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RESUMO

TESE DE DOUTORADO EM BIOLOGIA COMPUTACIONAL E SISTEMAS

Rafael Ricardo de Castro Cuadrat

Os ambientes marinhos cobrem cerca de 70% da superficie do planeta.
Esses habitats apresentam uma grande variabilidade de temperatura, pressao e
salinidade, abrigando uma vasta biodiversidade microbiana, pertencentes aos 3
dominios da vida (Archaea, Bacteria e Eukarya). Estes microrganismos representam
até 98% da producdo primaria destes ambientes representando grande potencial
para exploracdo e descoberta de novos compostos naturais de interesse para a
industria farmacéutica e da biotecnologia.

Entretanto, apenas cerca de 1% dos microrganismos podem ser cultivados
com as técnicas atuais utilizando-se meios de cultura em laboratério. Com objetivo
de contornar esta limitacdo, estudos de metagendmica vem sendo conduzidos para
analisar amostras de diferentes ambientes, incluindo ambientes aquaticos como rios,
lagos e regides costeiras ou de oceano aberto.

No presente estudo, foram avaliados a diversidade taxondmica e o potencial
metabdlico de uma amostra (fracionada em duas por filtracdo, nomeadas: amostra E
— retida na membrana de 0,8 um e amostra P — retida na membrana de 0,22 um)
coletada na Praia dos Anjos (Arraial do Cabo — RJ), um ambiente de grande
interesse por ser afetado pelo fenbmeno da ressurgéncia, além de sofrer impacto
antropico (turismo e pesca). Foram também triados genes do metabolismo
secundario (PKS e NRPS) de microrganismos através de pirosequenciamento do
DNA total da comunidade.

Um total de 651.083 e 542.647 sequéncias de nucleotideos (reads) foram
obtidas das amostras P e E, respectivamente. As sequéncias obtidas foram
analisadas através de similaridade com bancos de sequéncias publicas (Genbank)
utilizando o pacote BLAST e o programa MEGAN para classificagdo taxonémica
baseada no algoritmo do Ultimo Ancestral Comum (LCA).

O filo mais abundante nas duas amostras foi Proteobacteria, seguido por
Bacteroidetes e Cyanobacteria (este ultimo principalmente na amostra E). Membros
do clado Roseobacter (principalmente géneros Roseobacter e Ruegeria) foram
encontrados em alta abundancia nas duas amostras, porém a dominancia é maior
na amostra P (representando até 29% dos géneros identificados).

Através de modelos HMM (do inglés “Hidden Markov Models”), foram triadas
sequéncias de dominios conservados ceto-acil sintase - KS e dominio de
condensacdo — C, de enzimas PKS e NRPS, respectivamente. Um total de 84
sequéncias de KS e 46 sequéncias de dominio C foram encontradas nas duas
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amostras, mostrando o potencial deste ambiente para a descoberta de novos
compostos de interesse para a industria.

Adicionalmente, a abundéncia e diversidade de bactérias aerdbias
fotossintetizantes anoxigénicas (AAP) no metagenoma de Arraial do Cabo e em
metagenomas publicos do projeto GOS foi investigada através de uma metodologia
in silico utilizando perfis de modelos ocultos de markov (pHMM) para triar 0os genes
do nucleo de reacéo da fotossintese anoxigénica (pufM e pufL), além do gene bchX,
e atraves destes estimar a abundancia e diversidade de AAPs em metagenomas. A
amostra de maior abundancia em AAPs foi a amostra P de Arraial do Cabo, com
aproximadamente 23,88% do total de células presentes na amostra. Das 10
amostras do GOS mais abundantes em AAPs, 8 (80%) foram obtidas de regides
proximas a linha do equador. Foi possivel classificar as sequéncias de pufM em
filogrupos, mostrando alta abundancia do filogrupo G (clado das Roseobacter) em
Arraial do Cabo. Este filogrupo se mostrou o mais cosmopolita, presente em 11 das
12 (91,66%) amostras analisadas. Os resultados nos permitiram concluir que o
ambiente estudado foi afetado pelo fenbmeno da ressurgéncia, e a amostra foi
coletada apds o bloom do fictoplanton.
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ABSTRACT

PHD THESIS IN COMPUTATIONAL AND SYSTEM BIOLOGY

Rafael Ricardo de Castro Cuadrat

The marine environments cover ~70% of the Earth's surface. These habitats
present great variability of temperature, pressure and salinity, harboring a wide range
of microorganisms from the three domains of life (Archaea, Bacteria and Eukarya)
which are responsible for ~98% of the marine primary production. This huge
biodiversity represents a great potential, as its exploration allows us to discover new
enzymes for industrial use. However, only ~1% of the environmental microorganism
can be cultivated using culture-dependent approaches. To overcome this limitation,
metagenomics studies have been conducted using samples for different
environments, including aquatic oneslike costal seawater, deep seawater, open
ocean waters and freshwater from rivers and lagoons. In this work, we explore the
taxonomic diversity and the metabolic potential (to find new natural compounds
produced by PKS and NRPS enzymes) of the Praia dos Anjos (Angel's Beach), in
Arraial do Cabo, Rio de Janeiro, Brazil by pyrosequencing its metagenome. The
sample was fractionated by filtration in 2 membranes to separate the eukaryotic
(sample E) from prokaryotic communities (sample P). A total of 651,083 and 542,647
reads were obtained for samples P and E, respectively. The obtained sequences
were analyzed by similarity using the BLAST package and the MEGAN program,
applying the Last Common Ancestral (LCA) algorithm. The MG-RAST pipeline was
used to annotate the genes from the community.

The most abundant bacterial phylum present in both samples was
Proteobacteria, followed by Bacteroidetes and Cyanobacteria (mainly on sample E).
Members of the Roseobacter clade (Roseobacter and Ruegeria genus) was
abundant in both samples, but in larger abundance on sample P (up to 29% of
identified genus).

The keto-acyl synthase (KS) domains from PKSs and condensation domain
(C) from NRPS were screened using pHMMs approach. A total of 84 KS sequences
and 46 C sequences were obtained from both samples, showing the potential of this
environment for the discovery of new compounds. The aerobic anoxygenic
phototrophs bacteria (AAP) are photoheterotrophic microorganisms that play
important roles on biogeochemical cycles. In oceans, this group is widely distributed,
however, its abundance and relevance in carbon fixation is poorly understood. In the
present work, with the aim to estimate the abundance and diversity of AAPs in the
metagenome from Arraial do Cabo, an in silico approach using Hiden Markov Models
profiles (pHMM) was developed to screen core genes of anoxygenic photosynthesis
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(pufM and pufL), in addition to chlorophyllide reductase subunit X gene (bchX). The
metagenomes from Global Ocean Sample Expedition (GOS) was also screened with
comparative purposes. The most abundant sample was sample P from Arraial do
Cabo, with ~23.88% of total cells in the sample. The 10 most abundant samples from
GOS, in addition to the 2 samples from Arraial do Cabo, were selected to assembly,
ORF extraction and phylogenetic analysis of pufM genes. From the 10 GOS
samples, 80% were collected in sites close to the Equador. It was possible to classify
the most of sequences in phylogroups, showing a high abundance of phylogroup G
(Roseobacter clade) in Arraial do Cabo samples. This phylogroup was the most
ubiquitous, present on 11 from 12 (91.66%) assembled samples.
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1 INTRODUGAO

Biodiversidade marinha e a biotecnologia industrial

Estudos demonstram que em ambientes marinhos existem aproximadamente
3,67x10%° células microbianas (Whitman et al. 1998). Estima-se que a abundancia
de bactérias seja de até 10° células por mililitro de agua na zona pelagica marinha,
representando a maior parte da biomassa oceénica (Azam et al. 1998). Esta
gigantesca biodiversidade possui grande potencial biotecnolégico, pois seu estudo
permite a descoberta de novas enzimas de interesse para a industria.

Os ambientes marinhos sdo muitos diversos e 0s microrganismos gue 0s
habitam sdo expostos a extremos de pressdo, temperatura, salinidade e
disponibilidade de nutrientes. Os diferentes nichos marinhos possuem comunidades
bacterianas Unicas e muito distintas, adaptadas as mais diferentes situacdes. Isto
leva a uma grande diversidade bioquimica, ainda pouco explorada (Kennedy et al.
2008).

O estudo dessa diversidade bioquimica, principalmente originada do
metabolismo secundario de microrganismos, é de extrema importancia para diversos
tipos de industria, como por exemplo, a farmacéutica e a alimenticia. Uma grande
quantidade de metabdlitos secundarios vem sendo estudados, e muitos ja estdo no
mercado, como antibiéticos, antitumorais, imunossupressores, pigmentos
alimenticios, etc. (Castoe et al. 2007).

Porém, por limitagdes técnicas, a maior parte dos compostos descobertos sao
originados de microrganismos cultivaveis, que compdem a minoria da biodiversidade
microbiana existente, pois estima-se que apenas entre 0,001 a 0,1% dos
microrganismos presentes nos oceanos, seja atualmente cultivavel em laboratorio
(Pace et al., 1997; Tringe et al., 2005).

Para tentar superar esta limitagdo, foram desenvolvidas técnicas de estudo
dos é&acidos nucléicos independente de cultivo dos organismos (chamados
coletivamente de metagenémica ou genbmica ambiental), como o estudo de
biodiversidade baseado no gene codificador da menor subunidade ribossomal do

RNAr (16S nos procariotos e 18S nos eucariotos), a construcdo e sequenciamento
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de grandes bibliotecas de DNA ambiental ou ainda o sequenciamento direto do DNA
ambiental utilizando tecnologias de sequenciamento de alta vazdo como Roche 454
ou Illlumina HiSeq.

Através destas técnicas € possivel ndo apenas realizar inferéncias sobre
quais sdo 0s microrganismos existentes em diversos ambientes, como também
estudar o metabolismo primario e secundério dos organismos de um determinado
ambiente. Através do estudo do metabolismo primério dos microrganismos é
possivel entender o funcionamento e a participacdo dos mesmos nos ciclos
biogeoquimicos como o ciclo do carbono, enxofre ou nitrogénio (Balvanera et al.,
2006; Zarraonaindia et al., 2013). Ainda, estudando o metabolismo secundario, é
possivel descobrir novas enzimas e compostos com potencial biotecnolégico e
farmacéutico como policetideos e peptideos nédo-ribossomais (Kennedy et al. 2008;
Schirmer et al., 2005).

Com o crescente numero de estirpes microbianas resistentes as drogas
existentes no mercado, cada vez mais se faz necessaria a descoberta de novos
farmacos (Tillotson et al.,, 2013). De acordo com a Sociedade de Doencas
Infecciosas da Ameérica (IDSA, 2010), pelo menos 10 novos antibidticos séo
necessarios para contornar as bactérias super-resistentes que vém causando novas
epidemias de infeccéo hospitalar.

Entretanto, apesar de terem sido desenvolvidos mais de 20 novas classes de
antibiéticos entre 1930 e 1962 (Coates et al., 2002; Coates et al., 2011), desde entdo
apenas mais duas classes foram descobertas (Zappia et al., 2007).

A maneira mais tradicional, e de maior sucesso, empregada para o
desenvolvimento de novos antibioticos tem sido a descoberta de novos produtos
naturais (de plantas, bactérias, fungos, etc.) e em muitos casos, a modificacdo
quimica dos mesmos (Singh & Barret, 2006). Em poucos casos, foram
desenvolvidos compostos sintéticos (Fernandes, 2006).

Dentre os organismos marinhos, aqueles que compdem o bacterioplancton
sdo 0s mais abundantes em compostos de interesse (Desriac et al., 2013). Na maior
parte dos ambientes marinhos, o0 grupo taxonémico mais abundante no
bacterioplanctdn séo as bactérias do filo Proteobacteria (classe alfa-proteobacteria)
(Joint et al., 2010). Entretanto, a maior parte dos novos compostos vem sendo



descobertos no filo Actionobacteria, que compde em média apenas 5-10% do

bacterioplanctén (King et al., 2012; Lau et al., 2013).

O litoral brasileiro e a Regido dos Lagos

A costa do Brasil estende-se por 7.491 quildmetros e € influenciada tanto pela
corrente quente do Norte do pais quanto pela corrente fria das llhas Malvinas, na
regido sul. Possui uma grande diversidade de ecossistemas, como mangues, praias
arenosas, recifes de corais, dunas, lagunas e estuarios (Prates et al., 2007).

No litoral do estado do Rio de Janeiro (regido sudeste do Brasil), esta
localizada a regido conhecida como Regido dos Lagos, localizada ao norte do
municipio do Rio de Janeiro, na mesorregido das Baixadas Litoraneas. E formada
por 7 municipios em torno das lagoas de Araruama e de Saquarema. Esta regido é
de grande importancia econémica para o Estado do Rio de Janeiro, por sua intensa
atividade turistica e pesqueira.

Um destes 7 municipios, chamado de Arraial do Cabo, foi fundado em 1985
apos a emancipacdo de Cabo Frio e possui cerca de 27 mil habitantes, segundo
dados de 2008 do IBGE. Esta regido, além de influenciada por atividade antrépica, é
também influenciada por correntes frias, oriundas do fenémeno da ressurgéncia.

A regido portuaria deste municipio, localizada na Praia dos Anjos, atende
tanto a barcos de pescadores quanto a barcos de turismo, utilizados para passeios
pelas diversas praias do municipio, algumas acessiveis apenas por via aquatica ou
pequenas trilhas.

O presente estudo centra-se especificamente nesta regido da bacia da Praia
dos Anjos, previamente estudada também por Cury e colaboradores (Cury et al.,
2011), utilizando técnicas moleculares (amplificacdo de genes ribossomais) para
caracterizar a biodiversidade da regido. No estudo de Cury et al. (2011), além da
regido portuaria (referida pelo autor como PO), foi também estudada uma regido em
alto mar, influenciada diretamente pela ressurgéncia (referida pelo autor como RE),

para fins comparativos e caracterizacdo das mudancas provocadas pelo fenémeno.



Figura 1.1 mostra o mapa da regido portuaria de Arraial do Cabo, obtida no Google

Maps, com o ponto de coleta utilizado no presente estudo (PO).

Figura 1.1 - Mapa da Praia dos Anjos (Arraial do Cabo - RJ). A regido onde a
amostra foi coletada estd marcada com uma estrela (Fonte: Google Maps)

Toda esta regido é afetada pelo fendmeno da ressurgéncia (Valentin et al.
1984; Rodrigues et al.,, 2001), em que as aguas frias do fundo sobem para a
superficie, levando nutrientes para a zona eufética e por consequéncia, induzindo
um bloom do fitoplanctdn, com consequente aumento da biomassa (Cury et al.,
2011). O bloom consiste em grande multiplicacdo dos organismos do fitoplanctdn
(micro-organismos com capacidade fotossintética), que aproveitam a abundancia de

nutrientes oriundos das aguas profundas e da luz abundante na zona eufética.
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Na regido de Cabo Frio e Arraial do Cabo, a Agua Central do Atlantico Sul
(ACAS) sobe para a superficie gracas a agdo dos ventos leste-nordeste, que
ocorrem mais frequentemente entre primavera e o verdo (Valentin et al., 1987,
Campos et al., 2000; Casteléo et al., 2006; Pereira et al., 2008).

As regides afetadas por ressurgéncia sao de grande importancia econémica,
pois correspondem a cerca de 25% da producdo mundial de pescado, mesmo
representando apenas cerca de 5% da &rea dos oceanos (Jennings et al., 2001). Por
este motivo, estas regides, especialmente onde pode ocorrer poluicdo antropica,

devem ser monitoradas visando a sua conservacao.

Metagendmica

A metagendmica € uma abordagem que surgiu na década de 90, como forma
de estudar os acidos nucléicos de organismos nao cultivaveis. Diversas estratégias
vém sendo desenvolvidas, com diferentes objetivos, como por exemplo, o estudo da
biodiversidade de um determinado ambiente, ou a localizagcdo de genes ou clusters
metabdlicos responsaveis pela sintese de compostos de interesse biotecnologico.

As estratégias que mais vem sendo utilizadas sédo as seguintes: (i) estudo dos
genes RNAr: 16S para os procariotos e 18S para os eucariotos; (i) clonagem de
DNA ambiental em bibliotecas: grandes fragmentos com éperons inteiros podem ser
clonados e expressados em vetores como fosmideos; (iii) sequenciamento direto do
DNA ambiental (Figura 1.2).



<
\,~;.

Extracdode DNA ambiental ) ,.‘

1 1

Amplificacdode Clonagemem vetores =
16S e 18S (Cosmideo, Fosmideo, BAC) \_ J

1 Triagem em busca

2 de novos genes
Sequenciamento (Atividade, PCR, hibridizacao)

P e
|ria i ' -‘
RUAV LY AER LT A

Analises “in silico”

Novosgenes, familiasde proteinas,

<«
':@ metabdlitos
Figura 1.2 - Fluxograma ilustrando algumas estratégias utilizadas em

metagendmica.
Fonte: Dissertacdo de Mestrado de Rafael Cuadrat, 2010

Diversos estudos metagenomicos ao redor do mundo foram realizados e
grandes volumes de dados foram gerados a partir do sequenciamento de DNA
ambiental, primeiro utilizando sequenciamento com a técnica de Sanger, como por
exemplo o metagenoma do intestino humano publicado por Gill et al. (2006) e o
projeto "Global Ocean Sampling Expedition (GOS)" publicado por Rusch et al.
(2007). Com esta técnica era possivel gerar sequéncias com tamanho entre 400 e
700 pares de base, porém o alto custo e a pequena vazdo de dados se mostrou
inadequada para avaliar ambientes com grande diversidade. Com o surgimento de
tecnologias de nova geracdo para sequenciamento (NGS) estes estudos se
tornaram mais viaveis. As tecnologias NGS incluem Roche/454 Life Sciences (GS20,
FLX, LXR); lllumina/Solexa (lllumina G2) e Applied Biosystems (SOLID). Diferentes
geracOes destas tecnologias surgiram com diferentes performances, variando desde
a vazdo e o numero de bases geradas por rodada, até o comprimento total da

sequéncia gerada (tamanho do read). A tecnologia que atinge o maior comprimento
6



de read e que vem sendo mais utilizada para metagenomas é a da Roche (454). Na
geracao atual (GS FLX+), o tamanho total do read pode atingir 1.000 pares de base
(média de 700 pares de base) e a vazao total pode atingir 700 Mb (milhdes de pares
de base) por corrida (http://454.com/products/gs-fix-system/index.asp). Com reads
grandes se torna mais facil a montagem de genes e predicdo de regides
codificantes, facilitando a triagem dos dados, por exemplo, em busca de genes que
codifiquem enzimas de interesse biotecnoldgico.

Existem diversos bancos de dados publicos que disponibilizam sequéncias e
metadados de metagendmica em diversos ambientes como por exemplo o IMG/M
(http://img.jgi.doe.gov/cgi-bin/m/main.cgi) que na versao atual (4.0) (Markowitz et al.,
2014) possui 3328 datasets de 460 projetos de metagenomica de ambientes em
varias partes do mundo e de diferentes tipos de ambientes como agua do mar, solo,
ar, bioreatores etc. J& o0 CAMERA (http://camera.calit2.net/) (Sunet al., 2011) e o
MG-RAST (http://metagenomics.anl.gov/) (Meyer et al., 2008), além de banco de
dados, oferecem também pipelines para analises de metagenomas online.

No presente estudo foi utilizada a abordagem de sequenciamento direto do
DNA ambiental, através de pirosequenciamento (454 ROCHE FLX+), com objetivo
de caracterizar a diversidade microbiana e avaliar o potencial biotecnolégico da
Praia dos Anjos, em Arraial do Cabo — RJ. A partir dos resultados prévios obtidos
por Cury e colaboradores, onde pode-se observar maior abundancia de
Actionobactérias em PO do que em RE, foi decidido estudar o ponto PO, pois este
filo bacteriano € conhecidamente muito rico em metabdlitos secundarios com
atividades de interesse para a industria farmacéutica (Policetideos e Peptideos Nao

Ribossomais).

Enzimas de interesse biotecnoldgico

Policetideo Sintases (PKSs)

PKSs sédo enzimas que produzem um grande grupo de metabdlitos
secundarios chamados de policetideos. Esses metabdlitos possuem diversas
aplicacdes na industria, sendo muitos de importancia médica. Dentre os principais,

podemos citar compostos com atividade antimicrobiana como, por exemplo, a
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Eritromicina; imunossupressora como a Rapamicina; antiparasitaria como
Avermectina; e até mesmo toxinas prejudiciais a saude humana, como a Aflatoxina
(Casto et al., 2007). Na Figura 1.3 pode-se observar a estrutura bioquimica de

alguns policetideos.
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Figura 1.3 - Estrutura quimica de alguns policetideos com atividade de
interesse medico.
Fonte: Adaptado de http://linux1.nii.res.in/~pksdb/polyketide.html

Estes metabdlitos tem sido encontrados em diversos organismos como
bactérias, fungos, plantas, insetos, dinoflagelados, moluscos e esponjas (Gokhaleet
al., 2007).

As PKSs possuem similaridade (tanto em sequéncia quanto em estrutura)
com as enzimas responsaveis pela producdo de acido graxo, denominadas Acido
Graxo Sintases (FASs). Ambas tipicamente catalisam sucessivas condensacdes de
unidades simples de carbono (grupos acil-coA, geralmente acetil-coA e malonil-coA),
para construir uma cadeia cetbnica. Contudo, na biossintese de acidos graxos
acontece a completa reducao dos grupos cetdnicos, com a producdo de cadeias de
carbono completamente reduzidas, enquanto nos policetidios a cadeia permanece

parcialmente ou nédo reduzida (Castoeet al., 2007).



As PKSs podem ser classificadas quanto ao tipo (
Tabela 1.1):

Tipo | - grandes enzimas multifuncionais, multidominios, que possuem todas
as atividades enzimaticas necessarias para o alongamento e processamento da
cadeia policetidica. Em alguns casos a biossintese de policetideos por PKSs tipo | é
realizada por mais de uma proteina e os genes codificantes estdo organizados em
grupos (clusters) como, por exemplo, o grupo de trés genes responsaveis pela
producdo da PKS que sintetiza a Eritromicina (Cane et al., 1998; Lal et al., 2000).

As PKSs tipo | podem ser modulares (geralmente em bactérias) ou iterativas
(geralmente em fungos, porém presentes em algumas bactérias).

Nas modulares, cada enzima inclui um ou mais modulos, e cada médulo é
responsavel por um turno de condensacdo e processamento da cadeia. Cada
dominio catalitico nas PKSs modulares é utilizado apenas uma vez na biossintese
do policetideo. Estas PKSs sintetizam policetideos macrociclicos, através da
condensacédo de acetatos, propionatos e butiratos. O nivel de reducdo dos grupos
beta-carbonil realizado em cada ciclo de condensacéao é variavel. Os policetideos
macrociclicos sdo os de maior importancia clinica. Avancos nos estudos sobre as
PKSs modulares realizados nas ultimas décadas vém demonstrando ser possivel
realizar recombinacfes entre os modulos destas enzimas, modificando a estrutura e
funcdo do policetideo, o que gera um grande potencial de producdo de novos
compostos (Rup et al., 2000).

As PKSs tipo | iterativas possuem um unico médulo, que realiza varios turnos
de alongamento da cadeia, utilizando cada dominio varias vezes durante a
biossintese. Estas PKSs catalisam a formacao de policetideos aromaticos, como por
exemplo, o acido 6-metilsaliciclico (Shen, 2003).

Tipo Il - Ao contrario das tipo |, a atividade enzimatica para o alongamento e
processamento da cadeia € realizada por enzimas separadas, codificadas por
diferentes ORFs (cada uma homologa a um dominio das PKS do tipo I) e cada ORF
é utilizada de maneira iterativa (Castoe et al., 2007).

Tipo Il - Responsaveis pela producédo de Chalcona em plantas e polihidroxi-

fenois em bactérias. Diferentemente dos outros tipos de PKS, na tipo Ill a cadeia é
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alongada e processada em um unico e sitio ativo multifuncional. Nao existe dominio
cerreador do grupo acil (ACP) neste tipo de PKS, atuando a mesma diretamente nos
grupos acil-coA (Castoe et al., 2007).

Os dominios cataliticos (no caso das tipo I) ou enzimas (no caso das tipo Il)
presentes nas PKSs séo: ceto-acil sintase (KS), proteina carreadora do grupo acil
(ACP), acil transferase (AT), cetoredutase (KR), deidratase (DH), tioesterase (TE),
enoil redutase (ER), metil trasferase (MT), claisen ciclase (CYC) e dominio de
condensacédo (CON). Os dominios essenciais para uma PKS modular minima séo
KS, ACP e AT. Estes, além do dominio TE, realizam reacfes de condensacao da
cadeia. J4 os dominios KR, DH e ER sédo responsaveis por reacfes de reducdo
MT, CYC e CON

(www.rasmusfrandsen.dk/ny_side_8.htm).

enquanto realizam modificacbes pds-condensacao

Tabela 1.1 - Resumo dos tipos de PKSs existentes com suas respectivas
estruturas, mecanismos e distribuigdo nos organismos.
Adaptado de Watanabe & Ebizuka 2004

Tipo | Proteina Gnica com Linear, cada sitio Bactérias
modular multiplos moédulos e ativo
multiplos dominios utilizado uma Unica
vez
Tipo | Proteina Unica com Unico lIterativo, cada sitio Fungos e
iterativa mabdulo e mdaltiplos ativo utilizado varias  bactérias
dominios vezes
Tipo Il Multiplas proteinas, cada Iterativo, cada sitio Bactérias
uma com um dominio ativo utilizado uma ou
ativo mais vezes
Tipo Il Proteina Gnica com Iterativo, cada sitio Plantas e
multiplos modulos ativo utilizado varias  bactérias

vezes

Alguns autores sugerem que a diversidade de PKSs € muito maior em termos

de mecanismo e estrutura do que se pode classificar com o sistema de tipagem

atual. Um exemplo é a atividade né&o iterativa exibida durante a catalise de um
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policetideo por enzimas codificadas por um grupo de genes para PKS clonado a
partir de Streptomyces griseus. Esta, além de ndo possuir atividade iterativa, como
as PKS tipo Il (apesar de ser composta por multiplas enzimas de dominio Unico),
nao utiliza dominio ACP, sendo desta forma, similar as PKS tipo Ill. Todavia, seus
dominios KS séo claramente homaologos aos de tipo | e Il, ndo podendo assim ser
classificada como tipo Il (Shen, 2003).

A maioria dos genes da familia das PKSs e NRPSs foi encontrada em
genomas de Actinobacteria, que, como dito anteriormente, constituem apenas cerca
de 5 a 10% do microbioma total dos oceanos (Jamieson et al., 2012; King et al.,
2012; Lau et al., 2013). Entretanto, o filo das proteobactérias, que constitui a maior
parte do microbioma destes ambientes, possui também pontencial de fornecer
compostos de interesse biotecnoldgico, produzidos por PKSs e NRPSs (Milne et al.,
1998; Grossart et al., 2004; Slightom et al., 2009; Cude et al., 2012; Desriac et al.,
2013). A famiilia das Rhodobacteraceae (alfa-proteobactérias) constitui o principal
grupo com potencial de fornecer novos compostos, e no estudo de Cury e
colaboradores (2011), esta foi a familia de maior abundancia encontrada no mesmo
local estudado nesta tese.

Diversos estudos vem sendo realizados buscando novas PKSs em diferentes
ambientes com ajuda da metagenOGmica, como por exemplo em esponjas marinhas
(Kennedy et al. 2008, Schirmer et al. 2005) e em solos (Courtois et al. 2003, Wawrik
et al. 2005). A maior parte dos estudos foca-se nos dominios KS, pois 0s mesmos
sdo considerados conservados, e por isso € mais facil o desenho de iniciadores de
reacdo em cadeia da polimerase (PCR) e também a realizacdo de estudos
filogenéticos (Parsley et al., 2011;Trindade-Silva et al., 2013). Apenas um estudo foi
conduzido até hoje com objetivo de triar in silico metagenomas sequenciados por
shotgun, realizado por Foerstner e colaboradores (2008).

Através de estudos filogenéticos dos dominios KS, como por exemplo o
conduzido por Jenke-Kodama e colaboradores em 2005, € possivel determinar o tipo
de PKS (I ou Il), se a PKS é modular ou iterativa, se pertence a uma enzima hibrida
(PKS-NRPS) e também separa-las das homologas FAS.

Diversas ferramentas foram desenvolvidas para triagem e classificacdo dos
dominios KS, sendo a mais recente, desenvolvida por Ziemert e colaboradores,

chamada de Natural Product Domain Seeker - NapDos (http://napdos.ucsd.edu/)

11



(Ziemert et al., 2012). Esta ferramenta se mostrou a mais eficiente na classificagao
de sequencias incompletas (muito encontradas em metagenomas).

Porém, em nosso conhecimento, até o presente momento, este é o primeiro
estudo a explorar a diversidade destas enzimas em metagenoma aquatico de um
ambiente afetado por ressurgéncia através do pirosequenciamento total do

metagenoma.

Peptideo Sintase Nao Ribossomal (NRPS)

Peptideos néo ribossomais sdo metabdlitos secundarios produzidos por uma
ampla gama de microrganismos como cianobactérias e actinobactérias. Estes
metabolitos possuem atividades diversas como antimicrobiana, anti-viral e citotoxica
(Nagle & Gerwick, 1995). Sao produzidos por enzimas modulares chamadas
peptideo sintase nao ribossomal (NRPS). Cada moddulo é dividido em dominios
(Desriac et al., 2013) envolvidos na ativacdo e condensacao dos aminoacidos (além
de funcBes acessorias) formando peptideos (Silva-Stenico et al., 2010). O nucleo
proteico minimo de uma NRPS consiste em um dominio de adenilacdo (A), para
selecdo e ativacdo dos aminoéacidos utilizados como monémeros na formacao do
peptideo, um dominio de condensacéo (C), que catalisa a formacdo de ligacGes
peptidicas entre os aminoacidos e por ultimo um dominio de tiolizacdo (T) ou
proteina carreadora de grupo pepitdil (PCP) que transfere os monémeros para a
cadeia em formacdo (Schwarzer et al., 2001, Mootz et al., 2002). Além destes, 0
dominio TE, que é responsavel pela liberacdo da cadeia peptidica em formacao,
esta presente no médulo de terminacdo. Muitos peptideos ndo ribossomais sao
sintetizados seguindo a regra de colinearidade, onde o niamero e a ordem dos
modulos no genoma representam a ordem do encadeamento dos aminoacidos no
produto final (Figura 1.4) (Schwarzer et al., 2001). Porém, alguns peptideos fogem
dessa regra, seguindo o modelo de iteratividade visto também em PKSs, onde um
Unico moédulo é utilizado varias vezes durante a sintese, ou o modelo de néo-
linearidade, onde a organizacéo tradicional dos dominios (C-A-PCP) pode variar.
Nos dois ultimos casos, a predi¢cdo do produto final a partir de dados genémicos se
torna mais complicada (Desriac et al., 2013).

Além dos dominios do nucleo proteico minimo, podem estar presentes

dominios adicionais como o de Epimerizacdo (E), Heterociclizagdo (Cy), Oxidacao
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(Ox), Metilacédo (M) e Formilizacdo (F). Estes dominios acessorios contribuem para a

diversificacao estrutural dos produtos obtidos (Caboche et al., 2008).

Médulo de iniciagdo  Mdédulo de enlongamento Médulo de terminagéo

W — [ — [+

n
@

l

Repetido (n-1) vezes

Peptideo livre

OO OF-
LA ALY

Figura 1.4 - Diagrama representando a sintese do peptideo n&o ribossomal.

Aa: aminoacido; A: dominio de adenilacdo; C: dominio de condensacao; PCP:
proteina carreadora do grupamento peptidil; e TE: dominio tioesterase (Adaptado de
Desriac et al., 2013).

Existem ainda enzimas hibridas, formadas por dominios de NRPS e PKS em
uma mesma janela aberta de leitura (ORF). Um exemplo de produto sintetizado por
enzima hibrida € o antibiético Rapamicina (Schwarzer et al. 2001). A Figura 1.5

ilustra a organizacdo de uma enzima hibrida.
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Chondramide

Figura 1.5 - Diagrama representando a producao de um metabdlito hibrido por
uma enzima NRPS-PKS.

ACP: proteina carreadora do grupamento acil; KS: ceto-acil sintase; AT: Acil
transferase; DH: B-hidroxi dehidratase; KR: B-ceto-acil redutase; ER: enoil redutase;
A: dominio de adenilacdo; C: dominio de condensacédo; PCP: proteina carreadora
do grupamento peptidil; TE: dominio tioesterase; MT: dominio metiltrasnferase; E:
dominio de epimerizacdo; PEP: dominio fosfoenolpiruvato (Adaptado de Desriac et
al., 2013).

Assim como o dominio KS em PKSs, o dominio C de NRPS é o mais utilizado
para triagens e estudos filogenéticos por possuir um grau mais alto de conservacao

gue os demais dominios (Ziemert et al., 2012).

Fotossintese Bacteriana

A fotossintese pode ser definida como o processo de reducdo de gas
carbdnico (CO2) em biomassa usando energia provida pela luz. A reducao bioldgica
de CO2 requer adenosina trifosfato (ATP) e elétrons, que podem ser providos na
forma de NADPH ou ferrodoxina reduzida. Entretanto, a fonte de elétrons é
especifica de cada organismo e pode ser agua (H20), gas sulfidrico (H2S),
hidrogénio (H2) ou outros compostos inorganicos reduzidos. Neste processo, a luz
inicia a transferéncia de elétrons através da oxidacdo da clorofila e da reducéo de

um aceptor de elétrons. Uma transferéncia secundaria de elétrons se inicia (sem
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necessidade de luz) levando a producdo de uma for¢ca motriz protdnica que é
utilizada na producéo de ATP (Donald et al., 2006).

O processo de fotossintese utilizando clorofila muito possivelmente se
originou em bactérias. Até o fim da década de 1970, eram conhecidos seis grupos
bacterianos capazes de realizar fotossintese baseada em clorofila: Cianobactérias,
Bactérias Purpuras Sulfurosas (Gama-proteobacteria da ordem Chromatiales) e Nao
Sulfurosas (Alpha- e Beta-proteobacteria), bactérias verdes sulfurosas (Chlorobi),

bactérias fototroficas anoxigénicas filamentosas (Chloroflexi), heliobacteria e

acidobacteria (Hohmann-Marriott & Blankenship, 2011).

Existem 2 tipos de fotossintese: oxigénica, realizada por cianobactérias, algas
e plantas (que resulta na producdo de oxigénio) e anbxigénica, sendo esta ultima a
forma mais ancestral de fotossintese descrita (estima-se ter surgido
aproximadamente 3 bilhdes de anos atrds, quando a atmosfera terrestre néo
possuia oxigénio) (Rye & Holland, 1998; Xiong & Bauer, 2002; Raymond &
Blankenship, 2004).

A fotossintese anoxigénica é exclusiva de bactérias e se baseia no pigmento
bacterioclorofila. Inicialmente acreditava-se que todas as bactérias fotossintetizantes
anoxigénicas estavam presentes apenas em ambientes anaerdbicos, como na
atmosfera primitiva terrestre, porém em 1979 foi descrita a primeira bactéria
fotossintetizante anoxigénica aerobia (AAP) (Shiba et al., 1979), constituindo este o
sétimo grupo de bactérias fotossintéticas. A tabela 1.2 mostra os 7 grupos de
bactérias fotossintetizantes conhecidos, com seu tipo de fotossintese e respiracéo, e

sua classificacdo taxonémica.
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Tabelal.2 - Resumo dos grupos de bactérias fotossintetizantes

Grupo Tipo de Respiracao Filo
fotossintese

Cianobactéria Oxigénica Aerdbia Cianobactéria
Bactérias Anoxigénica Anaer6bia  Proteobactéria
purpuras (alfa, beta e gama)
Bactérias Anoxigénica Anaerbbia Chlorobi
verdes
sulfurosas
Bactérias Anoxigénica Anaerébia  Chloroflexi

anoxigénicas

filamentosas

Heliobacteria Anoxigénica Anaerobia Firmicutes
Acidobacteria Anoxigénica AnaerObia  Acidobacteria
AAPs Anoxigénica Aerdbia Protobactéria (alfa,

beta e gama)

Bactérias fotossintetizantes anoxigénicas aerdbias (AAPS)

As AAPs sao bactérias que crescem fotoheterotroficamente e necessitam de
oxigénio ndo apenas para crescer, como para sintetizar seu aparato fotossintético. O
pigmento utilizado por elas é exclusivamente a bacterioclorofila A (bchl A). Em sua
maioria, as AAPs pertencem ao grupo das Alpha-proteobacterias, com poucas
espécies de Beta e Gama-proteobacteria (Csotonyi et al., 2001, Hunter et al., 2009).
Alguns estudos especulam a hipbtese de que elas se originaram evolutivamente das
bactérias purpuras nao sulfurosas (Hunter et al., 2009), sendo muitas vezes dificil de
separa-las das mesmas, e até mesmo de espécies nado fotossintéticas, por
marcadores filogenéticos como os genes do RNAr (Yurkov & Hughes, 2013).

O aparato fotossintético das AAPs permanece bastante similar ao das
bactérias purpuras, com um centro de reagcdo (RC) ligado a um complexo de

captacao de luz (LH1), podendo ainda ter um segundo complexo opcional (LH2).
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As AAPs sao consideradas de grande interesse por estarem envolvidas em
ciclos de carbono e energia. Evidencias genémicas e caracterizag6es fisiologicas
tem demonstrado que as AAPs possuem um grande potencial metabdélico, incluindo
nitrificacéo, fixacdo de dioxido de carbono, producéo de carotendides, utilizacdo de
carbono de baixo peso molecular como fonte de energia, etc. Elas foram descritas
inicialmente em 4guas costeiras de oceanos, porém hoje se sabe que elas habitam
diversos tipos de ambientes terrestres e aquaticos (agua doce e salgada) (Shiba et
al., 1979; Beja et al., 2002; Csotonyi et al., 2010; Atamna-Ismaeel et al., 2012). Em
oceanos, este grupo taxondmico estd amplamente distribuido (Kolber et al., 2000;
2001), entretanto, a abundéncia deste grupo nestes ambientes e a importancia dos
mesmos nos ciclos biogeoquimicos € ainda pouco compreendida (Goericke, 2002;
Schwalbach & Fuhrman, 2005).

Diversos estudos foram realizados com intuito de estimar a abundancia de
AAPs em ambientes marinhos, utilizando diferentes técnicas, como deteccdo de
Bchl A por fluorescéncia (Kolber et al.,2000; 2001), amplificacdo de genes
marcadores por PCR em tempo real (Schwalbach & Fuhrman, 2005) e
metagendmica (Beja et al., 2002; Oz et al., 2005; Waidner & Kirchman, 2005; Yutin
et al., 2005), porém com resultados contraditérios (Yutin et al., 2007). No estudo
realizado por Yutin e colaboradores, os metagenomas do GOS (Rusch et al., 2007)
foram triados para caracterizacdo da abundancia e distribuicio das AAPs em
ambientes marinhos, encontrando grande variabilidade de AAPs e de abundéancia
relativa das mesmas nos diversos ambientes (entre menos de 1% a 10% do total de
células do ambiente estudado). Entretanto, em um estudo de um ambiente muito
oligotréfico no pacifico sul, as AAPs constituem cerca de 24% do total de células
procariéticas (Lami et al., 2007), sugerindo que diversas varidveis do ambiente
podem influenciar na abundancia e diversidade destas bactérias.

Os genes marcadores mais utilizados nas triagens em busca de AAPs sao o
pufM e pufL, que estéo localizados no operon puf e codificam subunidades do centro
de reacdo (RC). Porém, estes genes sao bem conservados entre AAPs e bactérias
purpuras anaerdbias, necessitando assim analises filogenéticas para diferencia-los.
Além destes, o gene bchX (codificador de “Chlorophyllide” reductase) também ja foi

utilizado, em adicdo os genes do operon puf, por Yutin e colaboradores em seu
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estudo para estimar a abundéancia e diversidade de AAPs nos metagenomas do
GOS (Yutin et al., 2007).

No presente estudo, os 3 genes supracitados foram utilizados como
marcadores para abundancia e diversidade de AAPs no metagenoma de Arraial do

Cabo, e nos metagenomas do GOS, com fins comparativos.
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2 OBJETIVOS

Obijetivo Geral

Explorar a diversidade taxondmica e metabdlica microbiana da Praia dos
Anjos, Arraial do Cabo - Rio de Janeiro através de metagenGmica

(pirosequenciamento do DNA ambiental).

Objetivos Especificos

- Caracterizar taxonomicamente e funcionalmente a comunidade microbiana
da superficie aquatica da Praia dos Anjos (Arraial do Cabo — RJ) através de
metagenomica.

- Triar genes do metabolismo secundario, PKS e NRPS, mostrando o
potencial da comunidade para prover novos genes de interesse biotecnoldgico na
comunidade microbiana da Praia dos Anjos.

- Estimar a abundancia e diversidade de bactérias fotossintetizantes
anoxigenicas aerbbias (AAP) no metagenoma estudado e em metagenomas

publicos para fins comparativos.
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3 TRABALHO 1: “METABOLIC AND
MICROBIAL DIVERSITY EXPLORED BY
METAGENOMIC ANALYSIS OF
UPWELLING AFFECTED BRAZILIAN
COASTAL SEAWATER REVEALS
SEQUENCE DOMAINS OF TYPE | PKS
AND NRPS”

O primeiro trabalho desenvolvido para esta tese é intitulado “Microbial,
metabolic diversity and genes of PKS and NRPS revealed by metagenomic analysis
of Brazilian coastal seawater”

Este trabalho foi submetido a revista Plos one no dia 26 de mar¢o de 2014.

Neste estudo exploramos a diversidade de micro-organismos presentes em
uma amostra superficial da Praia dos Anjos — Arraial do Cabo coletada no verao,
apos o fenbmeno da ressurgéncia, atraves de pirosequenciamento e analises de
bioinformética. Adicionalmente, exploramos a diversidade dos dominios mais
conservados das familias de enzimas Policetideo Sintases (PKS) e Peptideo
Sintases Nao Ribossomais (NRPS), mostrando o potencial metabdlico da

comunidade microbiana deste ambiente.
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ABSTRACT

Marine environments harbor a wide range of microorganisms from the three domains
of life. These microorganisms belie great potential, as their exploration should
enable discovery of new enzymes and bioactive compounds for industrial use.
Unfortunately, only ~1% of microorganisms from the environment can currently be
identified following culture, limiting the discovery of new compounds. To overcome
this limitation, a metagenomics approach has been widely adopted for the
biodiversity studies on samples from marine environments. In this study,
pyrosequencing of marine metagenomes afforded examination of the potential for

new natural compound synthesis mediated by polymorphism in the Polyketide
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Synthase (PKS) and Nonribosomal Peptide Synthetase (NRPS) genes. The samples
were isolated from Praia dos Anjos (Angel's Beach) water, in Arraial do Cabo, Rio de
Janeiro, Brazil, an environment particularly affected by upwelling. The water sample
was fractionated by filtration through two membranes enriching for the prokaryotic
(sample P) and eukaryotic (sample E) communities. A total of 651,083 and 542,647
reads were obtained for samples P and E, respectively. The most abundant bacterial
phylum present in both samples was Proteobacteria, followed by Bacteroidetes and
Cyanobacteria. Members of the Roseobacter clade (Roseobacter and Ruegeria
genus) were abundant in both samples, but with larger abundance on sample P (up
to 29% of identified genus).

The high abundance of Roseobacter clade and Synechococcus genus plus the
nutrients abundance in the sample enforce the hypothesis that the environment was
affected by upwelling with subsequently phytoplankton bloom.

Using Hidden Markov Models (HMM) facilitated screens of KS (keto-synthase) and C
(condensation) domains from PKS and NRPS, respectively. A total of 84 KS and 46
C domain new sequences from both samples were obtained, showing the
biotechnological potential of this environment. This was the first study conducted to

screen PKS and NRPS genes in an upwelling affected sample.

22



INTRODUCTION

Marine environments cover ~70% of the Earth's surface. These habitats show great
variation in temperature, pressure and salinity. They harbor a wide range of
microorganisms from the three domains of life (Archaea, Bacteria and Eukarya)
which are responsible for ~98% of marine primary production [1][2]. This huge
biodiversity has great potential, as its exploration affords discovery of new enzymes
for industrial use. However, only from 0.001% to 1% of environmental microorganism
can be identified using culture-dependent approaches [3][4][5]. To overcome this
limitation, metagenomic studies have been conducted using samples from a variety
of aquatic environments from costal seawater, deep seawater and open ocean
waters, to freshwater from rivers and lagoons [6][7][8].

The pioneering metagenomic study of marine planktonic microbiota, the Global
Ocean Sampling Expedition, generated 7.7 million sequencing reads (6.3 billion base
pairs) from water samples collected across a several-thousand kilometer transect
from the North Atlantic through the Panama Canal and ending in the South Pacific
[9]. After the advent of next generation technologies for DNA sequencing (NGS) such
as ROCHE 454 and lllumina, many other studies have been performed around the
world, from Artic to Antarctic [10][11]. However, the microbial diversity in the marine
waters of Brazilian coast remains poorly characterized. The Brazilian coast extends
for 7,491 km, and is influenced by the warm North Brazilian Current in the northern
portion, the cold Malvinas/Falklands Current in the southern portion and to a lesser
extent, by river mouths and upwelling regions [12].

Only a few studies have explored the marine waters of the Brazilian Coast using

metagenomic approaches. Among them, Gregoracci et al. [13] studied the
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bacterioplankton of Guanabara Bay (the second largest bay of Brazil), in Rio de
Janeiro state; Trindade-Silva and colleagues [14] characterized the microbial
diversity associated to the marine sponge Arenosclera brasiliensis from water of
Joao Fernandinho beach (Rio de Janeiro State) [14] and Cury and colleagues
studied the taxonomic diversity of coastal seawater from Arraial do Cabo (Rio de
Janeiro State, Cabo Frio region) [15], an important fishing and tourism region
influenced by an upwelling system and anthropogenic activity, with sporadic sewage
emissions [16] [17]. Upwelling is characterized by the up-flow of cold and nutrient-rich
waters and it disturbs ecosystem dynamics and increases biomass and primary
production of these environments. From the Brazilian coastal waters, it is at Arraial
do Cabo that this upwelling effect is most intense [18]. Thus, Arraial do Cabo is the
preferred site for detailed study of the effects of upwelling on the composition of the
marine life and for, consideration of any detrimental impact to these upwelling effects
from sewage emission which may affect local fishing.

As previous, SSU rDNA amplification approach used in Arraial do Cabo [15] was
limited to the general taxonomic assembly of the microorganisms, rather than
providing information about the metabolic potential of the community [19]. By using a
whole metagenome pyrosequencing approachit should be possible not only to
estimate the biodiversity, but also to explore functional gene diversity and select
genes of biotechnological interest [20].

The Polyketide Synthases (PKSs) and Nonribosomal Peptide Synthetases (NRPS)
encode two families of secondary metabolite enzymes from microorganisms which
are of great interest to the biotechnological industry. They are responsible for the
production of a variety of compounds from antibiotics to pigments and from,

antitumor agents to immunosuppressant [21][22]. There are 3 types of PKS. The
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type | PKS genes encode large multi-domain enzymes with all the necessary
components for elongating and processing the polyketide chain of the same protein.
They can be classified as modular (the most from bacteria) or iterative (from fungi
and bacteria) [23][24]. The type Il PKS genes encode multi enzyme complexes (with
three or more enzymes) acting in an iterative manner [25]. The type Il PKS genes
encode enzymes responsible for the production of Chalcones in plants and
polyhydroxy phenol in bacteria [26]. In comparison, the NRPS genes encode modular
enzymes that can activate and condense amino acids to produce small peptides
(nonribosomal peptides) [27].

Most of new genes of these families have been discovered in genomes from the
phylum Actinobacteria, that accounts for 5% to 10% of total bacteria on marine water
[28][29][30]. However, the natural products from the most abundant phylum from
marine oligotrophic environments (Proteobacteria) are poorly studied [31]. Most of
the previous studies conducted to screen for PKS and NRPSs diversity were
performed in soil or host associated (marine invertebrates) microbiomes [32][33].
However, Grossart et al. in 2004 showed many members of Rhodobacteraceae
family, isolated from organic aggregates in German Wadden Sea, producing
secondary metabolites (with bacterial inhibitory activity encoded by PKS and NRPS
genes) [34][35]. Thus, many antimicrobial peptides were found in marine
proteobacteria [36][37][38]. In this study, we explore the taxonomic diversity and the
metabolic potential of microbes from the seawater of the Praia dos Anjos (Angel's
Beach), in Arraial do Cabo, Brazil by pyrosequencing its metagenome. The sample
site is close to the one sampled by Cury and colleagues, called POS sample [15] and
it was collected at the summer season. We choose this site due its high abundance

of Proteobacteria from Rhodobacteraceae family (with great metabolic potential), and
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the presence of Actinobacteria which were in greater abundance than the other sites
analyzed in that previous study [15]. We choose the summer season because the
upwelling phenomena in this region occurs with higher frequency and intensity during
this season [15][18]. At the time of writing, this is the first study aiming to find novel

PKS and NRPS genes in upwelling affected environment.

MATERIALS AND METHODS

Sampling

A total of 300 L of superficial (< 2 m) water was collected from the Praia dos Anjos
(Angel's Beach), Arraial do Cabo, Rio de Janeiro, Brazil (-22°58'31.33", -
42°0'46.84"). No specific permits were required for the described field studies.

The water pH, temperature and salinity were measured in situ and 1 L was used for
determination of Biological Oxygen Demand (BOD), Chemical Oxygen Demand
(COD), Total N, Nitrate and Ammonium.

The COD test was performed by the closed reflux method followed by photometric
determination, using a COD reactor (Hach Company, Loveland, CO, USA) and
visible spectrophotometer (model DR-2500; Hach Company). BODS5, nitrate and
ammonium were determined using the potentiometric method with selective
electrodes Orion 081010MD, Orion 9707BNWP and Orion 9512HPBNWP,
respectively (Hach Company). The methodologies used to assess the
physicochemical parameters were consistent with the methods described in the
Standard Methods for Examination of Water and Wastewater (APHA 1998).

The 300 L sample was filtered first through 0.8 pm membranes (aiming to hold

eukaryotes and particle-associated prokaryotes — named Sample E) and then
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through 0.22 um membranes (aiming to hold free living prokaryotes — named sample
P) using a vacuum filtration system.

DNA extraction and quantification

The DNA was extracted from membranes using the Meta-G-Nome™ DNA Isolation
Kit (EPICENTRE). In order to obtain 20 pg of DNA, a total of 20 membranes of each
sample were used in extractions. This large amount of DNA is necessary to avoid
bias. The extracted DNA samples were verified by agarose gel (1%) eletrophoresis
(100V) and quantified using ImageJ software, NanoDrop (Thermo Scientific) and
Qubit (Life Technologies).

DNA pyrosequencing and sequences pre-processing

A total of 2 ug DNA from each sample (P and E) was sent to LNCC (Laboratorio
Nacional de Computacdo Cientifica, Petrépolis, Rio de Janeiro, Brazil) in order to
pyrosequencing on a 454 (ROCHE) sequencer using the GS FLX+ System. One 454
plate was used, and DNA of each sample constituted half of the plate.

The SFF files generated were analyzed on Stingray (stingray.biowebdb.org) [39] to
generate the clipped FASTA and QUAL files. CD-HIT-454 [40] program was used to
remove artificial duplicates (artifacts) using default parameters and LUCY v1.20 [41]
(default parameters) was used to remove low quality and small sequences (< 20
Phred score, < 100 base pairs [bp]).

Reads analysis

The metagenomic sequences (reads) were analyzed using programs BLAST 2.2.21
(BLASTN and BLASTX) [42], MEGAN 4.0 [43] and MG-RAST [44] (MG-RAST ID:
4539290.3 for sample P; 4539291.3 for sample E).

Analysis of the SSU rDNA sequences
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The SSU rDNA sequences (16S for prokaryotes and 18S for eukaryotes) were
extracted using the INFERNAL program [45] with covariance models (CM) generated
by 16S sequences (Archaea and Bacteria) and 18S sequences (Eukarya). These
sequences were submitted to BLASTN 2.2.21 (e-value cutoff e®) against the SILVA
SSU Database release 108 (http://www.arb-silva.de/) [46]. The BLASTN results were
loaded in MEGAN 4.0 [43] in order to perform the taxonomic characterization using
the LCA algorithm (maximum number of matches per read: 5, min support: 5, min
score: 35, top percent: 10).

Analysis of the whole metagenomic sequences

All the sequences (reads) were submitted to BLASTN 2.2.21 (e-value cutoff e™)
against GenBank (NT- from NCBI) and the results were loaded in MEGAN v4 [43] in
order to perform the taxonomic characterization using the LCA algorithm (maximum
number of matches per read: 5, min support: 5, min score: 75, top percent: 10).

After the preprocessing step, all reads obtained were submitted to MG-RAST [44] for
the analysis using the full pipeline and annotated using the M5NR database.
Metagenomic reads assembly

The metagenomic reads from both samples were assembled using CAP3 [47] with
default parameters. The contigs and singlets were concatenated and the
METAGENMARK [48] was used to extract the metagenomic Open Reading Frames
(ORFs) and to translate those ORFs to protein sequences using the Transeq
program from the EMBOSS package [49].

Screening for genes of NRPS C domain and type | PKS KS domains

A HMM profile (pHMM) approach was used to screen the genes of type | PKS (KS
domains) and NRPS (C domains). The pipeline used in this work was adapted from a

previous work developed by Dumaresq et al. [50]. The KS domains of type | PKS
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(modular and iterative) were obtained from MAPSIDB
(http://gate.smallsoft.co.kr:8080/pks/mapsidb) [51]. The NRPS C domains were
obtained from NRPSDB (http://linux1.nii.res.in/~zeeshan/webpages/home.html) [52].
For each domain, a multiple alignment was generated by MAFFT [53] and a HMM
profile was built using the hmmbuild software from the HMMER v3.0 [54] package.
Those profiles (PKS-pHMM and NRPS-pHMM) were then used to screen the
translated ORFs of both samples from Arraial do Cabo using hmmsearch with e-
value cutoff 0.1.

The translated ORFs that showed hits with PKS-pHMM and NRPS-pHMM were
extracted from our metagenome dataset using FASTACMD (from BLAST 2.2.21
package [42]). A reverse search of the extracted translated ORFs against the PKS-
pHMM and NRPS-pHMM was conducted using hmmscan (e-value cutoff 0.1), in
order to classify the type of PKS from metagenomic sequences. In order to confirm
and validate the results, all the extracted translated ORFs similar to profiles were
submitted to BLASTP 2.2.21 (e-value cutoff e®) against RefSeq protein database
release 61. The annotation of the best five hits of each environmental sequence was
used to annotate them. Finally, the confirmed KS and C domain sequences were
submitted to Natural Product Domain Seeker - NapDoS
(http://npdomainseeker.ucsd.edu/) [55] in order to classify the domains and to carry

out phylogenetic analysis.

RESULTS AND DISCUSSION
Sampling Characteristics
At the time of sampling, the temperature of the water was 26°C, the pH was 7.5 and

the salinity was 33%. An analysis of the water sample showed BOD was 1 mg/L,
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COD was 60 mg/L, and that the concentration of nitrate, ammonium and total
nitrogen were 0.9 mg/L (or ~15.51 uM), 0 mg/L (< 0,5 pM) and 0.4 mg/L (or ~28.57
pMM), respectively. The concentration of Nitrate (15.51 pM) was similar to the
measured by Cury et al.[15] in the previous study (13.00 uM). The very low
concentration of Ammonium (measured as NH3) was not expected, due to the
proximity to the coast with high anthropogenic activity and because in the previous
study conducted by Cury et al.[15], the concentration at the same site was ~ 0.9 uM.
These results may suggest that at the time-point used, the samples collected were
unaffected by sewage disposal since the study conducted by Coelho-Souza et al.
[18] showed high concentrations (above 2 pM) of ammonium in the same site, when
the sewage disposal was visible. However, this result may also indicates that the
region was affected by the upwelling and subsequently phytoplankton bloom),
depleting the free ammonium in the environment, once it was demonstrated the
higher rate of ammonium uptake occur during upwelling season [56] with strong
preference for ammonium rather nitrate uptake [57]. In addition, natural
eutrophication by upwelling events is usually associated with nitrate inputs [ss].
Moreover, Albuquergue et al., 2014 [s9] have showed the occurrence of upwelling in
the same month and year (January of 2012) of our study through the analysis of
regional winds vectors (ASCAT program) and temporal variability of the water column

thermal structure.

DNA pyrosequencing and sequences pre-processing
A total of 651,083 and 542,647 reads were obtained for samples P and E,

respectively. After pre-processing, this number decreased to 595,534 and 469,354,
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respectively. The average size of the reads was 588 and 595 bp for P and E

samples, respectively.

SSU rDNA sequence analysis and taxonomic assignment

Using INFERNAL with all Covariance Models (CMs) (after removing redundancy)
1,501/595,534 putative rDNA reads for sample P (0.25% of the total reads) and
672/469,354 putative rDNA reads for sample E (0.14% of the total reads) were
obtained. These sequences were submitted to BLASTN against SILVA SSU
database and a total of 1,210/1,501 (80.61% of the rDNA sequences) and 502/672
(74.70% of the rDNA sequences) hits were obtained for samples P and E,
respectively.

Using MEGAN, 91.65% of the rDNA sequences from sample P were classified as
Bacteria, whereas 7.27% were classified as Eukarya and 0.82% as Archaea (Figure
1). For sample E, 48% of rDNA sequences were classified as Bacteria and 51.59%
as Eukarya (Figure 1). Archaeal sequences were not detected in sample E.
Analyzing all pre-processed reads from both samples using BLASTN algorithm
against Genbank database (NT) and MEGAN 4.0 (LCA algorithm), 35.63% and
16.53% of the reads from P and E samples, respectively, were classified. For sample
P, 72.64% of those sequences were classified as Bacteria, whereas 0.03% as
Archaea, 2.52% as Eukarya, and 0.17% as Viruses (Figure 1). For sample E, 63.02%
of these sequences were classified as Bacteria, 0.07% as Archaea, 12.73% as
Eukarya, and 0.81% as Viruses (Figure 1).

The low abundance of eukaryotes found in sample P can be explained by the fact
that most eukaryotes are retained by the 0.8 um pore membrane. The relative high

abundance of prokaryotes found in sample E is probably due to: (i) the fact that a
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portion of prokaryotic cells may be directly retained by the 0.8 um membranes, being
larger than 0.8 um; (ii) a portion of prokaryotic cells may be associated with organic
matter fragments, and consequently retained by the 0.8 um membranes, and (iii) a
portion of prokaryotic cells may be retained by the membrane that already presents
their pores blocked by the eukaryotic cells, larger bacterial cells and organic matter.

The high percentage of reads classified as Bacteria (~70%) and the low abundance
of Eukarya group (<10%) on total-reads analysis for sample P agree with its SSU
rDNA analysis. On the other hand, the results of the same analysis for sample E do
not corroborate the results obtained using SSU rDNA analysis, as Bacteria is the
larger domain, with >60% of the reads classified as belonging to that group, whereas
only a small fraction of reads were classified as Eukarya when total reads are
analyzed (Figure 1). A possible explanation is that GenBank (NT) database contains
much more sequences of Bacteria than Eukarya (on current release, ~8.5 billion bp
originated from Bacteria, whereas ~2.5 billion bp originated from Eukarya) [60]. This
can explain the fact that so many sequences of eukaryotes may not have presented
hit in BLASTN results. This also explains the fact that sample E exhibit larger
percentage of sequences with no hit when compared with sample P (83.35% on

sample E and 64.17% on sample P).

Diversity of Bacteria

The most abundant bacterial phylum present in both samples is Proteobacteria
(~90% for P sample and ~45% for E sample) (Figure 2), as expected for a marine
environment [33].

The Alphaproteobacteria is the most abundant class on sample E considering the

both used approaches (Figure S1). This was also the case for sample P, but only
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using total reads analysis. For the analysis using SSU rDNA approach,
Gammaproteobacteria was the most abundant class (Figure S1). Beta-, Delta- and
Epsilonproteobacteria classes could be observed at low abundance using the
BLASTN approach, but absent using SSU rDNA approach (Figure S1). The
previously study conducted on the same environment by Cury et al. [15] showed
similar high abundance of Alphaproteobacteria for the same point of sample
collection (Praia dos Anjos harbor). On the other hand, the abundance of
Gammaproteobacteria was more than 40% for sample P using both approaches and
sample E using SSU rDNA approach, whereas Cury et al. found less than 1% of
Gammaproteobacteria [15]. However, it is important to note that the filtration and
method of analysis of Cury's study was different filtering directly on a single 0.22 um
membrane and then using a PCR amplification approach of SSU rDNA [15].

The second most abundant bacterial phylum in both samples was Bacteroidetes
(Figure 2). Members of this group are present in many different ecological niches,
including soil, ocean, freshwater, and the gastrointestinal tract of animals, playing
many biological functions, including degradation of organic matter [61].

The most abundant class of Bacteroidetes in both samples was Flavobacteria, with
more than 90% of the sequences classified in this group (Figure S2); agreeing with
the study of Cury et al. [15] that found Flavobacteria as the major class of
Bacteroidetes in the same region.

In sample E we observed a high abundance of sequences classified as
Cyanobacteria (17.35% of all sequences of bacteria) (Figure 2). The higher
abundance of Cyanobacteria on sample E when compared with the sample P may be
explained by the size of the cyanobacterial cells that can be up to 3 um for some

species [62][63]. Unlike most of the oligotrophic marine environments, where
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normally the Prochlorococcus is the dominant genus of Cyanobacteria [64], the most
abundant genera found in sample E were Synechococcus (49.82%) and
Synechocystis (35.95%), both belonging to the order Chroococcales.

Many species from genus Synechococcus can assimilate nitrogen compounds
(ammonium and nitrate), and reside in relatively nutrient-rich waters at coastal sites
throughout the world [65]. Preston et al. (2011) [66] showed increases for
Synechococcus in coastal waters at the relaxation of upwelling.

It was possible to detect 1,114 reads (13.12% of total Cyanobacteria reads) classified
as Synechococcus CC9311. This strain was isolated from the edge of California
Current [67] and many related strains have been isolated from costal environments,
displaying a coastal type chlorophyll profile [68]. A comparative genomic study was
conducted by Palenik et al. [68], showing many adaptations in the genome of the
CC9311 strain, as metallo enzymes and light apparatus adaptations absent in the
strains from open ocean, strongly suggesting a high level of adaptation of the
CC9311 strain to costal environments.

The order Rhodobacterales (Alphaproteobacteria) was the most abundant on sample
P, with 42.23% of the reads, followed by the Alteromonadales order
(Gammaproteobacteria), with 17.47% (Figure S3). On the other hand, the most
abundant order of sample E was Flavobacteriales (Bacteroidetes), with 25.45% of
the reads, followed by Rhodobacterales (Alphaproteobacteria), with 25.03%). These
results also corroborate with the previous work of Cury et al. [15], where the most
abundant order was Rhodobacterales (more than 90% of the Alphaproteobacteria) in
samples from the same place.

Unlike the SSU rDNA-based study performed by Cury and colleagues [15], we used

shotgun approach in the present work. This allowed us to study more deeply the
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taxonomic groups present in this environment, like family and genus. The most
abundant family in sample P was Rhodobacteraceae (43.58%), followed by
Alteromonadaceae (8.89%). For the sample E, the most abundant families were
Flavobacteriaceae (25.20%) and Rhodobacteraceae (25.01%) (Figure S4). The
Rhodobacteraceae is a family of Alphaproteobacteria that contains
chemoorganotrophs and photoheterotrophs members [69]. Alteromonadaceae is a
family of Gammaproteobacteria class [70][71] and most of the members are found in
marine environments [72].

The family Flavobacteriaceae is the larger group of the phylum Bacteroidetes. Many
species of this family inhabit marine environments and play important roles on the
mineralization of organic matter in these ecosystems [73][74][75]. This may explain
why sample E has the highest abundance of this family, since it was filtered by a 0.8
MM membrane, where the most of organic matter particles were attached.

The most abundant genera detected in sample P were Ruegeria and Roseobacter,
whereas for sample E, the most abundant genera were Synechococcus, Lacinutrix
and Ruegeria (Fugures S5 and S6). The bacteria from the Roseobacter genus are
aerobic anoxygenic phototrophic bacteria (AAP) [76] that belongs to
Rhodobacteraceae family of the Alphaproteobacteria phylum. They represent one of
the most abundant groups of Bacteria in oceans, typically comprising upwards of
20% of coastal and 15% of mixed-layer ocean bacterioplankton communities [77].
Members of Roseobacter genus plays important roles on sulfur cycle, and some
isolates from this group were the first marine strains found that simultaneously
possess two key pathways for the degradation of the osmolyte
dimethylsulfoniopropionate  (DMSP), an organosulfur compound (secondary

metabolite) found in marine phytoplankton, seaweeds, and some species of
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terrestrial and aquatic vascular plants [78][79]. Ruegeria is a genus of the same
family of Roseobacter, but unlike Roseobacter, they cannot do anoxygenic
photosynthesis (do not produce bacteriochlorophyll) [80]. The Lacinutrix is a genus of
the Flavobacteriaceae family that is commonly isolated from algae and calanoid
copepods [81], and this may explain the fact that this genus was detected only in
sample E. It is likely that the detected DNA of Lacinutrix remained attached to the
0.8 um membrane along with algae and copepods.

The genus Pelagibacter also was found with high abundance (6% on sample P and
5% on sample E). This genus is a member of the SAR11 clade, a ubiquitous group in
the world's oceans [82], and dominant on surface bacterioplankton [83]. However,
unlike in this study, in many oligotrophic waters this genus is normally the most
abundant Bacteria, representing more than 10% of the total bacteria from these
environments [14][84].

Members of Roseobacter clade were also detected (using FISH and SSU rDNA
approaches) as the most abundant group (overcoming SAR11 clade) in a upwelling
affected coastal environment during all seasons (“Ria de Vigo” NW, Spain), but its
more abundant in the bloom season [85]. The same results were also found (using
DAPI approach) in the estuarine environment of “Ria de Aveiro” (Portugal), also
impacted by upwelling system [86].

In oligotrophic coastal waters, like Arraial do Cabo, high abundance of Roseobacter
have been observed to thrive only during chlorophyll a-rich periods (upwelling
seasons) [87].

The possible explanation to the high abundance of Roseobacter and Reugeria in

upwelling affected environment may be the bloom of picophytoplankton with high
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production of DMSP, since many of these species can degrade this compound and
its degradation product, dimethylsulphide (DMS) [88][89].

The nutrients concentration plus the high abundance of many species of
Roseobacter clade and Synechococcus genus suggest that the upwelling
phenomenon and subsequently phytoplankton bloom were affecting the collected
sample, as expected in the summer season at this place [18].

Diversity of Eukarya

Considering the results of SSU rDNA analysis, the most abundant group of the
Eukarya domain is Metazoa for both samples (Figure 2). Considering the total read
analysis, Viriplantae and Stramenopiles were the most abundant groups for samples
P and E, respectively (Figure 2). The most abundant group of Viriplantae, in both
samples, is the green algae from Chlorophyta group (more than 85% from Viriplantae
reads), mainly from the pikophytoplankton genera Micromonas and Ostreococcus.
From the Stramenopiles, the most abundant phylum is Bacillariophyta (diatoms).
They are the most important members of pikophytoplankton, among the most
diversified groups of photosynthetic eukaryotes, with possibly over 100,000 extant
species, contributing with around 40% of the marine primary productivity [90][91][92].
Together, the photosynthetic members of pikophytoplankton play major role in
primary production in oligotrophic environments (up to 80% of the autotrophic
biomass) [93] [94].

Figure S7 shows the reads classification on phylum level of each of three main
groups of Eukarya domain (Metazoa, Viridiplantae and Stramenopiles). The results of
SSU rDNA analysis corroborate the previous study performed by Cury et al. [15].
However, the results from total reads analysis were dissimilar, suggesting that the

results from SSU analysis may be biased.
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Diversity of Archaea

The abundance of Archaea sequences was very low (Figure 1). Using rDNA
approach, we detected only 10 sequences, that were belonging to sample P. Using
the total reads analysis, it was possible to detect 62 archaeal sequences in sample
P, which 30 were classified as Euryarchaeota, 29 as Thaumarchaeota and 3 are
unclassified Archaea; and 60 sequences in sample E, which 28 were classified as
Euryarchaeota, 24 as Thaumarchaeota and 8 are unclassified Archaea (Figure 2).
This very low abundance of Archaea was not expected, because in many other
tropical costal metagenomes, the abundance of Archaea was from 1.1% in Jo&o
Fernandinho beach, in Rio de Janeiro State (geographically close to Arraial do Cabo)
[14] to 2.9% on coast of Galapagos Island [9]. In our study, considering the BLASTN
analysis, we found 0.04% of archaeal sequences, considering all classified
sequences. The total absence of Crenarchaeota group may be explained by the very
low concentration of ammonium, once this group use ammonia as its sole source of

energy [95].

Analysis of metagenomic sequences using MG-RAST pipeline

In order to obtain a functional annotation of metagenomic DNA from Arraial do Cabo
waters, the reads obtained from samples P and E were submitted to MG-RAST after
pre-processing on Stingray. The Table 1 summarizes the statistics of the sequences
from both samples.

The alpha diversity from samples was 240.06 and 464.02 species for samples P and
E, respectively. The higher diversity value for sample E may reflect the size selection
exclusion arising from filtration. Figure S8 shows the rarefaction curve from both

samples.The reads of the two samples were compared to M5NR using a maximum e-
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value of 1e®, a minimum identity of 60%, and a minimum alignment length of 15
measured in amino acid for protein and base pairs for RNA databases. Figure S9

shows the number of hits obtained for each database screened.

Metagenomic reads assembly

With the aim of obtaining contigs from the metagenomic reads, we used the CAP3
program [47]. The assembly of environmental sequences is a complex problem and
so many algorithms were proposed to address it [96][97][98][99]. The main problems
of the assemblage are the low coverage and the possible formation of chimeras
(especially on environments with high diversity) [100] [101]. Using the CAP3 with the
very stringent default parameters we tried to minimize the problem of chimeras, but
the low coverage only can be outlined with more deep sequencing effort. We
obtained a total of 29,074 contigs and 269,587 singlets for sample P. For sample E,
we obtained 20,792 contigs and 396,371 singlets. From these sequences (singlet +
contigs), were also obtained 409,111 and 451,722 ORFs for sample P and E,
respectively, using METAGENMARK.

Screening genes of NRPS and PKS

Many studies have been conducted for functional or PCR-based screening of PKS
and NRPS in diverse environments [32][33][102][103]. However, despite the growth
of metagenome databases, to the date, only few studies were performed using
computational approaches to screen PKS in whole shotgun sequenced
metagenomes. One of these was conducted by Foerstner et al [104] where six
natural environment datasets were screened using a HMM profile approach.
Moreover, no study has been performed to screen secondary metabolites genes in

water from upwelling affected coastal environment.
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Because of the high abundance of Roseobacter clade organisms and Cyanobacteria
in the samples from Arraial do Cabo (see Diversity of Bacteria), we decided to
conduct an in silico screening of PKS and NRPS genes in order to evaluate the
potential of the environment to provide new secondary metabolites, since many
studies have showed the presence of these genes in the genomes of these very
abundant taxonomical groups [34][36][37][38].

PKS KS domain

In this study, two KS pHMM were built: from sequences of modular KS and iterative
KS. These pHHM were used to retrieve putative KS domains in metagenome from
Arraial de Cabo and the NapDos was used because this system has the capacity to
classify KS and C sequences from poor assembled genomes and metagenomes
[55]. Using the KS modular pHMM, we found a total of 28 hits in sample P and 37 in
sample E. These sequences were submitted to BLASTP against RefSeq protein
database (e-value cutoff e®). Only 7 sequences returned no hits, one from sample P
and 6 from sample E. Using the annotation of the five best hits from RefSeq
database it was possible to confirm the PKS function of 46.42% and 72.97% of the
KS sequences of P and E samples, respectively.

All KS sequences were submitted to NapDoS [55]. For sample P, it was possible to
classify 78.57% of the sequences, whereas for sample E, it was possible to classify
91.89% of the sequences.

Using the KS iterative, we obtained 21 and 16 sequences from sample P and sample
E, respectively. These sequences were submitted to BLASTP against RefSeq
Protein (e-value cutoff e®). For sample P, all the sequences showed hits on blast,
and for sample E, only 2 sequences don't show hits. Using the annotation of the five

best hits from RefSeq database was possible to confirm the PKS function of 28.57%
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(6/21) and 56.25% (9/16) of the sequences from samples P and E, respectively.
These sequences were also submitted to NapDoS. For sample P, it was possible to
classify 71.42% (15/21) of the sequences, whereas for sample E, it was possible to
classify 75% of the sequences. From the total KS domains obtained by both pHMM
(102), 38 sequences from sample P and 46 sequences from sample E (totaling
82.35%) were confirmed in silico as KS (by blastP and/or NapDos results),
respectively. The false positives found (17.65%) were expected, because the HMM
approach is very sensitive to detecting distant homologues [54] and the Fatty Acid
Synthase (FAS) is homologous to PKS [105]. The advantage of the use of pHMM to
screen type | PKS in metagenomic shotgun data and the possible recovery of false
positives was discussed on a study performed by Foerstner et al [104].

From the 84 type | KS, 4 were similar to Rhodobacteraceae organisms in the blastP
results (against RefSeq protein). From these 4 KS sequences, two were classified in
the phylogenetic tree as hybrid KS/PKS enzymes, agreeing with results obtained by
Martens et al [35], showing many hybrids enzymes in isolates from Roseobacter
clade.

The relative abundance of KS domain present in water was 0.0092% (38/409,111)
from sample P and 0.0101% (46/451,722) from sample E. In the study of Foerstner
et al. [104], the environment with the higher KS domain abundance was Minnesota
farm soil [106], where 52 type | KS were found in 183,536 ORFs (0.0283%), 2.8
times more abundant than sample E of the present study. Soil environments
commonly possess a high diversity of secondary metabolites because the
microorganisms compete intensely with each other [107]. In addition, in the same
study, the samples from an open ocean oligotrophic region (Sargasso Sea) [108]

(ranging from 0.1-0.8 um like sample P), were screened, showing 69 type | KS
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sequences in 1,214,207 ORFs (0.0056%), a relative smaller abundance than our
sample P. These results confirm the potential of the costal upwelling affected
metagenome for the screening of secondary metabolites.
Figure S10 shows the classification of KS domains obtained from both samples using
both pHMMs.
Most of the sequences retrieved with modular KS pHMM were classified as modular
by NapDoS (46% from both samples) and Hybrid KS (18% from sample E and 24%
from sample P). These hybrid domains can be modular or iterative and are present
on hybrid PKS/NRPS enzymes [109]. The Trans-AT domain was also present (11%
on sample E and 14% on sample P) and, unexpectedly, using this pHMM it proved
possible to retrieve few iterative KS domains. On the other hand, the iterative KS
pHMM was able to retrieve only a few iterative sequences (only the iterative
Enediyne sequences were retrieved). Most of the sequences retrieved with this
pHMM on sample E were Trans-AT domains (31%). However, on sample P, the most
abundant type of KS domains retrieved with the iterative KS pHMM was modular. All
the sequences classified as Polyunsaturated fatty acids (PUFA) by NapDos were
manually verified and the best blast hit (against RefSeq) show similarity with PKS
domain (with more significant e-value than the NapDos result). The high abundance
of KS modular can be explained by the fact that in modular PKS the number of copy
of each domain is so much higher than in iterative PKS [105].
Additionally, aiming a most accurate classification of the KS sequences, a
phylogenetic analysis was performed using the 10 KS sequences from sample P and
15 from sample E (larger than 200 amino acids) to generate a phylogenetic tree on
NapDos with the reference sequences (similar to the environmental sequences)
(Figure 3).
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The topology of the tree corroborates the results from many phylogenetic studies of
KS domain [56][100]. It was possible to separate the homologous Fab (from Fatty
acid synthase), the type Il KS alpha and beta domains, the Polyunsaturated fatty
acids (PUFA) domains (with one sequence from sample E in this clade), two clades
from the Modular Trans-AT domains (where 7 sequences from sample P and two
from sample E were classified), the Iterative KS (with two sequences from sample E),
the Hybrid KS (PKS/NRPS hybrid enzymes), with one sequence from sample P and
6 from sample E, the KS1 domains (Typical starter KS KSQ) domains and KS
domains in Curacin and Salinisporamide biosynthesis pathways, with one sequence
from sample E, and finally the Modular KS domains (where one sequence from
sample P and 3 from sample E were classified). Like the results showed in Figure
S10, the phylogenetic tree shows the most of sequences close to modular (Cis,

Trans and Hybrid) KS sequences.

NRPS C domain

Using the C domain pHMM, a total of 50 hits were obtained, 14 from sample P and
36 from sample E. These sequences were submitted to BLASTP against RefSeq
protein (e-value cutoff e®). Sample P yielded 11 hits (78.57%) with confirmed
annotations. Sample E yielded 32 hits (88.88%) and was possible to confirm the
annotation from 31 of these. All 43 annotated sequences were submitted to NapDos
and classified. It was not possible to confirm the annotation of one sequence (7.14%)
from sample P and 3 sequences (8.33%) from sample E by these methods.

The environmental C domain sequences larger than 200 amino acids were also

submitted to phylogenetic analysis using the NapDoS pipeline, with the reference
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seguences (similar to the environmental sequences). Figure 4 shows the result of
this analysis.

The topology of the inferred tree was expected, separating the types of C domains as
showed in previous studies [56]. Most of the sequences were from LCL type (4 from
sample E and 1 from sample P) and Epimerization (4 from sample E).

As in PKS screening, sample E showed higher abundance of NRPS C domain than
sample P. This may be due to the presence of marine snow in sample E, with
competition for space and nutrients in the particle associated bacteria as a selective

force [110].

Conclusions

In this work, two fractions of the seawater metagenome from Praia dos Anjos
(Angel’s Beach) a coastal environment, affected by upwelling, were pyrosequenced.
The results show that the sample was likely to have been collected after upwelling
and subsequent phytoplankton bloom and demonstrate a high abundance of
Proteobacteria in both fractions (89.1% for sample P and 48.5% for Sample E), with
genera Ruegeria, Roseobacter, Synechococcus and Lacinutrix the most abundant.
Screening of the metagenome revealed 84 KS domain ORFs and 46 C domain ORFs
(from PKS and NRPS). These sequences were manually verified and classified by
NapDoS system and BLAST, showing a close enough similarity to curated
sequences to confirm the biological function. However, the degree of divergence
suggests that they are probably new alleles. Based on these results we will now
prepare an environmental DNA (fosmid) library from which to clone full sequences of
PKS and NRPS, in order to conduct functional and sequence screening, using the

sequences generated in this study as probes. In addition, a time-series study may be
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conducted in the future, to better understand the main differences between the

microbial communities from each season in this region.
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TABLES

Table 1: Statistics of the sequences from sample P and sample E.

Analysis Sample P Sample E
279,401,007
Upload: bp Count 350,520,599 bp o
p

Upload: Sequences Count 595,497 468,832
Upload: Mean Sequence 595+ 171

588 £ 142 bp
Length bp
Upload: Mean GC percent 46 +7 % 43+10 %

279,391,534
Post QC: bp Count 350,507,486 bp o
p

Post QC: Sequences Count 595,464 468,792
Processed: Predicted Protein

500,671 515,393
Features
Processed: Predicted rRNA

33,395 58,226
Features
Alignment: Identified Protein

333,934 181,618
Features
Alignment: Identified rRNA

1,409 3,035
Features
Annotation: Identified

280,938 127,741

Functional Categories
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Figure 1. Taxonomic affiliation of SSU rDNA and total reads using MEGAN. SSU
rDNA sequences from both samples (P and E) extracted using INFERNAL and
classified by MEGAN at domain of life level using BLASTN result against SILVA SSU
database and LCA algorithm. Total of reads from both samples (P and E) was
classified by MEGAN at domain of life level using BLASTN result against GenBank
(NT) and LCA algorithm.
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Figure 2. Comparative taxonomic affiliation of Eukarya, Archaea, Bacteria and
Viruses reads using MEGAN. Reads from the three domains of life viruses and
from both samples (P and E) were classified by MEGAN (Phylum level for bacteria
and Archaea, family of viruses and Kingdom level of Eukaryota) using BLASTN result
against GenBank (NT) and using BLASTN results from INFERNAL extracted reads
(SSU rDNA) against SILVA SSU. In both analyses the algorithm used was LCA.
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Figure 3. Phylogenetic tree of environmental KS domains (larger than 200
amino acids) obtained from both sample (by KS modular and iterative pHMMSs)
with reference NapDoS sequences. The tree was generated by NapDos pipeline
(using FASTTREE and Maximum Likelihood algorithm). Confidence values are

showed on nodes.
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Figure 4. Phylogenetic tree of environmental C domains (larger than 200 amino
acids) obtained from both sample (by C domain pHMM) with reference NapDoS
sequences. The tree was generated by NapDos pipeline (using FASTTREE and

Maximum Likelihood algorithm). Confidence values are showed on nodes.
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Figure S1. Comparative taxonomic affiliation of Proteobacteria reads at class

level. Infernal SSU rDNA extracted reads and total reads from samples P and E
were classified by MEGAN using BLASTN result against GenBank (NT) and SILVA
SSU. In both analyses the algorithm used was LCA.
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Figure S2. Comparative taxonomic affiliation of Bacteroidetes reads at class
level. INFERNAL extracted reads (SSU rDNA) and total reads of samples P and E
were classified by MEGAN using BLASTN result against GenBank (NT) and SILVA
SSU. In both analyses the algorithm used was the LCA.

66



BACTERIA ORDERS

100 +

I Rhodobacterales
I Alteromonadales
[ Flavobacteriales
I Vibrionales

I Oceanospirillales
[ Pseudomonadales
1 Enterobacteriales
[ Rhizobiales

I Actinomycetales
B Burkholderiales
N Pasteurellales
[ Chroococcales
Ell Sphingomonadales
[ Aeromonadales
I Rhodospirillales
I Others

80 -

60

40 -

Relative abundance (%)

20 +

Figure S3.Comparative taxonomic affiliation of bacteria reads at order level.
Total reads ofsamples P and E were classified by MEGAN using BLASTN results
against GenBank (NT) using LCA algorithm. Only the 15 most abundant groups are

showed.
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Figure S4.Comparative taxonomic affiliation of bacteria reads at family level.

Total reads ofsamples P and E were classified by MEGAN using BLASTN results

against GenBank (NT) using LCA algorithm. Only the 15 most abundant groups are

showed
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Figure S5. Most abundant identified genera in sample P obtained analyzing the

BlastN results in MEGAN 4.0 using LCA algorithm.
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Figure S6. Most abundant identified genera in sample E obtained analyzing
BlastN results in MEGAN 4.0 using LCA algorithm).
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reads ofsamples P and E were classified by MEGAN using BLASTN results against
GenBank (NT) and SILVA SSU. In both analyses the algorithm used was LCA.
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Figure S8. Rarefaction curve calculated by MG-RAST. Data calculated for
metagenomes 4539291.3 (sample E) and 4539290.3 (sample P).
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Figure S10. The figure shows the classification of KS domain (obtained with

pHMM KS modular and pHMM KS iterative, from both samples) by NapDos.
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4 TRABALHO 2: “A NEW PROFILE HMM
APPROACH REVEALS A HIGH
FRACTION OF AEROBIC ANOXYGENIC
PHOTOTROPHIC BACTERIA (AAP) IN
METAGENOME FROM A TROPICAL
OLIGOTROPHIC COASTAL BAY
(ARRAIAL DO CABO - BRAZIL)”

Este trabalho foi desenvolvido durante o estagio realizado no exterior
(doutorado sanduiche) com bolsa do programa “Ciéncia sem Fronteiras”. O
laboratorio onde o trabalho foi realizado fica localizado em Berlim, Alemanha. O
orientador estrangeiro foi o Dr. Hans-Peter Grossart, do Leibniz Institute of
Freshwater Ecology and Inland Fisheries (IGB), e participante do Berlin Center for
Genomics in Biodiversity Research (BeGenDiv). O mesmo serd submetido para a
revista Applied Environmental Microbiology (AEM).

No estudo anterior notamos que a amostra estudada é dominada por
organismos do género Roseobacter e outros grupos taxondmicos proximos.

Este género € conhecido por possuir diversas espécies capazes de realizar
fotossintese anoxigénica, conhecidos como AAPs. Por este motivo, foi desenvolvido
neste trabalho um pipeline para estimar a abundéncia e diversidade de AAPs na
amostra da Praia dos Anjos, através da triagem de genes marcadores, mostrando
uma alta abundancia desse tipo de bactéria neste ambiente, provavelmente
associada ao fendbmeno da ressurgéncia e a abundancia de luz disponivel durante o

verao na regiao.
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ABSTRACT

Aerobic anoxygenic phototrophic bacteria (AAP) play important roles in carbon and energy
cycling in various aquatic systems. Several studies demonstrate the great metabolic versatility
of these bacteria. In oceans, this specific bacterial group is widely distributed, however, the
abundance and importance for aquatic carbon fixation and biomass production is still rather
poorly understood. Therefore, we evaluated the abundance and diversity of AAPs in a
metagenome from a tropical bay (Arraial do Cabo, Brazil) by developing Profile Hiden
Markov Models (pHMM) as a new in silico approach to screen for core genes of anoxygenic
photosynthesis (pufM and pufL), in addition to the chlorophyllide reductase subunit X gene
(bchX). Metagenomes from the Global Ocean Sample Expedition (GOS) were additionally
screened for comparative purposes. In the free-living bacterial fraction (<0.8-0.22 um, sample
P) AAPs were highly abundant in the coastal bay from Arraial do Cabo (~23.88% of total
bacterial cells, whereas in the GOS the abundance was up to ~15%). Ten samples from the
GOS dataset which showed the highest fraction of AAPs and our 2 samples from Arraial do
Cabo were selected for assembly, ORF extraction and phylogenetic analysis of pufM genes.
Interestingly, most selected GOS samples (80%) were originated from sites close to the
equator line. We were able to assign most of the retrieved sequences to specific phylogroups
with a particularly high abundance of phylogroup G (Roseobacter clade) in Arraial do Cabo
samples.
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INTRODUCTION

Aerobic anoxygenic phototrophic bacteria (AAPs) potentially play important roles in carbon
and energy cycling in freshwater and marine systems. They require oxygen and reduced
organic compounds to grow (1), but on the other hand they produce the pigment
bacteriochlorophyll a (Bchla) and use it to generate additional ATP. Many studies have
demonstrated the great metabolic potential of these bacteria, which includes nitrification,
carbon dioxide fixation, carotenoids synthesis and the use of low-molecular-weight organic
carbon as energy source (2, 3, 4). Therefore, they can inhabit a wide variety of different
environments ranging from terrestrial to aquatic systems both marine and freshwater
including extreme environments like Antarctic lakes (5, 6, 7). In oceans, this group is widely
distributed (8, 9), however, their abundance and importance for carbon fixation and energy
cycling is still poorly understood (9, 10).

Many studies were performed in order to estimate AAP abundance and diversity in marine
environments, using many different approaches, e.g. fluorescence detection of Bchla (1, 11,
12, 13), gPCR (14, 15), pyrosequencing (8), and metagenomic approaches (16, 17, 18, 19). In
the study performed by Yutin et al (19), the metagenomes from the Global Ocean Sampling
Expedition (GOS) (20, 21) were screened for AAPs using specific marker genes revealing a
relative AAP abundance of 1% to 10% of total bacteria, which are much lower than the values
reported by Lami et al. (13) from the oligotrophic southern Ocean (~25%). Reported
abundances of AAPs range between <1% up to 25% (7, 13, 14, 22) and despite initial reports
support the hypothesis proposed by Kolber (1) that these organisms would have an advantage
in oligotrophic conditions recent reports suggest that in fact they thrive better in more
eutrophic environments (22, 23). Many environmental characteristics such as association to
particles, temperature, light attenuation, nutrient limitation or vulnerability to predation have
been proposed as factors that influence the abundance of AAP bacteria, but their role is still
not well understood. According to the study by Yutin et al. (19), the AAPs can be classified
into 12 phylogroups (from A to L) through puf-operon synteny analysis and pufM phylogeny.
The primary aim of the current study was to estimate abundance and diversity of AAPs in a
metagenome from an upwelling affected coastal bay in the Southwestern Atlantic Ocean
(Arraial do Cabo, Brazil) (24). We developed a new in silico approach by using Profile Hiden
Markov Models (pHMM) to screen for two core genes of anoxygenic photosynthesis (pufM
and pufL), distinguishing them from the oxygenic photosynthesis genes (psbA — D1 and psbD
- D2) in addition to analyzing the chlorophyllide reductase subunit X gene (bchX). The puf
genes have been used as AAP markers in many studies (8, 18, 19). This approach was used to
screen for AAPs in the Arraial do Cabo metagenomes and were compared to those from the
GOS datasets. Our analysis had the goal to reveal a deeper insight into AAP abundance and
phylogeny in coastal marine waters.
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MATERIALS AND METHODS

Metagenomic datasets and sequence pre-processing

The two samples from Arraial do Cabo (sample P and E) seawater were used in addition to all
82 samples from the GOS dataset. The samples from GOS dataset were collect around the
world in diverse environments, from inside lagoons to open ocean regions (20, 21). Sample P
accounts for free-living bacteria (0.2 to <0.8 um) and sample E to particle-associated bacteria
and Eukaryotes (>0.8 um) collected from an upwelling affected coastal bay as described by
Cuadrat et al. (24). The samples were collect during the summer, on the upwelling season.
Two datasets were generated: (i) All reads were translated into 6 frames using the TRANSEQ
(from EMBOSS 6.1.0 package, default parameters) (25); (ii) The reads from Arraial do Cabo
and from 10 samples from GOS (highest in AAP abundance) were individually assembled
using CAP3 (default parameters) (26) and the Open Read Frames (ORFs) were extracted from
the contigs and singlets using the METAGENMARK (version 2.8, default parameters) (27).

Estimates of AAP abundance in metagenomes by screening for pufM, pufL and bchX
gene frequencies

The sequences from groups of orthologs from marker AAP genes; the homologous from this
genes (oxygenic photosynthesis), and the constitutive gene recA were obtained (both
nucleotide and amino acid sequence in fasta format) from KEGG Orthology (KO): K08929
(pufM), K08928 (pufL), K11333 (bchX), K03553 (recA), K02703 (psbA - D1 protein),
K02706 (psbD - D2 protein), K04037 (bchL), K11334 (bchY), K11335 (bchz), and K04038
(bchN). These groups were aligned with MAFFT (v7.029b) (28) and each alignment was
converted to Stockholm format using a custom PERL script. The program HMMBUILD
(from HMMER 3.0 package) (29) was used to build a pHMM from each alignment and each
pHMM was used to search (using the HMMSEARCH from HMMER 3.0 package, e-value
cutoff 0.1) the metagenomic datasets (translated reads and ORFs). The hits were extracted by
using the FASTACMD program (from BLAST 2.2.21 package (30)) and obtained sequences
were used in HMMSCAN (from HMMER 3.0, e-value cutoff 0.1) and compared against all
pHMM (concatenated and submitted to the HMMPRESS). When using this approach, it is
possible to avoid the false detection of distant homologs (i.e., pufM and psbA — D1), and
classifying the environmental sequences by using the best hits of HMMSCAN.
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The number of “read equivalents” of each environmental ORF (obtained by the screening
with the pHMMSs) was calculated using the approach adapted from that described by Yutin
and colleagues (19) and a script developed in RUBY 1.9.3 and BIORUBY (31).

In order to estimating the frequency of each marker gene, the number of their reads (or “read
equivalents” in ORFs analysis) was normalized to the number of reads of the house keeping
gene recA (coding a critical DNA repair enzyme). This gene represents a single-copy gene in
the genome of all bacteria (similar to the puf genes in the AAP genomes), has the same mean
size as the AAP marker genes and thus can be used to estimate the number of bacterial
genomes present in the analyzed metagenomic samples (19, 32, 33). The percent fraction of
the AAP marker gene was calculated as follows:

Percent fraction of the AAP maker gene = (number of reads from the marker gene / number of
reads of recA) * 100

Additionally, mean and standard deviation of pufM, pufL, and bchX gene abundance were

calculated to estimate AAP numbers in each analyzed sample.

Confirming sequence annotation, calculating its specificity and sensitivity of our

approach

In order to confirm the annotation of the environmental sequences (ORFs) obtained by our
newly developed approach, the program BLASTX (30) and the RefSeq database (release 61)
(from NCBI) were used. The best hits were manually verified and the percentage of false
positives was calculated for each gene. The specificity for each gene was inferred by the mean
of false positives:

Specificity (%) = 100 — mean of percentage from false positives for all marker genes

The sensitivity was estimated running the pipeline against the KEGG Orthology (KO)
reference sequences and calculating the percentage of sequences obtained from each pHMM.

Phylogenetic analysis of pufM genes
The environmental pufM ORFs with more than 700 nucleotides (nt) were extracted and
concatenated with reference sequences (from KO and from NCBI). The software MEGA 5.1

(34) was used to (i) translate the nucleotide sequences to amino acids; (ii) align the amino
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acid sequences using the MUSCLE (35) program (default parameters) and reverse translation
of the alignment to nucleotide; and (iii) calculate the best evolutionary and substitution model
for sequence alignment and subsequent phylogenetic analysis.

The obtained alignment was exported as FASTA format and trimmed by the TRIMAL 1.2
(36) to remove alignment positions with more gaps than nucleotides before conversion of the
final alignment to the NEXUS format.

The program Mr Bayes 3.2 (37) was wused on CIPRES GATEWAY
(http://www.phylo.org/portal2/) (38) together with the Generalized Time-Reversible (GTR)
model and gamma distribution, to generate a phylogenetic tree using Bayesian analysis. A
total of two analyses were carried out with four parallel chains and 10 millions of executions.
Later, the phylogenetic tree and the alignment were imported into the ARB 5.5 (39) program
to generate a local ARB database. Environmental ORFs smaller than 700 nt were added to the
custom database by the quick add tool of ARB and used to construct the phylogenetic tree by
using the parsimony method.

RESULTS

Metagenomic datasets and sequence pre-processing

The total number of sequence reads from Arraial do Cabo was 1,064,888 (595,534 from
sample P [free-living] and 469,354 from sample E [particle-associated]) and from the GOS
(20) dataset is 12,672,518. Table S1 shows the number of reads for each sample from GOS.
By assembling the reads using the CAP3 program, a total of 29,074 contigs and 269,587
singlets from sample P were generated. From sample E, 20,792 contigs and 396,371 singlets
were generated. Using the METAGENMARK program, the total number of ORFs obtained
was 409,111 for sample P and 451,722 for sample E. Table S2 shows the total numbers of

sequences (contigs, singlets and ORFs) obtained from our GOS dataset analysis.

AAP abundance in the metagenomes estimated by the mean of the ratio of pufM, pufL
and bchX gene in relation to the housekeeping recA gene

The screening of the environmental reads revealed a total of 860 and 248 hits obtained from
sample P and E, respectively. Table 1 shows the number of hits obtained for each gene
screened in the Arraial do Cabo samples.
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Table 1: Number of hits obtained for each AAP marker gene and the recA gene in Arraial do

Cabo samples.

Samples pufM  pufL bchX  recA
Sample P 106 117 136 501
Sample E 2 12 15 197

The number of hits obtained in the 82 samples from the GOS dataset is given in table S3.
Additionally, AAP abundance was calculated using the mean of the ratio of each marker gene
(pufM, pufL and bchX) in relation to the housekeeping recA gene. Highest abundance of
AAPs was found in sample P (23.88%z=3.02 of free-living bacteria).

Figure 1 shows the percentage of AAPs in the 10 GOS samples which had the highest AAP %
fraction in addition to our two samples from Arraial do Cabo (Sample P [free-living bacteria]

and E [particle-associated bacteria]).
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Figure 1: Percent fraction of AAPs in 10 samples of the GOS dataset with the highest

AAP frequencies and our two samples from Arraial do Cabo (unassembled samples).
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Sample P - Arraial do Cabo, GS033 - Punta Cormorant, Floreana Island (Hypersaline
Lagoon), GS108b - Coccos Keeling, Inside Lagoon (>0.8 um fraction), GS003 - Browns
Bank, Gulf of Maine, Sample E — Arraial do Cabo (>0.8 pum fraction), GS112 - Indian Ocean,
GS111 - Indian Ocean, GS108a - Coccos Keeling , Inside Lagoon, GS117a - St. Anne Island,
Seychelles, GS034 - North Seamore Island (Galapagos), GS035 - Wolf Island (Galapagos),
GS008 - Newport Harbor, RI.

After sequence assembly and ORF extraction from these 10 GOS samples (and our two
samples from Arraial do Cabo), a total of 195, 155 and 200 putative pufM, pufL and bchX
ORFs were found, respectively. Table 2 gives the number of ORFs for each gene obtained
from the analyzed environmental samples.

Table 2: Number of putative pufM, pufL, bchX and recA ORFs obtained for each analyzed

environmental sample.

Sample pufM  pufL bchX recA
GS111 - Indian Ocean 3 2 5 79
GS008 - Coccos Keeling , Inside 7 5 6 137
Lagoon

GS112 - Indian ocean (454 32 21 15 666
FLX)

GS108b - Coccos Keeling , 6 5 3 42
Inside Lagoon (>0.8 um)

GS035 — Wolf Islands 6 3 8 174
GS003 - Browns Bank, Gulf of 2 5 7 61
Maine

GS108a - Coccos Keeling , 5 2 1 64
Inside Lagoon (>0.1 <0.8 um)

GS117a - St. Anne lIsland, 16 12 9 227
Seychelles

GS033 -Punta Cormorant, 61 51 82 294

Floreana Island (Hypersaline

Lagoon)
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GS034 - North Seamore Island 9 8 6 178

Arraial do Cabo sample P 33 33 39 219
Arraial do Cabo sample E (>0.8 15 8 19 148
um)

Total 195 155 200 2289

The % fraction of AAPs in ORFs was calculated using an approach adapted from a study of
Yutin and colleagues (19), calculating the “read equivalents” of each gene in the detected
ORFs.

Like for unassembled reads, in the ORFs, the highest numbers of AAPs were found in sample
P from Arraial do Cabo (22.03% +-3.6). Figure 2 shows the % fraction of AAPs obtained

from all 12 samples used for our analysis.
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Figure 2: Percent fraction of AAPs in ORFs (calculated from “reads equivalents” of
each ORF) from the selected 10 samples of the GOS dataset and our two samples from
Arraial do Cabo. Sample P (free-living) - Arraial do Cabo, GS033 - Punta Cormorant,
Floreana Island (Hypersaline Lagoon), GS108b - Coccos Keeling , Inside Lagoon (0.8 um
fraction), GS003 - Browns Bank, Gulf of Maine, Sample E (particle-associated) — Arraial do
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Cabo (0.8 um fraction), GS008 - Newport Harbor, RI, GS117a - St. Anne Island, Seychelles,
GS035 - Wolf Island (Galapagos), GS112 - Indian Ocean, GS111 - Indian Ocean, GS108a -
Coccos Keeling , Inside Lagoon, , GS034 - North Seamore Island (Galapagos).

Figure 3 gives the worldwide distribution of the analyzed GOS samples and our two samples

from Arraial do Cabo.
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Figure 3: Worldwide distribution of sample sites of the 10 GOS data set with the highest AAP
% fraction and the samples from Arraial do Cabo.

Sequence annotation, specificity and sensitivity of our analysis approach

In order to confirm the function of the obtained ORFs, all sequences were submitted to
BLASTX and compared to the RefSeq protein database. All hits were manually checked.
From all obtained ORFs with the pufM gene pHMM, only 4 sequences showed a similarity
with other genes and 3 showed no hits on RefSeq database. Sequences with no hit were
submitted to BLASTX and compared to GenBank, whereby 2 of the 3 obtained sequences
showed a similarity to environmental pufM genes. Therefore, a total of 5 sequences (four
similar to different known genes and one without any hit) were classified as possible false
positives (5/195 — 2.56%).

Analyzing all ORFs obtained from pufL gene pHMM, only 1.29 % (2 of 155) of sequences
showed hits with different genes in the database and solely one sequence showed no hit. The
last one was submitted to BLASTX and compared to GenBank and solely revealed a hit with
hypothetical proteins. Thus, a total of three sequences were possible false positive (3/155 —

1.93%) and consequently removed from our phylogenetic analysis.
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From all sequences obtained with bchX pHMM, 17 sequences revealed hits with other genes
and solely two showed no hit with known sequences when using both databases (RefSeq and
NCBI). Thus, in total, 19 possible false positive sequences were found (9.5%).

Finally, the specificity of our approach was calculated by using the mean of the 3 false
positives genes, 4.66%, subtracting it from 100, which then resulted in a mean specificity of
95.34%.

Phylogenetic analysis of pufM genes

In order to classify our environmental pufM sequences, a Bayesian analysis (using Mr Bayes)
was performed using the ORFs from our 10 analyzed GOS samples and our 2 samples from
Arraial do Cabo, in addition to the 38 retrieved reference sequences from KEGG (KO) and

NCBI. Figure 4 shows the phylogenetic tree.
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Fig 4: Phylogenetic tree of pufM genes from all 10 GOS samples, our 2 Arraial do Cabo
samples, and all reference sequences retrieved from NCBI and KEEG (KO). Only
sequences with more than 700 nucleotides were used. The tree was obtained by Bayesian
analysis on Mr Bayes 3.2, using the GTR model and gamma distribution. Two executions
were carried out with four parallel chains and 10 millions of executions. The highlighted

clades refer to the different AAP phylogroups defined by Yutin et al. (19).

From the six environmental sequences obtained from Arraial do Cabo in our calculated tree,
five (83.33%) were assigned to the Roseobacter clade (phylogroup G). The unigue sequence
is affiliated to phylogroup K.

Additionally, all short sequences were added to the Bayesian tree, using the ARB program
(“quick add by parsimony” method) (39), in order to relate them to the retrieved phylotypes.
The resulting tree is given in the supplementary material (figure S1). Figure 5 shows the
relative abundance of each phylogroup in all 12 analyzed metagenome samples.

When adding all short sequences to the tree, solely one sequence from sample P (free-living)
could be classified as phylogroup A (without representative cultivated organism), two
sequences of sample P and one of sample E (particle-associated) were grouped into
phylogroup F (Rhodobacter clade), 22 sequences of sample P and 10 of sample E were
classified as phylogroup G (Roseobacter clade), 4 sequences of sample P and 4 of sample E
were assigned to group H (uncultured), and just 3 sequences of sample P fell into phylogroup

K (gammaproteobacterial clade).
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Figure 5: Relative abundance of each phylogroup retrieved from the different analyzed
metagenomic samples. Number of read equivalents for each obtained ORF was counted and

percentages were calculated by using the classification of the phylogenetic tree of figure S1.

Discussion

Our newly developed pipeline enabled us to rapidly screen a total of 12,672,518 reads from
82 GOS samples and 1,064,888 reads from our 2 Arraial do Cabo metagenomes. The pipeline
was very sensitive and highly specific (95.34% of specificity and 100% of sensitivity), and
proved to run on a simple desktop computer, even for such a large scale study including many
metagenomic samples. The abundance of AAPs was evaluated on unassembled data (raw
reads) allowing to determinate environments with the highest AAP fraction for targeted
assembly selection, ORF extraction and AAP screening (using a similar approach of the
unassembled screening). To our knowledge, this is the first study estimating AAP abundance
on unassembled metagenomic samples, since the study of Yutin et al. (19) was performed for
assembled samples. Moreover, Yutin and colleagues used the cross assembly (20) (contigs
were obtained from all concatenated samples) which significantly increases the likelihood to
generate chimeric sequences (40). Major advantages of using raw reads are (i) preventing the
assembly step for all samples, which is computationally expensive and slow and (ii) avoiding
chimeric sequences obtained by metagenomic assembly (41). However, due to the limitation
of read size assembly, the assemble step is required for both the phylogenetic and puf operon
synteny analyses.

The present study adds to the in depth analysis of the GOS samples (20) to the updated
dataset, introducing an additional of 38 new samples (the initial version used by Yutin
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included 44 samples (19), and the current version contains 82 samples), plus our two samples
from Arraial do Cabo. The main reason to study AAPs in the Arraial do Cabo samples is the
high abundance of the genus Roseobacter (15% of identified genera on sample P (free-living
bacteria) and a number of other known AAP genera (e.g., Jannaschia and Dinoroseobacter)
found in the previous exploratory work performed to characterize these samples (24).

To minimize the chimeric sequence formation, all samples were assembled individually (our 2
samples from Arraial do Cabo and the 10 GOS samples with the highest number of AAP
reads), using the CAP3 program with specific default parameters (26). Results of the AAP
screening of unassembled samples were compared to those of assembled samples, showing a
good consistency between the obtained results. Another advantage of the individual sample
assembly is the possibility of further phylogeographic sequence analysis.

In addition to the 2 samples from Arraial do Cabo, 82 metagenomes from the GOS dataset
were screened (unassembled reads). Interestingly, AAPs were particularly abundant in the
metagenomes (figure 1) from 8 tropical sites (80%) close to the equator (figure 3). These
results can be explained by the fact that all tropical sites are characterized by a high light
availability and water transparency allowing for light harvesting even at greater depth (>100
m) and consequently positive AAP growth throughout an extended part of the water column
compared to other marine sites (42).

By using the raw and assembled reads, sample P (free-living bacteria) from Arraial do Cabo
revealed the highest % fraction of AAPs (up to 23.88% +- 3.02%). This result shows that
Arraial do Cabo can be regarded as a marine environment with one of the highest so far
known AAP abundance worldwide. However, although the GOS and Arraial do Cabo samples
were fractionated, we need calculate the mean of the size-fractionated samples in order to
compare with samples from other studies. Thus, the total abundance of AAPs in the samples
of Arraial do Cabo was 16.07%.

The high AAP abundance in Arraial do Cabo is comparable to the most abundant in the
Waidner et al. study, in turbid waters from estuaries (from 12% to 17% of the community),
(43) and higher than Cottrell and Kirchman study in the temperate and polar Artic Ocean
(from 5% to 8%) (7), and Ritchie et al., in coastal regions of the Pacific Ocean (1.2%, on
average) (44). This fact may be explained by the fact of Arraial do Cabo was being affected
by upwelling (24), once this phenomenon can induce a phytoplankton bloom, and many other
studies showed high correlation between blooms and high abundance of AAPs from
Roseobacter clade (45)(46)

The marine environment with higher AAP fraction described on literature was the very
oligotrophic Southern Pacific Ocean AAPs (24%) (13). However, this number can be
overestimated by the method used in this study (microscope cell count) that does not subtract
picophytoplankton. On the other hand, in this study, we used metagenomic approach,
targeting genes only from anoxygenic photosynthesis.

The sample with the second highest AAP abundance was GS33 (Browns Bank, Gulf of
Maine), an anoxic hyper saline lagoon (63.4 PSU, dissolved oxygen, 0.06 mg I-1) with
15.64% +- 2.36 (20). This sample was discussed separately by Yutin at al. (19), because it is
likely that due to the anoxic environment the detected anoxygenic phototrophic bacteria are
anaerobic photoautotrophs and not AAPs. However, our phylogenetic results (corroborating
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the results from Yutin’s work (19)) reveal many pufM sequences clustering within the
phylogroup G (16.49%% of total read equivalents), suggesting the presence of an active AAP
community also in this environment.

It is important to note that the comparisons between different samples may be biased by
differences in methods used for sampling, filtration, DNA extraction and sequencing. In
addition, the timing of collection should be considered since many aquatic systems are
characterized by seasonal variance in their AAP community (47)(48). Furthermore, Ferrera et
al. (48) showed a high AAP abundance in summer but a low richness compared to the winter
situation, corroborating many previous studies (49)(50)(51). Other studies have revealed
many different environmental variables such as light, nutrient availability, temperature,
vulnerability to predation and Chl a concentration influencing AAP abundance and diversity
(50)(51)(52). However, Ferrera et al. (48) showed a tight correlation between day length and
AAP abundance, corroborating data from AAP culture studies which suggest that light
enhances organic carbon utilization efficiency, energy cycling and hence growth (53)(54).
The sample from Arraial do Cabo was collected in summer around noon when light
irradiation was highest. Thus for future, seasonal studies which aim to better understand the
variation of AAP light availability and the lack of organic carbon may be an important factor
to explain the extraordinary high abundance of AAP in this environment.

Our AAP marker genes were the pufM, pufL and bchX genes, and thus were also used in
many other studies using PCR, gPCR (mainly pufM) (15) or in silico analyses
(16)(17)(18)(19). The pufM environmental sequences obtained in all of our 12 samples (>700
nucleotides) were used together with reference sequences in a Bayesian analysis (figure 4). To
the obtained phylogenetic tree, small sequences were added by the ARB parsimony method
(figure S1). The topology of the resulting tree corroborates previous studies, e.g. that of Yutin
et al, 2007 (19) and of Lehours et al., 2010 (55), and related the reference sequences to
specific phylogroups as expected. Further, these results were confirming by analyzing the
distribution and phylogenetic relatedness of the puf operon, as discussed by Yutin et al. (19).
Our results show the dominance of phylogroup G (Roseobacter clade) in both Arraial do
Cabo samples, with 82.36% (sample P[free-living bacteria]) and 64.05% (sample E [particle-
associated bacteria]) of total AAP in this environment. Our results contrast with the Ferrera et
al. study in the coastal Mediterranean (48), in which alphaproteobacterial groups E, F and G
only outnumbered the gammaproteobacterial groups during winter (when nutrient
concentrations were higher). However, our samples from Arraial do Cabo were collected in
the summer at extremely low nutrient concentrations.

In our samples, Roseobacter clade was the most ubiquitous, present in 11 of 12 of the
analyzed samples, corroborating the results of other studies (56) including the previous GOS
study of Yutin et al. (19). However, in the analyzed GOS samples, we generally detected a
higher abundance of the phylogroup G (Roseobacter clade) in samples from the Indian Ocean
(less the GS111) when comparing with samples from the Eastern Pacific Ocean (Galapagos)
or the Atlantic West Coast (USA).
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AARP life styles and phylogroups

The relative abundance of the free-living AAP (samples P and GS108a) was higher than of
particle-associated bacteria (samples E and GS108b), suggesting that the phylogroup G refers
mainly to a free living lifestyle.

In addition, phylogroup A may also represent mainly the free living lifestyle since this group
is absent samples E and GS108b (>0.8 um). Interestingly, this group is also absent in the
anoxic sample (GS033), suggesting a dependency of this group on oxygen availability.

In contrast, phylogroup H is more abundant in the >0.8 um size fraction (samples E and
GS108b) and the anoxic GS033 sample, but phylogroup E was exclusively found in the
anoxic GS033 sample and at very low abundance in the GS112 sample. The phylogroup F
(Rhodobacter clade) was found in both size fractions of Arraial do Cabo (although with a
higher abundance in sample E), but in the GOS samples it was exclusively present in the
anoxic GS033 sample.

The correlation between AAP abundance of the assigned groups in the anoxic GS033 sample,
but also in the >0.8 um fraction of samples E and GS108b can be explained by the formation
of potentially anoxic microenvironments, e.g. on macroscopic organic aggregates even in an
oxygenated water column. Such aggregates can be normally trapped on the 0.8 um
membranes. The specific AAP groups are abundant in these samples and seem to be well
adapted to harvest light on the organic matter rich particles which also provide an excellent
organic substrate for these photoheterotrophic bacteria (57)(58)(59).

In the study performed by Yutin and colleagues (2007) (19), Rhodoplanes (alfaproteobacteria)
and Rosealetes (betaproteobacteria) genera clustered together. However, in our work, the
Rosealetes clustered with other betaproteobacteria genera: Rubrivivax and Rhodoferax,
separating them well from alfaproteobacteria. In our study, just a single environmental
sequence was affiliated to this clade (GS008_118026).

Alphaproteobacteria of the genus Rhodoplanes clustered together with the phylogroup K
(gamma-proteobacteria). This fact may be explained by possible horizontal gene transfer
(HGT) of the photosynthetic apparatus, as proposed by several previous studies [46] [47]
[48]. Some AAP strains (as Roseobacter litoralis Och 149), however, contain a plasmid with
all genes from the anoxygenic photosynthesis (60)(61) and the presence of phage DNA which
is directly associated with the photosynthesis operons (62)(63) and which may corroborate the
hypothesis of HGT among AAPSs.

Noteworthy, similarly to the study of Yutin et al, (19), no a-4 subclass AAP was detected in
our extensive phylogenetic analysis. This group, normally present in diverse marine
environments (64), forms a separate clade (Erythrobacter, Blastomonas, Sphingomonas and
Porphyrobacter), without any known environmental sequence.
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Conclusions

The present study presents a new approach for the fast screening of anoxygenic
photosynthesis genes and to evaluate abundance and diversity of AAPSs in environmental
samples (raw and/or assembled reads).

Our results obtained from 84 unassembled and 12 assembled metagenome samples reveal that
our newly developed approach leads to consistent results for both types of datasets. When
using the unassembled samples it was possible to even screen large datasets and to select
samples with the highest AAP abundance for further phylogenetic analysis. Free-living
bacteria (sample P) from Arraial do Cabo showed an extremely high AAP abundance, which
was even higher than of any other GOS sample analyzed and similar to another very
oligotrophic marine environment studied by Lami et al. [6].

The environmental pufM ORFs obtained from the assembled samples were subjected to a
phylogenetic analysis which enabled us to classify specific phylogroups of AAPs present in
these environments. Thereby, Roseobacter clade turned out to be the most dominant AAP
group in the Arraial do Cabo environment and the most ubiquitous AAP group of all 12
assembled metagenome samples.

These exciting results encourage us to perform a more intense time series study in the Arraial
do Cabo region in the near future to investigating the dynamics of AAP at different locations
and seasons and to better understand the ecological role of these unique bacteria for
biogeochemical and energy cycling in such environments.
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5 DISCUSSAO

O presente trabalho mostra a exploracdo da diversidade taxonOmica e
metabolica de uma amostra fracionada do ambiente costeiro marinho de Arraial do
Cabo, no Estado do Rio de Janeiro (Praia dos Anjos). Esta regido vem sendo
estudada por nosso grupo, primeiro, através de amplificacdo e sequenciamento de
genes de RNAr (Cury et al., 2011) e agora através de pirosequenciamento do DNA
total ambiental (whole shotgun).

No estudo realizado por Cury e colaboradores, o ambiente costeiro da Praia
dos Anjos (afetada por atividades antropogénicas e despejo de esgoto ocasional) foi
comparado com uma regidao de mar aberto, afetada diretamente pelo fenémeno da
ressurgéncia, mostrando a diversidade microbiana dos dois ambientes.

Neste estudo, os parametros fisico-quimicos da amostra foram medidos no
local, e a baixa concentracdo de ambnia mostrou que o ambiente costeiro nao
estava sobre impacto direto de despejo de esgoto no momento da coleta, uma vez
gue o estudo de Coelho-Souza e colaboradores (Coelho-Souza et al.,, 2013) na
regido demonstrou que, quando havia despejo visivel na Praia dos Anjos, a
concentracdo de amoénia era acima de 2 pM. A baixa concentracdo de amoénia
(abaixo do limite detectavel) indica ainda, a possibilidade de o ambiente estar sendo
afetado pelo fenbmeno da ressurgéncia, provavelmente tendo sido coletada apés o
bloom do fitoplanctén, que utiliza aménia em seu metabolismo, causando deplecéo
deste nutriente durante o bloom. A presenca de nitrato em concentracdo de 15,51
UM, similar a encontrada por Cury e colaboradores em amostra afetada pela
ressurgéncia, também corrobora a hipotese de que a amostra analizada neste
estudo estava sendo afetada pelo fenbmeno.

Adicionalmente, Albuquerque e colaboradores (2014) demonstraram que em
Janeiro de 2012, més em que a amostra do presente estudo foi coletada, ocorreu a
subida de &guas frias para a zona eufética, corroborando a hip6tese de ressurgéncia
na ocasiao.

A amostra foi fracionada durante a filtragem, com objetivo de separar
Eucariotos de Procariotos, e para tal foram utilizados dois tipos de membrana
filtrante, a primeira, de poros com 0,8 um de diametro, sendo a amostra nomeada a
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partir desse momento como amostra E, e a segunda com poros de 0,22 um, sendo
nomeada amostra P. Este procedimento foi adotado com o objetivo de enriquecer a
amostra P, deixando o minimo de eucariotos na amostra, para realizacdo de estudos
futuros envolvendo clonagem do DNA da mesma em vetores grandes (fosmideos),
triagens funcionais em busca de novos genes e expressao heteréloga dos mesmos.
Separando a comunidade de eucariotos desta amostra, torna-se mais provavel de se
obter a clonagem e principalmente a expressao de genes de interesse, visto que
genes de eucariotos sdo mais dificilmente expressos, envolvendo uma série de
fatores de transcricdo que podem estar fisicamente distantes dos genes regulados,
impedindo assim a expressao dos mesmos em hospedeiros procarioticos (Agnan et
al., 1997).

O sequenciamento das amostras foi realizado separadamente, cada um
ocupando metade de uma placa de sequenciamento, gerando um total de 1.064.888
sequencias (reads). O tamanho médio das sequéncias foi de 588 e 595 pares de
base (pb), na amostra P e E, respectivamente. Este resultado € compativel com o
tamanho de reads gerados pelo método de sequenciamento Sanger, porém com um
custo muito inferior e uma vazdo muito maior. Este resultado foi possivel gracas a
nova quimica utilizada pela ROCHE no sequenciador 454 (FLX+), sendo vantajoso
para estudos de metagendémica, pois permite a anotacdo dos reads por similaridade
sem montagem prévia, evitando risco de formacBes de sequencias quiméricas
(Wommack et al., 2008). A maior parte dos metagenomas até hoje foi sequenciada
utilizando a quimica antiga do 454, ou as novas geracoes de lllumina (My-Seq ou Hi-
Seq), com reads em torno de 300 pares de base. O maior tamanho de read obtido
pode ser um dos fatores que explicam um maior percentual de sequéncias anotadas
por similaridade no MG-RAST (91.7% na amostra P) do que em outros estudos de
metagendmica, como o de Trindade-Silva e colaboradores (2012). Porém, vale
ressaltar que o sequenciamento por lllumina de nova geracao possui a vantagem de
ter menor custo e mais alta vazao em relacao ao 454.

As sequéncias obtidas das duas amostras foram submetidas a anélise local
de similaridade com o programa BLASTN do pacote BLAST, usando como
referéncia o banco de sequéncias nucleotidicas GenBank (NT) do NCBI. A escolha
do algoritmo de comparacdo de sequencias de nucleotideos (BLASTN) em vez de

proteinas (BLASTP) se deve ao fato de que para analises taxonbmicas, as
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sequéncias nucleicas sdo mais informativas, por serem menos conservadas que as
sequéncias proteicas. Adicionalmente, as sequéncias foram submetidas para analise
na versao web do MG-RAST, que revelou valores de alpha-diversidade para
amostra P (240,06) e amostra E (464,02). A possivel explicacdo para a maior
diversidade na amostra E reside no fato de que esta amostra sofreu menor selecao
de tamanho de células (maior que 0,8 um) do que a amostra P (entre 0,22 e 0,8
pm).

Os resultados do BLAST foram carregados no programa MEGAN, e
analisados através de seu algoritmo de Ultimo Ancestral em Comum (LCA). Foi
possivel observar a amostra P com o minimo de eucariotos e ampla dominancia de
procariotos (até 96,37% do total de 159.962 reads anotados), porém como
esperado, uma grande quantidade de procariotos (82,22% de 59.483 reads
anotados) ficou também retida na membrana da amostra E. Este fato pode ser
explicado pelas inUmeras simbioses encontradas entre cianobactérias e algas por
exemplo, pela possivel formacdo de colbnias entre as bactérias, a associagdo com
particulas organicas e ainda pela possibilidade de células eucaribticas bloquearem
0s poros antes da passagem das células bacterianas, que sdo menores, retendo
parte delas na membrana. Porém, uma ampla parte do total de sequencias geradas
na amostra E néo foi anotada, e isso pode se dever ao fato de que existem muito
mais sequéncias de procariotos do que eucariotos no banco de sequencias utilizado
(GenBank), que na versao atual possui ~8.5 bilhées de pb de Bacteria e ~2.5 bilhdes
de pb de Eucariotos (Dennis et al., 2013).

Neste estudo, discutimos os resultados obtidos com o0s previamente
publicados por Cury e colaboradores (2011), porém, deve-se ressaltar que existem
viéses, como a metodologia de filtragem deste estudo que foi diferente da realizada
previamente, onde a amostra de agua foi filtrada diretamente em membranas de
0,22 um, além do viés da técnica de amplificacdo (PCR) utilizada por Cury no estudo

anterior.

Diversidade de Bactérias

Nas duas amostras as proteobactérias representam o filo bacteriano mais

abundante (cerca de 90% na amostra P e 50% na amostra E), como esperado em
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ambientes marinhos. Porém, a abundancia relativa na amostra P & muito mais alta
gue o normalmente encontrada em ambientes similares. No estudo realizado por
Cury, na amostra obtida no mesmo local, o percentual de proteobactérias foi de
aproximadamente 45%, comparavel a amostra E do estudo atual, mas apenas
metade do estimado na amostra P. Num estudo conduzido por Trindade-Silva e
colaboradores, na praia Jodo-Fernandinho, em Buzios, também na regido dos lagos,
proximo a Arraial do Cabo, a abundancia de Proteobactérias foi também de
aproximadamente 50% (Trindade-Silva et al., 2012).

Dentre as classes de proteobactéria, a dominante € a Alfa-proteobactéria,
seguida pela classe das Gamma-proteobactérias que, ao contrario do resultado
obtido por Cury e colaboradores (onde a abundancia foi abaixo de 1%), apresentou
mais de 40% na amostra P e cerca de 25% na amostra E. No estudo realizado por
Trindade-Silva em Buzios, o perfil de abundancia das classes de proteobactéria é
similar ao encontrado no presente estudo, com cerca de 35% de alfa-proteobactérias
e aproximadamente 15% de gamma-proteobactérias.

O segundo filo bacteriano mais abundante foi Bacteroidetes, sendo 0 mesmo
mais abundante na amostra E (cerca de 25% contra 5% na amostra P). Membros
deste filo estdo presentes em diferentes nichos ecoldgicos, incluindo solo, dgua do
mar, agua doce e trato gastrointestinal de animais, em geral exercendo diversas
funcdes biologicas, incluindo degradacédo de matéria organica, o que pode explicar a
maior abundancia na amostra E (Francois et al., 2011). No estudo realizado
previamente em Arraial do Cabo, este filo € o terceiro mais abundante (atras do filo
das Cianobactérias), com aproximadamente 18%. Em Buzios, esta abundéancia foi
ainda mais baixa, cerca de 10%, porém, mesmo assim ocupando a segunda posi¢ao
em abundancia.

A classe mais abundante de Bacteroidetes, nas duas amostras, foi a classe
das Flavobacterias, com mais de 90% do total de Bacteroidetes. Este resultado
corrobora o obtido por Cury, onde a classe Flavobacteria também foi a mais
abundante deste filo.

O filo das cianobactérias aparece em terceiro lugar na abundancia relativa,
porém, esta concentrado na amostra E, com aproximadamente 17% (na amostra P,
cerca de 1%). O fato de as cianobactérias terem sido retidas praticamente em sua

totalidade na membrana de 0,8 um pode se dever ao fato de que suas células
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podem ter até 3 um, além delas serem muito encontradas em relacdes de simbiose
com algas (Morel et al., 1993; Yew et al., 2005). Quase a totalidade das sequencias
de cianobactéria foram classificadas na classe Cyanophyceae, ordem
Chroococcales. Podemos ressaltar que, ao contrario da maior parte dos ambientes
marinhos oligotréficos, onde o género de Cianobactéria mais abundante costuma ser
Prochlorococcus (Partensky et al., 1999), neste estudo os géneros mais abundantes
foram Synechococcus (49.82%) e Synechocystis (35.95%), enquanto apenas
poucos reads (40 na amostra P e 53 na amostra E) foram classificados como
Prochlorococcus. Este resultado corrobora os resultados das analises fisico-
quimicas, indicando também que possivelmente a amostra coletada estava sob
impacto do fenbmeno da ressurgénica, pois em diversos estudos, nas regides sob
impacto deste fendmeno, o género Synechococcus foi dectectado em mais alta
abundancia do que Prochlorococcus (Preston et al., 2011).

Um total de 1.114 reads (13,12%) foi classificado como Synechococcus
CC9311. Esta estirpe foi inicialmente isolada da Corrente da Califérnia (Brian et al.,
2006), e desde entdo diversas estirpes relacionadas foram encontradas em
ambientes costeiros. Um estudo de genbmica comparativa mostrou que a estirpe
CC9311 possui diversas adaptagbes, como enzimas do metabolismo de metais e
aparatos de captacédo de luz diferentes dos presentes em mar aberto, sugerindo
fortemente uma adaptacdo desta estirpe a ambientes costeiros (Waterburyet al.,
1989; Palenik et al., 2001).

Comparando todas as ordens bacterianas encontradas, podemos notar que a
mais abundante na amostra P sdo as Rhodobacterales (Alphaproteobacteria), com
42,23%, seguido da ordem Alteromonadales (Gammaproteobacteria) com 17,47%.
Por outro lado, na amostra E, nota-se um equilibrio entre a ordem mais abundante,
as Flavobacteriales (Bacteroidetes) com 25,45% e as Rhodobacterales
(Alphaproteobacteria) com 25,03%. A alta abundéancia da ordem Rhodobacterales
corrobora o0 estudo baseado em amplificacdo de genes de RNAr previamente
realizado por Cury e colaboradores (Cury et al., 2011) no mesmo ambiente.

Porém, neste estudo foi possivel classificar as sequéncias em um nivel
taxondmico mais profundo do que o estudo de Cury (Cury et al., 2011), devido a
limitacdo da técnica de amplificacdo de um trecho do gene codificador do RNAr da

menor subunidade ribossomal (16S/18S) utilizado no estudo prévio. Através da
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técnica de sequenciamento total sem amplificacéo, foi possivel notar que as familias
mais abundantes na amostra P foram Rhodobacteraceae (43,58%) e
Alteromonadaceae (8,89%), enquanto na amostra E foram Flavobacteriaceae
(25,20%) e Rhodobacteraceae (25,01%) (Fig. 7, trabalho 1).

A familia Rhodobacteraceae pertence a classe das Alfaproteobactérias e
possui diversas espécies quimiotroficas e fototroficas (bactérias fotossintetizantes
anoxigénicas) (Swingleyet al.,2007). Ja a familia das Alteromonadaceae pertence a
classe das gammaproteobactérias (lvanova et al., 2001; Ivanova et al., 2004) e a
maioria dos seus géneros habita ambientes marinhos (Kwak et al., 2012). Dentre os
membros desta familia, podemos citar a estirpe Alteromonadaceae sp. G7, que
recentemente teve seu genoma sequenciado (Kwak et al., 2012). Esta bactéria foi
isolada de um ambiente costeiro, em um estudo direcionado a detectar organismos
degradadores de agar. Outro membro da familia com interesse biotecnoldgico € o
Saccharophagus degradans, que é capaz de degradar pelo menos 10 tipos de
polissacarideos complexos, como celulose, quitina, beta-glucana, laminarina,
peptina, pululano, amido e xilana (Ekborget al., 2006).

A familia Flavobacteriaceae constitui 0 maior grupo de Bacteroidetes. Muitas
espécies desta familia habitam ambientes marinhos, contribuindo de maneira
importante para a mineralizacdo de matéria organica nesses ecossistemas (Cottrel
et al., 2000; Zhang et al., 2012). Talvez este fato explique o porqué destas bactérias
estarem em maior abundancia na membrana de 0,8 um (amostra E), pois estariam

associadas a particulas de matéria organica.

Diversidade de Eucariotos

Os grupos mais abundantes de eucariotos encontrados foram Viridiplantae e
Stramenopiles, nas amostras P e E, respectivamente. Porém, analisando apenas 0s
resultados das sequéncias de genes de RNAr 18S, o grupo mais abundante nas
duas amostras foi Metazoa. Este resultado corrobora o resultado de Cury e
colaboradores (2011) e é diferente do obtido com a analise do total de sequéncias,
podendo indicar um viés quando se analisa apenas sequencias de RNAr 18S.
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O grupo mais abundante de Viriplantae, nas duas amostras, é o das algas
verdes da divisdo Chorophyta (mais de 85% dos reads de Viriplantae), sendo os
principais géneros encontrados, os do picofitoplancton, Micromonas e Ostreococcus.

Do grupo Stramenopiles, o filo mais abundante é o Bacillariophyta
(diatomaceas). Estes organismos sdo o0s membros mais importantes do
picofitoplancton, e estdo entre os mais diversificados grupos de eucariotos
fotossintetizantes, com possivelmente mais de 100 mil espécies, contribuindo com
cerca de 40% da producdo primaria marinha (Nelson et al., 1995; Maumus et al.,
2009).

Juntos, 0s organismos que constituem o picofitoplancton possuem grande
importancia na producé@o priméaria em ambientes oligotréficos (responsaveis por até

80% da biomassa autotrdfica) (Worden et al., 2004; Piganeauet al., 2007).

Diversidade de Arquéias

Nas duas amostras, a abundancia de Archaea foi muito baixa, entre 0,04%
(amostra P) e 0,10% (amostra E) (Figuras 1 e 2 do trabalho 1). Esta baixa
abundancia contrasta com ambientes similares, onde a mesma pode variar de 1,1%
(Buzios, Praia Jodo Fernandinho) (Trindade-Silva et al., 2012) a 2,9% (Costa da llha
Galapagos) (Rusch et al., 2007).

Géneros mais abundantes

Os géneros mais abundantes foram Ruegeria e Roseobacter (amostra P) e
Synechococcus e Lacinutrix (amostra E). Os 2 géneros mais abundantes na amostra
P pertencem a familia Rhodobacteraceae (alpha-proteobacteria), ja discutida
anteriormente, sendo Roseobacter um género de bactérias fotossintetizantes
anoxigénicas aerébias (AAP) (Yurkov et al.,, 1998). Estas bactérias sdo muito
abundantes em ambientes marinhos, podendo chegar a 20% do bacterioplancton em
ambientes costeiros ou 15% em ambientes de mar aberto [60]. Elas parecem

participar de maneira significativa no ciclo do enxofre e alguns isolados deste grupo
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foram os primeiros organismos a apresentarem simultaneamente duas vias para
degradacdo de um composto organosulfurado, produzido no metabolismo
secundério de alguns organismos do fitoplancton, chamado dimetilsulfoniopropinato
(DMSP) (Gonzélezet al., 1999; Vila-Costa et al., 2006).

Ja 0 género Ruegeria ndo é capaz de realizar fotossintese anoxigénica,
apesar de ser filogeneticamente muito proximo as Roseobacter, mas também atua
no ciclo do enxofre e algumas estirpes possuem também a capacidade de degradar
DMSP. Este género necessita de NaCl para seu crescimento, habitando portanto
apenas ambientes salinos (Uchino et al., 1998; Reisch et al., 2013). A alta
abundancia destes géneros foi determinante para que o segundo trabalho desta tese
fosse realizado, com intuito de investigar mais a fundo a diversidade e abundancia
dos géneros de AAPs no ambiente estudado.

Ao contrario do esperado, 0os géneros mais abundantes na amostra E (entre
as sequéncias anotadas) nao foram de eucariotos, e sim de bactérias. O género
Synechococcus (Cianobactéria) ja discutido anteriormente, foi o mais abundante,
sendo o0 seguido por um género da familia Flavobacteriaceae (Lacinutrix). Assim
como muitas das Cianobactérias, as bactérias do género Lacinutrix vivem muitas
vezes em simbiose com eucariotos, como algas e copépodes (Nedashkovskaya et
al., 2008), o que pode explicar a retencao delas na membrana de 0,8 pm.

Vale ressaltar ainda a abundéancia do género Pelagibacter (6% na amostra P
e 5% na amostra E). Este género pertence ao clado SAR11, distribuido
cosmopolitamente nos oceanos e muitas vezes dominante no bacterioplancton da
superficie marinha (Rappéet al., 2002; Morriset al., 2002). Porém, na maioria dos
ambientes oligotroficos, a abundancia encontrada € maior do que 10%, acima da

encontrada neste estudo (Trindade-Silva et al., 2012; Allen et al., 2012).

Analises funcionais no MG-RAST

As sequéncias das duas amostras foram anotadas funcionalmente e
categorizadas utilizando o pipeline do MG-RAST. A classificacdo funcional
categorizada pelo SEED foi muito similar (ao nivel mais alto) para as duas amostras,
sendo a principal diferenga nas categorias “Phages, Prophages, Transposable
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elements and Plasmids” e “Photosynthesis”, onde a abundancia foi maior na
amostra E. Esta maior abundancia da categoria fotossintese pode ser explicada pela
presenca de cianobactérias e também algas na amostra E (praticamente ausentes
na amostra P).

Da mesma forma, na classificacdo funcional categorizada do KEEG (KO), as
amostras foram muito parecidas (ao nivel mais alto). As principais diferencas foram
na categoria “Metabolism and Environmental Information Processing”, mais
abundante na amostra P e “Genetic Information Processing, Cellular Processes,
Human Diseases and Organismal Systems” que, como esperado, foi mais
abundante na amostra E. A possivel explicacao para este fato reside no fato de que
a maquinaria celular e de processamento de informacdo genética € mais complexa
em eucariotos, e portanto esta categoria esta em maior abundancia na amostra de

maior riqueza em eucariotos.

Montagem das sequéncias ambientais (reads) e anotacao das janelas abetas de leitura
(ORFs)

A montagem de sequéncias ambientais é um problema complexo e muitos
algoritmos foram propostos para este fim (Kultima et al., 2012; Peer et al., 2013). Os
principais problemas da montagem séo o fato de que em geral o sequenciamento de
metagenomas possui baixa cobertura (muitos genomas para cobrir) e ainda, a
possibilidade de montagem de sequéncias quiméricas (montagem inter-genémica).
Optamos por utilizar o CAP3 com os parametros padréo, que sao estringentes, para
tentar contornar o problema da formacéo de quimeras, porém, o problema da baixa
cobertura sO poderia ser contornado com um maior esforco de sequenciamento.
Foram obtidos um total de 29.074 contigs e 269.587 singlets (reads ndo montados)
na amostra P. Na amostra E, foram obtidos 20.792 contigs e 396.371 singlets. O
maior numero de sequéncias ndo montadas na amostra E pode estar relacionado ao
fato de esta amostra apresentar maior diversidade do que a amostra P, além da
maior complexidade de genomas eucarioticos do que procaridticos, mais presentes
na amostra E.

Utilizando o programa METAGENEMARK (Zhu et al., 2010), foi possivel

extrair um total de 409.111 janelas abertas de leitura (ORFs) na amostra P e
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451.722 na amostra E. Este alto numero de ORFs encontrado (muito maior do que o
namero de contigs formados) sugere que o programa foi capaz de identificar muitas
ORFs mesmo nas sequéncias ndo montadas (reads), podendo ser utilizado em

metagenomas ndo montados.

Triagem de genes com interesse biotecnoldgico: Policetideo Sintases (PKS) e Peptideo Nao-
Ribossomal Sintases (NRPS)

Diversos estudos foram conduzidos com objetivo de triar novos genes das
familias PKS e NRPS em micro-organismos nédo cultivaveis. A maioria destes
estudos se focam em amplificacdo de dominios conservados por PCR (Trindade-
Silva et al., 2013; Kennedy et al., 2008), e geralmente visam microbiota de solo ou
de invertebrados marinhos.

Entretanto, apesar do crescimento exponencial dos bancos de dados de
metagenomémas sequenciados por NGS, poucos estudos foram conduzidos
visando a triagem de genes do metabolismo secundario nestes metagenomas
sequenciados. O principal estudo deste tipo foi conduzido por Foerstener e
colaboradores (2008), em que foram triados 6 metagenomas utilizando abordagem
de Modelos Ocultos de Markov (pHMM). Porém, nenhum destes estudos foi
conduzido em ambientes afetados por ressurgéncia.

Devido a grande abundancia de organismos do clado Roseobacter e do filo
das cianobactérias nas amostras estudadas, que ja foram previamente descritos
como micro-organismos com alto potencial de fornecer novos compostos do
metabolismo secundario, uma abordagem utilizando perfis HMM foi utilizada néo
apenas para busca de genes de PKS (como conduzido por Foerstener e
colaboradores), mas também na busca de genes da familia NRPS.

Foram utilizados 2 pHMMs dos dominios KS de PKS tipo | (um construido
com as sequéncias de KSs iterativas e outro com as KSs modulares). O programa
HMMER 3.0 foi utilizado para buscar esses perfis nos metagenomas, e as
sequéncias obtidas foram submetidas ao sistema NapDos (Ziemert et al., 2012) para
classificagcdo dos dominios e posterior analise filogenética. O programa HMMER 3.0
foi escolhido por utilizar a abordagem pHMM, mais sensivel que as abordagens por

similaridade (como o BLAST), além de ser menos oneroso computacionalmente para
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ser utilizado em grande volume de dados (Eddy, 2011). J& o sistema NapDos foi
escolhido pois se mostrou mais eficiente na analise de sequéncias obtidas em
genomas incompletos ou metagenomas, onde muitas vezes sO é possivel obter
sequéncias incompletas (Ziemertet al., 2012).

A partir do pHHM de KS modular, foram obtidas 28 sequéncias na amostra P
e 37 na amostra E. A fungao destas sequéncias foi verificada por similaridade. Como
resultado, foi confirmada a anotacdo de 78,58% (amostra P) e 91,9% (amostra E)
destas sequéncias.

Utilizando o pHMM de KS iterativa, foram obtidas 21 sequéncias na amostra P
e 16 na amostra E. Foi possivel confirmar a funcdo de 76,20% das sequéncias da
amostra P e 75% da amostra E.

Este resultado mostra o pHMM de KS modular com maior especificidade
(menos falsos positivos) do que o pHMM de KS iterativa.

O total de sequéncias obtidas com os 2 pHMMs e anotadas como dominio KS
de PKS foi de 84 (82,35% das 102 obtidas inicialmente). As demais sequéncias
foram consideradas falsos positivos (17,65%), e isto pode se dever ao fato de a
abordagem de pHMMs ser muito sensivel, e detectar inicialmente sequéncias
homologas as PKSs, como por exemplo, Acido Graxo Sintases (FAS) (Fisch, 2013).

As vantagens do uso de pHMMs para triagem de PKSs em metagenomas e
0s possiveis falsos positivos obtidos ja foram discutidas anteriormente por Foerstner
e colaboradores (Foerstner et al., 2008) e corroboram os resultados obtidos neste
estudo.

A abundancia relativa de dominios KS no metagenoma de Arraial do Cabo foi
de 0,0092% (38 em 409.111 ORFs) na amostra P e 0,0101% (46 em 451.722 ORFS)
na amostra E. No estudo de Foerstner e colaboradores (2008), a maior abundancia
obtida dentre os metagenomas triados foi na amostra de solo de uma fazenda de
Minnesota (Tringe et al., 2005), onde foram encontradas 52 sequéncias de KS tipo |
em 183.536 ORFs (0,0283%), apenas 2,8 vezes maior que a abundancia em Arraial
do Cabo. Além disso, no mesmo estudo conduzido por Foerstner e colaboradores
(2008), o metagenéma do Mar de Sargasso também foi triado em busca de PKS tipo
I. Neste ambiente oligotrofico, foram encontradas 69 sequeéncias de KS tipo | em
1.214.207 ORFs (0,0056% do total), possuindo uma abundéancia relativa menor do
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gue a encontrada em nossa amostra P (que foi filtrada de maneira similar a do Mar
de Sargasso, que abrange organismos de 0,8 a 0,1 um).

Este resultado mostra o potencial do ambiente estudado neste trabalho, pois
sabemos que em solo a diversidade e riqueza de espécies € maior do que em
ambientes marinhos, existindo portanto em solos uma espécie de “corrida
armamentista” entre 0s organismos, com uma ampla producdo de metabdlitos
secundarios (Handelsman et al., 1998).

De forma inesperada, das sequéncias obtidas com o pHMM de KS iterativa,
apenas poucas sequéncias de fato iterativas foram obtidas (apenas sequéncias
classificadas como “Enediyne”).

Foi obtida uma alta abundancia de KS modular (incluindo as de PKS hibridas)
com os dois pHMMs, o que pode ser explicado pelo fato de que em PKSs
modulares existem multiplas cépias de cada dominio, enquanto nas iterativas,
apenas uma (Jenke-Kodama et al., 2005).

Posteriormente, uma andlise filogenética foi realizada no NapDos, com
objetivo de classificar de maneira mais precisa as sequEncias de dominio KS.

A topologia da arvore obtida corrobora diversos estudos filogenéticos
anteriores (Shulse et al., 2011; Ziemert et al., 2012). Foi possivel separar as
sequéncias de: (i) FAS (fab) homologas as PKSs, (ii) KS tipo Il, (ii) PUFA (&cido
graxo poliinsaturado), (iv) Trans-AT , (v) lterativa, (vi) Hibrida PKS-NRPS, (vii) KS1
(sequéncias presentes nos moédulos iniciadores da sintese de PKS) e (viii) Modular.
Os resultados desta arvore confirmam a dominancia de sequéncias modulares de
PKS nas duas amostras (Cis, Trans e Hibridas).

Para triar genes NRPS no metagenoma de Arraial do Cabo, foi utilizado um
pHMM do dominio C. Foi possivel obter um total de 50 sequéncias (14 da amostra P
e 36 da amostra E). Através das analises de similaridade com BlastP contra o
RefSeq e da classificacdo pelo NapDos, foi possivel confirmar a anotacdo de
92,83% (amostra P) e 91,67% (amostra E) das sequéncias obtidas, totalizando 46
sequéncias de dominio C de NRPS. Este resultado mostrou uma alta especificidade
do pHMM de dominio C, maior do que os pHMMs de dominio KS de PKS.

Da mesma forma que para os dominios KS de PKS, os dominios C obtidos

foram submetidos a analise filogenética (apenas sequéncias maiores que 200
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aminoacidos). A topologia obtida corrobora estudos anteriores (Ziemert et al., 2012)

e a maioria das sequéncias foram classificadas como do tipo LCL e Epimerizagao.

Estimativa da abundéancia e diversidade de AAPs

No primeiro trabalho desta tese, foi possivel detectar uma alta abundéancia do
género Roseobacter e outros géneros proximos a este filogenéticamente.

Muitas espécies deste clado filogenético sdo conhecidas pela capacidade de
realizar fotossintese anoxigénica em ambiente aerobico, sendo assim classificadas
como AAPs (Swingleyet al., 2007). Por este motivo, para confirmar a alta
abundéncia de AAPs na amostra estudada, no segundo trabalho desta tese, foi
desenvolvido um pipeline para estimar a abundancia e estudar a diversidade de
bactérias fotossintetizantes anoxigénicas anaerobias (AAPs), através da triagem de
genes marcadores pufM, pufL e bchX utilizando pHMMs dos mesmos. Estes genes
sao exclusivos de espécies AAPs, diferenciando assim, por exemplo, de espécies de
Roseobacter exclusivamente heterotroéficas.

Com o pipeline desenvolvido (em linguagem RUBY), foi possivel triar um total
de 12.672.518 reads de 82 metagenomas do GOS, além de 1.064.888 reads das
duas amostras de Arraial do Cabo, utilizando um computador pessoal (PC) com
recursos limitados.

A abordagem utilizada se mostrou sensivel e especifica (95,34% de
especificidade e 100% de sensibilidade), mostrando-se eficaz e possivel de se
executar em um computador pessoal com poucos recursos, mesmo para estudos de
larga escala.

Até o momento da escrita deste trabalho, este € o primeiro estudo a triar
AAPs ndo apenas em metagenomas montados, como em ndo montados, uma vez
que o estudo prévio realizado por Yutin e colaboradores (2007) foi realizado nos
metagenomas montados da primeira verao do GOS.

Além disso, no estudo de Yutin e colaboradores (2007) os metagenomas
foram concatenados e montados juntos, aumentando a chance de formacéo de
sequencias quiméricas (Clark et al., 2012). As vantagens de se triar metagenomas

ndo montados (reads) sdo: (i) evitar a montagem, que € lenta e custosa
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computacionalmente, principalmente em metagenomas grandes e complexos; (i)
evitar a formacéo de sequéncias quiméricas.

Porém, por causa da limitacdo de tamanho de reads obtidos, € necessario
montar os metagenomas para estudos de filogenia ou de sintenia dos operons puf.

Os resultados de abundancia obtidos nos metagenomas ndo montados foram
consistentes com os obtidos nos montados, mostrando a viabilidade da utilizag&do em
dados brutos.

Analisando os 10 metagenomas que mostraram maior abundancia de AAPSs,
podemos observar que 8 (80%) sdo geograficamente proximos da linha do Equador,
0 que € esperado, pela maior incidéncia de luz nestes locais (favorecendo o
crescimento destes organismos fotossintetizantes).

Tanto nos resultados obtidos nos reads ndo montados, quanto nos montados,
0 metagenoma de maior abundéancia de AAPs foi o de Arraial do Cabo (cerca de
23,88% das células existentes no ambiente). Este resultado mostra o ambiente
estudado nesta tese como um dos com maior abundancia de AAP ja descritos,
similar ao ambiente muito oligotréfico do pacifico sul descrito por Lami e
colaboradores (2007), com aproximadamente 24% de abundancia.

A abundéancia de AAP neste ambiente € incomum e superior a encontrada em
diversos ambientes (utilizando diferentes técnicas), como no trabalho de Waidner e
colaboradores (2007) em estuarios (de 12% a 17% de abundancia), no Oceano
Artico (de 5% a 8% de abundancia) (Cottrell & Kirchman, 2009) e em regibes
costeiras do pacifico sul (em média 1,2% de abundéancia) (Ritchie et al., 2012).

O segundo ambiente mais abundante encontrado foi o GS33 (Browns Bank,
Gulf of Maine), que é uma laguna hipersalina anoxica (63.4 PSU, oxigénio
dissolvido: 0,06 mg ') com abundancia de AAPs em cerca de 15,64%. Este
ambiente também se mostrou o mais abundante em bactérias fotossintetizantes
anoxigénicas no estudo de Yutin e colaboradores (2007), porém foi discutido
separadamente dos outros ambientes, por ser andxico e, portanto, possuir bactérias
anaerobias fotossintetizantes anoxigénicas. Entretanto, nos estudos filogenéticos
conduzidos por Yutin e colaboradores (2007) e também no presente estudo, a
comunidade deste ambiente se mostrou mista, com bactérias do filogrupo G
(aerobias) estando presentes entre as mesmas (16,48% dos “reads equivalentes”
nas ORFs).
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E importante ressaltar que as comparagdes entre amostras podem apresentar
vieses pelas diferencas entre métodos de filtragem, extracdo de DNA e
sequenciamento. Além do mais, estudos ja demostraram a sazonalidade da
comunidade de AAP em alguns ambientes, mostrando que, como esperado, no
verdo a comunidade tende a estar em mais alta abundancia do que no inverno
(Cottrell & Kirchman, 2009; Ferrera et al.,, 2013). Alguns estudos tem também
demostrado que outras variaveis ambientais parecem influenciar na abundancia e
diversidade de AAPs, como a quantidade de luz disponivel, concentracdo de
nutrientes, temperatura e concentracdo de Clorofila A (Masin et al., 2006; Zhang &
Jiao, 2007; Lamy et al., 2011). Entretanto, Ferrera e colaboradores (2013)
demostraram que a maior correlacdo é entre a quantidade de luz e a abundéancia de
AAPs, sendo mais importante até mesmo do que a concentracdo de nutrientes,
corroborando resultados obtidos em experimentos de cultura de AAPs, onde se
mostrou que a luz é capaz de aumentar a eficiéncia na assimilagdo de carbono e do
crescimento destas bactérias (Hauruseu & Koblizek, 2012).

As amostras de Arraial do Cabo foram obtidas no veréo, este fato talvez
possa explicar a alta abundancia de AAPs encontrada neste ambiente, porém
estudos futuros precisam ser realizados para estimar a abundancia dos mesmos em
outra estacoes do ano.

Analisando a arvore bayesiana gerada neste estudo, podemos perceber que
62,15% (amostra P) e 13,87% (amostra E) das sequéncias de pufM foram
agrupadas com as sequencias do filogrupo G (Clado Roseobacter). Este resultado
mostra a dominancia do clado Roseobacter nestas amostras, corroborando os
resultados do primeiro trabalho realizado para esta tese e também o estudo de Cury
e colaboradores (2011).

A topologia obtida na arvore corrobora o estudo de Yutin e colaboradores
(2007), separando os filogrupos da maneira esperada.

Estes resultados foram também confirmados pelas analises de sintenia do
operon puf, como discutido por Yutin e colaboradores (2007) no mesmo estudo
anterior.

No estudo de Yutin e colaboradores (2007), as bactérias Rhodoplanes (alfa-
proteobacteria) e Rosealetes (beta-proteobacteria) agruparam no mesmo clado,

apesar de serem de classes diferentes. Entretanto, no atual estudo, as bactérias do

112



género Rosealetes ficaram no mesmo clado de outras beta-proteobacterias
(Rubravivax e Rhodoferax), separando desta forma as beta-proteobactérias do clado
das alfa-proteobactérias.

Ja a alpha-proteobactéria do género Rhodoplanes agrupou com as gamma-
proteobactérias do filogrupo K. Este fato possivelmente pode ser explicado por uma
transferéncia horizontal dos genes do aparato fotossintético. Este tipo de
transferéncia ja foi inferida em estudos anteriores, além de ja ter sido detectado uma
espécie de Roseobacter com todos os genes do operon em um plasmideo
(Nagashima et al., 2007; Igarashi et al., 2001; Swingley et al., 2009).

Surpreendentemente, nenhuma AAP da subclasse a-4 foi detectada neste
estudo. Este grupo normalmente esta presente em diversos ambientes marinhos
(Yurkov & Csotonyi, 2009), e na arvore filogenética gerada neste estudo, as
sequéncias de referencia (Erythrobacter, Blastomonas, Sphingomonas e
Porphyrobacter) formam um clado a parte, sem nenhuma sequéncia ambiental.

Os resultados da classificacdo obtida pela analise filogenética (e corroborada
pelas andlises de sintenia do operon puf) mostram a dominéncia do filogrupo G nas
amostras de Arraial do Cabo, com 82,36% (amostra P) e 64,05% (amostra E) do
total de reads de AAP neste ambiente. Estes resultados ndo corroboram os obtidos
por Ferrera e colaboradores (2013) em regifes costeiras do Mar Mediterraneo, onde
0s grupos de alpha-proteobacteria E, F e G apenas estdo em abundancia maior que
0os de gamma-proteobacteria (grupo K) no inverno (e com altas concentracfes de
nutrientes), ja que neste estudo, as amostras de Arraial foram coletadas no veréo
em época de ressurgéncia.

O filogrupo G foi o mais cosmopolita de todos, presente em 11 das 12
amostras analisadas, corroborando os resultados obtidos em estudos anteriores
(Buchan et al., 2005; Yutin et al., 2007).

Entretanto, nas amostras do GOS, este filogrupo estd em maior abundéancia
nas amostras do Oceano indico (menos no GS111), do que nas amostras do
Oceano Pacifico (amostras da llha de Galapagos) ou da costa dos Estados Unidos.
Além disso, é importante ressaltar que a abundancia relativa deste grupo € maior
nas amostras de membranas de 0,22 um (amostra P e GS108a) do que nas de 0,8
um (amostra E e GS108b), sugerindo que o filogrupo G pode preferir o estilo de vida

livre. Da mesma maneira, o filogrupo A parece preferir um estilo de vida livre, uma
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vez que este grupo esta ausente em amostras de 0,8 um. Além disso, este grupo
esta ausente da amostra anoxica (GS033), sugerindo a importancia do oxigénio para
este grupo.

Por outro lado, o filogrupo H € mais abundante nas amostras de 0,8 um e
GSO033, e o filogrupo E esta presente apenas na GS033 e em baixa abundancia na
GS112.

Surpreendentemente, membros do filogrupo F (clado das Rhodobacter,
constituido em sua maioria por organismos anaerobicos) foram encontrados nas
duas amostras de Arraial do Cabo (porém com maior abundancia na amostra E),
mas nas amostras do GOS foram encontrados apenas na amostra anoxica (GS033),
como esperado.

A correlacdo entre a abundancia de alguns grupos em membranas de 0,8 pum
e na amostra andxica pode ser talvez explicada pela possivel formacdo de sub-
nichos andxicos em ambientes oxigenados, através do agrupamento de particulas
orgéanicas, que normalmente ficam retidas em membranas de 0,8 pm.

Os grupos abundantes nestas amostras podem possuir adaptacfes para
ambientes ricos em particulas (e por consequéncia turbidos), como por exemplo
adaptacdes na captacao de luz ou de utilizagdo de substratos organicos presentes
nestes ambientes (Cottrell et al., 2010).
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6 PERSPECTIVAS

A partir dos resultados deste estudo, seréa possivel o desenho de iniciadores
de PCR ou sondas para testes de hibridizacdo em busca de genes de interesse
biotecnolégico em bibliotecas de fosmideo construidas com o mesmo DNA utilizado
no pirosequenciamento desse estudo. Posteriormente, as bibliotecas poderdo ser
triadas em busca de clones com sequencias de PKS e NRPS, para que seja
possivel a expresséo heterdloga dos mesmos.

Como trabalhos futuros, podemos ainda iniciar um estudo de metagendémica
ao longo do tempo na regido, com novas coletas no mesmo local, e em outros
pontos da regido, com o objetivo de analisar a variacdo espaco-temporal da
comunidade de AAPs em Arraial do Cabo.
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7 CONCLUSOES

Através da metodologia empregada neste estudo, foi possivel estimar a
diversidade microbiana do ambiente da Praia dos Anjos — Arraial do Cabo — RJ.

As duas amostras mostraram grande abundancia de proteobactérias,
indicando que este ambiente é amplamente dominado pelas mesmas. Por outro
lado, a abundancia de Arquéias foi muito baixa, mostrando que no momento da
coleta, este dominio da vida era escasso na amostra.

A alta abundancia de bactérias do clado Roseobacter corrobora a hipotese de
gue a amostra estudada estava sendo afetada pelo fenbmeno da ressurgéncia e por
consequéncia por um bloom do fitoplancton. Esta hipétese € ainda corroborada
pelos parametros fisico-quimicos da amostra, como baixa concentracdo de amdnia e
alta concentracao de nitrato.

Através da triagem de genes do metabolismo secundario com interesse
biotecnolégico (PKS e NRPS), foi possivel demonstrar o potencial do ambiente
estudado. Foi possivel concluir que € possivel encontrar novos genes das duas
familias no genoma dos organismos presentes no local.

Através do pipeline desenvolvido para estimar a diversidade e abundancia de
AAPs, foi possivel mostrar que o ambiente estudado possui abundancia mais alta do
gue todos os metagenomas do GOS, com abundancia ndo usual (cerca de 23%)
desses organismos na amostra. Foi possivel determinar também os filogrupos de
AAPs presentes nas amostras, sendo o filogrupo G (clado Roseobacter), o mais
abundante. Os resultados obtidos mostram que o ambiente estudado possui uma
das maiores abundéancias de bactérias do clado Roseobacter jA encontradas,
mesmo levando em consideracdo estudos utilizando diversas metodologias para

estimar esta abundancia.
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Abstract. According to the literature marine environments have high microbial diversity and tapproximately 99%
of the organisms present in these environ-ments are not cultivable. This rich biodiversity is a major untapped
potential of biotechnology, then it is possible to discover new enzymes as PKS and NRPSs in these
environments. Therefore, it is necessary to make use of metagenomics approaches, in order to access the
genetic material of the organisms in the environment without the need for cultivation. The new high throughput
techniques of DNA sequencing allow to obtain data on genes and metabolic pathways pre-sent in these species.
This study has aimed to explore the diversity of PKS and NRPS in aquatic environments through the screening of
public metagenomes available in IMG/M using hidden markov models (b HMM) and evaluate the potential of
aqguatic environments for the search of new genes of these families.

Keywords: PKS, NRPS, Metagenomic, environmental
1 Introduction

There are approximately 3.67 x 1030 microbial cells [1] in marine environments. It is estimated that the
abundance of bacteria is of up to 106 cells per milliliter of water in the sea (pelagic zone), representing
most of oceanic biomass [2]. This huge biodiversity has great potential, as its study allows the
discovery of new enzymes of interest for biotechnology industry. Several groups of marine micro-
organisms are known for their high production of secondary metabolites, such as cyanobacteria.
Marine cyanobacteria are a rich source of complex bioactive secondary metabolites which derive from
mixed biosynthetic pathways [3]. Another group of marine bacteria known to be a producer of
bioactive natural products are the vibrio’'s (a total of 93 compounds have been isolated from
Vibrionaceae [4]. Moreover, cyanobacteria pre-sent in fresh waters are known to produce toxic
secondary metabolites and other types of non-ribosomal peptides [5]. Most of these metabolites are
produced by two large families of enzymes (i) Polyketide synthases (PKS) and (ii) non-ribosomal
peptide synthetases (NRPS) that account for many clinically important pharmaceutical products [5].
The main objective of the present study is to explore the diversity of PKS and NRPS in aquatic
environments.

2 Material and Methods
2.1 Reference Database

All curated type | PKS sequences (iterative and modular) were obtained from MAPSIDB
(http://gate.smallsoft.co.kr:8080/pks/mapsidb) in fasta format and the domains KS, AT and ACP were
extracted using the fastacmd program (BLAST 2.2.21 package). The orthologs groups K05551 and
K05552 (containing sequences of KS Il alfa and beta subunit respectively) were downloaded from
KEGG (http://www.genome.jp/kegg/). The protein sequences of Adenilation (A) and Con-densation (C)
domains from NRPS were obtained from NRPSDB
(http:/linux1.nii.res.in/~zeeshan/webpages/home.html).

2.2 Metagenomes
The protein sequences (translated ORFS) of metagenomes were obtained from IMG/M

(http://img.jgi.doe.gov/cgi-bin/m/main.cgi).
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2.3 Screening PKS and NRPS in metagenomes

A pipeline to screen PKS and NRPS in public metagenomes was built in RUBY (http://www.ruby-
lang.org/). The first step from the pipeline is the alignment of each domain using MAFFT v6.717b.
Then, the multiple alignments are used to generate hidden markov models (pHMM) using hmmbuild
from HMMER 3.0 package. These pHMMs are then used to search for enzymes domains in public
metagenomes using hmmsearch (from HMMER 3 package). A parser is then used to (i) generate CSV
tables, (ii) extract specific informations from the HMMER results, and (iii) to generate fasta files from
the hits found by the pHMM used. The number of hits found with HMMER is normalized by calculating
the percentage of hits obtained in relation to the total of the metagenomic sequences. The KS domain
sequences obtained by

pHMM from metagenomes are filtered by size (> 150 aminacids) and by the presence of the catalytic
site. Subsequently, the environmental KS domain sequences are aligned with the reference
sequences (protein fasta sequences used to build the multiple alignment) and outgroup (fabB, fabF
and fabH), then the alignments are trimmed and converted to Phylip format using Trimal 1.2 (with —
automaticl parameter). The alignments are then submitted to RaxML version 7.2.2 to generate
phylogenetic trees whit bootstrap support (100 replicates) using the WAG model. Finally, the newick
(nwk) files generated by RaxML are parsed with a BIORUBY link/version script to classify the
domains.

3 Results and discussion
3.1 Searching for profiles

A total of 52801 environmental sequences similar to the 4 profiles of KS domains (hmmsearch hits
between pHMM and environmental sequences) were obtained. Using the AT and ACP pHMM, a total
of 11468 and 4421 hits were obtained, respectively. Using NRPS domains pHMM, 50750 hits were
obtained. The table 1 shows the hits obtained by each pHMM used.

Table 1.Number of hits
obtained using each pHMM

Profile (pHMM) Number of hits
Modular KS 12403
Iterative KS 12990
Type Il KS (alfa 14596
subunit)

Type Il KS (beta 12812
subunit)

Modular AT 5959
Iterative AT 5509
Modular ACP 2286
Iterative ACP 1743
Type Il ACP 392
NRPS A 45589
NRPS C 5161

The number of hits of the NRPS A domain is 8.9 times higher than the domain C. As the domains A
and C are essential for minimum functionaly of NRPS, it was expected A similar number of hits for the
two domains, however the Phmm built with sequences of domain A may be more sensitive than the
one from C domain pHMM. Among the number of hits obtained with the pHMM of type Il PKS, a
discrepancy is also observed, the KS alpha and beta domains are much more abundant than the ACP
do-main. The reason for this difference may be the same as discussed for the case of NRPS or by the
fact that the KS domains are the most conserved domain in PKS, in fact, because of this conservation,
it is the most used region for PCR primers design [6].

The figure 1 shows the distribution of hits between the types of aquatic environment.
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Fig. 1.Distribuition of pHMM hits between the types of aquatic environment.

In most cases, the environment with greater abundance of hits is the ocean, but the difference
between the types of aquatic environments is little.

3.2 Classifying environmental KS domains with phylogenetic trees

Due to the similarities between fatty acid synthases (FAS) and PKSs, the pHMM approach is not
sufficient to determine whether a sequence is FAS or PKS [7]. To overcome this limitation, one of the
ways to classify the sequences is through phylog-eny. Trees were constructed through the ML method
for the hits obtained with type | KS domains (modular and iterative) and TYPE Il pHMMS in 22
selected aquatic environments. From a total of 796 and 846 hits obtained from aquatic metagenomes
using KS modular and iterative pHMM, respectively. From these, only 56 and 52 were selected for
phylogenetic analysis because they have more than 150 aminoacids and cysteine active site. The
sequences (hits) related to type Il KS were filtered only by size (larger than 150 amino acids) and from
851, only 159 were selected.

By this analysis it was possible to determine which environmental sequences are potential true KS,
and also classifies them according to their type and modularity. A total of 98 sequences were
classified as true KS domain. The figure 2 shows the clas-sification of sequences obtained with each
pHMM.
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Fig. 2.Classification of hits obtained by each KS pHMM using ML phylogenetic trees with reference sequences.
The legend shows the classification obtained by ML as: type | modular KS, type | iterative KS, type | KS
unclassified (not defined as modular or iterative), type Il KS, FAB domains and unclassified sequences (do not
groups with any reference sequence).

4 Conclusion

By using the pipeline developed, it was possible to screen metagenomes for en-zymes of
biotechnological interest. The use of pHMMs is a fast and sensitive way to obtain the homologous
sequences of interest to the study, but due to sensitivity of the approach, it is necessary to classify the
hits obtained using phylogenetic trees. This classification is generally slower and requires manual
verification in most cases. The pipeline showed in this study worked well by classifying the sequences
of interest automatically from a NWK file. In this study it was possible to confirm the potential of
aguatic metagenomes to uncover new PKS and NRPS enzymes
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