A utilizacdo de probidticos ja € conhecida em outras areas, tais como a
utilizacdo de bactérias promotoras de crescimento (PGPRs) (RUDOLPH;
LABUSCHAGNE; AVELING, 2015) e probiéticos para humanos (GILL; PRASAD,
2008). Mesmo na area ambiental, o termo “evolugdo assistida” chegou a
ascender. Porém, até o dado momento, este termo era limitado a manipulacéo
de espécies de Symbiodiniaceae e selecdo transgeracional de corais mais
resistentes (VAN OPPEN et al., 2015). No entanto, o grupo de Peixoto, antes

mesmo de sugerir o termo “probioticos para corais” e “microrganismos benéficos
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para corais” ja havia conseguido manipular com sucesso o microbioma de corais
em aguas contaminas com petréleo (SANTOS et al., 2015). A partir de tais
indicios, juntamente com a hipétese do coral probidtico (explicada no item 1.6.1),
além de indicios que o microbioma € um dos principais fatores responsaveis pela
resiliéncia em corais, Peixoto e colaboradores (2017) sugeriu o termo Beneficial
Microorganisms for Corals. Esse trabalho sugere diversas funcdes benéficas
desempenhadas por microrganismos naturalmente associados com o coral, tais
como a fixagédo de nitrogénio, a degradacao de DMSP, producao de compostos
protetores de UV, producdo de moléculas de quérum sense, degradacdo de
ROS, entre outras (figura 5). Adicionalmente, Peixoto et al. (2017) sugere a
utilizacdo de estirpes nativas, ou seja, isoladas do proprio coral e/ou local de
onde esses organismos estao localizados, de forma a ndo comprometer a
microbiota local. Dessa forma, além de fomentar um tratamento customizado
para cada populacdo, essa abordagem respeita particularidades genotipicas e
funcionais do ambiente a ser tratado. A manipulacdo de BMC se mostra uma
estratégia biotecnolégica ndo invasiva e com potencial na protecdo e
recuperacado dos recifes de corais frente aos efeitos das mudancas climaticas.
Tal hipotese foi testada e seu conceito corroborado, como demonstrado por
Rosado et al. (2019). Neste experimento, a manipulacédo de BMC culminou na
reducdo dos impactos da presenca do patdgeno Vibrio corallilyticus (um
conhecido patégeno de coral) e do estresse térmico no coral Pocillopora
damicornis, onde apenas corais tratados com BMC nao branquearam. No
entanto, processos metabdlicos e genéticos associados a essa
manipulagéo/eficiéncia, assim como a capacidade em prevenir a mortalidade do
coral, ndo foram elucidadas pelos autores.
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2. Justificativa

O melhor entendimento acerca dos mecanismos envolvidos em
processos de resiliéncia em corais e o desenvolvimento de alternativas para a
protecdo e conservacdao dos ambientes coralineos é de extrema importancia
para se evitar o declinio de recifes de coral e, consequentemente, a extin¢cao de
diversas espécies de animais e seus metabdlitos de interesse ao consumo
humano.

O aquecimento das aguas superficiais dos oceanos devido ao aumento
da temperatura global vem causado branqueamentos e mortalidade em massa
(HUGHES et al, 2018). No entanto, colbnias afetadas e nao afetadas do coral
Mussismilia hispida foram identificadas e marcadas em Marau, Bahia, Brasil. O
surgimento de coldnias resistentes de corais de uma mesma espécie pode estar
associado a diferencas no microbioma desses individuos. Alteracdes no
microbioma consiste numa maneira mais rapida e versatil de adaptacdo as
mudancas ambientais do que adaptacfes genéticas do coral que dependem de
tempo de geracdo mais longos do que dos microrganismos (WEBSTER,;
REUSCH, 2017). Dessa forma, a investigacdo da porcdo microbiana do
holobionte coral € de extrema importancia para uma compreensdo mais global
dos fatores que contribuem na sua resiliéncia.

Eventos de anomalia térmica vém sendo mais constantes, aumentando
também em intensidade e duracdo. Processos que levam ao surgimento natural
de colbnias resistentes ndo se da em escala temporal e espacial que
acompanhem as crescentes ocorréncias de anomalias térmicas (AINSWORTH
et al., 2016). Dessa forma, a elaboracdo de intervencdes para mitigar os efeitos
das mudancas climéticas é de extrema importancia. O presente trabalho, além
de investigar 0s processos e 0s grupos taxondmicos microbianos envolvidos na
resiliéncia de corais frente ao estresse térmico, também desenvolveu uma
estratégia biotecnoldgica para a diminuicdo da mortalidade de corais durante o
branqueamento. A eficiéncia da utilizacdo de microrganismos benéficos para
corais ja foi demonstrada em estudo anterior (ROSADO et al., 2019), porém o0s
mecanismos envolvidos na resisténcia térmica com a manipulacdo do
microbioma ndo foram elucidados. Dessa forma, os dados obtidos nesse

trabalho visam elucidar ndo apenas lacunas de conhecimento ainda néao
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preenchidas na area, como também comprovar a eficiéncia da utilizacdo de
Microrganismos Benéficos para Corais (BMC) na conservacao de recifes de

diferentes partes do mundo.
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3. Objetivos

3.1. Objetivos geral

O objetivo geral desse trabalho € compreender o papel da microbiota na
resisténcia térmica de corais brasileiros, aléem de desenvolver uma estratégia

para aumentar a resiliéncia de corais branqueados devido ao estresse térmico.

3.2. Objetivos especificos

3.2.1. Capitulo I - OPENING THE HEAT BOX: MULTI DOMAIN
ANALYSIS REVEALS DIFFERENT FUNCTIONAL AND MICROBIAL
ASSOCIATION WITH THERMAL RESISTANT AND SENSITIVE
CORALS

¢ Investigar a tolerancia térmica de corais com diferente susceptibilidade ao
branqueamento em sistema experimental de mesocosmo;

e Comparar a dindmica da comunidade bacteriana associada a corais
Termo resistentes e Termo sensiveis;

e Estimar taxons bacterianos que sejam indicadores de termo tolerancia;

e Avaliar o papel funcional dos mdltiplos componentes do holobionte
associados com a termo resisténcia.

3.2.2. Capitulo Il - CORAL MICROBIOME MANIPULATION ELICITS
METABOLIC AND GENETIC RESTRUCTURING TO MITIGATE
HEAT STRESS AND EVADE MORTALITY.

e Isolar e selecionar microrganismos benéficos para corais, além construir
um consércio com acao probidtica (BMC) para aumentar a resiliéncia de
corais sob estresse térmico;

e Avaliar em sistema experimental de mesocosmo alteracoes fisioldgicas e
morfoldgicas de corais tratados com Placebo e BMC sob estresse térmico;

e Avaliar a eficacia do consorcio BMC em manipular o microbioma de corais
adultos sob estresse térmico;

e Avaliar o perfil metabdlico de corais tratados com Placebo e BMC sob
estresse térmico;
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Avaliar alteragdes funcionais de corais tratados com Placebo e BMC sob
estresse térmico.
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4. Materiais e Métodos

4.1. Declaracgao ética e consentimento para participacéo

A permissdo para a amostragem foi obtida através do Sistema de
Autorizacao e Informacao em Biodiversidade (SISBIO) / Instituto Chico Mendes
de Conservacdo da Biodiversidade (ICMBio). A permissdo para pesquisa
microbiana foi obtida através do CNPq (Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico) e do Sistema Nacional de Gestdo do Patriménio
Genético e do Conhecimento Tradicional Associado (SisGen) — numero de
permissao: A620FE5.
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Metodologia relacionada ao Capitulo |

4.2. Caracterizagcdo de colbnias termo resistentes e termo

sensiveis e amostragem

Durante o evento de branqueamento em massa de 2015/2016, colonias
do coral Mussismilia hispida afetadas e nao afetadas pelo branqueamento foram
identificadas em uma lagoa de recife semi-fechada, localizada na praia de Taipu
de Fora, no municipio de Marau, Bahia, Brazil (13°56'10.97"S; 38°55'38.71"0).
As colonias de M. hispida estavam localizadas na mesma profundidade (1,5 m)
e sob a mesma irradiancia (350 uml.photons.m2.s* + 100 - ! - medido usando
um fluorimetro subaquatico de pulso e amplitude modulada (Diving-PAM, Walz,
Effeltrich, Alemanha). Para definir a resisténcia (ndo afetadas) ou sensibilidade
(afetadas) desses corais, as colbnias foram envolvidas com papel aluminio para
evitar a dissipacé@o ndo fotoquimica dos centros de reagfes do fotossistema Il e
tiveram o rendimento quantico maximo do Fotossistema Il (F./Fmn) das algas
associadas medido utilizando o aparelho Diving-PAM. Colbnias néao
branqueadas que apresentaram valores de F./Fm acima de 600 unidades foram
marcadas como Termo Resistentes (TR), enquanto colbnias branqueadas e com
valores de F./Fm menor que 300 foram marcadas como Termo Sensiveis (TS).
Fragmentos de corais TR e TS foram coletados durante o evento de
branqueamento em 3 de julho de 2016 (amostras F1), e ap6s periodo
recuperacdo das colbnias sensiveis (valores de F./Fm atingindo acima de 600)
em 24 de agosto de 2016 (amostras F2). Essas amostras foram armazenadas
em criotubos e transportadas em nitrogénio liquido até o Laboratorio de Ecologia
Microbiana Molecular (LEMM) para posteriores andlises. Além disso, durante a
segunda coleta, coldnias vivas de TR e TS foram coletadas e transportadas até
o Centro para Estudos de Biorremediacdo de Oleo em Ambientes Marinhos
CENPES/UFRJ - municipio de Armacao dos Buzios, Rio de Janeiro, RJ, Brasil,
onde os experimentos foram realizados. As colbnias foram transportadas em
caminhao refrigerado a 24 °C em sacos plastico duplos contendo 2/3 de agua do
mar. A dgua dos sacos contendo as coldnias foi renovada em pelo menos 50%

diariamente até a chegada no centro de pesquisas. Ao chegar no centro de
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pesquisas, as colonias foram transferidas para tanques de 1.500 L com
circulacdo constante de agua do mar e ar por um periodo de aclimatacéo
preliminar de 7 dias a 26 °C, a fim de monitorar possiveis danos causados pelo
transporte. Posteriormente foi realizada a fragmentacdo das colbnias em
fragmentos de entre 5 — 15 cm que continham pelo menos 3 pdlipos. Os
fragmentos foram, entdo, transferidos para 0s tanques experimentais para
aclimatagcdo, onde permaneceram sob as mesmas condi¢cbes até o inicio do

experimento.
4.3. Rodada experimental
4.3.1. Estrutura do mesocosmo
O mesocosmo utilizado nos experimentos do capitulo | consiste em dois
banhos-maria retangulares (190 cm x 50 cm x 10 cm), onde um total de 8

aquarios (4 repeticdes por tratamento) com capacidade de 1,3 L cada (15 cm x

11 cm x 12 cm) (figura 6) foram alocados.

Figura 6:Representagdo em 3D do aquario utilizado no experimento gerada com auxilio do
programa SketchUp 2015.

Os aquarios foram abastecidos com agua do mar capturada na costa
préxima ao local onde os experimentos foram realizados. O sistema de
mesocosmo foi desenvolvido a fim de produzir réplicas biologicas verdadeiras,
e, por isso, cada aquario possuia reservatorio, circulagdo de ar e agua
independentes. Cada sistema individual foi abastecido com 10 L de agua do mar,

e a circulacao de agua entre o reservatério e o aquario era feita por uma bomba
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Mini A (Sarlo Better, Sdo Caetano do Sul, Brasil), compreendendo uma vazéao de
250 mL min, e proporcionando circulagdo de dez vezes do volume do aquario
por hora. A cada dois dias 10% da agua dos reservatorios era renovada. A
circulacdo de ar foi realizada através de bombas HG-370 (Sun Sun) conectadas
a mangueiras de silicone e controladores de fluxo. Para manter a temperatura
dos banhos-maria homogénea, a circulacdo da agua desses era realizada por
duas bombas SB 1000A (Sarlo Better). Um aparelho Full Gauge controls MT-
518ri (Canoas, Brasil) era responsavel por medir e acionar os sistemas de
resfriamento ou aquecedores conforme necessarios. Para o resfriamento do
sistema, os banhos-maria estavam conectados a um tanque de 1000 L contendo
adgua a 18 °C. O sistema de aquecimento consistiu em dois aquecedores de 100
W (Atman, China) mergulhados diretamente em cada banho-maria e acoplados
ao Full Gauge. A salinidade era medida a cada dois dias e, quando necessario,
ajustada para 35 ppm com agua destilada. Em ambos os experimentos os corais
receberam luz natural do sol, seguindo ciclos dia / noite (12h / 12h). A luz solar
foi bloqueada em 70%, o que foi realizado através de sombrites para reproduzir
uma incidéncia luminosa entre 250 ymol fétons m=2 s1 ao meio-dia. Nesse
sistema cada aquario representava uma réplica biolégica de cada tratamento (n
= 4), onde um dos fragmentos foi escolhido aleatoriamente como unidade de
amostragem para cada tempo de amostragem.

A figura 7 mostra uma foto da estrutura do mesocosmo utilizado nos

experimentos do capitulo I.
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Figura 7: Estrutura final do mesocosmo. (A) um dos banhos-maria onde os aquarios de um dos
tratamentos foram alocados, (B) reservatérios contendo 10L agua do mar que abastecem os
aquérios e (C) sistema de circulagéo de ar conectado as mangueiras de silicone que distribuem
individualmente o ar para cada aquario.

4.3.2. Desenho experimental

Corais Termo Resistentes (TR) e Termo Sensiveis (TS) foram utilizados em
dois experimentos com o intuito de avaliar a dinamica das comunidades
microbianas associadas aos diferentes tipos de corais frente ao estresse térmico.
Para isso, corais TR foram submetidos a uma onda de calor simulada,
aguecendo gradualmente de 26 °C a 30,5 °C, quando a temperatura foi mantida
por 10 dias, seguido por 4 dias a 32 °C. Ja os corais previamente identificados
como TS foram submetidos a uma onda de calor menos intensa, aquecendo
gradualmente de 26° C a 29,5 °C, quando a temperatura foi mantida por 10 dias,
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seguido por 4 dias a 30,5 °C. As diferentes temperaturas de pico foram baseadas
em experimentos piloto anteriores, onde os corais sensiveis morreram a 32 °C,
enquanto os resistentes ndo apresentaram sinais de estresse a 30,5° C nem a
32 °C. Em ambos os experimentos a primeira amostragem (TO) foi realizada apés
os 10 dias de aclimatacéo a 26 °C. Em seguida, a temperatura foi gradualmente
aumentada em 0,5 °C por dia até atingir a “temperatura pré-pico” (30,5 °C para
TR e 29,5 °C para TS). Ap6s 10 dias nessas condi¢cdes a temperatura foi
novamente aumentada (0,5 °C por dia) até 32 °C, para corais TR, e 30,5 °C, para
corais TS. Apoés 4 dias nessas condi¢cdes o segundo tempo de amostragem (T1)
foi realizado seguido pela diminuicdo gradual da temperatura para 26° C (0,5 °C
por dia). O ultimo tempo de amostragem (T2) foi realizado apds 15 dias de
recuperacédo a 26° C. Um esquema do perfil de temperatura seguido em ambos

0S experimentos € mostrado na figura 8.
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Figura 8: Grafico do perfil de temperatura seguido nos experimentos com corais TR e TS.

4.4. Monitoramento dos parametros fisico-quimicos da agua

Parametros fisico-quimicos como pH, concentragdo de oxigénio
dissolvido (OD) e salinidade da agua também foram monitorados durante o
decorrer do experimento usando uma sonda multiparamétrica (Modelo HI 9.828,
Hanna Instruments, Barueri, Sdo Paulo). A salinidade da agua dos aquarios era

medida e, quando necessario, ajustada com agua destilada para 35 ppm (£ 1) a

47



cada dois dias. Ja parametros como pH e OD foram medidos durante os pontos

de amostragem.

4.5. Avaliacdo dos parametros de saude do coral

4.5.1. Avaliacdo mor

fologica

A avaliagédo morfolégica dos fragmentos de corais foi realizada com auxilio

do cartdo de referéncia colorimétrica Coral Health Chart desenvolvido pela ONG

Coral Watch (University of Queensland). Coral Health Chart consiste em um

grafico com diferentes padrdes de cores de corais saudaveis e, para cada

padrdo, uma série de variacdo de intensidade que representam diferentes

estagios de branqueamento. De acordo com o cartdo, a coloragdo do coral é

classificada numa escala de 6 unidades, onde 6 consiste na coloracédo mais forte

e 1 sem coloracédo, ou seja, completamente branqueado (figura 9). Corais que

diminuiram duas ou mais unidades de coloracdo entre TO e outros pontos de

amostragem foram considerados branqueados (HORVATH et al., 2016). Cada

réplica amostrada foi fotografada nos tempos de amostragem com camera digital

Canon T3i.

B1

El E2 E3 -

For Use only with the
ReefQuest Virtual Reel
www.BeefQuest.org

ReefQuest Modified

WATCH
CORAL HEALTH CHART

SUSTANLE
TOURISM
a RE m

......... CRC

EEE: - -

Ia

Figura 9:Cartdo colorimétrico “Coral Health Chart” utilizado nas avaliagbes morfolégicas do

coral.

45.1.1.

endossimbidticas

Quantificacdo da eficiéncia fotossintética das algas
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A eficiéncia fotossintética das algas endossimbidticas foi avaliada por
fluorometria de pulso e amplitude modulada (PAM). Para isso, foi utilizado um
sistema submersivel de PAM (Walz GmbH, Effeltrich, Alemanha) equipado com
um diodo emissor vermelho (LED, pico a 650 nm). Para evitar processos nao
fotoquimicos de dissipacdo da energia de excitacdo do Fotossistema I, foram
realizadas medic¢des apos o pér do sol, com pelo menos 30 minutos de escuridado
para garantir a dissipagcdo fotoquimica completa dos centros de reacdo. O
rendimento quantico méximo do Fotossistema Il das algas endossimbidticas é
determinado como F./Fm. Essa medida é utilizada como parametro indireto da
saude do holobionte coral, pois é capaz de mensurar a eficiéncia fotossintética
das algas simbibticas, e, portanto, um indicativo do branqueamento
(SCHREIBER, 2005). O aparelho foi configurado da seguinte forma: Measuring
Light Intensity (MI) = 5; Saturation Pulse Intensity (SI) = 8; Saturation Pulse Width
(SW) = 0,8, Gain (G) = 2; e Damping (D) = 2. Ao longo do experimento, 0 mesmo
fragmento de coral de cada aquario foi usado para medir o Fv/Fm. As médias e o
desvio padréao do valor de F./Fm de cada tratamento foram usados para avaliar
diferencas estatisticas entre os tempos de coleta. Os resultados foram
analisados estatisticamente pelo programa PAST3, e devido os resultados
apresentarem uma distribuicdo nao-normal, o teste ndo paramétrico de Mann
Whitney pareado foi utilizado, seguido do teste de Kruskal Wallis, para comparar
a analise de médias (POTVIN e ROFF, 1993).

4.6. Extracdo e sequenciamento do gene 16S RNAr

Amostras de M. hispida coletadas em cada tempo de amostragem foram
imediatamente congeladas em nitrogénio liquido e posteriormente armazenadas
em ultrafreezer (-80 °C) até o processamento. Os fragmentos de corais foram
descongelados e depois triturados com auxilio de pildo e cadinho estéreis,
utilizando nitrogénio liquido para a preservacdo do material genético a ser
extraido. O total de 0,5 g do triturado (muco, tecido e esqueleto) de cada amostra
foi utilizado para extracdo de DNA com o auxilio do Kit PowerBiofim® DNA
Isolation (MoBio Laboratories, Inc.) (WEBER; DEFORCE; APPRILL, 2017).
Posteriormente, a concentragdo de DNA foi determinada usando o fluorimetro
Qubit® 2.0 e o kit High Sensitivity DNA Kit (Invitrogen, USA).
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A regido variavel V4 do gene 16S rRNA derivado das amostras de coral
foi amplificada usando os iniciadores 515F / 806R e o0 sequenciamento de
extremidade pareada (2 x 250 pb) foi realizado seguindo as seguintes condi¢des:
94 °C durante 3 minutos, seguido por 28 ciclos de 94 °C durante 30 segundos,
53 °C durante 40 segundos e 72 °C durante 1 minuto, e por fim uma extensao a
72 °C por 5 minutos (CAPORASO et al., 2011). O sequenciamento foi realizado
pela empresa Argonne National Laboratory (Lemont, IL, EUA), usando o kit Next
Generation Sequencing Core na plataforma lllumina Miseq.

4.7. Andalise da comunidade microbiana através do
sequenciamento do gene 16S RNAr

Os arquivos de sequenciamento foram processados utilizando o
programa Mothur verséao 1.42.1., onde, primeiramente, foram demultiplexados,
gerando sequencias brutas pareadas para cada amostras. As sequencias brutas
foram usadas para montagem de contigs utilizando o comando “make contig”
com o parametro “bdiffs=1". Posteriormente, sequencias maiores que 290 pb e
menores que 220 pb foram excluidas, utilizando o comando “screen.seqs” com
0s parametros “maxambig=0", “maxlength=290", “minlength=220". O banco de
dados Silva (utilizando apenas sequéncias amplificadas com o mesmo iniciador
utilizado para nossas amostras) foi usado como referéncia para o alinhamento
das sequencias. Sequencias com baixo alinhamento foram removidas utilizando
0s comandos “screen.seqs” e “filter.seqs”. As sequencias foram agrupadas
utilizando o comando “pre.cluster” e o parametros “diffs=2". Quimeras foram
detectadas através do comando “chimera.vsearch” e, entdo, eliminadas. O
banco de dados Greengenes (versdo de Agosto de 2013 - utilizando apenas
sequéncias amplificadas com o0 mesmo iniciador utilizados para nossas
amostras) foi empregado para classificar as sequencias, utilizando o comando
“classify.seqs” e bootstrap com corte de 80. Sequencias classificadas como
cloroplastos, Eucariotos, Arqueias e agquelas ndo alinhadas em nenhum dominio
foram removidas.

Como forma de controle de qualidade, uma amostra branca foi também
sequenciada, ou seja, foi seguido o0 mesmo protocolo de extragdo de DNA sem
adicao de amostra biologica. Todas as sequencias presentes na amostra branca

foram filtradas e removidas das amostras experimentais. As sequencias
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resultantes foram usadas como input para o comando “dist.seqs”. As sequencias
foram agrupadas em grupos taxonémicos operacionais (OTUs), com um corte
de 3% de dissimilaridade. Todos os singletos foram removidos e para evitar viés
de amostragem, as amostras foram normalizadas randomicamente para o
mesmo numero de sequencias (8.421 para o experimento de campo, 5.059 para
experimento com corais sensiveis e 3.954 para experimento com corais
resistentes). O sumario taxonémico, gerado a partir das etapas detalhadas
anteriormente, foi utilizado para entender a composicdo bacteriana de cada
amostra. A distribuicdo das OTUs foi usada para calcular indices de diversidade
(Shannon, Fishers’ dominance and Chao) e para estabelecer um padrdo de
relacdo entre as amostras, além de avaliar diferencas especificas entre as OTUSs.

As analises estatisticas e graficos foram gerados através do programa
PAST3. Escala multidimensional ndo métrica (NMDS) foi gerado utilizando o
indice de dissimilaridade de Bray-Curtis com a matriz de distribuicdo de OTU
como input. A temperatura, dias de experimento e o valor de F./Fn foram usados
como coeficiente de correlacdo entre cada variavel e os vetores de ordenacdo
do NMDS para estabelecer a relacdo entre os dados ambientais da comunidade
bacteriana. indices de Shannon e Fisher's dominance foram testados para
diferengas estatisticas, utilizando andlise de variancia de duas vias (ANOVA) e
o teste Tukey post-hoc.

Taxons indicadores de estresse térmico (tempo de amostragem) e o da
susceptibilidade do coral (resistente ou sensivel) foram indicados através da
Andlise de Espécies Indicadoras (ISA — do inglés Indicator Species Analyses)
utilizando o programa PC-ORD 6.0. Para avaliar os taxons indicadores de
estresse térmico, foram utilizados dados de ambos os corais e a susceptibilidade
foi desconsiderado. Ja para avaliar os taxons indicadores a susceptibilidade ou
resisténcia, o tempo de amostragem foi desconsiderado. Todas as OTUs com p
<0,05 (com base na técnica de Monte Carlo) e Valor do Indicador (IV) maior que
60 foram selecionadas como indicadoras. O menor nivel taxonémico foi utilizado

para classificar as OTUs nesse caso.

4.8. Metagenoma

51



4.8.1. Extracdo e sequenciamento de DNA metagenémico

O efeito do estresse térmico nas caracteristicas funcionais, bem como nas
correlagdes de multiplos dominios em corais TR e TS, foi analisado por
metagendmica. As amostras do inicio do experimento (TO - 26 ° C) e do pico de
temperatura (T1 - 32 °C para resistente e 30,5 °C para sensivel) foram
sequenciadas conforme descrito abaixo. Um pool de trés extracbes de DNA de
cada réplica biologica foi usado para aumentar a concentracdo de DNA das
amostras. A qualidade do DNA extraido assim como a concentracgao foi avaliada
em Nanodrop e pelo Fluorometer Qubit® utilizando o kit 2.0 High Sensitivity DNA
(Invitrogen, EUA), repectivamente. O sequenciamento shotgun de uma via foi
realizado no Laboratério Nacional de Argonne (Lemont, IL, EUA) usando o Next

Generation Sequencing Core em uma plataforma lllumina Hiseq 2500.

4.8.2. Processamento de dados de metagenomica

A andlise do metagenoma consistiu em duas partes: recuperacdo de
genomas (bins) e analise dos efeitos da mudanca de temperatura nas funcdes
das comunidades microbianas. A recuperacdo de genomas de procariotos,
eucariotos e virus foi realizada empregando abordagens e ferramentas
especificas que tratam de cada tipo de microrganismo. A andlise dos efeitos do
estresso térmico nas funcbes das comunidades microbianas de origem
procariotica, eucariotica e viral foi determinada pela identificacdo de quadros de
leitura aberta (ORFs — do inglés open read frame) estatisticamente significativos
entre as amostras de coral em temperaturas normais (26 °C) e altas (30,5 °C

para corais termos sensiveis e 32 °C para termo resistentes).

Para isso, as leituras brutas obtidas do sequenciamento shotgun foram
filtradas pela qualidade usando Trimmomatic (verséo 0.36
https://github.com/timflutre/timmomatic), onde os parametros TRAILING foi
definido como 3, MINLEN definido como 60, HEADCROP definido como 10 e
todos os outros foram mantidos com os valores padrdo. A montagem de
sequencias de qualidade controlada foi realizada usando duas metodologias
diferentes de acordo com o grupo microbiano alvo. A identificacdo das ORFs e

a recuperacao dos genomas virais foram baseadas nos contigs gerados a partir
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da montagem obtida pelo MEGAHIT (versao 1.1.3). A recuperagcdo do genoma
procariotico e eucariotico foi baseada nos scaffolds montados gerados pelo
IDBA-UD (https://github.com/loneknightpy/idba) usando parametros padréo. A
escolha de metodologia de montagem diferentes para virus é devido ao melhor
desempenho do programa MEGAHIT quando comparado ao IDBA-UD na

recuperacao de sequéncias virais.

4.8.3. Recuperacao de bins

ApoOs a montagem de scaffolds procaridticos e eucaridticos, assim como
contigs virais, a recuperacao de genomas ou potenciais genomas (chamados de
bins) foi realizada por meio da ferramenta DAS (SIEBER, 2017), utilizando
parametros indicados pelos desenvolvedores. Os métodos de binning usados
nesta abordagem compreendem ABAWACA (https://github.com/CK7/abawaca),
CONCOCT (ALNEBERG et al., 2014), MaxBin2 (WU etl al., 2015) e MetaBAT
(KANG et al., 2015). A avaliagao da qualidade, incluindo completude e estimativa
de contaminacdo dos bins gerados foi realizada com CheckM (funcéo
‘lineage_wf’) (PARKS et al., 2017). Um bin procariético foi definido como tal de
acordo com a definicdo proposta por Parks (PARKS et al.,, 2017). Bins
eucaridticas foram recuperadas usando o pipeline EukRep de acordo com as
instrucdes do desenvolvedor (WEST et al., 2018). Resumidamente, esta pipeline
separa os scaffolds montados com IDBA-UD em eucariéticos ou procariéticos,
empregando um algoritmo de marchine learning treinado com genomas baixados
do NCBI e JGI. Em seguida, os scaffolds eucari6ticos foram armazenados
usando CONCOCT. Bins com tamanho menor que 2,5 Mbp foram removidos. A
avaliacdo da qualidade de bins eucaritticos foi determinada usando BUSCO
(WATERHOUSE et al., 2017) de acordo com as instru¢des dos desenvolvedores.
A atribuicdo taxondomica dos bins gerados foi realizada por taxator-tk (DROGE et
al, 2014).

Os contigs virais recuperados foram identificados como categorias
VirSorter 1 e 2, bem como os contigs com um valor de p VirFinder <0,01 foram
mantidos para analise posterior. Esses contigs virais significativos foram entéo
agrupados por conjunto de dados em 95% de identidade de nucleotideo (nt)
usando VSEARCH para remover redundancia. Contigs <1.000 nt foram

removidos. Para atribuicdo taxonémica, as sequéncias de aminoacidos das
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ORFs virais foram alinhadas a um banco de dados de proteina RefSeq viral
(fevereiro de 2019) usando DELTA-BLAST (BORATYN et al., 2012) com um
valor de e-limite de 10-3. Se mais de uma ORF por contig estava presente apds
o alinhamento, escolhemos a ORF representativa mostrando o menor valor e e
a maior pontuacao de bits. As atribuicbes de taxonomia viral foram calculadas
para todas as ORFs representativas.

ORFs montadas utilizando MEGAHIT foram mapeadas para cada bin
gerado (incluindo todos os dominios taxondmicos) utilizando Bowtie2
(LANGMEAD et al, 2012). Finalmente, o numero de ORFs que foram mapeados
para cada bin e genoma do hospedeiro foi calculado usando SAMtools (LI et al.,
2009).

4.8.4. ldentificacdo funcional de ORFs e analise estatistica

A analise dos efeitos do estresse térmico nas funcfes das comunidades
microbianas, incluindo procariotos, eucariotos e virus, foi determinada pela
identificacdo de ORFs que foram estatisticamente significativos entre as
amostras. Consideramos estatisticamente significativos aqueles que mostram p
<0,05 entre grupos de amostras usando o método das médias dos minimos
quadrados (pacote Ismeans 2016 — LENTH, 2016) com False Discovery Rate
(FDR) para testes de corregédo multipla (pacote R “Ismeans”). As amostras foram
agrupadas em TR ou TS (“TO sensivel” - amostras de coral sensiveis coletadas
no inicio do experimento incubadas a 26 °C; “T1 sensivel” - amostras de coral
sensiveis coletadas apds o pico de temperatura de 30,5 °C); “TO resistente” -
amostras de corais resistentes coletadas no inicio do experimento incubadas a
26 °C; e “T1 resistente” - amostras de corais resistentes coletadas apos o pico
de temperatura de 32 °C).

A anotacéao funcional das ORFs identificadas foi realizada pesquisando a
secdo Swissprot do banco de dados Uniprot (UniProt, 2015) usando BLAST
v2.2.30. Para cada ORF prevista, a correspondéncia com o bitcore mais alto foi
usada para a anotacdo putativa se ela tivesse um valor e> 1e. Além disso, a
anotacdo funcional das ORFs também foi realizada por GhostKOALA
(KANEHISA, et al., 2016).
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Além disso, a porcentagem de eucariotos e procariontes nas diferentes
bibliotecas metagenémicas foi calculada. EukRep, um pipeline desenvolvido
para a recuperacdo de bins eucarioticos (WEST et al. 2018) foi usado para
separar os scaffolds em procariéticos e eucariéticos. VirSorter (ROUX, et al.,
2015) e VirFinder (REN, et al., 2017) foram usados para determinar contigs
virais. Além disso, a identificacdo de linhagens Symbiodiniaceae predominantes
nos dados de metagenoma foi realizada identificando sequéncias SSU usando
Emirge e atribuindo taxonomia a essas sequéncias usando o banco de dados
SILVA (https://lwww.arb-silva.de/). Para o género Symbiodiniaceae identificado,
conjuntos de genomas gerados anteriormente foram baixados do banco de
dados do NCBI. A proporcdo de eucariotos, procariotos e virus em cada
biblioteca foi determinada em duas etapas. Leituras verificadas de qualidade
foram primeiro montadas com pandaseq (MASELLA, et al. 2012) e, em segundo
lugar, mapeadas para os scaffolds correspondentes (eucariotos e procariontes)
e contigs (virus). O numero de leituras mapeadas para eucariotos, procariontes
(scaffolds) e virus (contigs) foi calculado usando samtools. Os diagramas de
Venn foram gerados usando um script R interno. O numero de leituras mapeadas
foi calculado com samtools e as porcentagens de leituras mapeadas como parte
do total de leituras foram calculadas usando Libreoffice-calc. Além disso,
determinamos se as ORFs estatisticamente significativas eram de origem
mitocondrial. Assim, foram selecionados o0s contigs contendo ORFs
estatisticamente significativas. Depois, esse pool de contigs foi mapeado contra
o banco de dados de sequéncias mitocondriais do NCBI
(https://www.ncbi.nlm.nih.gov/tools/vecscreen/contam/). Todos os alinhamentos
com valor de e <0,001 foram considerados significativos. Sequéncias alinhadas
com mitocondrias foram excluidas das anélises.

Os heatmaps foram gerados com a funcdo heatmap.2 (pacote gplots
v3.0.1.1 R) usando a abundéncia relativa normalizada de ORFs. A normalizacao

foi realizada usando a funcéo de escala (base R) sem centralizacao.
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Metodologia referente ao capitulo Il

4.9. Coleta de coldnias de Mussismilia hispida

Colonias de Mussismilia hispida foram coletadas por mergulho autbnomo
nos recifes de Coroa Vermelha, municipio de Santa Cruz de Cabralia, Bahia,
Brasil. Col6nias foram coletadas em trés locais ao longo do recife: local A
(16° 20'57,99 "S; 038° 58'45,00" W), local B (16° 20'39,30 "S; 038° 58'38,10"
W) e local C (16° 22'02,20 "S; 039° 0'15,63" W), em profundidades entre 1,5
e 15 m, entre os dias 26-29 de janeiro de 2017. As colbnias foram
transportadas em sacos plastico duplos contendo 2/3 de 4gua do mar. Na
chegada a estacao de pesquisa, cerca de 12 horas apds a amostragem, as
colonias de corais foram transferidas para tanques de 1.500 L com circulacao
constante de 4gua do mar e ar por um periodo de aclimatacdo preliminar de
3 dias. Posteriormente, as colonias foram micro-fragmentadas em
fragmentos de ~ 7 cm e colocadas no sistema experimental para aclimatacao
e recuperacdo do tecido ao corte. Cerca de 4 dias apos a micro-
fragmentacao, os fragmentos comecaram a recuperar, mas foram mantidos
em condic¢des de aclimatacédo (26 °C) até que todos os fragmentos atingissem

taxas Fv/Fm proximas a 600.

4.10. Isolamento de bactérias de coldnias termo resistentes do
coral Mussismilia hispida

Fragmentos de trés colbnias termo resistentes (TR) do coral Mussismilia
hispida previamente marcadas no estudo descrito no capitulo |, sesséao 4.2,
foram usados como uma fonte para isolar microrganismos benéficos para
corais. Duas abordagens diferentes foram usadas para o isolamento
bacteriano. Primeiro, 0,5 g do triturado composto pelos fragmentos das trés
colbnias de coral foi ressuspenso em 45 mL de solucéo salina estéril (0,85 %
NaCl) e depois agitado por 16 h com pérolas de vidro estéreis. Apos a
incubacao, triplicadas de sub amostras (100 pL) das diluicdes 103, 10 e 10~
5 foram inoculadas em placas de Petri contendo 20 mL de meio agar marinho

(Marine Agar Zobell 2216, Himedia Laboratories, Mumbai, india), meio de agar
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marinho diluido (Meio de Agar Marinho 2x diluido com NaCl a 2,5% e agar
ajustado), meio de Luria-Bertani NaCl a 2,5% (10 g de triptona, 5 g de extrato
de levedura, 25 g de NaCl e 15 g de agar para 1000 mL de agua destilada) ou
Meio de dgua do mar (1000 mL de &gua do mar e 13 g de agar). Além disso,
fragmentos de ~ 0,5 mm foram colocados diretamente nesses meios de
cultura. Todas as placas foram incubadas a 26 °C e o crescimento bacteriano
acompanhado por 48h. Um total de 133 coldnias bacterianas foram isoladas
com base na morfologia, sendo 67 derivadas do triturado e 52 derivadas dos
minis fragmentos. Cada colénia morfologicamente diferente foi armazenada
em ultrafreezer em concentracdo final de 20% de glicerol e recuperada

quando necessério para triagem funcional.

4.11. Triagem funcional de estirpes benéficas para corais

Cada isolado bacteriano morfologicamente diferente foi testado quanto as
caracteristicas benéficas para corais, conforme proposto por Peixoto et al.
(2017), incluindo atividade de enzima sequestrante de espécies reativas de
oxigénio, atividade antagonista contra patdgenos de coral, presenca de genes
responsaveis pela ciclagem de nitrogénio e genes envolvidos na degradacéo de
dimetilsulfoniopropionato (DMSP).

4.11.1. Producédo de substancias antimicrobianas

A atividade antagonista contra as cepas Vibrio corallilyticus YB
(DSM19607) (V1) e Vibrio alginolyticus (BAA450) (V2) foi testada pelo método
de difusdo em agar (GIAMBIAGI-MARVAL et al., 1990). Ambas as estirpes foram
consideradas patogénicas ou potenciais patdbgenos para corais,
respectivamente, em estudos anteriores (BEN-HAIM et al., 2003; ALVES, 2010).
Primeiramente, 20 yL do estoque em glicerol de cada isolado foi inoculado em
frascos contendo meio LB 2,5% NaCl pelo o tempo necessario de turvamento do
meio de cultura, indicando crescimento bacteriano. 20 pL dessa suspensao foi
inoculada em forma de spot no meio de cultivo LB a 2,5% NacCl, colocando trés
pontos para cada isolado (representando 3 réplicas). As placas foram incubadas

a 26 °C pelo tempo necessario para o crescimento do isolado de interesse.
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Posteriormente, os isolados foram inativados através da volatilizacdo de
cloroférmio por 30 minutos, seguido pelo derramamento de 3 mL de meio LB
semissolido 2,5% NacCl (4gar 0,7%) contendo os indicadores V1 ou V2 sobre os
pontos inativados. Estas placas foram ent&o incubadas a 28 °C durante 16 h, e
a atividade antagonista foi indicada por halos de inibicdo em torno dos isolados
testados ou ndo deteccdo de crescimento de Vibrio sobre a colbénia do isolado
testado. A figura 10 ilustra a metodologia descrita acima e usada para deteccao

de atividade antagonista contra patdgenos de corais.

* Producgdo de atividade antagonista contra patogenos de corais

Crescimento dos isolados
testados

26°C .
Isolado a ser testado

. o L
reativado em LB 2,5 % NacCl Meio LB 2,5% NaCl Inativagdo por

cloroférmio

Producdo de halo =

atividade antagonista Meio semi-solido

+
indicadora
<:| Vibrio coralliilyticus YB (DSM19607)
(V1) ou
Vibrio alginolyticus (BAA450) (V2)

Figura 10: Esquema da metodologia utilizada para deteccdo de atividade antagonista contra
patdégenos de corais, utilizando o método de difusdo em agar.

4.11.2. Teste de deteccdo da atividade da enzima sequestrante de

espécies reativas de oxigénio: Catalase.

Os isolados foram testados quanto a atividade de enzimas sequestrantes
de espécies reativas de oxigénio, com base na producao qualitativa e qualitativa
da catalase. Para isso, 50 pL de cultura liquida de cada isolado foi misturado
com 50 pL de peroxido de hidrogénio a 3% (v / v). O surgimento de bolhas apos
o esfregaco significa a formacao e liberacdo de oxigénio molecular a partir de
H20: pela reacao da enzima catalase, sendo o isolado em questéo considerado

catalase positiva. A guantidade de espuma produzida também foi considerada.
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4.11.3. Extracdo de DNA gendmico de isolados bacterianos

Para dar continuidade as etapas descritas nos proximos itens, foi
necessaria a utilizacdo do DNA gendmico dos isolados bacterianos. Para isso,
os isolados foram incubados em 5 mL de meio LB 2,5% NaCl e incubados sob
agitacdo de 150 rpm a 26 °C. ApOs turvacdo do meio, a extragdo do DNA
gendmico foi realizada seguindo o protocolo do fabricante do kit comercial

“Wizard Genomic DNA extraction Kit” (Promega).

4.11.4. Presencade genes relacionados a fixagcdo de nitrogénio (nifH)
desnitrificacdo (nirK) e degradacédo de DMSP (dmdA)

Os testes para deteccdo dos genes nifH, nirkK e dmdA foram realizados
através da reacdo em cadeia da polimerase (PCR) num volume final de 20 pL
utilizando o kit da enzima polimerase DreamTaq® (Thermo Scientific), no qual
foi usado 0,2 mM de cada dNTP, 20 pmol de cada iniciador de escolha, 1,25 U
da polimerase DreamTaq® (Thermo Scientific), 50 ng de DNA e agua ultrapura
estéril para completar o volume da reacao.

Para selecdo de isolados fixadores de nitrogénio, foi realizada a
amplificacdo do gene nifH. Esse gene é um dos marcadores genéticos mais
utilizados para a identificacdo de estirpes fixadoras de nitrogénio, pois € um dos
principais genes que codificam a nitrogenase, enzima responsavel pela reducao
do nitrogénio atmosférico (N2) em aménio (NH4*). Para isso, foi realizada uma
PCR utilizando os iniciadores PolF (5’- TGC GAT CCG AAA GCC GAC TC - 3))
e PoIR (5’- ATG GCC ATC ATT TCA CCG GA - 3’) seguindo o protocolo de Poly
e colaboradores (2001) e encontrado na tabela 1. Amostras de DNA total de solo
foi utilizado como controle positivo da reacao e amostras sem adicdo de material
genético foram utilizadas como controle negativo.

Para a identificacdo de isolados desnitrificantes, foi realizada a
amplificagcdo do gene nirK. Esse gene codifica a enzima nitrito redutase,
responsavel pela reducéo do nitrito (NO2") em aménia (NHs). A PCR foi realizada
com os iniciadores F1aCu (5’- ATC ATG GTC CTG CCG CG - 3’) e 0 R3Cu (5'-
TTG GTG TTA GAC TAG CTC CG - 3’) seguindo o protocolo descrito por Hallin
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e Lindgren (1999) e encontrado na tabela 1. Amostras de DNA total de esgoto
foram utilizadas como controle positivo da reacdo e amostras sem adicdo de
material genético foram utilizadas como controle negativo.

J& para a identificacdo de isolados capazes de degradar DMSP, foi
realizada PCR visando amplificacdo do gene dmdA. Esse gene codifica a enzima
DMSP desmetilase, responsavel por mediar o primeiro passo de degradacao do
DMSP através da via de desmetilacdo (HOWARD et al., 2006). Para isso, foram
utilizados os iniciadores D/all-spFP (5’- TAT TGG TAT AGC TAT - 3’) e o D/all-
spRP (5’- TAA ATA AAA GGT AAA TCG C- 3’) seguindo o protocolo descrito por
Varaljay e colaboradores (2010) e encontrado na tabela 1. Amostra de DNA total
da 4gua do mar foi utilizado como controle positivo da reacdo e amostras sem
adicdo de material genético foram utilizadas como controle negativo.

Para deteccdo da amplificacdo dos genes acima, foi realizada uma
eletroforese a 100V em gel de agarose 1,2% em tampao TBE 1%, utilizando
padrao de peso molecular GeneRuler™ 1 kb Plus DNA Ladder (Fermentas Life
Sciences). Apds 40 minutos de corrida os positivos foram revelados através da
deteccado de bandas com 360 pb para o gene nifH, 473 pb para nirK e 105 pb em
luz ultravioleta e com o auxilio do corante intercalante de base SYBR® Safe DNA

gel strain (Invitrogen™).

Tabela 1: Iniciadores e os ciclos de temperatura utilizados para amplificacdo dos genes de
interesse.

Caracteristica G Sequéncia Sequéncia | Temperaturae
. ene L o :
funcional iniciador iniciador ciclo
94 °C por 2 min;
(5'-TGC GAT | (5'-ATG GCC °C por 1 mi,n o
Nitrificagéo nirk CCG AAA ATC ATT 72 °C oor 1
GCCGACTC-| TCACCG . P
, , min; e 1 ciclo de
3 GA-3") .
extensao final de
10 mina72°C
94 °C por 3 min;
FlaCu R3Cu 30 ciclos de 94
o . (5'-TTG GTG °C
Fiacgode | gy | (O“ATCATG | “oprp Gac | for 2 min, 55 °C
nitrogénio GTC CTG TAG CTC for 1 mi 72
CCG CG-3)) or L min, €
CG3) °C for 2 min; 1
ciclo de
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extensao final de
10 mina 72 °C

94 °C por 2 min;
35 ciclos de 94

Diall— sprp | D/AIESPRP o o 20's, 42
~ , (5'-TAA ATA o
Degradacao dmdA (5"-TAT TGG AAA GGT C
de DMSP TAT AGC AAA TCG C- | POr 30s,e68°C
TAT-3) , for 30 s; e 1 ciclo
3" .
de extenséo final
de 5 min a 68 °C
4.12. Identificag&o taxondmica dos candidatos a compor

consorcio BMC

Um total de 38 cepas com resultado positivo para pelo menos uma das
caracteristicas descritas no item 4.11 teve o gene 16S rRNA amplificado e
sequenciado. Os iniciadores 27F (5-AGA GTT TGA TCA TGG CTC AG-3') e
1492R (5'-GTT TAC CTT GTT ACG ACT T-3') foram usados para amplificacdo a
partir do DNA gen6mico extraido como descrito no item 4.11.3 seguindo o
protocolo descrito na tabela 2. Os produtos de amplificacdo foram purificados
utilizando o kit GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) e
sequenciados pela técnica de SANGER pela empresa Macrogen.

Os eletroferogramas resultantes do sequenciamento foram processados
usando o Ribosomal Database Project Il (RDP) (COLE et al., 2009) para remover
bases de baixa qualidade. As sequéncias de cada isolado foram utilizadas para
montagem de contigs usando Bioedit 7.0.5.3 (HALL, 1999). As sequéncias do
gene 16S rRNA das bactérias foram alinhadas com as sequéncias do banco de
dados NCBI (ALTSCHUL et al., 1990). As sequéncias dos isolados escolhidos
para compor o consorcio foram depositadas no banco de dados do NCBI sob um
namero de acesso individual. As cepas de bactérias identificadas como
potenciais patbgenos humanos ou marinhos, bem como aquelas com atividade
antagonica contra qualquer membro do consorcio BMC selecionado (avaliado
pelo método de difusdo em agar citado do item 4.11.1. foram excluidas.
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Tabela 2: Sequéncia de iniciadores e ciclos de temperatura utilizados para o gene 16S rRNA.

Caracteristica| Gene Sequéncia Sequéncia Temperatura e
funcional iniciador iniciador ciclo
Um ciclo a 94 °C
por 3 min; 35
27 F ciclos a 94 °C por
, 1492R
|dentificagéo 165 | (O-AGAGTT (5'-GTT TAC . 40s,
N TGA TCA 55 °C por 1 min, e
taxondmica rRNA CTT GTT ACG o o
TGG CTC ACT T-3') 72 °C por 2 min; e
AG-3") um ciclo de
extensdo final por
10 mina 72 °C.
4.13. Preparacéo do consorcio BMC e solugéo Placebo

Um total de seis cepas bacterianas: M20 Bacillus lehensis (numero de
acesso NCBI MK308622), M24 Bacillus oshimensis (MK308624), M3 Bacillus
lehensis (MK308617), M1 Brachybacterium conglomeratum (MK308603), CM29
Planococcus rifietoensis (MK308593), e F2 Salinivibrio sp. (MK308616), foram
selecionados para compor o consorcio BMC para M. hispida, com base nas
caracteristicas benéficas citadas no item 4.11 e os critérios de excluséo citados
no item 4.12. O consércio BMC utilizado no experimento continha um total de
108 células por mL. Uma curva de crescimento bacteriano foi realizada para
estimar o tempo 6timo de crescimento e o niumero de células correspondente de
cada cepa individual de BMC. Para isso, aliquotas do crescimento de cada cepa
cultivadas a 26 °C em 100 mL de meio LB 2,5% NacCl por 8, 16, 22, 30, 42,48 e
54 h foram coletadas e a densidade Optica (OD600) correlacionada diretamente
com o numero de unidades formadoras de colénias (UFC). As UFCs foram
avaliadas através do cultivo de subamostragem (100 uL) da diluicao seriada (1:9
— 100 pL amostra + 900 pL solucédo 0.85 % NacCl) até a diluicdo 106 em meio LB
2,5% NaCl. As UFCs foram contadas ap0s 24h de crescimento a 26 °C e os
resultados obtidos foram normalizados para logio X UFCmi-1 para estimativa da
guantidade de células presentes e plotagem em grafico. As culturas foram

coletadas nos seus respectivos tempos oOtimos de crescimento (Figura
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Suplementar 1 — Cépitulo 1) e centrifugadas a 5000 g por 2 min. As células foram
lavadas 3 vezes com solucdo salina estéril (NaCl 0,85%), seguida de
ressuspensdo em 50 mL de solugéo salina estéril. Para garantir a manutencéo
da viabilidade, o consorcio BMC foi preparado com no maximo um dia de
antecedéncia. Ja o placebo/controle para o tratamento BMC foi composto pela
mesma solucédo salina estéril (NaCl a 0,85%) utilizada para preparar o BMC,

daqui em diante referido como tratamento placebo.

4.14. Estrutura do mesocosmo experimental

A rodada experimental do capitulo Il foi conduzida no centro de pesquisas
cientificas do Aquario Marinho do Rio de Janeiro (IMAM-AquaRio), no municipio
do Rio de Janeiro, RJ, Brasil. O mesocosmo experimental seguiu 0 mesmo
modelo do descrito no capitulo | item 4.3.1 com algumas adaptac¢fes, onde cada
aguario consistiu em uma réplica biologica. Dessa forma, o mesocosmo foi
composto por 2 banhos-maria (100 cm x 50 cm x 10 cm) por temperatura (total
de 4 banhos-maria), onde 5 aquarios individuais (cada um com 1,3 L de
capacidade, 15 cm x 11 cm x 12 cm) de cada tratamento foram distribuidos
aleatoriamente no mesocosmo. Os aquarios foram abastecidos com agua do
mar da estacdo de pesquisa onde o experimento foi conduzido. Cada aquario
possui seu proprio reservatorio e bomba de circulacdo individuais, que era
preenchido com 8,7 L de agua do mar. A circulacdo entre o reservatorio e 0s
aguarios era acionada por uma bomba d'agua Mini A (Sarlo Better, Sdo Caetano
do Sul, Brasil) a uma vazédo de 250 mL min~, proporcionando uma reposicéo de
dez vezes o volume do aquério por hora. A cada dois dias, 10% da agua do
reservatério era substituida e a salinidade ajustada para 34 PSU com &gua
deionizada, se necessario. Os aquarios receberam circulacdo de ar continua
individual por meio de bombas de ar (HG-370, Sun Sun) conectadas a
mangueiras de silicone e controladores de fluxo. A agua do banho-maria era
circulada e misturada por duas bombas de aquario (SB 1000A, Sarlo Better) para
manter a temperatura homogénea, e ndo havia troca de agua entre os aquarios
e 0s banhos-maria. O Full Gauge MT-518ri (Canoas, Brasil) media e controlava

a temperatura do banho-maria, acionando o sistema de refrigeragdo ou
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aguecedores conforme a necessidade. Os banhos de agua foram conectados a
um tanque de 1000 L a 18 °C, para fornecer agua de resfriamento por meio de
bombas d'agua (Better 2000, Sarlo Better) quando o controle de temperatura Full
Gauge ativava o sistema. O sistema de aquecimento consistia em dois
aguecedores de 100 W (Atman, China) dentro do banho-maria. Parametros
fisico-quimicos da agua, como pH e oxigénio dissolvido (DO), foram medidos
nos dias de amostragem, utilizando uma sonda multiparametros (Modelo HlI
9.828, Hanna Instruments, Barueri, Sd0 Paulo). Os experimentos seguiram
ciclos artificiais dia / noite (12h / 12h) com 150 pymol fétons m=2 s~ das 06:00 as
10:00 e das 14:00 as 18: 00h; e 250 ymol fétons m2 s das 10:00 as 14: 00h, o
qual foi modulado com dimmer de luz e tela bloqueadora de luz. Cada aquario
individual (réplica) tinha seu préprio sistema de iluminagédo, consistindo em trés
LEDs de luz azul e seis de luz branca cada. Quatro fragmentos (~ 7 cm) de M.
hispida foram colocados em cada aquario, e um unico fragmento foi usado
aleatoriamente como uma unidade de amostragem para cada tratamento e

tempo de amostragem.

4.15. Desenho experimental

Um total de 80 fragmentos de coral de M. hispida foram expostos a dois
regimes de temperatura, 30 °C (regime de temperatura alta — estresse térmico)
e 26 °C (regime de temperatura ambiente — temperatura controle), e dois
tratamentos, placebo ou BMCs. Cada aquario consistia em uma réplica
completamente independente e cada tratamento usava cinco dessas réplicas
independentes. Um fragmento foi usado aleatoriamente como uma unidade de
amostragem para cada tratamento e tempo de amostragem. Todos os nubbins
de coral foram primeiro mantidos sob as mesmas condi¢des a 26 °C por 30 dias
para permitir que eles se aclimatassem ao sistema experimental. Para o
experimento de alta temperatura, a temperatura foi aumentada, do dia 0 ao dia
8, em 0,5 °C por dia até 30 °C, que foi mantida por 10 dias. Em seguida, a
temperatura foi diminuida para 26 °C em 1 °C por dia, seguido por 23 dias de
recuperacdo. Todos os aquarios do experimento controle foram mantidos a 26
°C durante os 75 dias do experimento (30 dias de aclimatacdo + 45 dias de

experimento). Os pontos de amostragem foram: antes do estresse térmico (T0),
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no pico da temperatura (T1), no ultimo dia de alta temperatura (T2) e ap0s o
periodo de recuperacdo (T3). Amostras do experimento de temperatura
ambiente também foram coletadas em paralelo nos mesmos tempos de
amostragem. O placebo e os BMCs foram inoculados no primeiro dia do
experimento e a cada 5 dias a partir de entdo; durante os 10 dias de pico de
temperatura, as inoculacdes foram realizadas a cada 3 dias. Uma viséo
esquematica detalhada do desenho experimental é mostrada na figura 11. As
inoculacdes foram realizadas retirando os fragmentos de coral do aquario e
colocando-os em uma placa de Petri estéril para inocular 1 mL do respectivo
tratamento acima dos fragmentos. ApOs a inoculacdo, os fragmentos foram
imediatamente devolvidos aos seus respectivos aquarios e as placas de Petri
individuais foram enxaguadas na agua do aquario.
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Figura 11: Esquema demonstrando o desenho experimental e o regime de temperatura dos experimentos realizados
neste capitulo.
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4.16. Avaliacao dos parametros de saude do coral

A saude dos corais foi avaliada durante o experimento através do
monitoramento visual do branqueamento e pela eficiéncia fotossintética das
algas endossimbio6ticas, como descrito no item 4.3.4.2. A resposta visual do coral
foi avaliada por pontuacdo de cor, com base na aparéncia do tecido: 1)
branqueado (> 80% da colbnia branqueada, sem pigmentacao visivel); 2) pélido
(> 10% colbnia afetada pela perda de pigmento); ou 3) totalmente pigmentado
(<10% colbnia com coloracdo palida). A mortalidade dos corais foi pontuada
como 0. O mesmo fragmento utilizado para F./Fm foi fotografado a cada tempo
de amostragem, com uma camera digital Canon T3i, nas mesmas condicoes, e

a cor foi pontuada com base na avaliacéo fotografica.

4.17. Extracdo de DNA e sequenciamento do gene 16S RNAr do
microbioma do coral

O microbioma do coral foi avaliado por analise de sequenciamento do
gene 16S rRNA. Amostras da camada de muco, tecido e esqueleto do coral
foram coletadas com alicates estéreis no momento da coleta. As amostras de
cada tempo de amostragem foram trituradas com um pildo e cadinho. O DNA
total foi extraido de 0,5 g do triturado usando o kit PowerBiofiim® DNA Isolation
(MoBio Laboratories, Inc.), seguindo as instru¢des do fabricante. A concentracéo
de DNA foi determinada com o kit Qubit® 2.0 Fluorometer High Sensitivity DNA
(Invitrogen, EUA).

Para amplificar as regides hipervariaveis V5 e V6 do gene 16S rRNA

bacteriano, 0s iniciadores 784F (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGG
TA-3") e 1061R (5'-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACG

AC-3") (ANDERSSON et al., 2008) foram usados (iniciadores adicionados com
adaptador lllumina). PCRs triplicados (usando 1 uyL de DNA molde) foram
realizados com o kit Qiagen Multiplex PCR, com uma concentracdo final do
iniciador de 0,3 yM em um volume de reagao final de 10 yL. Além das amostras,

foram executadas PCRs simuladas (sem entrada de modelo) para contabilizar
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0s contaminantes putativos do kit. As condi¢des do termociclador foram:
desnaturacao inicial a 95 °C por 15 min, 27 ciclos de 95 °C por 30 s, 55 °C por
90 s e 72 °C por 30 s, seguido por uma extenséo final a 72 °C por 10 min. Em
seguida, 5 pL de cada produto de PCR foram analisados em um gel de agarose
a 1% para confirmar a amplificacdo bem-sucedida. Os produtos de PCRs
triplicados para cada amostra foram agrupados e as amostras limpas usando
ExoProStar de 1 etapa (GE Healthcare, Reino Unido). As amostras foram
indexadas usando o Nextera XT Index Kit v2 (indices duplos e adaptadores de
sequenciamento lllumina adicionados). A adicdo bem-sucedida de indices foi
confirmada comparando o comprimento do produto de PCR inicial com a amostra
indexada correspondente em um gel de agarose a 1%. As amostras foram limpas
e normalizadas usando o SequalPrep Normalization Plate Kit (Invitrogen,
Carlsbad, CA, EUA). As amostras foram entdo agrupadas em um tubo Eppendorf
(4 uL por amostra) e concentradas usando o CentriVap Benchtop Vacuum
Concentrator (LABNOCO, EUA). A qualidade da biblioteca foi avaliada usando o
kit Agilent High Sensitivity DNA no Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, EUA) e quantificada usando Qubit (Qubit dsSDNA
High Sensitivity Assay Kit, Invitrogen). O sequenciamento da biblioteca foi
realizado a 5 pM com 20% de phiX na plataforma Illlumina MiSeq no KAUST
Bioscience Core Lab em 2 x 301 bp de sequéncias paired-end de V3, de acordo

com as especificacdes do fabricante.

4.18. Andalise da comunidade microbiana através do
sequenciamento do gene 16S RNAr

As sequencias demutiplexidas resultantes do sequenciamento em
lllumina HIlseq2000 foram importadas para o programa QIIME2 versdo 2019.4
(CAPORASO et al. 2010), onde as analises dos dados foram realizadas.
Sequéncias de baixa qualidade, dereplicacdo, assim como montagem de contig
a partir de sequéncias complementares e remocao de contig menores que 250
pb foram realizadas utilizando DADA2 plugin com 0s seguintes parametros: -p-
trim-left-f 5 --p-trim-left-r 5 - p-trunc-len-f 250 --p-trunc-len-r 250, gerando 4775
ASVs (do inglés - amplicon sequence variants). A classificagdo taxondmica das
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ASVs foi realizada utilizando o algoritmo de machine learning supervisionado
Naive Bayes (q2-feature-classifier implementado pelo pacote scikit-learn 0.20.2
do python) e usando o banco de dados Silva v132 como classificador. As
sequéncias representativas dos ASVs classificadas taxonomicamente foram
alinhadas pelo programa MAFFT2 (Q2- alignment plugin) e depois uma arvore
filogenética construida com o programa FasrTree (Q2-phylogeny plugin).

Os arquivos resultantes das andlises anteriores foram, entdo, importados
no R versdo 3.6.0 (usando a funcdo giime2R) e analisados com o0 pacote
Phyloseq (MCMURDIE e HOLMES, 2013) e dplyr (WICKHAM et al., 2017. Os
gréaficos de barra com a distribuicdo das ASVs ao longo do tempo e tratamentos
foram gerados utilizando o pacote ggplot2 (WICKHAM, 2011). Ja a estimativa de
abundancia diferencial de ASVs entre amostras BMC e Placebo do experimento
de estresse térmico foram analisadas e geradas utilizando o pacote DESEQ2
(LOVE et al., 2014) usando Negative Binomial Distribution (NEB) e Wald Test
com valor de corte de p=0.01 para serem consideradas diferenciais. Para as
andlises de NMDS (do inglés non-parametric multidimensional scaling), os dados
foram transformados em log2 (log x + 1) e a ordenacao foi realizada com a matriz
de distancia Bray-Curtis. Os resultados foram plotados com a funcéo
plot_ordination usando as ASVs e os tratamentos como variavel ambiental para
ordenacdo. A significancia dos resultados foi avaliada com PERMANOVA,
usando 999 testes de permutacdo aleatéria com pseudo F-ratios por meio da
funcdo Adonis do pacote Vegan (OKSANEN et al., 2019). A estrutura da
comunidade do microbioma (representada por medidas de diversidade e
riqueza) foi avaliada usando indices ecoldgicos classicos de alfa diversidade
(distribuicdo de ASVs, Chaol e Shannon) no platé da curva de rarefagcdo. A
significancia dos resultados de alfa diversidade entre as amostras de placebo e

BMC foram avaliadas usando ANOVA implementado na funcao ggplot2.

4.19. Metaboldmica

O triturado produzido de cada amostra (300 mg) foi homogeneizado com
uma solugédo aquosa de metanol a 80% (1,50 mL) usando pérolas de zirconia e,

em seguida, submetida a ultrassom por 8 min em temperatura ambiente. Os

68



extraidos foram centrifugados a 10.000 g por 10 min a 4 °C e os sobrenadantes
foram concentrados a vacuo até secar. Este procedimento foi repetido trés vezes
para recuperagdo maxima. Os residuos foram ressuspendidos em metanol-d4
(200 pL) para aquisicdo de dados por Espectroscopia por Ressonancia
Magnética Nuclear (NMR — do inglés Nuclear Magnetic Resonance). As leituras
foram realizadas pelo equipamento Bruker Avance Ill de 600 MHz equipado com
uma criossonda TClI HC/ND de 5 mm e um amostrador automatico SampleJet.
O experimento NoesyprlD. foi usado para avaliar o perfil metabdlico comparativo
do conjunto de amostras e o0s experimentos 2D HSQC e HMBC
(hsqcedetgpsisp2.2 e hmbcetgpl3nd, respectivamente) foram usados para
confirmar a identidade dos principais compostos. Frascos vazios submetidos aos
procedimentos de extracdo, porém sem amostras, foram utilizados como branco.
Os espectros obtidos foram processados usando o programa NMRpipe e
importados para o MATLAB para normalizacdo, escalonamento e analises
multivariadas (ROBINETTE et al., 2011). Andlises discriminativa de Minimos
Quadrados Parciais (PLS-DA — do inglés Partial least squares-discriminant
analysis) foram feitas usando resolucdo completa dos dados de NMR e os
boxplots foram construido usando a area sob a curva dos picos relacionados ao
Dimetilsulfoniopropionato (DMSP 2,89-2,88 ppm) e Dimetilsulfoxido (DMSO
2,59-2,55 ppm). A diferenca estatistica de DMSP e DMSO entre os tempos de

amostragem e tratamentos foi avaliada com Teste t de amostras independentes.

4.20. Metatranscriptoma

4.20.1. Extracdo de RNA e sequenciamento

Para compreender os mecanismos associados a TR e TS observados no
final do experimento (T3), amostras de RNA foram extraidas tanto dos corais
tratados com BMC quanto dos corais tratados com placebo do experimento de
alta temperatura (30 °C) e ambiente (26 °C), totalizando 20 amostras. Para isso
foram utilizadas amostras de fragmentos de corais (muco, tecido e esqueleto)
instantaneamente congeladas apos a coleta, como descrito no item 4.10, porém
acrescidos de solugao DESS (solugao contendo DMSO, EDTA e saturada com

NaCl). Essas amostras foram maceradas em condi¢cdes secas com auxilio de
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nitrogénio liquido, para preservar a integridade do RNA, e a extracdo foi
conduzida seguindo o protocolo com Trizol sugerido pelo centro de pesquisa que
realizou o sequenciamento. Resumidamente, os triturados relativos de cada
amostra foram homogeneizados com Trizol (completando tubo até cobertura da
amostra). Apés 5 minutos de incubacéo, 200 pL de cloroférmio foi adicionado
para cada 1 mL de Trizol, e depois as amostras foram centrifugadas a 12.000 g
por 15 minutos a 2-8 °C. A fase aquosa foi transferida para um novo tubo
contendo 500 puL de isopropanol para cada 1 mL de trizol originalmente utilizado.
Depois de 10 minutos de incubacao a temperatura ambiente, as amostras foram
centrifugadas sob as mesmas condicbes anteriormente citada. O precipitado
contendo RNA foi lavado com solugéo de etanol a completar concentracéo final
de 80% e novamente centrifugada 7.500G por 5 minutes a 2-8 °C. O
sobrenadante foi descartado e o0 etanol remanescente evaporado em
temperatura ambiente. Apés choque térmico dos tubos a 70 °C por 3 minutos, 0
RNA extraido foi ressuspendido em agua ultra pura da Thermo Fisher. Todo o
procedimento foi realizado utilizando materiais e solugdes livres de nucleases.
Os extraidos foram tratados utilizando o kit Ambion’s Dnase Treatment (Thermo
Fisher) para remocdo de moléculas de DNA, e, posteriormente, purificados
utilizando o kit Rneasy (QIAGEN). As amostras de RNA foram quantificadas em
aparelho Nanodrop e sequenciadas utilizando a plataforma Illlumina HiSeq 6000
(lumina Inc., San Diego, CA, EUA) no Instituto J. Craig Venter utilizando leituras

de paired-end a 2x150 pb.

4.20.2. Analise dos transcritos

As leituras transcriptbmicas foram controladas por qualidade usando
KneadData v0.7.4 com o genoma humano GRCh38.p13 como uma referéncia
para potencial descontaminacgao. Os transcriptomas de novo foram co-montados
usando rnaSPAdes v3.13.1 (BUSHMANOVA et al., 2019), produzindo 520.555
transcritos representativos de 496.603 genes putativos. O programa
TransDecoder v5.5.0 (HAAS et al., 2013) foi utilizado para a modelagem de
genes seguindo diversas etapas para minimizar falsos positivos. Sendo essas:
1) TransDecoder.LongOrfs, utilizando o argumento transcript-to-gene de
mapeamento atribuidos por rnaSPAdes, para gerar quadros de leitura aberta
putativos (ORFs); 2) hmmscan (hmmer v3.3.1 suite) (EDDY, 2011) para
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identificar dominios de proteina usando os bancos de dados PFAM v33.1 e
TIGRFAM v15.0; 3) Diamond v0.9.30.131 (BUCHFINK et al., 2014) blastp contra
todos os proteomas de Scleractinia (corais pétreos) disponiveis no NCBI
(GCA_002571385.1, GCF_002042975.1, GCA_003704095.1,
GCF_004143615.1, GCF_002571385.1, GCF_002571385.1,
GCF_002571385,1 .1 e GCF_000222465.1); e 4) TransDecoder.Predict com as
ORFs putativas do item (1), os dominios de proteina de (2) e os alinhamentos de
(3) usando o argumento --single_best_only. Este procedimento gerou um Unico
ORF por transcri¢do, rendendo 130.183 ORFs de 114.118 genes.

Genes de alta qualidade foram anotados usando Diamond’s blastp contra
0 banco de dados do NCBI (v2020.04.01). As linhagens taxondmicas foram
extrapoladas do NCBItaxid usando a funcéo
get_taxonomy_lineage_from_identifier do soothsayer v2020.08.24
(https://github.com/jolespin/soayer) utilizando backend ete3 (HUERTA-CEPAS
et al., 2016). PhyloDB v1.076 foi usado para anota¢cfes adicionais, e atribuicdo

de ortologos utilizando KEGG.

4.20.3. Avaliacéo de ortogrupos

Homdlogos de genes de coral foram classificados em ortogrupos para
aumentar a confianca na anotacdo e, portanto, na inferéncia funcional. Os
ortogrupos foram identificados usando o programa OrthoFinder v2.4.0 (EMMS e
KELLY, 2019) com as proteinas de alta qualidade geradas a partir do
procedimento utilizando TransDecoder e todos os proteomas de Scleractinia

listados anteriormente.

4.20.4. Avaliagcao de Expresséo Diferencial do trascriptoma

A expressdo diferencial foi avaliada por meio de uma perspectiva
gendmica comparativa para aumentar a interpretabilidade ecologica. Para isso,
as contagens para cada ortogrupo foram agregadas, e, posteriormente, filtradas
para incluir apenas ortogrupos que estavam em pelo menos 95% das amostras,

produzindo uma tabela com 17.202 caracteristicas de ortogrupo.
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Para verificar a expressao diferencial do ortogrupos nas amostras, o
conjunto de 17.202 ortogrupos gerados pelas etapas anteriores foi analisado
utilizado exactTest no programa edgeR v3.28.0 (ROBINSON et al., 2010). A
distribuicdo e os grupos diferencialmente expressos (DEGs — do inglés
differentially expressed groups) foi visualizado usando plot_volcano do pacote
soothsayer Python (https: // github .com / jolespin / soothsayer). Cada condicéo
tinha pelo menos trés réplicas bioldgicas. As condi¢bes investigadas foram as
seguintes: (1) placebo (26 °C) vs placebo (30 °C) [FDR <0,01, 408 DEGs]; (2)
BMC (26 °C) vs BMC (30 °C) [FDR <0,02, 34 °C]J; (3) placebo (30 °C) vs BMC
(30 °C) [FDR <0,05, 1 DEGs]. Como o tratamento com placebo consistiu apenas
de solucdo de NaCl a 0,85%, os DEGs que mostraram uma diferenca
significativa (FDR p <0,01) entre "placebo 30 °C x placebo 26 °C" foram
considerados ortogrupos afetados pelo estresse térmico e aqueles que
apresentavam anotacdes KEGG-Pathway nesta condicdo foram usadas para
detectar a regulacéo para cima ou para baixo em outras amostras. Além disso,
também procuramos manualmente por ortogrupos relacionados com estresse
oxidativo e térmico, bem como reparo de DNA. Os valores de regulacdo dos
genes foram considerados para avaliar as diferencas entre as amostras e o valor
de FDR utilizado apenas para justificar o valor de corte utilizado no estudo. As
funcdes foram consideradas afetadas pelo tratamento com BMC apenas se mais
de 50% dos genes pesquisados tivessem o mesmo padrdo (para cima ou para

baixo regulado) pelo BMC 30 °C quando comparado com Placebo 30 °C.
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5. Resultados e Discussao

Os resultados e discussao desta tese estao apresentados em forma de
capitulos, referentes aos artigos cientificos gerados com dados obtidos a
partir dos experimentos descritos nos topicos anteriores. Outras producdes
técnico-cientificas também realizadas no periodo de doutoramento, seguem

em forma de anexo.

e Capitulo I: OPENING THE HEAT BOX: MULTI DOMAIN
ANALYSIS REVEALS DIFFERENT FUNCTIONAL AND
MICROBIAL ASSOCIATION WITH THERMAL RESISTANT
AND SENSITIVE CORALS. Artigo submetido para revista The
ISME Journal em marco de 2020.

e Capitulo Il: CORAL MICROBIOME MANIPULATION ELICITS
METABOLIC AND GENETIC RESTRUCTURING TO MITIGATE
HEAT STRESS AND EVADE MORTALITY. Artigo submetido

para a revista Nature Microbiology em novembro de 2020.

73



5.1. Capitulo |

OPENING THE HEAT BOX: MULTI DOMAIN ANALYSIS REVEALS
DIFFERENT FUNCTIONAL AND MICROBIAL ASSOCIATION WITH
THERMAL RESISTANT AND SENSITIVE CORALS

ERIKA P. SANTORO?Y; HELENA D. M. VILLELA?; GUSTAVO A. DUARTE *?;
JOAO P. SARAIVA3; CAREN L. S. VILELAL; CAIO T.C.C. RACHID?;
RODOLFO B. TOSCAN 3; ANGELA M. GHIZELINI*; RENE KALLIES 3;
ANDREW MACRAE!; TORSTEN THOMAS?®; DAVID G. BOURNE %7; ULISSES
NUNES DA ROCHA 3; RAQUEL S. PEIXOTO24

L Institute of Microbiology, Federal University of Rio de Janeiro (UFRJ), Rio de
Janeiro, Brazil.

2 IMAM-AguaRio — Rio de Janeiro Aquarium Research Center

3 Department of Environmental Microbiology, Helmholtz Centre for Environmental
Research — UFZ, Leipzig, Germany

4Genome Center, University of California, Davis, CA, United States of America
5 Centre for Marine Science and Innovation, School of Biological, Earth and
Environmental Sciences, University of New South Wales, Australia

6 College of Science and Engineering, James Cook University, Townsuville,
Australia

7 Australian Institute of Marine Science, Townsville, Australia

*Corresponding author

Phone: 55 21 2562-6740

e-mail: raquelpeixoto@micro.ufrj.br; rpeixoto@ucdavis.edu

Running title: Thermal Resistance Mechanisms in Corals

Sentence summarizing the manuscript: Pulse thermal resistance in corals is

associated with differential ability to handle damages on PSI and Il systems.

74



Address: Laboratorio de Ecologia Microbiana Molecular, Instituto de
Microbiologia Prof. Paulo de Goées, Av. Carlos Chagas Filho, 373. Edificio do
Centro de Ciéncias da Saude, Bloco E sub-solo, Cidade Universitaria, llha do

Fundao, Rio de Janeiro, RJ. CEP: 21941-902

75



ABSTRACT

Thermal-resistant coral colonies are present in many reef ecosystems; however,
little is known about host and microbiome factors that contribute to sensitivity or
resistance to thermal stress. We determined heatwaves regimes to in pulse
thermal-sensitive (TS) and pulse thermal-resistant (TR) coral colonies to
correlate holobiont responses to different exposure temperatures with taxonomic
groups and their functions. We observed significant recovery of photosynthetic
potential for TR corals, while all sensitive corals bleached at elevated
temperatures. The coral phenotypes harbored distinct bacterial communities with
indicator taxa of resistance and specific key putative holobiont functions being
correlated with TR or TS coral. Most notably, ORFs for photosystem | and Il
proteins, cytochrome ¢ oxidase (COX) and F-type ATPase were upregulated in
TR corals during peak thermal stress, indicating that these corals can maintain
the homeostasis among cellular respiration and heat stress or even uptake
photosynthetic organisms, which can improve their oxidative repair rate and,
consequently, resistance to bleaching.

Keywords: thermal-resistant corals, function, metagenome, multi-domain

analysis, coral microbiome
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Introduction

Coral reefs are vulnerable ecosystems threatened by accelerated global
climate change (1). Bleaching events have recently hit reefs worldwide, resulting
in some places of up to 50% loss of corals (1). The Inter-Government Panel on
Climate Change (IPCC, 2014) predicts further increases in sea surface
temperatures and unprecedented marine heatwaves to drive massive coral
bleaching events, contributing to the continued degradation of coral reefs and the
loss of animals that depend on them for their survival.

It has been reported that the heat tolerance observed for corals in naturally
warm waters is reflected in patterns of gene expression and that such resistance
can be acquired through local acclimatization (2). However, even corals selected
and adapted to reefs that are continuously exposed to extreme environmental
conditions, including high temperatures, may not survive pulse stressors, such as
heatwaves (3), and thus experience mass-bleaching events. Regardless,
individual coral colonies within the same reef (with or without previous exposure
to heat stress) can present different levels of tolerance, and some populations
with superior thermal tolerance can emerge, especially during pulse heating
events (4).

Different components could contribute to increased thermal tolerance in
corals, from coral genetics to symbiotic relationships with more resistant genera
of Symbiodiniacea (5). Microorganisms may also contribute to corals health and
adaptation in the natural environment through the manipulation of a beneficial
portion of the native microbiome. Beneficial Microorganisms for Corals (BMCs)
(6) demonstrated to increase coral thermal resistance, though the mechanisms

behind these processes are being largely unknown. Identifying the underlying
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mechanisms that convey resistance to corals will provide new potential BMCs or
genetic targets and ultimately determine the feasibility of coral probiotics and/or
coral microbiome manipulation approaches to sustain corals faced with rapid
environmental change.

However, surveys of the responses and defense mechanisms associated
with pulse thermal resistant corals, are currently limited and mostly based on
predictive tools, field surveys on historically thermal resistant corals (not
submitted to pulse stress) or in short surveys whit no correlation with health
status. Besides, coral holobionts consist of the host and all its associated
microbes including viruses, bacteria, archaea and micro-eukaryotes (6), which
haven’t been investigated holistically, using a multi-domain approach. Here, we
identified and marked colonies of Mussismilia hispida (Verrill, 1902) showing
visual thermal resistance (TR) (i.e. not bleached) as well as those with sensitivity
(TS) (i.e., bleached) in the field during a bleaching event in the coast of Bahia,
Brazil, in 2016. After the bleaching event, fragments of TR and TS colonies were
transferred to experimental tanks to determine their thermal thresholds and
observe the microbiome dynamics during a heat pulse stress. Metagenomic and
microbiome profiling of TR and TS corals showed that different phenotypes have
distinct microbial communities and holobiont functional profiles. Indicator
microbial taxa and putative functional genes were correlated with TR corals,
which may potentially contribute to the thermal tolerance of these individual coral

colonies.
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Results
Different phenotypes of Mussismilia hispida present distinct responses to a
thermal anomaly

During the 2015/2016 coral bleaching event observed in the Brazilian
coast we identified Mussismilia hispida coral colonies that displayed signs of both
thermal resistance (TR) and thermal sensitivity (TS) to bleaching in the field
(13°56'10.97"S; 38°55'38.71"W). TR and TS colonies were randomly distributed
in the coral population of this site, with approximately 5% of the colonies
displaying bleaching resistance. TR colonies that displayed values of maximum
potential quantum efficiency of Photosystem Il (Fv/Fm) higher than 600 units, while
TS colonies displayed values lower than 300. TR and TS colonies were tagged
and collected two months after, when TS colonies were increasing Fv/Fm values

(up to 600) and recovering from the bleaching in the field.

Colonies of Mussismilia hispida demonstrate difference in the associated
microbiome and thermal tolerance

16S rRNA gene sequencing analysis of TR and TS colonies sampled in
the field indicated distinct bacterial communities (Fig. 1). Non-metric
multidimensional scaling (nNMDS) analyses demonstrates that both coral
phenotype (p= 0.0047; Two-way PERMANOVA) and sampling times (F1 — first
field sampling during bleaching event and F2 — second sampling after recovery)
(p= 0.0001; Two-way PERMANOVA), as well as the interaction between these
factors (p= 0.0159; Two-way PERMANOVA) correlated with changes in the

bacterial community. In addition, the bacterial communities associated with TS or
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TR also differed in richness (Chao and number of operational taxonomic unit
distribution’s indexes; p< 0.05) and relative abundance of bacterial groups at
different taxonomic levels (Fig. 1 and Supplementary Fig. S1).

Two mesocosm experiments were performed to explore the thermal
thresholds of the TR and TS phenotypes plus details on the dynamics of the
associated microbial communities and the putative functional traits of the coral
holobiont during a thermal pulse stress (Supplementary Fig. S2). Pilot
experiments identified that TS corals bleached at 30.5°C, while no visual signs of
bleaching were observed in TR colonies (results not shown). These results
guided experimental design where four replicate coral fragments (in individual
aquariums) for each phenotype were subjected to a pre-peak temperature
(29.5°C to TS and 30.5°C to TR) for 10 days and then 4 days of peak temperature
(30.5°C to TS; 32°C to TR). Coral fragments of each replicate were sampled on
the first day of experiment (T0), after the peak of temperature (T1) (30.5°Cto TS;
32°C to TR) and after 15 days of recovery (T2) (26°C). The different phenotypes
of M. hispida had distinct responses under increasing temperature regimes.
Consistent with the field observations, TR fragments did not present visual signs
of bleaching or tissue damage throughout the experiment, and all replicates
decreased only 1 unit on the Coral Health Chart after the heat stress peak (T1),
at 32°C (Supplementary Fig. S3). In contrast, TS fragments presented severe
visual bleaching signs just after the heat stress peak (T1) at 30.5°C, followed by
tissue necrosis and death (Supplementary Fig. S3). After 3 days of recovery at
26°C, one of the TS fragments displayed whole fragment mortality, and at end of
the experiment two fragments remained severely bleached, and one fragment

decreased two units relative to the Coral Health Chart (Supplementary Fig. S3).

80



These results were corroborated by the photosynthetic potential of the
associated symbiotic algae in TS and TR corals, as evaluated by FyFm
measurements (Fig. 2 A and D, respectively). Although a decrease of 15% on the
FvFm average was observed for TR, from day 1 to the peak of temperature (32°C)
(p < 0.05), at the end of the experiment, at 26°C, those corals had no significance
difference in average Fv/Fm compared to day 1 (p= 0.66). Thermal sensitive (TS)
corals however presented a significant decrease of 29% for the average FuFm
from day 1 to the peak of temperature (30.5°C) (p< 0.05), and continued to
decrease by 42.5% at the end of the recovery period at 26°C compared with the

beginning of the experiment (p< 0.05).

Bacterial communities from thermal resistant corals do not shift under pulse
thermal stress

The diversity of the microbial communities of each coral phenotype was
assessed by 16S rRNA amplicon sequence analysis. Although no significant
differences in alpha diversity, from the beginning (TO) to the end of the
experiments (T2), were observed for both TR and TS corals (Fig. 2), the TR
microbiome seemed to be more stable and consistent than the TS one as
assessed by beta diversity measurement using Bray-Curtis dissimilarity. Pulse
thermal stress promoted significant changes in the bacterial structure of TS
corals, which shifted significantly during the applied thermal stress (from TO to
T1; p< 0.05, PERMANOVA) but did not shift significantly from the peak to the
recovery period (Tl to T2, p= 0.062, PERMANOVA; Fig. 2B), when the

temperature returned to 26°C. In contrast, no significant shifts in the bacterial
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communities harbored by TR corals was observed over time (from TO to T1 and
T2), even under thermal stress (Fig. 2E).

The most abundant bacterial phyla in both TS and TR corals were
Proteobacteria (Sensitive: TO 74% - T1 63% - T2 48%, + 0.046 , + 0.16 , + 0.06 ;
Resistant: TO 42% - T1 41% - T2 50% + 0.28, £ 0.16, + 0.10; Mean, SD), followed
by Bacteroidetes (Sensitive: TO 5% - T1 10% - T2 16%, + 0.03, £ 0.04, £ 0.04 ;
Resistant: TO 10% - T1 11% - T2 17%, £ 0.08, £ 0.02, = 0.09; Mean, SD) and
Firmicutes (Sensitive: TO 5% - T1 3% - T2 18%, + 0.03, £ 0.22, + 0.29; Resistant:
TO 33% -T1 30% - T2 16% + 0.45, £ 0.22, £ 0.051; Mean, SD) (Supplementary

Fig. S4 and S5, for TS and TR respectively).

Indicators taxa of thermal stress and resistance

Corals subjected to a bleaching event in the field and heat pulse stress in
mesocosms, had different indicators taxa for each phenotype coral and sampling
time. Field samples were clustered by the sampling time in PC-ORD ordination
software to explore phenotype indicators taxa (Fig. 3 and Supplementary
Supplementary Table S1 and S2). Samples from the mesocosm experiments,
were clustered by sampling time separately, for each phenotype (TS or TR) (Fig.
3 and Tables S3 and S4, for TS and TR respectively).

From the 165 most abundant OTUs from field samples, 23 were more
associated with the TR phenotype field samples (Indicator Value — IV> 60 and p<
0.05, more detail in Material and Methods section) and of these, 16 OTUs were
classified as Proteobacteria (Alphaproteobacteria or Gammaproteobacteria)
(Supplementary Supplementary Table S1). None of the OTUs from field samples

were statistically associated with the sensitive phenotype. The relative
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abundance of 54 OTUs increased after the bleaching event (F2) for both
phenotypes in the field (TS and TR), with a subset of 6 OTUs including
Campylobacteraceae (3 OTUs), Acidaminobacteraceae (2 OTUs) and
Cryomorphaceae (1 OTU) (100 IV; p< 0.01) exclusively being found at this
sampling timepoint (Supplementary Table S2). TS corals held in mesocosms
displayed a high relative abundance of OTUs affiliated with Proteobacteria, which
were indicators of the TO sampling time point and were reduced in relative
abundance following heat pulse stress (Supplementary Table S3). OTUs
identified as Pirellulaceae, a family within the Planctomycetes phylum (100 IV; p<
0.05), and Luteolibacter, a genus within the Verrucomicrobia phylum (100 IV; p<
0.05), increased in relative abundance at T1 and T2 in response to the heat pulse
that TS corals were subjected to. OTUs from the family Pirellulacea were
identified as indicator taxa of TR phenotype corals, with 6 out of 9 OTUs
increasing in relative abundance following the heat stress (T1l) (Fig. 3,
Supplementary Table S4). Many indicator taxa of TR corals sampled at TO and
T2 were affiliated with Alphaproteobacteria. Six OTUs with no classification (only
identified as Bacteria) were identified as indicators taxa for T1 and T2 (after heat
stress), suggesting that some taxa correlated with coral resistance/response to

heat stress are still unknown.

Functional profiles and correlations changes during a thermal stress event

The functional gene profiles derived from TR and TS colonies subjected
to heat stress in the mesocosm experiment were different. A total of 31,753,707
ORFs were found (average length 2888 nt; min 200 nt, max 125,922 nt) with

9,821 ORFs mapping to previously annotated Symbiodinaceae genomes. 9,478
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ORFs displayed significant differences in relative abundance between TR coral
samples at the beginning of the experiment (TO) and at the peak temperature
(T1) (p< 0.05; determined by calculating the least square means and p-values
were adjusted by False Discovery Rate (FDR) method). In TS corals a total of
4,265 ORFs were statistically different (p< 0.05) in relative abundance when
comparing samples from the beginning (TO) to the peak of temperature (T1).

To evaluate how the functional traits are distributed among the domains,
as well as their correlation with each coral phenotype, ORFs were assigned to
viral (V), prokaryotic (P) and eukaryotic (E) origin (bins) (ratios of V, P and E reads
are described in Supplementary Table S5). Some of the ORFs were assigned to
multiple domains, such as prokaryotes and viruses (PV), viruses and eukaryotes
(VE), prokaryotes and eukaryotes (PE), prokaryotes and viruses and eukaryotes
(PVE) and hence total values are often greater 100% summed over all domains.

Further, statistically different ORFs were assessed for mitochondrial origin
(Tables S6 and S7, for TS and TR respectively) with only ORF (k141 _1012016)
assigned to mitochondria and subsequently removed from the analysis. From the
significant ORFs associated with TR corals, 411 were exclusively mapped onto
viral bins, 1017 to prokaryotic bins, 319 to eukaryotic bins and 126 were found in
more than one of these groups (PV, VE, PE and PVE; Fig. 4, Supplementary
Table S8). 7,605 ORFs could not be assigned to any of the groups
(Supplementary Table S8). From the significant ORFs associated with TS corals,
37 were exclusively mapped to viral bins, 358 were recovered from prokaryotic
bins, 525 were mapped to eukaryotic bins and 212 ORFs were mapped to more
than one domain (Fig. 4, Supplementary Table S8). 3124 ORFs were not mapped

to any group.
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Among the identified ORFs associated with TR and TS phenotypes, most
had no annotation available in the KEGG or SwissProt database. Overall it was
possible to observe a decrease in the relative abundance of ORFs mapped to
ATP synthesis KEGG category in TS corals after thermal stress. On the other
hand, ORFs mapped to energy metabolism increased due to thermal stress
(Supplementary Fig. S6). In TR colonies, most of the ORFs with statistical
differences between TO and T1 encode for photosynthesis related proteins
(Photosystem | and I, F-type ATPase, Calvin cycle, Cytochrome b6f complex).
These ORFs increased in abundance after thermal stress (T1), and most of them
did not map to any bin, except for 13 assigned to virus and 20 belonging the
prokaryotes (Fig. 5 and Supplementary Table S8). Additionally, the relative
abundance of stress-related ORFs annotated as chaperones (HSP20 and
DNAJCS5), as well as a virus histone demethylase factor (JMJD1C), were greater
in the T1 samples than in the TO samples from TR corals, and they were
exclusively assigned to prokaryotes (Supplementary Table S8). After thermal
stress (T1), TR corals demonstrated biosynthesis metabolic profile, increased the
relative abundance of genes that encode to Phosphoribosyl diphosphate (PRPP),
serine, triacylglycerol, ceramide, N-glycan precursor, C5 isoprenoid and
trehalose biosynthesis (Fig. 5).

In contrast, the relative abundance of significantly different ORFs in TS
corals decreased following the applied thermal stress. Among them, are ORFs
encoding for protein involved in photosynthesis (reductive pentose phosphate,
Cytochrome b6 complex proteins) and metabolic pathways, such as heme and
leucine biosynthesis as well as cell structural proteins (galaxy, extracellular matrix

protein A, Actin cytoskeleton-regulatory complex protein) (Fig. 5).
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Discussion

This study investigated the responses of Thermal Resistant (TR) and
Thermal Sensitive (TS) corals and documented the microbial communities and
putative functional genes correlated with pulse thermal stress. Coral fragments
from colonies collected from the same reef area, previously marked in the field
as TS or TR during a bleaching event, demonstrated different responses to pulse
thermal stress (heatwave) in mesocosm experiments, confirming their
classification as TR or TS colonies. Thermal stress is one of the major factors
contributing to coral reefs decline globally (7), however recurrent exposure may
lead to the adaptation of the coral metaorganism (5, 8, 9).

Microbial community composition and function change fast and may be a
more versatile and rapid way of modulating metaorganisms responses when
compared to the genetic adaptation of the coral host, in particular to pulse event
due to climate change. Microbial modulation therefore may play a role in host
resilience, being one of the factors connected with the emergence of resilient
corals in the field (8, 9). In this regard, Ziegler and collaborators (9) have identified
correlations between different microbiomes associated with corals from thermally
variable reefs and demonstrated microbiomes changed when corals were
reciprocally transplanted. To date however, the responses of the coral
metaorganism to pulse thermal stress are still poorly resolved (10). Data that
correlates pulse thermal resistance with specific coral host traits and functions
can help to elucidate mechanisms underpinning the observed resilience of corals.

Although TR corals showed a significant drop in the average F./Fm during

peak stress, these corals did not visually bleach and fully recovered their Fu/Fm
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values after the recovery period at 26° C. In contrast TS corals, bleached (F./Fm
average 57.5% lower than the observed from day 1) and presented 25% mortality
even after the recovery period. The maximum quantum yield of zooxanthellae
Photosystem Il (FW/Fm) is a widely used indirect metric for coral health and its
response to thermal stress (11). The decrease in F./Fm values suggests non-
specific inactivation due to damage of photosystem Il electron transport and
usually precedes the loss of the Symbiodonium by the host (12). Not only did the
photosynthetic capacity of TR corals remained significantly higher than TS after
a heatwave simulation, ORFs that encode proteins of Photosystem | (psaA, psaB,
psaC) and Il (psbA, psbB, psbC, psbD, psbE) and ORFs identified as F-type
ATPase (ATPOFOC, ATPF1B, ATPF1A) and cytochrome b complex (petA, petB),
which are all connected to mechanisms to cope with higher temperatures (as
discussed below), were significantly increased in TR corals following the thermal
stress (T2). Thermal stress can cause damages through the increase of reactive
oxygen species (ROS) production, overwhelming the oxidative repair
mechanisms (13) and therefore reductions on F./Fm metrics indicate damage to
the photosynthetic apparatus of the corals’ symbionts.

Stress-control related genes such as prokaryotic chaperones (HSP20) and
a virus histone demethylase factor (JMJD1C) were significantly associated with
TR corals. Heat shock proteins itself are hypothesized to play an important role
in coral resistance, being differentially expressed in thermal tolerant cultures of
Symbiodinaceae under heat stress (14). The histone demethylase factor
(JMJID1C) has previously been demonstrated to be an important factor to cope

with heat stress during oyster development (15). The higher relative abundance
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of JMID1C might also imply a role of histone methylation on temperature
adaptation of corals.

During bleaching, reduction of the Symbiodiniacea population occurs and
the remaining PSI and Il systems can be overwhelmed with photorespiration
increasing (16). Here we observed a decrease of Fv/Fm values and increases of
ORFs encoding PSI and Il systems proteins were detected in TR corals during
the heat stress, which might minimize the overwhelming process on
photosynthetic systems during a bleaching event.

Besides, although cytochrome ¢ and ATP synthase are both central
components of the respiratory electron transport chain, they can be inhibited by
thermal stress. This is due to the oxidative and thermal stress in the host's
endoplasmic reticulum resulting in the expulsion of cytochrome ¢ from the
mitochondria, hence triggering a cellular apoptosis process (17). Inhibition of
cellular respiration hampers the ability of the host to survive or recover and can
represent the release of intact Symbiodinaceae with effective photosystems (18).
The significant increase in the abundance of ORFs for cytochrome c oxidase
(COX) and F-type ATPase in thermal resistant corals, mainly during peak thermal
stress, may indicate that they can maintain the homeostasis among cellular
respiration and heat stress, which can improve the oxidative repair rate (19).

In addition, stress caused by temperature modulated the microbial
community response of TS corals over time, in mesocosms, while no significant
shifts in community structure were observed for TR colonies (see Fig. 2). Field
colonies of TR and TS phenotypes harbored distinct bacterial communities, which
varied differently as a response to the in situ thermal stress. TS corals

demonstrated a more variable microbial community than the TR corals (p< 0.05),
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based on the dispersion of the replicates in NMDS plot after heat stress. Zaneveld
et al. (20) proposed that metaorganisms in a dysbiotic process present more
variable communities induced by stochastic changes when exposed to stress.
These observations could suggest that TR corals do not trigger the same process
of dysbiosis and collapse of their regular microbiome, remaining less diverse and
stochastic and therefore maintaining groups harboring key genes that benefit the
coral host, including some that contribute to thermal resistance. For corals
subjected to thermal stress in mesocosms, there were ORFs correlated to TR
colonies and associated with mechanisms of protection against stress, providing
some support to the theory that the bacterial community could be a key
component associated with thermal resistance and resilience in corals, through
maintenance of holobiont homeostasis (6, 8, 9).

A recent survey from the American National Academies of Science (7)
have summarized the potential tools being investigated to increase coral
resilience in the face of rapidly changing ocean conditions. The genetic
manipulation of corals and their associated BMCs (6) were among the discussed
interventions. Disentangling the functional mechanisms, as well as multidomain
correlations associated with TR phenotypes may strongly support the
development of strategies to mitigate the harmful effects of climate change, by
identifying key genetic and microbial targets. Therefore, based on our data, we
hypothesized that the specific ORFs encoding photosystem | (psaA, psaB, psaC,
psaF) and Il (psbA, psbB, psbC, psbD, psbE), cytochrome ¢ oxidase (COX), F-
type ATPase, cytochrome b complex (petA, petB, petD) and chaperones (HSP20,
DNAJCS, ftsH), as well a specific virus histone demethylase factor (JMJD1C), are

potentially correlated with mechanisms of thermal resistance for Symbiodinaceae
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and the host itself. We show evidence that pulse thermal resistance in corals is
associated with the ability of TR corals to cope with the thermal-triggered
damaging effects on PSI and Il systems, through specific ORFs encoded
proteins. These ORFs represent key targets to be further investigated in microbial
(BMC) and genetic manipulation approaches, as well as the selected bioindicator

groups found in resistant corals.

Material and Methods
Ethics approval and consent to participate

Permission for sampling was obtained from the System of Authorization
and Information on Biodiversity (SISBIO). The microbial survey permits were
obtained from CNPq (National Council for Scientific and Technological

Development, Brazil) and SISGEN (Number A620FES5).

Sampling procedures

The samples were collected by snorkeling during the 2015/2016 mass
bleaching event on July 3@ 2016 (F1) and on the again on the August 24t 2016
(F2) in a semi-enclosed reef lagoon, at Taipu de Fora beach in the municipality
of Marau, state of Bahia, Brazil. We identified a region of the reef lagoon in which
Mussismilia hispida were affected and unaffected by the bleaching at the same
depth (1.5 m) and under the same irradiance (around 350 pMol.photons.m?.st
measured using a pulse-amplitude-modulated fluorometer (diving-PAM)). In
order to define the resistance or sensitivity of the M. hispida colonies during the
bleaching event, the photosynthetic efficiency of the zooxanthellae (F./Fm) was

measured with a Diving-PAM. The colonies were previously covered with
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aluminum foil for 20 minutes for dark adaptation. Both phenotypes were sampled
at F1 and F2 and transported to the laboratory in double plastic bags containing
seawater for use in mesocosm experiments. They were transported in Styrofoam
boxes containing 800g of ice in order to maintain controlled temperature during
and avoid extra stress during the transportation. As soon as they arrived at the
laboratory, they were transferred to the mesocosm tanks and monitored by Fv/Fm
and morphological measurement until their acclimatization (10 days in the

system).

Mesocosm design

The mesocosms used in the experiments consisted in four aquariums with
capacity of 1.3 L each (15 cm x 11 cm x 12 cm) set into a rectangular water bath
(190 cm x 50 cm x 10 cm) per treatment (total of 8 aquariums, 4 replicates per
treatment per experiment). The aquariums were supplied with natural seawater
captured from the coasts near the research station where the experiment was
performed. Each aquarium had its own 26L circulation sump, filled with 10 L of
seawater. The aquarium/sump water was in constant circulation by a water pump
(Mini A, Sarlo Better, Sdo Caetano do Sul, Brazil) at a flow rate was 250 mL min~
! providing a tenfold replacement of the aquarium volume per hour. Every two
days 10% of the sumps water was replaced. The aquariums also received
individually constant air circulation through air pumps (HG-370 - Sun Sun)
connected to silicone air holes and flow controllers. The water of the water bath
was circulated and mixed by two aquarium pumps (SB 1000A, Sarlo Better) to
maintain homogeneous temperatures and there was no water exchange between

the aquariums and the water baths. A Full Gauge controls MT-518ri (Canoas,
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Brazil) measured and controlled the temperature of the water bath activating the
cooling system or heaters as necessary. The water baths were connected with a
1000 L water tank at 18°C to feed it with cooling water through water pumps
(Better 2000, Sarlo Better) when temperature control Full Gauge activated the
system. The heating system consisted in two 100 W heaters (Atman, China) in
the water bath. Salinity was adjusted every two days with distillated water, if
necessary. Physical-chemical parameters of the water, including pH, salinity and
dissolved oxygen (OD) were measured using a multiparameter probe (Model Hl
9,828, Hanna Instruments, Barueri, Sdo Paulo). Both experiments followed
natural day/night cycles (12h/12h) and were performed with three fragments (~ 7
cm) of M. hispida placed into each aquarium, and a single fragment was randomly

used as sampling unit for each treatment and sampling time.

Mesocosm experiments

The thermal resistant (TR) corals were submitted to a simulated heatwave,
warming up from 26°C to 30.5°C after which the temperature was maintained for
10 days, followed by 4 days at 32°C. Corals previously identified in the field as
thermal sensitive (TS) were submitted to a less intense heatwave in a parallel
experiment, warming up from 26°C to 29.5°C C after which the temperature was
maintained for 10 days, followed by 4 days at 30.5°C. The different peak
temperatures were based on previous pilot experiments, where sensitive corals
died at 32°C, while resistant ones did not present any signs of stress at 30.5°C
nor at 32°C. For both experiments, following the initial 10 days of acclimatization
at 26°C, the first sampling (TO) was performed. Then the temperature was

gradually increased 0.5°C per day to reach “pre-peak temperature” (30.5°C for
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resistant and 29.5°C for sensitive corals). Coral fragments were maintained at
“pre-peak temperature” for 10 days. Then the temperature was again increased
(0.5°C per day), up to 32°C for resilient fragments and 30.5°C for the sensitive
ones, and kept at this peak for 4 days, therefore mimicking the worst-case
scenario for a thermal stress event at the Brazilian coast (21) and the typical
temperature of M. hispida bleaching, respectively. After 4 days of peak
temperature, the second sampling time (T1) was performed followed by the
gradually decrease of temperature to 26°C (0.5°C). The last sampling time (T2)
was then performed after 15 days of recovery at 26°C. A scheme of both

experimental designs is shown in Supplementary Fig. S2.

Assessment of coral health parameters

The health was assessed during the experiment using morphological and
algal photosynthetic parameters. The coral morphology was assessed using the
Coral Health Chart (University of Queensland) (22). Corals that decreased two or
more units of color between the TO and other sampling times were considered
bleached (23). Each replicate was photographed at the sampling times with a
Canon T3i digital camera.

The photosynthetic efficiency of the zooxanthellae was assessed using
pulse-amplitude-modulated (PAM) fluorometry. We used a submersible diving-
PAM system (Walz GmbH, Effeltrich, Germany) fitted with a red-emitting diode
(LED, peak at 650 nm). To avoid non-photochemical processes of dissipation of
PSII excitation energy, measurements were taken following sunset, after at least
30 minutes of darkness to ensure full photochemical dissipation of the reaction

centers. The maximum quantum yield of PSIl photochemistry was determined as
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Fv/Fm. The diving-PAM was configured as follows: Measuring Light Intensity (MI)
= b; Saturation Pulse Intensity (SI) = 8; Saturation Pulse Width (SW) = 0,8, Gain
(G) = 2; and Damping (D) = 2. Throughout the experiment the same coral
fragment, from each replicate (=4 fragments), was used to measure chlorophyll
fluorescence at different sampling times. The results were statistic analyzed by
PAST3. Due to the fact that the results have a non-normal distribution, non-
parametric Mann Whitney pairwise test followed by Kruskal Wallis test were used

to compare the means analysis.

Coral DNA extractions and 16S rRNA gene amplicon sequencing

Fragments of M. hispida were sampled from each replicate aquarium at
each sampling time and immediately cooled in liquid nitrogen and subsequently
stored at ultra-freezing (-80°C) until further processing. Coral fragments were
defrosted and then macerated in a mortar in dry conditions, using a pestle. Total
DNA was extracted from 0.5 g of the macerated mucus/ tissue/ skeleton using
the PowerBiofiim® DNA Isolation (MoBio Laboratories, Inc.) as the
manufacturer’'s procedures. The DNA concentration was determined using a
Qubit® 2.0 Fluorometer High Sensitivity DNA Kit (Invitrogen, USA).

The V4 variable region of thel6S rRNA gene derived from all coral
samples was amplified using 515F/806R primers and paired-end (2 x 250 bp)
sequencing was performed at the Argonne National Laboratory (Lemont, IL,
USA) using the Next Generation Sequencing Core on an lllumina Miseq, following

the manufacturer’s guidelines.

16S rRNA gene analysis
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Samples were demultiplexed and raw sequences processed with Mothur
version 1.42.1. The paired raw sequences were joined into contigs using
make.contig command, with the parameter bdiffs=1. Then, sequences were
screened using screen.seqs with the following parameter: maxambig=0,
maxlength=290, minlength=220. Screened sequences were then aligned using a
modified Silva database (passed by a virtual PCR with the same primers of the
samples) as reference and the resultant alignment was submitted to screen.seqs
and filter.seqs to remove sequences with bad alignment and uninformative
columns of the alignment. The sequences were then pre-clustered using the
command pre.cluster with parameter diffs=2. The chimeras were detected with
the command chimera.vsearch and then eliminated. The sequences were
classified using the classify.seqs command, with a modified Greengenes
database as a reference (version released in August 2013, passed by a virtual
PCR with the same primers of the samples) and a bootstrap cutoff of 80.
Sequences classified into chloroplasts, mitochondria, Eukaryotes, Archaea and
those not assigned to any domain were removed.

As part of quality control, one blank sample was sequenced (no biological
sample added, just reagents). All sequences present in the blank sample were
filtered and removed from the experimental samples. The resultant sequences
were used as an input for the dist.seqs command. Finally, the sequences were
clustered into operational taxonomic units (OTUs), with a cutoff of 3% of
dissimilarity. All singletons were removed and to avoid bias due to sampling effort,
the samples were randomly normalized to the same number of sequences (8,421
for the field experiment, 5,059 for mesocosm with sensitive corals and 3,954 for

mesocosm experiment with resistant corals). The taxonomic summary was used
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to understand the bacterial composition of each sample, and the OTU distribution
was used to calculate the diversity and richness indexes (Shannon, Fishers’
dominance and Chao), to establish the relationship between samples, and to
evaluate significant differences over specific OTUSs.

The statistical analyses and graphs were performed using the PAST3
program. Non-metric Multidimensional Scaling (NMDS) were plotted using Bray-
Curtis dissimilarity of OTU distribution matrix as input with Bray—Curtis index. To
assess the relationship of environmental data bacterial community, the
temperature, days of experiments and F./Fn were assessed by the correlation
coefficients between each environmental variable and the NMDS scores and
presented as vectors on the ordination. Shannon index and Fishers’ dominance
were tested for statistical differences between them using a Two-Way analysis of
variance (ANOVA) and Tukey post-hoc test.

The indicators taxa of thermal stress (sampling time) and type of coral
(thermal resistant or sensitive) were found with a blocked Indicator Species
Analyses using the PC-ORD program 6.0. To assess the thermal stress indicators
taxa, data from both corals were used, and the type of coral was blocked. To
assess the indicators taxa of each type of coral, the sampling time was blocked.
We selected all OTUs with p <0.05 (based on a Monte Carlo technique) and
Indicator Value (IV) bigger than 60. The lowest level of taxonomy was used to

classify the OTUs.

Metagenomic DNA extraction and sequencing

The effect of heatwave on the functional traits as well as the multidomain

correlations in different coral phenotypes was analyzed by metagenomics.
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Samples from the beginning of experiment (TO — 26°C) and the peak of
temperature (T1 — 32°C to resistant and 30.5°C to sensitive) were sequenced as
described below. A pool of three DNA extraction from each biological replicate
were used to increase the DNA concentration of the samples. Quality and
concentration control were performed with Nanodrop absorbance and Qubit® 2.0
Fluorometer High Sensitivity DNA Kit (Invitrogen, USA), respectively. One-lane
of shotgun sequencing was performed at the Argonne National Laboratory
(Lemont, IL, USA) using the Next Generation Sequencing Core on an lllumina

Hiseq 2500 platform.

Metagenome data processing

Metagenome analysis consisted of two parts: genome recovery and
analysis on the effects of temperature shift on microbial communities. The
recovery of genomes from prokaryotes, eukaryotes, viruses and Symbiodinium
genomes was performed by employing specific approaches and tools that handle
each type of microorganism. Analysis of the effects of water temperature shifts
on microbial communities from prokaryotic, eukaryotic and viral origin was
determined by identifying Open Reading Frames (ORFs) that were statistically
significant between coral samples at normal (26°C ) and high temperatures (30.5°

and 32°C for thermal sensitive and thermal resistant corals, respectively).

High-throughput sequencing quality control and assembly
The raw reads obtained from whole genome shotgun sequencing were
quality filtered using Trimmomatic (version 0.36

https://github.com/timflutre/trimmomatic), where TRAILING was set to 3, MINLEN
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set to 60, HEADCROP set to 10 and all other parameters were set to default
values. Assembly of quality-controlled reads was performed using two different
pipelines according to the target microbial group. Identification of open reading
frames (ORFs) and recovery of viral genomes was based on the contigs
generated from the assembly obtained by MEGAHIT (version 1.1.3). Prokaryotic
and eukaryotic genome recovery was based on the assembled scaffolds
generated by IDBA-UD (https://github.com/loneknightpy/idba) using default
parameters. The use of different assemblers was due to the better performance
of the MEGAHIT assembler when compared to IDBA-UD in the recovery of viral

sequences.

Identification of Open Reading Frames (ORFs) and statistical analysis

From the co-assembly of all samples using MEGAHIT, ORFs were
identified with Prodigal (25). Next, the quality-controlled reads were mapped to
the ORFs and those with an average coverage of at least 10 times (i.e. in
average, each nucleotide of the given ORF is covered at least 10 times by one
sample), were selected for further analysis. The ORFs were subsequently
mapped to each generated bin (including all taxonomic domains) by aligning their
sequences to the scaffolds within each bin using Bowtie2 (26). Finally, the
number of ORFs that were mapped to each bin and host genome was calculated
using SAMtools (27).

Analysis on the effects of pulse heat stress on microbial communities
including prokaryotes, eukaryotes and viruses were determined by identification
of ORFs that were statistically significant among samples. We considered

statistically significant as those showing P< 0.05 between groups of samples
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using least square means method (Lenth 2016) with False Discovery Rate (FDR)
for multiple correction testing (“lsmeans” R package). Samples were grouped by
coral phenotype (“sensitive TO” - sensitive coral samples collected at the
beginning of the experiment incubated at 26°C; “sensitive T1” - sensitive coral
samples collected after temperature peaked at 30.5°C); “resistant TO” - resistant
coral samples collected at the beginning of the experiment incubated at 26°C;
and “resistant T1” - resistant coral samples collected after temperature peaked at
32°C).

Functional annotation of the identified ORFs was performed by searching
the Swissprot section of the Uniprot database (UniProt, 2015) using BLAST
v2.2.30. For every predicted ORF, the match with the highest bitscore was used
for the putative annotation if it had an e-value >1e-5. In addition, functional
annotation of ORF was also performed by GhostKOALA (28). In brief, this web-
based tool performs an automatic annotation of the ORFs and assigns KEGG
Orthology (KO) identifiers, which can be used to predict individual ortholog
functions as well as KEGG pathway and module reconstructions. It is possible
that positive assignment of a KO identifier to a given ORF will not be mapped to
a module or pathway due to the absence of information in the database (28).

We calculated the percentage of Eukaryotes and Prokaryotes in the
different metagenomic libraries as follows. The raw reads of each library were
quality checked and assembled using IDBA-UD (Eukaryotes and Prokaryotes)
and MEGAHIT (viruses) as described earlier. EukRep, a pipeline developed for
the recovery of eukaryotic bins (29), was used to separate the scaffolds into
prokaryotic scaffolds and eukaryotic scaffolds. VirSorter (30) and VirFinder (31)

were used to determine viral contigs. In addition, the identification of predominant
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Symbiodiniaceae lineages within the obtained metagenome data was performed
by identifying SSU sequences using Emirge (30) and assigning taxonomy to

these sequences using the SILVA database (hitps://www.arb-silva.de/). For

identified Symbiodiniaceae genus previously generated genome assemblies
were downloaded from NCBI database.

The proportion of Eukaryotes, Prokaryotes and viruses in each library was
determined in two steps. Quality checked reads were first assembled with
pandaseq (32) and secondly mapped to the corresponding scaffolds (Eukaryotes
and Prokaryotes) and contigs (viruses). The number of reads mapped to
Eukaryotes, Prokaryotes (scaffolds) and viruses (contigs) was calculated using
samtools. The Venn diagrams were generated using an in-house R script. The
number of reads mapped were calculated with samtools and the percentages of
mapped reads as part of total reads were calculated using Libreoffice-calc.
Further, we determined if statistically significant ORFs were of mitochondrial
origin. Thus, we selected the contigs containing statistically significant ORFs.
After, this pool of contigs was blasted against the database of mitochondrial
sequences from NCBI (https://www.ncbi.nlm.nih.gov/tools/vecscreen/contam/).
All alignments with an e-value < 0.001 were considered significant.

Heatmaps were generated with the heatmap.2 function (gplots v3.0.1.1 R
package) using the normalized relative abundance of ORFs. Normalization was
performed using the scale function (R base) without centering.

Recovery of bins

After assembly, prokaryotic bins were recovered using the DAS tool (39),

using parameters indicated by the developers. The binning methods used in this

approach comprised of ABAWACA (https://github.com/CK7/abawaca),
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CONCOCT (40), MaxBin2 (41) and MetaBAT (42). Quality assessment, including
completeness and contamination estimation, of the generated bins was
performed with CheckM (“lineage_wf’ function) (43). Recovery of 16S rRNA
sequences was achieved by CheckM SSU Finder (43) using default parameters.
Eukaryotic bins were recovered using the EukRep pipeline according to
developer’s instructions (35). Briefly, this pipeline separates the scaffolds
assembled with IDBA-UD into eukaryotic or prokaryotic by employing a support
vector machine learning algorithm trained with genomes downloaded from NCBI
and JGI. Next, the eukaryotic scaffolds were binned using CONCOCT. Bins with
a size smaller than 2.5 Mbp were removed. Quality assessment of the eukaryotic
bins was determined using BUSCO (44) according to the instructions of the
developers. Taxonomic assignment of the generated bins was performed by
taxator-tk (45).

The contigs from which viral sequences could be recovered were
processed as follows. First, contigs identified as VirSorter categories 1 and 2, as
well as contigs with a VirFinder p-value < 0.01 were retained for further analysis.
These significant viral contigs were then clustered per dataset at 95% nucleotide
(nt) identity using VSEARCH to remove redundancy. Contigs < 1,000 nt were
removed. For taxonomic assignment, viral ORF amino acid sequences were
aligned to a viral RefSeq protein database (February 2019) using DELTA-BLAST
(46) with an e-value cut off of 10-3. If more than one ORF per contig was present
after alignment, we then chose the representative ORF showing the lowest e-
value and highest bit score. Viral taxonomy assignments were calculated for all

representative ORFs.
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Figures

Fig. 1. Differences in the microbial communities among resistant and sensitive
corals in the field during (F1) and after (F2) a bleaching event. Non-metric
Multidimensional Scaling (nMDS) (A), relative abundance of order taxonomy (B)

level and diversity indexes.
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Fig. 2: FJ/Fm values from Sensitive (A) and Resistant (D) corals along the

temperature experiment in mesocosms. Non-metric Multidimensional Scaling

(nMDS) showing the dynamic of beta diversity microbiome from TS (B) TR corals

(E) and relative abundance of order taxonomy level of TS (C) and TR corals (F).
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Fig. 3: Bacterial indicators taxa of corals phenotypes in the field samples and

pulse thermal stress in mesocosm experiment. OTUs are pointed out with the

lowest taxonomic level found, where "f" corresponds to the family, "p" phylum and

"g" genus. The horizontal bars show that there is a statistical difference between

the indicated times and their p values. Bars express the percent average of the

OTU and the gold bars the difference between coral phenotypes.
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Fig. 4: Distribution of significant ORFs within different groups (Viruses,

Eukaryotes and Prokaryotes) in a Venn Diagram. Pizza charts around the Venn-

Diagram indicate the distribution of the annotated ORFs within each group, where

functions correlated with TO, T1 or both are presented in blue or red, respectively.
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Fig. 5: Heatmap with mean significant open reading frames (ORFs) associated with TR

(A)and TS (B).
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5.2. Capitulo Il

CORAL MICROBIOME MANIPULATION ELICITS METABOLIC AND GENETIC
RESTRUCTURING TO MITIGATE HEAT STRESS AND EVADE MORTALITY
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ABSTRACT (Limit: 150 words):

Beneficial Microorganisms for Corals (BMC) ameliorate environmental stress, but
whether they can prevent coral mortality and the underlying mechanisms remain elusive.
To address these questions, we conducted a suite of -omics analyses on fragments of
the coral Mussismilia hispida exposed to bleaching conditions in a long-term mesocosm
experiment, either inoculated with a selected BMC consortium or a saline solution
placebo. BMC treatment increased coral survival rates by 40% concomitant with stable
photosynthetic performance by the endosymbiotic algae. Thermal tolerance and survival
of BMC-treated fragments was signified by patterns of DMSP degradation, lipid reservoir
maintenance, and shifts in the expression of prominent immune and stress markers of
the coral host. Most notably, we found down-regulation of kinase activity that controls the
apoptosis cascade in BMC-treated corals. Our work provides first insights into the
mechanisms that underlie probiotic host manipulation. We demonstrate that BMC
exposure triggers a dynamic microbiome restructuring process that instigates changes in
the coral host evidenced by genetic and metabolic alterations that eventually mitigate

coral bleaching and mortality.

Keywords: Beneficial Microorganisms for Corals, coral bleaching, thermal stress, marine

probiotics, Immune Networks, function, metabolomics, metatranscriptomics.
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Introduction

Coral reefs have been undergoing unprecedented mass coral bleaching events
over recent decades fueled by ocean warming (1) heightening the need to devise effective
countermeasures to mitigate further decline (2, 3). Increasing sea surface temperatures
(SST) trigger the disruption of the symbiotic relationship between the coral host and its
endosymbiotic algae of the family Symbiodiniaceae (4) resulting in the physical whitening
of coral colonies known as “bleaching”. Photosynthetic products from the endosymbiont
algae cover over 90% of the host’s nutritional demands (5). Thus, prolonged periods of

bleaching lead to coral mortality.

Besides endosymbiotic algae, corals are associated with a suite of other
organisms (bacteria, protists, fungi, viruses, etc.), collectively referred to as the coral
holobiont or metaorganism (6 - 9). In particular, bacteria are assumed to contribute to
coral holobiont biology, notably stress tolerance and adaptation to disparate
environments (9-14). The importance of bacteria led to the proposal of the coral probiotic
hypothesis (15), which states that microbes support coral biology through selection of the
most advantageous holobiont configuration in a given environment. It was later refined by
the microbiome flexibility hypothesis to include the notion that the potential or propensity
for microbiome change differs between host species (14). The proposal to employ these
facets for the selection and manipulation of specific microbes to aid coral metaorganism
stress tolerance and resilience was dubbed ‘Beneficial Microorganisms for Corals’
(BMCs) (9). Beneficial microorganisms putatively act in nitrogen fixation, sulfur cycling,
scavenging reactive oxygen species (ROS), and production of antibiotics to thwart
pathogens, for example (9, 10, 16).
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The proof-of-concept that manipulating coral microbes improves coral stress
tolerance was recently demonstrated in the first experiments to identify the beneficial
nature of a select BMC consortium in ameliorating coral bleaching (17). Nevertheless,
exactly “how” these BMCs were associated with functional changes in the host remained
unknown. In addition, although the ability of BMCs to ameliorate coral bleaching has been
demonstrated (17), it is unknown whether they have the capacity to help corals evade
mortality, e.g. through the provisioning of alternate metabolites to compensate the loss of
Symbiodiniaceae. Despite the diversity of the coral microbiome, which makes deciphering
the contribution of associated microbes to coral holobiont biology challenging, the
dynamic nature of the coral microbiome, which can often change dramatically - e.g.,
across sites, species, age, and under stress - further complicates the ability to conduct
such studies in the natural environment (18-20, 14). For this reason, manipulation of
BMCs in controlled experimental setups, such as mesocosms (21), provides an avenue
to identify important microbial players and study the underlying mechanisms while
maintaining a quasi-reef environment, to improve and inform the development of

biotechnological solutions to promote coral reef resilience.

Here, we employed coral mesocosms in combination with multi-omics evaluation
to decipher the mechanisms that underlie the increased stress tolerance and coral
mortality evasion offered by the provisioning of probiotics. In a large-scale effort,
fragments of the coral Mussismilia hispida were exposed to thermal stress in a 75-day
mesocosm experiment and inoculated with either a M. hispida-tailored BMC consortium
or, alternatively, a saline solution placebo. Coral health (measured via F./Fm rates and

survivorship), microbial activity, and functional responses were assessed through a multi-
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omics approach. Our analysis shows that increased stress tolerance and survivorship of
coral holobionts exposed to a BMC consortium coincided with holobiont restructuring and
a defined coral host gene expression re-programming targeting metabolic and immune

pathways under acute thermal stress and the subsequent recovery period.

Results

BMC-consortium selection, assembly, and experimental setup

Bacterial strains were isolated from a visually healthy colony of M. hispida. The
consortium was assembled with bacterial strains exhibiting : 1) at least one of the
beneficial identified traits detailed below; 2) absence of antagonist activity against other
selected BMCs; and 3) no previous record of the species/strain being harmful to humans
or other marine life. Beneficial traits included nitrogen fixation (nifH), nitrification (nirK),
DMSP-degradation (dmdA), reactive oxygen species scavenging potential (measured
through catalase activity), and antagonistic activity against two coral-pathogens, Vibrio
coralliilyticus strain V1 and Vibrio alginolyticus V2 (22, 23).

From an initial 133 obtained strains (Supplementary Table 1), the assembled
BMC consortium was composed of the following six bacteria: Bacillus lehensis (M20)
positive for nifH, nirK and dmdA; Bacillus oshimensis (M24) positive for dmdA; Bacillus
lehensis (M3) positive for nifH and dmdA; Brachybacterium conglomeratum (M1) positive
for catalase and nifH; Planococcus rifietoensis (CM29) presenting antagonic activity
against V1 and Salinivibrio sp. (F2) presenting antagonic activity against V1 and V2. The
experimental BMC assembly consisted of lag-phase grown strains collected and re-

suspended in sterile saline solution (0.85% NacCl) at 1x108 cells per mL (for details see
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Supplementary Figure 1). The placebo/control consisted of a sterile saline solution
(0.85% NaCl), hereafter referred to as the placebo treatment.

BMCs and placebos were applied every three days during a simulated heat stress
event (maximum temperature 30°C) and every five days for the remainder of the 75-day
mesocosm experiment (Figure 1-A), while an ambient control was run in parallel (26°C).
We focused on four time points, TO at the beginning of the experiment, T1 upon reaching
peak temperature in the heat stress (30°C), T2 at the end of peak temperature heat stress
(30 °C), and T3 following a 15-day recovery period at 26°C. Microbiome changes
associated with BMC treatment were investigated through 16S rDNA metabarcoding (TO,
T1, T2, T3). In addition, patterns and mechanisms underpinning the projected increased
stress tolerance provided by the BMC treatment were assessed through the evaluation
of coral physiology (visual monitoring of bleaching and photosynthetic efficiency of
Symbiodiniaceae for TO, T1, T2, T3), elucidation of metabolic footprints (Nuclear
Magnetic Resonance (NMR)/PLS-DA at TO, T1, T2, T3), and determination of coral

transcriptome patterns at the end of the experiment (T3) (See Figure 1-A).

Host-microbiome shift associated with BMC treatment during heat stress

In order to confirm the presence of the BMC consortium members in the coral
microbiome, the 16S rDNA sequence of each of the six BMC members was used to query
ASVs from both BMC and placebo-treated fragments. We identified three of the six strains
throughout various time points of the experiment: CM29 P. rifietoensis (T1 BMC-treated),
M24 B. oshimensis (T1, T2 BMC-treated), and M1 B. conglomeratum (T2 BMC-treated)

(Figure 2-A).
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Parallel to the confirmed incorporation of three of the BMC strains in T1 (CM29
and M24) and T2 (Mland M24) (Figure 2-A), the overall bacterial community structure of
BMC-treated corals was significantly different from placebo-treated corals during the heat
stress (T2) (PERMANOVA, p = 0.05), but became indiscernible during the recovery period
(T3) (p=0.583, stress=0.15) (Supplementary Figure 2), where BMC strains were also not
detected. The most abundant bacterial phyla identified across corals were Proteobacteria,
followed by Bacteroidetes, throughout the course of the experiment (Supplementary
Figure 3). Despite such consistency at higher taxonomic levels, we found variability over
time with regard to bacterial taxa association. Although the most relatively abundant
genera associated with corals at TO were consistently Ruegeria (11.9%), Tistlia (4.6%),
and Candidatus Amoebophilus (4.2%), we only found Ruegeria species to be abundant
across BMC-inoculated corals (T1: 15.1%, T2: 13.4%, T3: 17.3%), while in placebo-
treated coral fragments, Paramaledivibacter spp. were the most prevalent (T1: 21.6%,
T2: 13.8%, T3: 3.9%). Additionally, ASVs exhibiting significant differential abundance
were identified in BMC-treated fragments under thermal stress when compared to
placebo samples (Figure 2-B). Overall, 13 ASVs were significantly increased (average
log2 fold-change = 22.4 p<0.01) in BMC-treated samples in T1, 23 ASVs in T2 (average
log2 fold-change = 21.8 p<0.01), and 18 ASVs in T3 average log2 fold-change = 21.7,
p<0.01(Figure 2-A), corroborating that provisioning of BMCs affect microbiome structure
beyond the addition of selected strains. and Ruegeria (log2 fold-change 15.3) was
confirmed as one of the BMC-enriched bacterial groups, specially in T2 (Figura 2-A).
Despite the observed microbiome structure changes, overall community diversity of

BMC- and placebo-treated remained similar throughout the course of the experiment
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(given by Shannon, Chaol and ASV distribution indexes - ANOVA, p=0.8)

(Supplementary Figure 4).

BMC treatment contributes to increased survivorship and recovery from bleaching after
acute thermal stress

We compared photosynthetic efficiency and coral holobiont survival to assess the
BMC treatment effect. Most notably, survivorship of corals inoculated with the BMC-
consortium was substantially higher, with 100% of fragments surviving the heat stress
treatment (T3) compared to only 60% of the placebo-treated corals (Figure 1-C; for coral
visual morphology see Supplementary Figure 5). Importantly, surviving corals in the
placebo-treated regime showed a significant decrease in the F./Fm average rates (65%
decrease, from TO to T3 p < 0.05) at the end of the experiment compared to the beginning
(Figure 1-B), while photosynthetic efficiencies of BMC-treated corals only briefly
decreased at the peak of temperature stress (T2) (p < 0.05) and quickly returned to the

initial average during the recovery period (T3) (p= 0.197).

Transcriptional reprogramming of stress, metabolic, and immune genes of BMC-treated

coral holobionts under heat stress

We were further interested to elucidate the coral host transcriptomic response
associated with the observed increase in thermal tolerance. RNA-Seq was conducted on
samples from BMC- and placebo-treated coral fragments at the end of the experiment
(T3, n =20 samples). Coral genes were assorted into orthogroups to increase confidence

in annotation, and hence, functional inference. To elucidate the transcriptomic footprint
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induced by heat stress, we considered orthogroups showing a significant difference (FDR
p<0.01) between “placebo 30 °C x placebo 26 °C" considering KEGG pathway
annotations. Those were then used as the baseline to compare up- or down-regulation
induced by the BMC treatment during heat stress. Heat stress significantly increased the
expression of orthogroups involved with the regulation of immune and metabolic
pathways, the cell cycle, membrane transport, the apoptosis cascade, and stress
response (See placebo 30 °C x placebo 26 °C comparison in Figure 3). Notably, most of
these orthogroups were down-regulated by the BMC treatment in both the ambient (26
°C) and high-temperature (30 °C) regimes. Interestingly, BMCs seemed to exert an
overall suppressive effect of host gene expression, since most of the orthogroups up-
regulated as a host response to thermal stress in the placebo-treatment were down-
regulated in the BMC treatment (Figure 3). For example, orthogroups related to sugar
metabolic pathways, which exhibited increased expression under heat stress, were down-
regulated in the BMC treated corals (logFC=-1.95 and -1.72, respectively). Similarly, an
orthogroup associated with biosynthesis of unsaturated fatty acids that was up-regulated
during heat stress in the placebo samples (log FC 1.16), was down-regulated in BMC
samples (logFC -3.18). The general down-regulation of metabolic genes in BMC treated
corals was further corroborated by the down-regulation of amino-acid pathways (e.g.,
lysine degradation; taurine, glycine, serine, threonine, cysteine, methionine and
hypotaurine metabolism; valine, leucine and isoleucine biosynthesis). In the same way,
metabolic enzymes, directly involved in triggering apoptosis, such as glutamate 5-kinase
(logFC=1.66) and creatine kinase B-type (logFC=1.32) were down-regulated by BMCs

under heat stress, in comparison to the placebo-treated corals. Further, other kinases,

122



such as casein kinase | isoform alpha (FC= -0.82, FDR=1), calcium-dependent protein
kinase 1 (logFC= -1.75) and 2 (logFC= -0.79), CDPK-related kinase 1 (logFC= -1.80),
and serine/threonine-protein kinase ppk15 (logFC= -2.10) were down-regulated in BMC-
treated corals under heat stress. Besides the transcriptional reprogramming of metabolic
genes, we found innate immune system genes to be differentially expressed. Most
notably, the orthogroup mapping to pectin acetylesterase 7-like that is part of the immune
Whnt signaling pathway which controls the early innate immune response, evaded heat-
stress upregulation in the BMC-treatment samples (FC=-4.65) (Figure 4). In addition,
master immune genes such as NLRP3 inflammasomes were also down-regulated after
BMC-induction. These results indicate that networks of genes linking immunometabolism
were significantly modulated by BMC inoculation and the subsequent microbiome

restructuring in response to stress.

Besides the analysis of differentially expressed orthogroups, we were interested
to investigate the role of BMCs in processes associated with oxidative and thermal stress,
as well as with DNA repair. For this reason, we determined the response of orthogroups
related to these functions in the metatranscriptome, irrespective of the gene expression
significance level applied. Five orthogroups encoding catalase, 15 orthogroups encoding
cytochrome p450 (logFCs between 0.07 and 1.51, FDR=1), and 16 orthogroups that are
part of the peroxisome pathway (logFCs between 0.006 and 1.16, FDR=1) were found to
be up-regulated in the BMC-treated samples exposed to heat stress (Supplementary
Table 4). In addition, chaperones, heat-shock proteins, ATP-dependent Hsl protease
ATP-binding subunit HslU, and five tight-junction proteins were found up-regulated in

BMC-treated fragments under thermal stress (Supplementary Table 2). Similarly, DNA
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repair was up-regulated in BMC-treated corals under heat stress, as shown by the
increased expression of orthogroups belonging to nucleotide excision repair, base

excision repair, and mismatch repair.

Taken together, we found that inoculation with BMCs instigated restructuring of the
transcriptional network, with downregulation of orthogroups associated with sugar
metabolism, amino acid metabolism, apoptosis, and the immune response, and
upregulation of genes that counter oxidative and thermal stress. Importantly, the
proximate cause of the transcriptional reprogramming was the BMC-treatment that
resulted in a host restructured microbiome, which in turn suggests a signal cascade from
the microbes to the coral host, corroborating the notion that the holobiont is the functional

biological unit.

Metabolic restructuring of BMC-treated coral holobionts under heat stress

We obtained metabolic profiles from the thermal stress experiment using NMR to
identify metabolic mechanisms associated with the microbial and genomic restructuring
underpinning the increased thermal tolerance of BMC-treated corals. Sample complexity
led to strong overlapping 'H resonances, challenging the elucidation of metabolic
patterns. Nevertheless, the characterized peaks at 2.88 ppm (singlet from the S-Methyl
groups) for DMSP and at 2.58 ppm (singlet from the S-Methyl groups) for DMSO were
found to be separated and well-defined, as well as correlated with different treatments
(Figure 4-B). DMSP variation was found to be positively correlated to the BMC-treated
corals, and DMSO variation was found to show a negative correlation to the BMC-treated
corals in the PLS-DA loading plot (Figure 4-B). To explore the correlations in more detail,
comparing metabolic variations overtime (i.e., T1, T2, and T3), the area under the curve
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representing the direct quantitative ratio for the selected DMSP and DMSO peaks was
integrated and represented as boxplots, which indicated significant decreases in the
DMSP and DMSO levels observed at T2 and T3 in BMC-treated samples exposed to
thermal stress (p<0.05, Figure 4-C for DMSP and 4-D for DMSO). We therefore used
both, DMSP and DMSO, as important proxies for the metabolic assessment because of
their clear separation from overlapped profiles, as well as due to their importance in sulfur
cycling and microbial structuring (i.e., role of DMSP-related chemotaxis of Vibrio
corallilyticus and antimicrobial activity of DMSO). In addition, lipids, despite their
predominance presence in every sample, were also positively correlated to the BMC-
treated corals as indicated by the PLS-DA loading plot (Figure 4-B). Nevertheless, the
strong overlapping signals (at ~5.26, ~2.74, 1.19, and 0.87 ppm) prevented the possibility

of annotating specific compounds.

Discussion

The promise of coral probiotics to increase stress tolerance of corals has only been
very recently shown (10, 17, 24), but the effect BMCs exert on the holobiont or whether
BMCs can increase survivability of corals under stress remains elusive. Here we show
that the inoculation of coral fragments with a native BMC consortium instigated holobiont
changes at the level of the microbiome, host gene expression, and metabolism, that
coincide with an increase in coral survival rates. As such, our results provide a first insight
into the mechanistic underpinnings of how BMCs potentially exert their effect, although
the detailed functional changes that cause the altered phenotype await further elucidation.

Taken together, our results argue for an integrated protection of the metaorganism by the
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BMC consortium, as indicated by changes at the host, Symbiodiniaceae, and bacterial

compartment level.

From the results obtained, , the following key findings emerge: First, the major
changes in the microbial community during the heat stress, commonly observed in corals
(25, 11, 26), in connection to the dynamic restructuring of this microbiome after the
recovery period, indicate that M. hispida may fit into the “microbiome conformer” flexibility
type suggested by Ziegler et al., (13) and Voolstra and Zielgler (14). This term applies to
corals that exhibit bacterial community reconfiguration upon a stress. Following this
notion, the level of microbiome flexibility may be considered as a factor to identify corals
with high(er) manipulative potential. Corals that naturally alter their microbial composition
and potentially uptake new members from the environment are more likely to accept
inoculants (14, 27). Notably, shifts in metaorganism microbial composition are, potentially,

a rapid and versatile means of adaptation to environmental change (12 -14).

Notably, the host’s ability to take up microorganisms from the environment is
hypothesized to increase when under stress, a conclusion based on the finding that many
host microbiomes appear less ordered when stressed (13, 20, 28). Inoculation of high
numbers of different BMC cells (i.e., a consortium) may therefore ensure uptake of at
least some microorganisms exhibiting beneficial characteristics, which may at the same
time preclude colonization by pathogens considering that ‘space is limited’. Notably, the
use of bacterial consortia provides a combination of beneficial mechanisms to increase
stress tolerance, even if not all members of the BMC successfully associate with the coral
holobiont (17, 25, 29 — 31). Here we show that the use of a bacterial consortium assured
incorporation of some of the selected BMCs to the coral microbiome, which were found
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in the microbiome of BMC treated corals during the thermal stress, i.e., at T1 and T2 (see
Figure 2-A). Notably, members of the BMC consortium were not detected after the 15-
day stable condition period (T3, i.e., recovery). This suggests three things: first, a dynamic
restructuring of the microbiome can happen on a relatively small time scale (11, 13, 32),
second, incorporation of BMCs might be facilitated under stress (in this experiment:
during the peak of temperature) because coral defense is compromised or selection for
beneficial microbes is supported, and third, that it is currently unclear how long the
beneficial effect of BMCs is lasting. From our results, it appears that BMC members
colonized coral fragments during stress and instigated significant changes in the coral
holobiont, but reverted to the original microbiome structure after ceasing of stress (sensu
Ziegler et al. (13) who used the term ‘microbiome recovery’). Accordingly, the duration of
the presence of the stressor might determine the longevity of the BMC effect, respectively
repeated addition of BMCs might be needed to ensure a long-lasting effect under natural

conditions (10).

The early and detectable incorporation of some of the BMC-consortium members
into the coral microbiome and the consequent microbial restructuring were correlated with
significant improvements in the coral response to thermal stress, as most convincingly
demonstrated by mortality evasion. Heat stress-driven mortality and/or decrease in Fv/Fm
rates observed in fragments that were not treated with BMCs, suggest damage to the
temperature-related photosystem Il electron transport of the Symbiodiniaceae through
chronic photoinhibition (33), which ultimately leads to a breakdown in symbiosis and
results in loss/expelling of the Symbiodiniaceae, i.e. bleaching (34). Notably, bleaching is

a symptomatic process, i.e. loss of Symbiodiniaceae can occur through multiple
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processes, including host cellular apoptosis (35) or necrosis, and eventually death from
starvation (36), which was corroborated by the up-regulation of different enzymes and
kinases directly involved in triggering apoptosis in heat-stressed corals (37, 38).
Importantly, this apoptosis cascade was down-regulated by BMC inoculation, suggesting
mitigation of apoptosis to be a key BMC-promoted mechanism. Along this line of thought,
caspases that activate the apoptotic cascade are also activated by oxidative stress that
increases for instance through photodamage to Symbiodiniaceae during thermal stress
and in turn further contribute to symbiont loss (39). We hypothesize that down-regulation
of orthogroups involved in apoptosis and the concomitant up-regulation of ROS
scavenger orthogroups, promoted by BMC inoculation, protected corals from tissue
damage, ROS and Symbiodiniaceae loss, with consequences for coral survival, although
more experiments are necessary to validate it. Of note, our results corroborate the
hypothesized role of ROS scavenging as a key BMC mechanism, as proposed by Peixoto

et al. (9, 10).

Our data also suggest that BMC provision mitigated the up-regulation of pathways
correlated with carbohydrate (such as gluconeogenesis, citrate cycle, and starch and
sucrose metabolism) and amino acids (such as glycine, serine and threonine) metabolism
evident in heat-stressed corals. Such observed restructuring of the coral metabolism is
likely associated with starvation (40, 41), in a possible attempt to offset the increased

amounts of energy needed to counter heat stress and loss of Symbiodiniaceae (42).

Taken together, our results indicate the presence and efficacy of members of the
native BMC consortium and suggest some key BMC mechanisms underlying the
increased tolerance against bleaching and mortality based on transcriptional
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reprogramming of the coral host, which includes mitigation of apoptosis and oxidative
stress and metabolic adjustment. Most notably, BMCs seem to exert their beneficial effect

as much through activation as through inhibition of specific pathways, respectively genes.

It is tempting to speculate that the increased host survivorship observed in this
study is a direct consequence of the genetic changes discussed above, which arguably
will result in altered metabolic profiles. In this regard, the observed changes in the
metabolomic profile of corals treated with BMC reinforces the hypothesis that the selected
microbes play a direct role in increasing coral stress tolerance by means of
correspondence between selected traits of BMC bacteria (i.e., DMSP-degradation) and
observed metabolic changes. For instance, shifts in BMC-treated metabolomic profiles
were signified by a decrease in dimethylsulfoniopropionate (DMSP) concentration and
lipidic reservoir maintenance. This connects directly to the presence of M24 in the 16S
rDNA data: M24 was exclusively found in BMC-treated samples at T1 and T2, indicating
its incorporation into the coral microbiome and was selected due to its ability to degrade
DMSP (Supplementary Table 1). Of note, DMSP is mostly produced by algae (such as
members of the family Symbiodiniaceae) and its degradation generates antimicrobial
compounds, helping to control pathogens (43-45), which accordingly was suggested by
Peixoto et al (9, 10) as a desirable BMC trait. In parallel to the evidenced DMSP
degradation as one of the direct mechanisms provided by the BMC consortium to
ameliorate heat stress, BMC treatment may have also indirectly influenced DMSP
metabolism, through the enrichment of bacteria able to assimilate DMSP, such as
Ruegeria (46), the most abundant genus found in BMC-treated samples during the entire

experiment. Furthermore, this genus has been previously observed to inhibit and control
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the growth or pathogenicity of V. coralliilyticus (47). These results highlight the importance
of microbiome restructuring to coral resilience (11, 14) and the additional potential role of
the M. hispida BMC consortium in modulating the microbial colonization and succession
of inoculated coral fragments. Such parallel colonization/succession/enrichment of
beneficial microbes has also been observed in other hosts, including humans, as a result

of the use of pre- or probiotics (48, 49)

Conclusions

The increasing frequency and severity of ocean warming events has been causing
coral die-offs around the world in the last few years (1, 50 — 52). The development and
better understanding of novel interventions to mitigate large-scale coral mortality is one
of the climate priorities for the coming decades (53). Our results support the potential of
microbiome restructuring to aid ecological adaptation of the coral metaorganism (14) and
identify a suite of microbial-mediated mechanisms underlying coral survival and
resistance to thermal bleaching provided through BMCs. This is most prominently
highlighted by the dramatic increase of coral survival rates by 40% upon BMC treatment
when under thermal stress. This was accompanied by overall shifts in the coral
microbiome that suggest dynamic microbiome restructuring, partially due to the
incorporation of BMC members and the relative increase of other bacteria. We further
show that such microbiome restructuring affects the host (directly and indirectly) as
evidenced by transcriptional reprogramming of processes related to stress tolerance,
metabolism, and innate immunity. Prospecting further, it will become important to

understand whether a universal coral probiotic ‘potion’ can provide the same efficacy as
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a host specific BMC consortium, which could then provide benefits to a range of coral

hosts.

Material and methods

Ethics approval and consent to participate

Permission for sampling was obtained from the System of Authorization and
Information on Biodiversity (SISBIO). The microbial survey permits were obtained from
CNPq (National Council for Scientific and Technological Development, Brazil) and

SISGEN (Number A620FE5).

Sampling procedures

Mussismilia hispida colonies were collected by SCUBA diving at the Coroa
Vermelha reefs, Santa Cruz de Cabrdalia county, Bahia, Brazil. Coral colonies were
collected at three sites along the reef: site A (16°20°57.99” S; 038°58’45.00” W), site B
(16°20’39.30” S; 038°58'38.10” W) and site C (16°22'02.20” S; 039°0’15.63” W), at depths
between 1.5 and 10 m on 26—-29 January 2017. Corals were transported in sterile plastic
bags, then packed in Styrofoam boxes containing 800 g of ice and were sent by air cargo
to Rio de Janeiro. Upon arrival at the research station, around 13 hours after sampling,
coral colonies were transferred to 1,500-L tanks with constant sea water flow and air
bubbling for a 3-day preliminary acclimatization period. After that, coral colonies were
fragmented using a diamond based bandsaw (Gryphon Corp, California, USA) in ~7 cm

fragments with at least 3 polyps each, sawn in the coenosarc and placed in the
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experimental system for acclimatization and healing. About 4 days after sawing, the coral
fragments showed first signs of healing and were kept in acclimatization conditions (26

°C) until all fragments reached F./Fm rates around 0.6.

Isolation of bacteria strains from coral

Three previously tagged thermally resistant coral Mussismilia hispida colonies (5—
15 cm) collected from Marau, Bahia, Brazil (13°56°10.9” S; 38°55°38.71” W) were used
as a source to isolate beneficial microorganisms for corals. Two different approaches
were used for bacterial isolation. First, 0.5 g of each coral macerate was resuspended in
45 mL of sterile saline solution (0.85% NaCl) and then shaken for 16 h. After incubation,
triplicate subsamples (100 pL) of 1073, 104, and 10~° dilutions were inoculated into Petri
dishes containing 20 mL of marine agar medium (Marine Agar Zobell 2216, Himedia
Laboratories, Mumbai, India), diluted marine agar medium (Marine Agar Medium 2x
diluted with 2.5% NaCl and agar-adjusted), 2.5% NaCl Luria-Bertani medium (10 g
tryptone, 5 g yeast extract, 25 g NaCl and 15 g agar to 1000 mL distilled water) or Marine-
water medium (1000 mL of sea water and 13 g agar). In addition, fragments of ~0.5 mm
were placed directly onto these culture media. All the plates were incubated at 26 °C for
48 h. A total of 133 bacterial colonies were isolated based on bacterial colony morphology,
with 67 derived from macerated slurries and 52 derived from mini fragments. Each
different morphological colony was stored in an ultra-freezer with a final concentration of

20% glycerol and recovered when necessary for functional screening.

Functional screening for probiotic and bacterial 16S rRNA gene sequencing
Each morphologically different bacterial isolate was screened for beneficial traits
for corals as proposed by Peixoto et al. (9). Sixty-seven morphologically distinct bacterial
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strains were recovered from macerated slurries and 52 from micro-fragments of the coral
placed directly onto the agar medium. The isolates were then screened for beneficial
traits, as previously outlined by Peixoto et al. (9) and tested via a proof of concept study
(17). Antagonistic activity against Vibrio coralliilyticus YB strain (DSM19607) (V1) and
Vibrio alginolyticus (BAA450) (V2) was tested by the agar-diffusion method (54). First, 20
pL of each bacterial strain was spot inoculated onto 2.5% NaCl LB medium, placing three
spots for each strain (representing replicates). The plates were incubated at 26 °C for as
long as necessary for the strain to grow. The strains were inactivated by chloroform
volatilization, followed by pouring 3 mL of semi-solid 2.5% NaCl LB medium (0.7% agar)
containing the Vibrio indicators over the inactivated spots. These plates were then
incubated at 28 °C for 16 h, and the antagonistic activity was indicated by inhibition halos
around or no detection of Vibrio growth over the colony spot. The same procedure was
repeated for both V1 and V2, in separate plates. Among the remaining candidates, one
strain, identified as Planococcus rifietoensis (CM29) was an antagonist against V.
coralliilyticus YB (DSM19607) (V1), whilst another strain, identified as Salinivibrio sp.
(F2,) showed antagonistic activity against both V1 and V. alginolyticus (BAA450) (V2).

The strains were screened for ROS scavenger enzyme activity, based on
gualitative (production or not production) and quantitative (bubble amount) catalase
production when 50 mL of their liquid culture was mixed with 50 pL of 3% (v/v) hydrogen
peroxide.

Nitrogen cycling genes as nitrogenase subunits (nifH) and nitrification (nirK), as
well as the DMSP degradation (dmdA) gene were screened by PCR reactions from the

genomic DNA samples (for additional information about primer and PCR cycling see
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Supplementary Table 3). From the initial 133 isolated strains, 33 (25%) isolates
demonstrated high catalase activity and positive results for the amplification (Polymerase
Chain Reaction) of the genes nifH (12 strains, i.e., 9%), nirK (5 strains, i.e., 11%) and
dmdA (11 strains, i.e., 8%). Almost half of the isolates (49% or 65/133) were identified as
belonging to the Vibrio genus, and were excluded from the following steps, considering
they are regularly postulated as coral pathogens (55, 56). A total of 38 strains positive
for at least one screened trait described above had their nearly full-length 16S rRNA gene
PCR-amplified and sequenced (Supplementary Table 3). The sequencing
electropherograms were processed using the Ribosomal Database Project Il (RDP) (57)
to remove low-quality bases. Sequences of each isolate were assembled into contigs
using Bioedit 7.0.5.3 (58). The bacterial 16S rRNA gene sequences were aligned with
sequences from the NCBI database (59). All sequences were deposited in the NCBI
database under an individual accession number described below (see Supplementary
Table 4). Bacteria strains identified as potential human or marine pathogens as well as
those with antagonistic activity against any members of the selected BMC consortium

(assessed by the agar-diffusion method cited above) were excluded.

Probiotic preparation

A total of six bacterial strains: M20 Bacillus lehensis (NCBI access number
MK308622), M24 Bacillus oshimensis (MK308624), M3 Bacillus lehensis (MK308617),
M1 Brachybacterium conglomeratum (MK308603), CM29 Planococcus rifietoensis
(MK308593), and F2 Salinivibrio sp. (MK308616), were selected to compose the M.
hispida BMC consortium, based on the beneficial traits cited above and described in

Supplementary Table 1. The probiotic consortium suspension contained a total of 108
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cells per mL. The cell number of each individual BMC strain was estimated by optical-
density spectrophotometer (OD600) (UV-1800 Spectrophotometer (Agilent Cary 60,
Agilent Technologies) measurements for cultures grown at 26 °C in 100 mL of LB medium
for 8, 16, 22, 30, 42, 48 and 54 h and correlated directly with the number of colony-forming
units (CFUSs) of each strain at each time point. The CFUs were assessed by subsampling
(100 pL) each serial dilution of each strain at each time point, plating on LB agar medium,
and incubating under the same conditions. The results were normalized to 1 mL of
medium to estimate the cell number at the sampling points (Supplementary Figure 1). As
the probiotic consortium is composed of a diverse combination of bacteria, each strain
was collected proportionally at the peak of its growth curve in order to compose a
consortium with a final concentration of 108 cells per mL. The cultures were centrifuged
at 5000 g for 2 min and the cell pellets washed 3 times with saline solution (0.85% NaCl),

followed by centrifugation and resuspension in 50 mL of saline solution.

Mesocosm experimental design

The experimental mesocosm used for this experiment consisted of 2 water baths
(100 cm x 50 cm x 10 cm) per temperature (total of 4 water baths), where 5 individual
aquariums (each with 1.3 L capacity, 15 cm x 11 cm x 12 cm) from each treatment were
randomly distributed in the mesocosm. Each completely individualized aquarium was an
independent true biological replica, with its own individual sump (8.7 L) and circulation
pump, and the sump and aquarium assembly contained a total of 10 L of seawater. The
water flow between the sump and the aquariums was driven by a water pump (Mini A,
Sarlo Better, Sdo Caetano do Sul, Brazil) at a flow rate of 250 mL min~?, providing a

tenfold recirculation of the experimental aquarium volume per hour. Every two days, 10%
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of the sump water was changed and the salinity adjusted to 34 PSU with deionized water
if necessary. The aquariums were supplied with natural seawater from the Marine
Aquarium of Rio de Janeiro research station where the experiment was performed. The
replicates received individual continuous air bubbling circulation through air pumps (HG-
370, Sun Sun) connected to silicone air hoses and flow controllers. The water in the water
bath was homogenized by two aquarium pumps (SB 1000A, Sarlo Better) to maintain
homogeneous temperatures, and there was no water exchange between the aquariums
and the water baths. Thermostat controls MT-518ri (Full Gauge, Canoas, Brazil)
measured and controlled the temperature of each water bath, activating the cooling
system or heaters as needed. The water baths were connected to a 1000-L freshwater
reservoir at 18 °C, to provide cooling water through water pumps (Better 2000, Sarlo
Better) when the temperature control thermostat activated the correspondent pump. The
heating system consisted of two 100-W heaters (Atman, China) in the water bath.
Physical-chemical parameters of the water, including pH, salinity and dissolved oxygen
(OD) were measured on the sampling days, using a multiparameter probe (Model HlI
9,828, Hanna Instruments, Barueri, Sdo Paulo). The experiments followed artificial
day/night cycles (12h/12h) with 150 ymol photons m=2 s~ from 06:00 to 10:00 and from
14:00 to 18:00h, and 250 umol photons m=2 s~ from 10:00 to 14:00h, modulated with light
dimmers and a shade cloth. Each replicate individual aquarium had its own lighting
system, consisting of six 3W blue-light and three 3W white-light LEDs each controlled by
a potentiometer. Four coralfragment fragments (~ 7 cm) of M. hispida were placed
randomly in each aquarium, and a single fragment was randomly used as a sampling unit

for each treatment and sampling time.
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Mesocosm experiment

A total of 80 coral fragments of M. hispida were exposed to two temperature
regimes, 30 °C (high-temperature regime) and 26 °C (ambient-temperature regime), and
two treatments, placebo or BMCs. A total of four coral fragments (~ 7 cm) were placed
randomly in each aquarium, consisting of a completely independent replica and each
treatment used five of these aquaria. One fragment was randomly used as a sampling
unit for each treatment and sampling time. All coral fragments were first maintained under
the same conditions at 26 °C for 30 days to allow them to heal and acclimatize to the
experimental conditions. For the high-temperature experiment, the temperature was
increased, from day O to day 8 by 0.5 °C per day up to 30 °C which was maintained for
10 days. Then, the temperature was decreased to 26°C by 1 °C per day, followed by 23
days of recovery. All control experiment aquariums were maintained at 26 °C during the
75 experimental days. Sampling points were: before heat stress (T0), at the peak of
temperature (T1), at the last day of high temperature (T2), and after the recovery period
(T3). Samples from the ambient-temperature experiment were also taken in parallel at
the same time points. The placebo and BMCs were inoculated on the first day of the
experiment and every 5 days thereafter; during the 10 days at the temperature peak,
inoculations were performed every 3 days. A detailed schematic view of the experimental
design is shown in Figure 1-A. Inoculations were performed by removing the coral
fragments from the aquarium and placing them in a sterile Petri dish to inoculate 1 mL of
the respective treatment above the fragments. After the inoculation, the fragments were
immediately returned to their respective aquariums and the individual Petri dishes were

rinsed into the aquarium water.

137



Assessment of coral health and microbiome

Coral health was assessed during the experiment using different proxies, including
visual monitoring of bleaching and algal photosynthetic parameters. The coral visual
response was assessed by color score, based on the tissue appearance: 1) white (>80%
of colony white, with no visible pigmentation); 2) pale (>10% colony affected by pigment
loss); or 3) fully pigmented (<10% colony with pale coloration). Coral mortality was scored
as 0. Each replicate was photographed at each sampling time, with a Canon T3i digital
camera, under the same conditions, and the color was scored based on the photographic
assessment.

The photochemical efficiency of the Symbiodiniaceae was assessed using pulse-
amplitude-modulated (PAM) fluorometry. We used a submersible diving-PAM system
(Walz GmbH, Effeltrich, Germany) fitted with a red-emitting diode (LED, peak at 650 nm).
To avoid non-photochemical processes of dissipation of PSIl excitation energy,
measurements were taken after sunset, after at least 30 minutes of darkness, to ensure
full photochemical dissipation of the reaction centers. The maximum quantum yield of
PSIl photochemistry was determined as F./Fm. The diving-PAM was configured as
follows: Measuring Light Intensity (MI) = 5; Saturation Pulse Intensity (SI) = 8; Saturation
Pulse Width (SW) = 0.8, Gain (G) = 2; and Damping (D) = 2. The same coral fragment
from each replicate (= 4 fragments) was used to measure chlorophyll fluorescence at
different sampling times during the experiment. The statistical significance of the results

was analyzed in PASTS3.

Assessment of coral microbiome through 16S rRNA gene amplicon sequencing
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The coral microbiome was assessed by 16S rRNA gene amplicon sequencing
analysis. Samples of the mucus layer, tissue and skeleton of the coral were collected with
sterile clippers at the sampling time. Samples from each sampling time point were
macerated with a mortar and pestle under dry conditions. Total DNA was extracted from
0.5 g of the macerated mucus, tissue or skeleton using the PowerBiofilm® DNA Isolation
Kit (MoBio Laboratories, Inc.), following the manufacturer's instructions. The DNA
concentration was determined using a Qubit® 2.0 Fluorometer High Sensitivity DNA Kit

(Invitrogen, USA).

To amplify the hypervariable regions V5 and V6 of the bacterial 16S rRNA gene,
the primers 784F (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA-3)
and 1061R (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACG  AC-3))
(60) were used (lllumina adapter sequences underlined). Triplicate PCRs (using 1 pl of
input DNA) were performed with the Qiagen Multiplex PCR kit, with a final primer
concentration of 0.3 pM in a final reaction volume of 10 ul. In addition to samples, mock
PCRs were run (no template input) to account for putative kit contaminants. Thermal
cycler conditions were: initial denaturation at 95 °C for 15 min, 27 cycles of 95 °C for 30
s, 55 °C for 90 s, and 72 °C for 30 s, followed by a final extension at 72 °C for 10 min.
Then, 5 yl of each PCR product was run on a 1% agarose gel to confirm successful
amplification. Triplicate PCRs for each sample were pooled and samples cleaned using
ExoProStar 1-step (GE Healthcare, UK). Samples were indexed using the Nextera XT

Index Kit v2 (dual indices and lllumina sequencing adaptors added). Successful addition
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of indexes was confirmed by comparing the length of the initial PCR product to the
corresponding indexed sample on a 1% agarose gel. Samples were cleaned and
normalized using the SequalPrep Normalization Plate Kit (Invitrogen, Carlsbad, CA,
USA). The samples were then pooled in an Eppendorf tube (4 ul per sample) and
concentrated using the CentriVap Benchtop Vacuum Concentrator (LABNOCO, USA).
The quality of the library was assessed using the Agilent High Sensitivity DNA Kit in the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and quantified
using Qubit (Qubit dsDNA High Sensitivity Assay Kit, Invitrogen). Library sequencing was
performed at 5 pM with 20% phiX on the Illumina MiSeq lllumina platform at the KAUST
Bioscience Core Lab at 2 x 301 bp paired-end V3 chemistry, according to the

manufacturer’s specifications.

Coral microbiome data analyses

The microbiota associated with M. hispida fragments was investigated by
sequencing the V5-V6 variable region of the 16S rRNA gene. A library of 3,501,072 good-
guality reads with a mean length of 283.64 base pairs was generated. Demultiplexed raw
sequences were imported into QIIME2 2019.4 for analysis. Sequences were merged,
denoised, dereplicated, clustered, and trimmed using the DADA2 (“dada2 denoise-
paired”) plugin with the following parameters: -p-trim-left-f 5 --p-trim-left-r 5 --p-trunc-len-
f 250 --p-trunc-len-r 250 and 4775 amplicon sequence variants (ASVs) were obtained.
The ASVs were classified taxonomically using the naive Bayes machine-learning
classifier (61) with the g2-feature-classifier parameter, using the SILVA132 (62) trained
classificator clustered at 99% identity as the reference database. A rooted phylogenetic

tree was created for downstream analyses, using the programs MAFFT2 (63) and
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FastTree with CAT-like rate approximation category through Q2- alignment and Q2-
phylogeny plugins. The microbial QIIME2 output (qza files) were imported to R
programming language V 3.6.0 with the function giime2R and analyzed with the Phyloseq
(64), parsed with the dplyr package (65), and the barplots, box-plots and statistical test
(kruskal-wallis and Anova) were generated with ggplot2 (66). The data were tested for
differential abundance using DESEQg2 (67) on a model of Negative Binomial Distribution
(NEB); a Wald Test with parametric fitting of dispersions to the mean intensity was used
for differential abundance estimation, using a cut-off value of p = 0.01. For NMDS
analyses, the data were log2-transformed (log x + 1), and ordination was performed with
the Bray-Curtis distance matrix until a solution was reached (i.e., stress). The results were
plotted with function plot_ordination using the samples, treatments or environment
metadata for features ordination. The significance of the results was evaluated with
PERMANOVA, using 999 random permutation tests with pseudo F-ratios through the
Adonis function of the Vegan package (68) in R. The community structure of the
microbiome (represented by diversity and richness measures), was evaluated (from O to
3,000 reads) using classic ecological indexes of alpha-diversity (Observed ASVs, Chaol
and Shannon) on the rarefaction curve plateau (Supplementary Figure 3) using Phyloseq

package .

Metabolomics assessment
Fragments from each coral sample produced (300.00 mg) were homogenized with
80% methanol (1.50 mL) using zirconia bids and sonicated for 8 min at room temperature.

The extraction mixtures were centrifuged at 10,000 g for 10 min at 4 °C and the
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supernatants were concentrated to dryness under vacuum. This procedure was repeated
three times for maximum recovery. The residues were resuspended in methanol-d4
(200.00 mL) for Nuclear Magnetic Resonance (NMR) data acquisition, using 3-mm tubes
and a 600 MHz Bruker Avance Il equipped with a 5-mm TCI H-C/N-D cryoprobe and a
SampleJet autosampler cooled samples to 6 °C while waiting in the queue. The 1D
spectra (noesyprlD) experiment was used to assess the metabolomic profile of the
dataset and 2D experiments HSQC and HMBC (hsqcedetgpsisp2.2 and hmbcetgpl3nd,
respectively) were used to confirm the identity of key compounds. Quality control samples
were included, and they have shown to be according to the expected. The spectra were
processed using NMRpipe and imported into MATLAB for normalization, scaling, and
multivariate analysis, using an in-house toolbox (developed in the Edison laboratory; 69).
The PLS-DA analysis was done using the 1D NMR spectra in full resolution and the
boxplot was constructed using the area under the curve of the peaks related to DMSP
(2.88 ppm) and DMSO (2.58 ppm). The statistical difference of DMSP and DMSO
between sampling times and treatments was assessed with an Independent Samples t-

Test.

Transcriptomics Assessment

The coral-metaorganism transcriptomes response from T3 was explored in order
to understand the mechanisms associated with the different phenotypes observed at the
end of the experiment. RNA samples were extracted from both the BMC and placebo
treatment from the high-temperature (30 °C) and ambient (26 °C) experiment for
sequence analysis. Transcriptomic sequencing was performed using lllumina HiSeq 6000

platform (lllumina Inc., San Diego, CA, USA). Transcriptomic reads were quality-
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controlled using KneadData v0.7.4 with the GRCh38.p13 human genome as a reference
for potential decontamination yielding between 14,372,271 and 74,483,759 paired-end
(PE) reads at 2x150 bases per sample after quality trimming and filtering. De-novo
transcriptomes were co-assembled using rnaSPAdes v3.13.1 (70), producing 520,555
representative transcripts from 496,603 putative genes; genes were estimated by
rnaSPAdes.

We used TransDecoder v5.5.0 (71) for gene modeling in a multistep process to
minimize false positives. In particular, we used the following procedure: 1)
TransDecoder.LongOrfs, with transcript-to-gene mappings assigned by rnaSPAdes, to
generate putative open reading frames (ORFs); 2) hmmscan (hmmer v3.3.1 suite) (72)
to identify protein domains using the PFAM v33.1 and TIGRFAM v15.0 databases; 3)
Diamond v0.9.30.131 (73) blastp against all Scleractinia (stony corals) proteomes
available in NCBI (GCA_002571385.1, GCF_002042975.1, GCA_003704095.1,
GCF_004143615.1, GCF_002571385.1, GCF_003704095.1, and GCF_000222465.1);
and 4) TransDecoder.Predict with the putative ORFs from (1), the protein domains from
(2), and the alignments from (3) using the --single_best_only argument. This procedure
generated a single ORF per transcript to yield 130,183 ORFs from 114,118 genes.

High-quality genes were annotated by using Diamond’s blastp against NCBI's nr
database (v2020.04.01), and taxonomic lineages were extrapolated from NCBItaxid using
the get _taxonomy_lineage_from_identifier function from soothsayer v2020.08.24
(https://github.com/jolespin/soothsayer) with ete3 backend (74). PhyloDB v1.076 was

used for additional annotations such as KEGG ortholog assignments.
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Orthogroup Assessment

Orthogroups were identified using OrthoFinder v2.4.0 (75) with the high-quality
proteins generated from our TransDecoder procedure and all of the Scleractinia
proteomes listed previously. Annotations for orthogroups were assigned by using the
most common organism-agnostic annotation within the grouping.

Host-Transcriptomics Differential Expression Assessment

We assessed differential expression through a comparative genomics perspective
for increased ecological interpretability. We aggregated the counts for each orthogroup
to generate an orthogroup expression table with 27,140 orthogroup features. We filtered
the expression table to include only orthogroups that were in at least 95% of the samples,
to yield a filtered counts table with 17,202 orthogroup features.

For differential expression analysis, we used the 17,202 orthogroup set with the
exactTest from edgeR v3.28.0 (76) and visualized the distributions and differentially
expressed groups (DEG) using plot volcano from soothsayer Python package
(https://github.com/jolespin/soothsayer). Each condition had at least three biological
replicates. The conditions investigated were the following: (1) placebo (26 °C) vs placebo
(30 °C) [FDR < 0.01, 408 DEGs]; (2) BMC(26 °C) vs BMC(30 °C) [FDR < 0.02, 34 DEGs];
(3) placebo (30 °C) vs BMC (30 °C) [FDR < 0.05, 1 DEGs] (Supplementary Table 4). As
the placebo treatment consisted of 0.85% NaCl solution alone, DEGs showing a
significant difference (FDR p<0.01) between “placebo 30 °C x placebo 26 °C” were
considered orthogroups affected by the heat stress, and those presenting KEGG-
Pathway annotation in this condition were used to detect up- or down-regulation in other

samples and to generate a heatmap based on the log fold-change parameters. In
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addition, we manually searched for orthogroups associated with host inflammasome and
oxidative stress in response to thermal perturbation, as well as DNA repair in the
metatranscriptome. The log fold-change values rather than FDR was considered to
assess differences between samples. Orthogroups that were not present in more than
95% of the samples were not considered. Functions were only considered affected by
BMC treatment if more than 50% of the searched genes had the same pattern (up or
downregulated) by BMC 30 °C when compared with Placebo 30 °C. The log fold-change
and FDR values for each orthogroups searched can be found on Supplementary Table

4.
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Figures

Figure 1: (A) Experimental design and detailed temperature, BMC inoculations and
sampling layout. (B) Means of F/Fn, rate (y axis) from coral fragments treated with BMCs
or placebo under high-temperature regimes (30 °C) and ambient-temperature regimes
(26 °C) during the mesocosm-experiment days (x axis). (C) Heatmap based on the
bleaching score attributed to coral fragments treated with BMC or Placebo in the heat
stress experiment.
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Figure 2:(a) Relative abundance of BMC-consortium members in coral fragments treated
with BMCs or placebo and exposed to heat stress (T1, p=0.028, T2, p=0.0001, T3, p=
0.265, Kruskal-wallis), where boxes represent the relative mean abundance and the stars
represent outliers. (b) Box-plot of Log2 Fold change of ASVs with differential abundance
(p=0.01) in coral fragments treated with BMCs compared with placebo-treated fragments
at T1, T2 and T3. Bars with the same color scale belong to the same taxonomic family.
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Figure 3: Heatmap of Differentially Expressed Gene (DEG) orthogroups showing KEGG
annotation and significant difference (FDR p<0.01) in samples from the end of the
experiment (T3), after 23 days of recovery at 26 °C. Orthogroups marked ** are conserved
among Scleractinia, Orthogroups marked * are exclusively from Mussismilia hispida.
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Figure 4: Score plot with 95% confidence ellipses showing samples clustering by PLS-
DA (A) and color-coded Loading plot (B; in which colors indicate variation intensity) from
PLS-DA of the 'H NMR dataset comparing the metabolic patterns from coral fragments
treated with BMCs and placebo during the thermal stress experiment. Peaks from the
Loading plot (resonances from annotated as lipids, DMSP and DMSO) pointing upwards
are correlated with BMC-treated samples (grouped in the positive quadrant of PC1 in the
Score plot), and those pointing downwards are correlated with the Placebo samples
(grouped in the negative quadrant of PC1 in the Score plot). Boxplots provided to access
semi-quantitative evaluations of the characteristic DMSP peak at 2.88 ppm and DMSO
peak at 2.58 ppm across sampling time and treatment independently.
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Figure 5: Summary of the overall responses observed at the end of the 75-day mesocosm experiment, after the
recovery period, comparing the process in BMC (A) and placebo-treated (B) Mussismilia hispida fragments.
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6. Conclus0fes gerais

A partir dos dados gerados no presente trabalho, foi possivel obter
conclusdes ao respeito do papel do microbioma no aumento da termo-tolerancia de
corais, através da investigagéo de corais naturalmente resistentes ao estresse térmico e
da manipulacdo de microrganismos benéficos para corais (BMC) para mitigacdo do
estresse térmico causado pelas mudancas climaticas.

Na primeira parte do estudo, coldnias de Mussismilia hispida afetadas (sensiveis)
e nao afetadas (resistentes) pelo branqueamento em massa de 2016 demonstraram
diferencas na tolerancia de temperatura. Visualmente, corais resistentes ndao sofreram
branqueamento a 32 °C e recuperaram a eficiéncia fotossintética das algas
endossimbidticas apds o término do estresse térmico. Enquanto isso, corais sensiveis
apresentaram branqueamento severo e taxa de mortalidade de 25% a 30 °C. Os
microbiomas de corais resistentes e sensiveis também se mostraram diferentes, e foi
possivel associar funcdes e tdxons bacterianos indicadores de resisténcia. Dessa forma,
concluiu-se que o microbioma é um fator determinante na resiliéncia de corais frente ao
estresse térmico e que o dinamismo/flexibilidade do microbioma também pode influenciar
na capacidade de adaptacdo do holobionte coral. Além disso, corais resistentes podem
ser usados futuramente como recurso para evolucdo assistida e como fonte de
microrganismos para intervencdes de mitigacdo do estresse térmico.

A segunda parte desse trabalho foi justamente utilizar colonias de M. hispida
identificadas e marcados como resistentes como fonte de microrganismos para o
desenvolvimento de probi6ticos para corais. Essa estratégia biotecnoldgica utiliza
microrganismos nativos do proprio coral de interesse, consistindo em uma estratégia
customizada. Dessa forma, essa estratégia minimiza riscos biolégicos associados a
utilizacdo de organismos exéticos. A partir da utilizacdo desse probiético em corais
adultos sob condi¢des de branqueamento, foi possivel chegar em diversas conclusdes
importantes para a area de microbiologia de corais e biotecnologia. O microbioma de
corais de M. hispida tratados com BMC sofreu altera¢cdes durante o estresse térmico e
demonstrou uma recuperacao apoés periodo a 26 °C. Membros do consorcio probidtico
foram detectados no microbioma do coral, indicando a manipulagéo e reestruturacao da

comunidade microbiana. A manipulacdo do microbioma com BMC levou a alteragbes
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metabdlicas e ativacdo de sistemas de reparo de estresse oxidativo e imunolégico do
coral hospedeiro, resultando no aumento de 40% de sobrevivéncia ap0s a exposi¢cado a
estresse térmico. A manipulacdo com BMC, estimulou ainda a degradacdo de DMSP e
diminuicdo a ativacdo de sistema de apoptose e inflamacdo, o que parece estar
diretamente ligado ao aumento da taxa de sobrevivéncia. Dessa forma, foi possivel
concluir com esse estudo a eficiéncia da manipulacdo do microbioma a partir de estirpes
bacterianas nativas na resiliéncia e sobrevivéncia de corais sob condicbes de
branqueamento. Além disso, mecanismos de danos celulares foram mitigados através
da manipulagdo probidtica, indicando possiveis mecanismos associados a resiliéncia e
protecdo de corais contra estresse térmico que podem ser futuramente explorados. A
utilizacdo de BMCs possui, dessa forma, grande potencial para futuras aplicacdes em
campo, com o objetivo de prevenir a mortalidade em massa de corais durante eventos
de branqueamento. Adicionalmente, outras questdes acerca da aplicacao e os efeitos no
recife surgem a partir desse estudo. Essas questBes incluem avaliar se a prévia
inoculacdo de BMC durante um evento de estresse térmico pode conferir resisténcia/
resiliéncia aos corais durante uma posterior exposicdo; ou ainda se probibticos
especificos possuem efeito global em outras espécies de corais e/ou animais marinhos.
Além disso, o desenvolvimento de uma abordagem para entregar o probiético BMC para
corais em escalas maiores também necessita investigacdo. As propostas e perspectivas
futuras representam o direcionamento da linha de pesquisa desenvolvida no presente
trabalho, assim como o aperfeicoamento de uma estratégia de mitigacdo do estresse

térmico em recifes de corais.
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8. ANEXO |: PATENTE DEPOSITADA

Pré-requisito para defesa: autoria em patente depositada

(Apresentada para banca - confidencial)

173



9. ANEXO II: MATERIAL SUPLEMENTAR ARTIGO |

Figuras e tabelas suplementares Capitulo | da tese

As tabelas suplementares 6, 7 e 8 seguem anexadas em formato excel.

Supplementary figure 1: Phyla (A), Class (B) and Family (C) relative abundance of Resistant and Sensitive corals during

the 2015/2016 mass bleaching event on July 3rd, 2016 (F1) and one month after (F2).
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Supplementary figure 2: Mesocosm experimental design with heat pulse stress regimes for Thermal Resistant (green)
and Thermal Sensitive (purple) corals showing the temperature (axis x) by day (axis y).
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Supplementary Figure 3: Thermal resistant and sensitive coral fragments collected before stress (T0), during stress (T1)

and after stress (T2).
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Supplementary Figure 4: Phyla (A), Class (B) and Family (C) relative abundances of Thermal Sensitive corals at the

beginning of the experiment (TO) after the peak of temperature (T1) and after the recovery period (T2).
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Supplementary figure 5: Phyla (A), Class (B) and Family (C) relative abundance of Thermal Resistant corals at the
beginning of experiment (TO) after the peak of temperature (T1) and after the recovery period (T2).
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Supplementary figure 6: Relative abundance from main KEGG categories mapped from ORFs from Thermal Sensitive
corals and Thermal Resistant corals before the thermal stress (SO and R0O) and during the peak of temperature (S1 and

R1).
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Supplementary Table 1: Indicator taxa for Thermal Resistant or Thermal Sensitive corals from field samples sorted by phenotype.

Taxonomic Identification . Indicator Indicator
OTU ID Phyla Class Order Family Genus value | p value
stress (V)

OTU 191 Proteobacteria | Gammaproteobacteria | Marinicellales Marinicellaceae Resistant | 95.2 0.0022
OTU 177 Planctomycetes | Planctomycetia Pirellulales Pirellulaceae Resistant 91.2 0.0044
OTU 071 Proteobacteria | Alphaproteobacteria Rhodospirillales Rhodospirillaceae Inquilinus Resistant 87.3 0.011
OTU 164 Proteobacteria | Gammaproteobacteria | Alteromonadales OM60 Resistant 86.9 0.003
OTU 124 Bacteroidetes Cytophagia Cytophagales Flammeovirgaceae Resistant 83.2 0.0086
OTU 104 Proteobacteria | Alphaproteobacteria Resistant 82.5 0.0156
OTU 106 Proteobacteria | Deltaproteobacteria Myxococcales Resistant 81.7 0.0062
OTU 271 Proteobacteria | Gammaproteobacteria | Chromatiales Resistant 81.6 0.005
OTU 015 Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Resistant 81.3 0.0058
OTU 088 Planctomycetes | Planctomycetia Pirellulales Pirellulaceae Resistant 80.8 0.0026
OTU 218 | Actinobacteria | Acidimicrobiia Acidimicrobiales JdFBGBact Resistant 80 0.0218
OTU 131 Proteobacteria | Alphaproteobacteria Resistant 79.4 0.0414
OTU 111 Proteobacteria | Gammaproteobacteria | Alteromonadales Alteromonadaceae Spongiibacter Resistant 79.2 0.0198
OUT 185 Proteobacteria | Gammaproteobacteria | Vibrionales Vibrionaceae Photobacterium | Resistant 78.6 0.0138
OTU 082 Proteobacteria | Gammaproteobacteria | Thiotrichales Piscirickettsiaceae Resistant 77.3 0.0122
OTU 160 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Lutimonas Resistant 75.4 0.017
OTU 217 Proteobacteria | Gammaproteobacteria | Thiohalorhabdales Resistant 75.4 0.0348
OTU 048 Proteobacteria | Alphaproteobacteria Rhizobiales Phyllobacteriaceae Resistant 74.4 0.036
OTU 028 Proteobacteria | Alphaproteobacteria Resistant 74 0.0222
OTU 376 Planctomycetes | Planctomycetia Pirellulales Pirellulaceae Resistant 70.9 0.022
OTU 070 Proteobacteria | Gammaproteobacteria | Oceanospirillales Oceanospirillaceae Resistant 66.1 0.0152
OTU 034 Verrucomicrobia | Verrucomicrobiae Verrucomicrobiales | Verrucomicrobiaceae Resistant 65.6 0.014
OTU 063 Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Resistant 65.3 0.0214
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Supplementary Table 2: Indicator taxa from field samples sorted by collecting time during the 2015/2016 mass bleaching event on July 3rd, 2016 (F1) or one month after (F2).

OTU ID Taxonomic Identification _ Indicator | Indicator value p
Phyla Class Order Family Genus stress (1IV) value
OTU 003 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae | WH1-8 F2 100 0.001
OTU 012 | Proteobacteria Epsilonproteobacteria Campylobacterales | Campylobacteraceae F2 100 0.001
OTU 052 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae | WH1-8 F2 100 0.001
OTU 108 | Bacteroidetes Flavobacteriia Flavobacteriales Cryomorphaceae F2 100 0.001
OTU 197 | Proteobacteria Epsilonproteobacteria Campylobacterales | Campylobacteraceae F2 100 0.001
OTU 208 | Proteobacteria Epsilonproteobacteria Campylobacterales | Campylobacteraceae F2 100 0.001
OTU 027 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae F2 99.9 0.001
OTU 063 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 99.9 0.001
OTU 070 | Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae F2 99.9 0.001
OTU 140 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae | WH1-8 F2 99.7 0.001
OTU 038 | Proteobacteria Epsilonproteobacteria Campylobacterales | Campylobacteraceae F2 99.5 0.001
OTU 130 | Proteobacteria Gammaproteobacteria Alteromonadales Ferrimonadaceae Ferrimonas F2 99.4 0.001
OTU 011 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae F2 99.3 0.001
OTU 135 | Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae Amphritea F2 99.3 0.001
OTU 111 | Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Spongiibacter F2 99 0.001
OTU 049 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae F2 98.9 0.001
OTU 008 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 98.7 0.001
OTU 053 | Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Alteromonas F2 98.7 0.001
OTU 016 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 98.4 0.001
OTU 059 | Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium F2 98 0.001
OTU 080 | Proteobacteria F2 97.4 0.0016
OTU 020 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 97.1 0.001
OTU 136 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Tenacibaculum F2 97.1 0.0014
OTU 001 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 96.8 0.001
OTU 013 | Proteobacteria Gammaproteobacteria Chromatiales F1 95.5 0.039
OTU 105 | Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium F1 95.5 0.0022
OTU 034 | Verrucomicrobia Verrucomicrobiae Verrucomicrobiales | Verrucomicrobiaceae F2 93.7 0.0012
OTU 015 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 93.4 0.001
OTU 060 | Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio F2 88.4 0.001
OTU 041 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Ruegeria F2 87.6 0.0054
OTU 006 | Bacteroidetes Bacteroidia Bacteroidales F2 87.5 0.0042
OTU 042 | Bacteroidetes Bacteroidia Bacteroidales F2 87.5 0.0028
OTU 066 | Cyanobacteria ML635J-21 F2 87.5 0.0026
OTU 093 | Bacteroidetes F2 87.5 0.0028
OTU 149 | Bacteroidetes Cytophagia Cytophagales Flammeovirgaceae Persicobacter F2 87.5 0.0032
OTU 055 | Firmicutes F2 86.7 0.0072
OTU 096 | Firmicutes Clostridia Clostridiales F2 86.3 0.006
OTU 030 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 86.1 0.0026
OTU 179 | Actinobacteria Acidimicrobiia Acidimicrobiales F1 85.9 0.0078
OTU 002 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae | Fusibacter F2 85.7 0.004
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OTU 007 | Firmicutes Clostridia Clostridiales Clostridiaceae F2 84.7 0.0234
OTU 089 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae | Fusibacter F2 84.7 0.0066
OTU 019 | Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae F1 84.5 0.0028
OTU 061 | Proteobacteria Alphaproteobacteria Rhizobiales Cohaesibacteraceae Cohaesibacter F2 84.5 0.0054
OTU 115 | Cyanobacteria Synechococcophycideae | Synechococcales | Synechococcaceae F1 84.4 0.0038
OTU 244 | Proteobacteria Alphaproteobacteria Sphingomonadales | Erythrobacteraceae Erythrobacter F2 83.8 0.0048
OTU 017 | Firmicutes Clostridia Clostridiales Peptostreptococcaceae | Tepidibacter F2 83.7 0.0058
OTU 300 | Bacteroidetes Cytophagia Cytophagales Amoebophilaceae F1 82 0.04
OTU 160 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Lutimonas F2 81 0.0012
OTU 039 | Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae F1 80.3 0.0068
OTU 005 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 80.2 0.006
OTU 388 | Bacteroidetes Flavobacteriia Flavobacteriales Cryomorphaceae Owenweeksia F1 80.1 0.016
OTU 022 | Gemmatimonadetes | Gemm-4 F1 79.3 0.0108
OTU 214 | Proteobacteria Gammaproteobacteria Thiotrichales Piscirickettsiaceae F1 78.5 0.033
OTU 085 | Bacteroidetes F2 75 0.007
OTU 118 | Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium F2 75 0.0126
OTU 143 | Firmicutes Clostridia Clostridiales F2 75 0.0046
OTU 207 | p_Unclassified F2 75 0.0046
OTU 106 | Proteobacteria Deltaproteobacteria Myxococcales F1 71.7 0.0452
OTU 023 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 71.5 0.0496
OTU 114 | Bacteroidetes Bacteroidia Bacteroidales F2 68.9 0.026
OTU 025 | Firmicutes Clostridia Clostridiales Clostridiaceae F2 68.4 0.0448
OTU 144 | Firmicutes Clostridia Clostridiales F2 62.5 0.0156
OTU 148 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae F2 62.5 0.0176
OTU 192 | Firmicutes Clostridia Clostridiales Acidaminobacteraceae F2 62.5 0.0156
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Supplementary Table 3: Indicator taxa of Thermal Sensitive corals in mesocosm experiment sorted by the beginning of experiment (0), the peak of temperature (1) or/and after recovery period (2).

Taxonomic Identification _ Indicator Indicator
OTU ID Phyla Class Order Family Genus value p value
stress (V)
OTU 632 | Verrucomicrobia Verrucomicrobiae Verrucomicrobiales | Verrucomicrobiaceae | Luteolibacter 1 100 0.0278
OTU 585 | Planctomycetes Planctomycetia Pirellulales Pirellulaceae 1 100 0.0278
OTU 570 | Proteobacteria TA18 CVva0 1 92.7 0.0278
OTU 403 | Planctomycetes Planctomycetia Planctomycetales Planctomycetaceae Planctomyces 1 99.1 0.0278
OTU 379 | Bacteria_unclassified 1 70.6 0.0278
OTU 372 | Bacteroidetes Cytophagia Cytophagales Flammeovirgaceae 1 96 0.0278
OTU 365 | Actinobacteria Acidimicrobiia Acidimicrobiales 1 94 0.0162
OTU 365 | Actinobacteria Acidimicrobiia Acidimicrobiales 0 91.2 0.0134
OTU 333 | Proteobacteria Alphaproteobacteria 0 93.4 0.0278
OTU 333 | Proteobacteria Alphaproteobacteria 1 91.8 0.031
OTU 333 | Proteobacteria Alphaproteobacteria 0 99.4 0.0144
OTU 016 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae land2 | 924 and | 0.02 and 0.01
93.3

OTU 326 | Proteobacteria Alphaproteobacteria Sphingomonadales 1 91.5 0.0178
OTU 326 | Proteobacteria Alphaproteobacteria Sphingomonadales 0 94.4 0.014
OTU 317 | Planctomycetes Planctomycetia Pirellulales Pirellulaceae 1 78.9 0.015
OTU 034 | Verrucomicrobia Verrucomicrobiae Verrucomicrobiales | Verrucomicrobiaceae 2 90.8 0.0376
OTU 310 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae 1 80.7 0.0236
OTU 020 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 2 84.3 0.0256
OTU 309 | Proteobacteria Gammaproteobacteria | Thiotrichales Piscirickettsiaceae 0 90 0.0434
OTU 291 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 0 96.1 0.0278
OTU 291 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 0 98.4 0.014
OTU 279 | Proteobacteria Alphaproteobacteria 0 90.6 0.0278
OTU 279 | Proteobacteria Alphaproteobacteria 0 97.3 0.014
OTU 260 | Planctomycetes Planctomycetia Planctomycetales Planctomycetaceae Planctomyces 1 77.3 0.0488
OTU 256 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Phaeobacter 0 88.4 0.0144
OTU 249 | Proteobacteria Gammaproteobacteria | Thiohalorhabdales 0 97.8 0.014
OTU 247 | Verrucomicrobia 1 99.2 0.0278
OTU 246 | Proteobacteria Gammaproteobacteria 1 95.9 0.0278
OTU 294 | Planctomycetes Planctomycetia Pirellulales Pirellulaceae 1 100 0.01
OTU 406 | Bacteria_unclassified 2 100 0.0064
OTU 505 | Proteobacteria Alphaproteobacteria 2 100 0.01
OTU 236 | Proteobacteria Gammaproteobacteria 0 98.7 0.0246
OTU 225 | Firmicutes Clostridia Clostridiales 0 92.9 0.0232
OTU 224 | Verrucomicrobia 1 90.8 0.0278
OTU 198 | Proteobacteria Gammaproteobacteria | Alteromonadales Alteromonadaceae 0 98.7 0.0278
OTU 035 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Roseivivax 2 99.3 0.0064
OTU 198 | Proteobacteria Gammaproteobacteria | Alteromonadales Alteromonadaceae 0 99.5 0.014
OTU 193 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Aquimarina 0 89.7 0.0216
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OTU 034 | Verrucomicrobia Verrucomicrobiae Verrucomicrobiales | Verrucomicrobiaceae 2 98.1 0.0064
OTU 247 | Verrucomicrobia 2 97.9 0.0236
OTU 190 | Proteobacteria Alphaproteobacteria BD7-3 1 80.5 0.0326
OTU 083 | Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae 2 97.4 0.0064
OTU 190 | Proteobacteria Alphaproteobacteria BD7-3 0 88.9 0.014
OTU 060 | Proteobacteria Gammaproteobacteria | Vibrionales Vibrionaceae Vibrio 2 96 0.038
OTU 183 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae 1 93.3 0.031
OTU 266 | Proteobacteria Gammaproteobacteria | Alteromonadales OM60 2 95.9 0.0334
OTU 183 | Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae 1 91.3 0.0278
OTU 246 | Proteobacteria Gammaproteobacteria 2 94.6 0.0228
OTU 177 | Planctomycetes Planctomycetia Pirellulales Pirellulaceae 1 78 0.047
OTU 175 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 0 81 0.0144
OTU 174 | Actinobacteria Acidimicrobiia Acidimicrobiales JdFBGBact 1 80.2 0.0494
OTU 13 | Proteobacteria Gammaproteobacteria | Chromatiales 0 98.1 0.0278
OTU 101 | Proteobacteria Deltaproteobacteria Spirobacillales 0 99.8 0.0218
OTU 083 | Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae 1 97.3 0.0278
OTU 030 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Oandl | 93.9and | 0.01 and 0.01
87.3
OTU 023 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 1 75 0.022
OTU 019 | Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae 1 83.7 0.0278
OTU 585 | Planctomycetes Planctomycetia Pirellulales Pirellulaceae 2 80 0.0472
OTU 008 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 0 94.8 0.0152
OTU 005 | Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Oandl | 84.1and | 0.01 and 0.01
79.4
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Supplementary Table 4: Indicator taxa of Thermal Resistant corals in mesocosm experiment sorted by the beginning of experiment (0), the peak of temperature (1) and after recovery period (2).

Taxonomic Identification Indicator Indicator
OTUID | Kingdom Phyla Class Order Family Genus value p value
stress (V)
OTU 001 | Bacteria | Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae 1 82.1 0.0290
OTU 016 | Bacteria | Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae 1 81.0 0.0314
OTU 019 | Bacteria | Proteobacteria | Alphaproteobacteria Rhizobiales Hyphomicrobiaceae 1and 2 72.8and | 0.0870 and
80.7 0.0858
OTU 048 | Bacteria | Proteobacteria | Alphaproteobacteria Rhizobiales Phyllobacteriaceae 1 78.1 0.0900
OTU 065 | Bacteria | Proteobacteria | Alphaproteobacteria Rhizobiales 1and 2 79.1 and | 0.0586 and
91.1 0.0290
OTU 071 | Bacteria | Proteobacteria | Alphaproteobacteria Rhodospirillales Rhodospirillaceae Inquilinus 2 93.8 0.0552
OTU 106 | Bacteria | Proteobacteria | Deltaproteobacteria Myxococcales 2 82.5 0.0844
OTU 113 | Bacteria | Proteobacteria | Alphaproteobacteria Rhizobiales 2 83.1 0.0574
OTU 132 | Bacteria 1and 2 99.3and | 0.0314 and
70.2 0.0844
OTU 163 | Bacteria | Proteobacteria | Alphaproteobacteria Rhizobiales 2 93.6 0.0554
OTU 177 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 93.1 0.0314
OTU 188 | Bacteria | Bacteroidetes Cytophagia Cytophagales Flammeovirgaceae 1 100.0 0.0314
OTU 199 | Bacteria 2 84.4 0.3529
OTU 242 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 76.3 0.0546
OTU 245 | Bacteria | Proteobacteria | Alphaproteobacteria Rhodobacterales Hyphomonadaceae Hyphomonas 1 96.9 0.0290
OTU 254 | Bacteria 1 71.9 0.0818
OTU 258 | Bacteria | Proteobacteria | Alphaproteobacteria Rhodospirillales Rhodospirillaceae Nisaea 1 84.8 0.0290
OTU 259 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 2 74.4 0.0840
OTU 261 | Bacteria | Planctomycetes | Planctomycetia Planctomycetales Planctomycetaceae Planctomyces 1 85.7 0.0834
OTU 274 | Bacteria | Proteobacteria | Alphaproteobacteria 0 71.9 0.0314
OTU 294 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 0 86.5 0.0888
OTU 306 | Bacteria | Proteobacteria | Alphaproteobacteria 2 93.1 0.0574
OTU 317 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 92.3 0.0290
OTU 366 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 91.4 0.0554
OTU 386 | Bacteria | Proteobacteria 2 97.5 0.0554
OTU 520 | Bacteria | Proteobacteria | Gammaproteobacteria | Legionellales Coxiellaceae 1 97.7 0.0584
OTU 529 | Bacteria 1 100.0 0.0314
OTU 535 | Bacteria | Verrucomicrobia | Opitutae 2 98.9 0.0552
OTU 555 | Bacteria 1 100.0 0.0314
OTU 565 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 100.0 0.0290
OTU 587 | Bacteria | Proteobacteria | Deltaproteobacteria Myxococcales 1 100.0 0.0314
OTU 605 | Bacteria | Proteobacteria | Alphaproteobacteria 1 88.4 0.0290
OTU 622 | Bacteria | Verrucomicrobia | Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae 1 100.0 0.0290
OTU 650 | Bacteria | Proteobacteria | Alphaproteobacteria 2 100.0 0.0290
OTU 707 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 91.3 0.0580
OTU 712 | Bacteria | Planctomycetes | Planctomycetia Pirellulales Pirellulaceae 1 87.1 0.0586
OTU 861 | Bacteria | Spirochaetes Leptospirae Leptospirales Leptospiraceae Leptonema 1 89.2 0.0838
ouT Bacteria 1 100.0 0.0314
1181

185




Supplementary table 5: Ratios of Virus, Prokaryotes and Eukaryotes reads for each

metagenomic sample.

Sample | Treatment | sampling | reads | Mapped | Mapped to Virus (%)
s code time to Prokaryote
Eukaryot (%)
e (%)

EM5 Sensitive | TO 18527 | 49,81 34,55 15,65
655

EMG6 Sensitive TO 15731 | 49,13 32,46 18,41
842

EM7 Sensitive | TO 47877 | 50,75 29,53 19,72
25

EM9 Sensitive | T1 18191 | 56,96 35,27 7,77
143

EM10 Sensitive | T1 18273 | 54,29 35,14 10,57
386

EM11 Sensitive | T1 19833 | 40,33 40,38 19,30
916

EM20 Resistant | TO 10954 | 44,78 36,89 18,33
241

EM22 Resistant | TO 93789 | 50,47 35,09 14,44
21

EM23 Resistant | TO 12866 | 43,50 36,70 19,80
261

EM25 Resistant | T1 12864 | 37,92 38,83 23,26
019

EM26 Resistant | T1 10928 | 36,98 38,48 24,53
400

EM27 Resistant | T1 63093 | 40,11 36,57 23,33
8
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10.ANEXO llI: MATERIAL SUPLEMENTAR ARTIGO I
Figuras e tabelas suplementares Capitulo Il da tese
Tabela suplementar 2 segue anexada em formato excel.

Supplementary Figure 1: Growth curve of each pBMC used to compose the
consortium, plotted by optical density A = 600 nm (A) and colony-forming units
(CFU)/mL at logio scale (B).
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NMDS2

Supplementary Figure 2: NMDs by Bray-Curtis dissimilarity matrix, Mussismilia hispida

microbiome of high temperature experiment at Time T1, T2, T3, for BMC vs placebo

treatments, in high-throughput sequencing data.
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Supplementary Figure 3: Relative abundance of ASVs from BMC and placebo-treated
coral fragments under high-temperature regime at TO, T1, T2 and T3.
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Supplementary Figure 4: Alpha diversity of coral microbial communities by ASV
distribution, Chaol and Shannon index of BMC and placebo treatments over the
sampling time points.
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Supplementary Table 1: Bacterial consortium selected as potential BMCs. Results
obtained in the assays for the presence of catalase, Gram staining, PCR for genes of

interest, antagonism activity and identification of 16S rRNA gene.

Identification Catalase Grqm nifH nirk dmdA Antagonism
stain gene gene gene
Planococcus riftoensis (CM29) i Positive - - - V1
Brachybacteru(Jm 1<:)ong|omeratum + Positive + B B
Bacillus lehensis (M3) + Positive + - i -
Bacillus oshimensis (M20) + Positive + + + —
Bacillus oshimensis (M24) i Positive + =
Salinivibrio sp. (F2) + Negative — — — V1V2

Legend: Positive or Present (+); Negative or Absent (—); V1 = Vibrio coralliilyticus YB (DSM19607); V2 = Vibrio

alginolyticus (BAA450).
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Supplementary Table 3: Sets of primers and their thermocycling used to screen BMCs.

Functional trait Target Forward primer Reverse primer Thermocycling
gene sequence sequence
94 °C for 2 min;
R3Cu 28 cycles of 94 °C for 30
Nitrification nirk FlaCu (5-TTG GTG s, 57 °C for 1 min, and
ATG GTCCTG CCG TTA GAC TAG 72 °Cforl
CTCCG 3 min; and final extension
cycle of 10 minat 72 °C
94 °C for 3 min; 30
cycles of 94 °C
, PolF , PoIR for 1ymin, 55 °C for 1
Nitrogen fixation nif | O-TGCGAT CCG | (5PATG GCC i o072 °C for 2 min:
AAA GCC GAC ATC ATT TCA ’ and final ’
TC-3' CCG GA-3") ;
extension cycle of 10
min at 72 °C
94 °C for 2 min; 35
D/all— spFEP (5[,)_/_?122%_?'6\ cycles of 2;10 C(:Z for 20 s,
DMSP degradation | - dmdA | G"1AT 153 3T,)AT AAA GGT AAA | for 305, and 68 °C for 30
TCG C-3") s; and final extension
cycle of 5 min at 68 °C
94 °C for 3 min; 35
27 F 1492R cycles of 94 °C for 40s,
Taxonomic 16S (5"-AGAGTTTGA | (5-GTT TAC 55 °C for 1 min, and 72
identification rRNA TCATGG CTC CTT GTT ACG °C for 2 min; and final
AG-3") ACT T-3") extension
cycle of 10 minat 72 °C

192



Supplementary Table 4: Accession numbers in NCBI database of strains used to

compose the BMC consortium.

Strain code Accession number
CM29 MK308593
M1 MK308603
M3 MK308617
M20 MK308622
F2 MK308616
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11.ANEXO IV: PRODUTIVIDADE ACADEMICA DURANTE O PERIODO DO
DOUTORADO

PUBLICACOES
e Publicados/aceitos
Artigos

1. Roach, T.N.F., Shreya Y., Caruso, C., Dilworth, J., Foley, C. M., Hancock, J. R.,
Huckeba, J., Huffmyer, A. S., Hughes, K., Kahkejian, V. A., Madin, E. M. P., Matsuda,
S. B., McWilliam, M., Miller, S., Santoro, E.P., Souza, M.R., Torres-Pulliza, D., Drury,
C., Madin, J. S. A Field Primer for Monitoring Benthic Ecosystems Using Structure-
from-Motion Photogrammetry. Jove-Journal of Visualized Experiments. (accepted for
publication).

2. Vilela, C.L.S., Villela, H.D.M., Duarte, G.A.S., Santoro, E. P., Rachid, C.T.C.C,,
Peixoto, R.S. Estrogen induces shift in abundances of specific groups of the coral
microbiome. Scientific Reports, v. 11, p. 2767-1, 2021.

3. Duarte G. A, Villela H. D. M., Deocleciano M., Messias C. S. M., VilelaC. L. S., Barno
Adam, Rosado P. M., Blasquez D., Chacon M. A., Santoro E.P., Cardoso P. M.,
Szpilman M., Sweet M., Peixoto R. S. First records of hydrocoral mass mortality in the
Southwestern Atlantic: heat waves as a major threat to turbid-zone coral reef. Front.
Mar. Sci. v. 7, p. 179, 2020.

4. Ghizelini, A. M.; Martins, K. G.; GieRelmann, U. C.; Santoro, E. P.; Pasqualette, L.;
Mendonca-Hagler, L.C.S.; Rosado, A. S.; Macrae, A. Fungal communities in oll
contaminated mangrove sediments - Who is in the mud? Marine Pollution Bulletin, v.
139, p. 181-188, 2019.

Capitulos de livro

5. Macrae, A.; Ghizelini, A. M.; Santoro, E. P.; Ribeiro, J. R. A.; Pereira, P. H. F;
Nascimentos, R. P.; Oliveira, S. S. Introducdo a Microbiologia Industrial: da
Bioprospecgédo a Taxonomia. In: Nascimento, Rodrigo; Ribeiro, Bernardo; Pereira,
Karen; Coelho, Maria Alice. (Org.). Microbiologia Industrial, Vol. 1. 1ed.Rio de Janeiro:
Editora Elsevier, 2017, v. 1, p. 2-68.
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Santoro, E.P., Almeida, A.P., Ghizelini, A. M., Peixoto, R.S., Nascimento, R.P.,
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2020 022556 1)

In review

Santoro, E. P.; Borges, R. M.; Espinoza, J.L.; Freire, M.; Messias, C. S. M. A.; Villela,
H. M. D.; Mattos, L. P.; Vilela, C. L. S.; Rosado, J.G.; Cardoso, P. M.; Rosado, P. M,;
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Multi-domain probiotic consortium as an alternative to chemical remediation of oil spill
in coral reefs in a changing world. Microbiome (in review).

e Inprep

. Santoro, E. P.; Villela, H. M. D.; Duarte, G.A.; Saraiva, J.P.; Vilela, C. L. S.; Rachid,
C. T. C. C.; Toscan, R.B.; Ghizelini, A.M.; Kallies, R.; Macrae, A.; Bourne, D.G.;
Thomas, T.; Rocha, U.N.; Peixoto, R.S. Opening the heat box: Multi domain analysis
reveals different functional and microbial association with thermal resistant and
sensitive corals (in preparation).
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Peixoto, R.S. Epigenetic responses to microbiome manipulation in corals (in prep).
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for building thermal resistant reefs: Does customized medicine have a broad effect for
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