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ABSTRACT

MORAIS, Daniel Kumazawa, D. Sc., Universidade Federal de Vicosa, July, 2015.
Petroleum effects onsoil microbial communities Advisor: Marcos Rogério
Tétola. Co-Advisors: Mauricio Dutra Costa and Poliane Alfenas Zerbini.

Crude oil is still the dominant energy source in Brazil where oil consumption keeps
rising since 2013, reaching nowada¥2% of the world’s energy consumption. A

recent discovery of crude oil reservoirs at the Espirito Santo, Campos and Santos basins,
can represent an excellent opportunity to meetcountry’s economic and energetic
demands. However, offshore exploration offers risks to the microbiota and the whole
sea life. Microbes are responsible for nutrient cycling can degrade recalcitrant organic
compounds and several species have been reported as sensitive to petroleum
hydrocarbons. This work aimed to evaluate microbial community shifts in soils under
crude oil contamination and assess the effects of Biodiesel co-product (BCP) as a
protecting agent of soil microbiota under crude oil addition. We used soils from the
Trindade Island and from the Highfield research station at Rothamsted Research, UK.
We assembled microcosms of 20 grams and contaminated the soils using weathered
crude oil. Soils were incubated at 26° C with moisture correction to ca. 60% water
holding capacity. We usedO, evolution measurements to evaluate soil activity, during

the incubation, and soil genomi@NA extraction, at the end of incubation period, to
evaluate microbial community changes from treatments and controls. DNA was
submitted to amplicon sequencing of 16S rDNA for Bacteria and Archaea and the ITS1
region for Fungi using lllumina MiSeq platform. We compared alpha and beta-diversity
and taxonomic shifts. This thesis is divided in two chapters. The first describes the
effects of crude oil on Trindade Island’s soil microbial communities. In the second

chapter we tested the protective effects of BCP on Trindade Island, Rothamsted’s Bare

Fallow and Grassland soils, against the amendment with crude oil. Crude oil had a
major negative effect on microbial diversity for Trindade Island, but didn’t change the
diversity of Rothamsted agricultural soils. Taxonomy comparisons showed rise of the
Actinobacteria phylum, shifts in several Proteobacteria classes and reduction of the
Archaea class Nitrososphaerales. This is the first effort in acquiring knowledge

concerning the effect of crude oil contamination in soils of a Brazilian oceanic island.



This information is important to guide any future bioremediation strategy that can be

required.



RESUMO

MORAIS, Daniel Kumazawa, D. Sc., Universidade Federal de Vicosa, julho, 2015.
Efeito do petréleo sobre comunidades microbianas do soldrientador: Marcos

Rogério Tétola. Coorientadores: Mauricio Dutra Costa e Poliane Alfenas Zerbini.

O petrdleo € a principal fonte de energia no Brasil, onde o consumo de 6leo continua
subindo desde 2013, atingindo atualmente 2.2% do total de energia consumida no
mundo. A descoberta recente de petroleo nas baias do Espirito Santo, Campos e Santos,
pode representar uma excelente oportunidade para atender as demandas energéticas
nacionais. Entretanto, a exploracéo de petroleo oferece riscos a microbiota e toda a vida
marinha. Microrganismos séo responsaveis pela ciclagem de nutrientes, podem degradar
compostos organicos recalcitrantes e muitas espécies sdo reportadas como sensiveis a
contaminacéao por hidrocarbonetos do petréleo. Esse trabalho teve o objetivo de avaliar
as alteracfes na comunidade microbiana em solos sob a contaminagédo por petréleo e
avaliar os efeitos do Co-produto de biodiesel (BCP) como um agente protetor da
microbiota do solo perante a adicdo de petréleo. Foram utilizados solos da llha da
Trindade, e da estacdo de pesquisa Highfield no Rothamsted Research, UK. Foram
montados microcosmos com 20 gramas de solo e os tratamentos utilizaram petréleo
intemperizado. Os solos foram incubados a 26° C com correcdo da umidade para cerca
de 60% da capacidade de retencdo de agua dos solos. Foi utilizada a medicdo de
evolucdo de C@para avaliar a atividade do solo, durante o periodo de incubagéo, e
extracdo de DNA gendmico do solo, ao final do periodo de incubacao, para avaliar as
mudancas nas comunidades microbianas dos tratamentos e controles. O DNA foi
submetido para o sequenciamento de amplicons de 16S rDNA para a avaliacdo de
Bacteria e Archaea e de amplicons da regido ITS1 para a avaliacdo de Fungos utilizando
a plataforma lllumina HiSeq. Foi feita a comparacédo das diversigdgles e beta e

andlise das alteragBes taxondmicas. Essa tese esta dividida em dois capitulos.
primeiro descreve os efeitos do petrdleo nas comunidades microbianas do solo da llha
da Trindade. No segundo capitulo foi testado o efeito protetor do BCP sobre a
microbiota dos solos da llha da Trindade, do campo Bare Fallow e do campo Grassland
do Rothamsted Research contra a adicdo de oOleo. O petroleo teve um grande efeito
negativo sobre a diversidade microbiana da Ilha da Trindade, mas ndo mudou a

diversidade microbiana dos solos agricolas do Rothamsted. A comparagcédo taxondmica

Xi



mostrou aumento do filo Actinobacteria, mudancas em varias classes de Proteobacteria
e reducdo da classe Nitrosphaerales do filo Archaea. Esse € o primeiro esforgo para
aquisicao de conhecimento sobre o efeito da contaminacdo de solos de uma ilha

oceanica brasileira com petroleo. Essa informacdo € importante para guiar qualquer

futura estratégia de biorremediacéo que se faca necessaria.
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INTRODUCAO GERAL

O petroleo ainda € a principal fonte de energia utilizada no mundo, suprindo
32.6% da energia consumida. Sua utilizagdo como fonte de energia esta em declinio ha
quinze anos, enquanto o nimero de reservatorios e a producdo crescem (BP Statistical
Review of World Energy, 2014). Apesar da sua importancia econémica e alta demanda,
a exploracdo de petréleo apresenta risco para a biodiversidade, em razdo do carater
toxico e mutagénico de alguns de seus hidrocarbonetos (Sikkema et al., 1995; Das e
Chandran, 2010). Os efeitos da contaminac¢do do solo por hidrocarbonetos do petréleo
tém sido estudados desde o famoso acidente ocorrido no Alaska onde o navio tanque
Exxon Valdez (1989) derramou o equivalente a 257 mil barris de petréleo no ambiente,
esse foi o primeiro grande acidente de contaminacdo ambiental com petréleo
envolvendo a acado de multiplos paises. Estudos de biorremediacéo feitos nesse local
geraram tecnologias empregadas até os dias de hoje (Atlas, 2011). Mais atencao foi
dada ao tema apoOs o acidente envolvendo a explosédo e o naufragio da plataforma de
exploracdo de petrdleo em &guas profundas, no golfo do México, resultando no
vazamento de cerca de 3.2 milhdes de barris. Tal vazamento se caracteriza como 0
maor acidente de petréleo ja ocorrido (Atlas, 2011; Sammarco et al., 2013). Os dois
eventos sdo os exemplos classicos de contaminagcdes com efeitos drasticos ao ambiente
marinho e quase irreversiveis ao solo.

O solo abriga 60% da biomassa terrestre, essa biomassa € composta em sua
maioria, por microrganismos (Singh et al., 2009; Nielsen et al., 2011). Os
microrganismos sao responsaveis pela ciclagem de nutrientes no ambiente, executam
funcdes importantes na interacdo com organismos superiores, tem papel fundamental no
desenvolvimento das plantas (Wall et al., 2008; Nielsen et al., 2011) e assim como
podem causar doencas, sdo também muito importantes na protecdo contra patégenos
(Kloepper et al.,, 1980; Hornby, 1983, Mendes et al., 2011). Dessa forma, possuem
aparato enzimatico diverso e fundamental para a manutencéo dos ecossistemas.

Muitos trabalhos, avaliando a contaminagédo de ambientes costeiros por petréleo,
reportam grande alteracdo da microbiota (Head et al., 2006; Kostka et al., 2011 Bik et
al., 2012; Lamendella et al., 2014; Rodriguez-R et al., 2015). Tais trabalhos descrevem
um padrdo de alteragBes bastante caracteristico como a reducdo da diversidade
microbiana, sucessao de populacdes microbianas atréladaglancas na composicao
dos hidrocarbonetos do petréleo e aumento da densidade de células bacterianas. A
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reducao da diversidade e a sucessao de populacdes microbianas podem resultar na perda
de espécies importantes relacionados aos ciclos biogeoquimicos e assim gerar graves
impactos ao ambiente. Os microrganismos do solo, por serem 0s Unicos organismos a
possuirem enzimas capazes de degradar compostos organicos vegetais recalcitrantes
(Romani et al., 2006; Masai et al., 2007), sdo responsaveis pela decomposi¢cdo da maior
parte da matéria organica dos solos. Embora os estudos sobre comunidades microbianas
tenham se popularizado em razdo do avanco das tecnologias de sequenciamento e da
reducdo do custo por sequéncia (Caporaso et al., 2012), trabalhos relacionados aos
efeitos do petréleo sobre a diversidade microbiana em ilhas océanicas tropicais ainda sao
escassos, ficando restritos a ambientes de alta latitude (Jurelevicius et al., 2012; Wang et
al., 2019.

Mais de 90% da exploracdo do petréleo brasileiro vem de plataformas de
exploracdo no oceano (Lima, 2010). A maior concentracdo dessas plataformas esta
localizada nas bacias do Espirito Santo, de Campos e de Santos, litoral dos estados do
Espirito Santo, Rio de Janeiro e S&o Paulo, respectivamente. No ano de 2008, houve a
descoberta de jazidas de petréleo nessas mesmas bacias porém em regides mais
profundas (mais de 7000 metros) (Riccomini et al., 2012), regido descrita como pré-sal,
elevando a posi¢cdo do Brasil entre os maiores produtores de petrleo no mundo
(Barbassa, 2007; Lima, 2010). A recente descoberta e o inicio da exploracdo de petrdleo
na regido denominada provincia do pré-sal, aumenta o risco da contaminacdo ambiental
por hidrocarbonetos do petrdleo.

Localizada a cerca de 1.160 km da costa brasileira, perpendicularmente a cidade
de Vitéria, capital do estado do Espirito Santo, esta a Ilha da Trindade. A ilha possui
10.8 knf, mais de 130 espécies vegetais endémicas, diversas espécies de aves aquaticas,
algumas delas possivelmente endémicas, mais de 100 espécies de artropodes e 129
espécies de peixes, incluindo espécies que sdo encontradas apenas naquele local
(Gasparini e Floeter, 2001; Joyeux, 2009; Alves et al., 2011). Gasparini e
colaboradores, em 1999 e 2001, mencionaram o interesse particular em estudos na llha
da Trindade, em razdo de sua posi¢céo isolada entre a dorsal meso-atlantica e a costa
brasileira. Esta posicionada a mais de 1.000 km da costa brasileira, 2.400 km da Ilha da
Ascenséo, 2.500 km das Rochas de S&o Paulo, 2.000 km de Santa Helena e 4.200 km da
Africa. Dessa forma, a ilha da Trindade seria a ilha oceanica mais proxima ao maior
ponto de exploragcédo de petrdleo brasileiro, estando exposta ao risco de contaminagao

em casos de acidentes durante os processos de extragdo ou transporte doAetroleo.
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contaminacdo do solo da ilha da Trindade pode levar a alteracdo da comunidade

microbiana, de forma que espécies importantes para esse ambiente sejam perdidas.



OBJETIVOS

Este trabalho teve como objetivo avaliar as mudancas da comunidade
microbiana de solos em resposta a contaminacdo com petrdleo curado e testar o efeito
protetor de um subproduto da industria de biodiesel (BCP).

No capitulo 1 feseuma avaliagcdo de médio prazo das alteracdes causadas pelo
petréleo sobre a comunidade microbiana do solo da llha da Trindade, com o objetivo de
conhecer seus efeitos sobre a diversidade de micro-organismos e identificar os taxa
resistentes e sensiveis ao petroleo.

No capitulo 2, compara-se o efeito da adicdo de petrdleo sobre a comunidade
microbiana do solo da llha da Trindade ao efeito da adicdo de petroleo sobre a
comunidade microbiana de solos agricolas, utilizando-se uma avaliagdo de curto prazo.
O capitulo 2 tem ainda o objetivo de avaliar o potencial do composto coproduto de
biodiesel (BCP) quanto a bioestimulacéo e protecdo das populacdes microbianas contra

os efeitos da contaminacédo com petroleo.



REVISAO BIBLIOGRAFICA

llha da Trinadade

A llha da Trindade € uma formacgé&o vulcanica localizada no Oceano Atlantico Sul,
a cerca de 1.160 km da costa brasileira, perpendicularmente a cidade de Vitoria, capital
do estado do Espirito Santo. A ilha possui 10.8, kmais de 130 espécies vegetais
endémicas, diversas espécies de aves aquaticas, algumas delas possivelmente
endémicas, mais de 100 espécies de artrépodes e 129 espécies de peixes, incluindo
espécies que sdo encontradas apenas naqueléGasalarini e Floeter, 2001; Joyeux,
2009; Alves et al., 2011). A isolada localizacdo da llha da Trindade, além de sua
formacdo geologica diferenciada, justificam as pesquisas e a conservacdo desse
ambiente(Alves et al., 2011). A ilha oceanica da Trindade faz parte de um complexo
grupo de cadeias montanhosas submersas, com exemplares espalhados por todo o globo
(Gad e Schminke, 2004). Podem ocorrer como picos isolados, unidos em grupos ou
alinhados em cadeias. Exemplos como o de Trindade, que surge desde 5000 metros de
profundidade até se expor na superficie da agua, frequentemente constituem areas de
grande produtividade bioldgica, que sustentam grande diversidade de plancton e
organismos bentdnicos. Existem mais de 50.000 montanhas submersas entre os oceanos
Atlantico e Pacifico, e até o ano de 2002, apenas 5 haviam sido profundamente
estudadas quanto a diversidade biolégicad(&Schminke, 2004).

Gasparini e colaboradores, em 1999 e 2001, mencionaram o interesse particular
em estudos na llha da Trindade, em razdo de sua posi¢do isolada entre a dorsal meso-
atlantica e a costa brasileira. Esta posicionada a mais de 1.000 km da costa brasileira,
2.400 km da llha da Ascensao, 2.500 km das Rochas de S&o Paulo, 2.000 km de Santa
Helena e 4.200 km da Africa. Dessa forma, a ilha da Trindade seria a ilha oceanica mais
proxima ao maior ponto de exploracdo de petrdleo brasileiro, estando exposta ao risco
de contaminacdo em casos de acidentes durante 0os processos de extra¢do ou transporte
do petroleo. Esse fato valoriza a avaliagdo dos efeitos da contaminacdo com
hidrocarbonetos sobre a microbiota dos solos da llha da Trindade. Além disso, 0s
estudos dos efeitos da contaminacdo por hidrocarbonetos de petréleo em regibes
insulares tropicais sdo escassos, sendo grande parte dos trabalhos desenvolvidos em
ambientes de clima temperado (Ruberto et al.,, 2003; Yergeau et al., 2007; 2012

Jurelevicius et al., 2012).



Degradacéao de hidrocarbonetos do petréleo

A remocédo de hidrocarbonetos do solo esta predominantemente relacionada a
atividade microbiana e a sua capacidade de ciclagem de nutrientes. Esses processos séo
executados pelos microrganismos para a obtencdo de carbono e energia (Sinha et al,
2011; Singh et al, 2012Embora a radiacéo solar, temperatura e outros fatores fisicos
sejam capazes de eliminar parte dos hidrocarbonetos, a atividade dos micro-organismos
€ a principal forma de remocao dessa classe de contaminantes (Bj&ddof et al.,
2008; Raymond et al., 1976).

Os micro-organismos representam cerca de 60% da biomassa presente no mundo
e a abundancia de células no solo é estimada em # gélilflas microbianaSingh et
al., 2009). A compreensédo da diversidade, estrutura e fun¢des das comunidades
microbianas é essencial para podermos explorar o vasto potencial biotecnolégico desses
organismos, a maioria ainda desconhe¢tiagh et al., 2009). O conhecimento sobre
comunidades microbianas tem crescido, em razdo de novas ferramentas desenvolvidas
para a triagem de micro-organismos em larga escala, acompanhamento dos produtos de
seu metabolismo, quantificacdo e determinacdo dos produtos da transcricdo dos
genomas, de forma a dissecar as caracteristicas da biomassa presente em solos e em
outros ecossistemas microbianos. Essas ferramentas nos aproximam do momento em
gue seremos capazes de conhecer, com tal profundidade, as interacées e comunidades
microbianas, que poderemos predizer o impacto de mudancas e controlar as funcdes
presentes no solo (Singh et al., 2009; Hirsch et al., 2010; Chan et al., 2013).

Coproduto de biodiesel (BCP)

Embora seja a principal matriz energética mundial, o petréleo oferece riscos em
todas as etapas de seu processamento além de contribuir com 0 aumento da emissao de
gases do efeito estufa (Gleick et al., 2010). Uma das estratégias para reduzir a emissao
de gases nocivos ao ambiente é a utilizacdo de biocombustiveis. Apds o protocolo de
Kyoto, varios paises adotaram a pratica de utilizar o biodiesel como estratégia para
reduzir as emissdes de carbono para a atmosfera (Senatore et al., 2000). O biodiesel é
composto por ésteres metilicos obtidos pela reagdo de transesterificacdo do Oleo vegetal
(Ma e Hanna, 1999). Esse prasesgera um residuo rico em glicerol e outros
subprodutos como oleato de potassio e compostos organicos volateis, esse residuo é
chamado de coproduto de biodiesel (BCP). O descarte desse residuo pode se tornar um

custo a mais para a producédo de  biodiesel. Dessa forma, estratégias de
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reaproveitamento do BCP tém sido criadas. Redmile-Gordon et al. (2015) observaram o
aumento da matriz de exopolissacarideos do solo em resposta a aplicacdo de BCP a
solos agricolas. Além disso, foi observado reducdo da quantidade de nitrogénio
lixiviado para as aguas subterraneas em solos tratados comOBBPP € composto

por hidrocarbonetos solUveis em agua, o oleato de potassio € um surfactante e o BCP
apresenta efeito positivo sobre a biomassa microbiana do solo (Redmile-Gordon et al.,
2014), dessa forma, apresenta potencial para sua utilizacdo em processos de

biorremediacéo de petroleo.

Sequenciamento de nova geracao para descricdo de comunidades microbianas

Desde antes da revolucédo causada pelo sequenciamento Sanger por eletroforese
capilar, a revelacdo da informacdo genética era fundamental em todas as areas da
biologia. Embora as técnicas de sequenciamento de nova geracdo mantenham a linha
conceitual de Sanger, detectando bases sequencialmente em um pequeno fragmento de
DNA, onde cada fragmento € novamente sintetizado a partir de uma fita m®lde, a
novas tecnologias de sequenciamento ampliam esse processo por meio de milhdes de
reacdes que ocorrem simultaneamente em um sistema de paralelizagcdo massivo, ou seja,
mais sequencias a um menor custo (Niedringhaus et al., 2011).

Na mais recente revisdo sobre o0 sequenciamento de genomas bacterianos,
Loman e Pallen (2015) ilustram as descobertas alcancadas ap0s o0 surgimento das
tecnologias de sequenciamento. Os autores separam a historia em 3 fases. A primeira
fase descreve as descobertas alcancadas ap6s a descoberta de Sanger et al. (1977
desenvolvendo a tecnologia de sequenciamento utilizando dideoxinucleosideo
trifosfatado para terminacdo da sintese. Com essa fase, surge a estratégia de
fragmentacdo do genoma de interesse seguido da clonagem e mapeamento de
fragmentos grandes e fragmentos pequenos utilizando plasmideos, resultando na
montagem do genoma completo de organismos modelos como Escherich&a coli
Bacillus subtilis (Burland et al., 1993; Glaser et al., 1993). Posteriormente, novos
consorcios se formaram utilizandoestratégia de fragmentacdo aleatéria, clonagem e
sequenciamento que dependia de softwares de bioinformética para a montagem dos
genomas, o primeiro artigo descrevendo detalhadamente o método de montagem e
anotacdo de um genoma foi publicado por Fleishman et al. (1995), essa estratégia
estimulou o desenvolvimento de ferramentas de bioinformatica para montagem,

predicdo e anotacdo génica (Phred, Phrap, Glimmer e Artemis) (Rieder et al., 1998;
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Delcher et al., 1999; Rutherford et al., 2000). A partir desses avanc¢os varios patogenos
foram sequenciados, incluindo Yersinia pestis, Mycobacterium tuberculosis, Treponema
pallium, Mycobacterium leprae, Tropheryma whipplei (Cole et al., 1998; Fraser et al.,
1998; Eiglmeier et al., 2001; Parkhill et al., 2001; Bentley et al., 2003). Além disso, as
informacBes metabdlicas desses genomas permitiram a criacdo de novos meios de
cultura capazes de cultivar microrganismos previamente classificados como nao
cultivaveis (Renesto et al., 2003).

Na segunda fase, proximo ao final do ano 2000, as tecnologias de
sequenciamento de nova geracdo (NGS) passam a ser aplicadas na bacteriologia. Por
volta de 2012 surgem aparelhos de NGS de pequeno porte e menor custo. Com essa
tecnologia, o sequenciamento de genomas completos deixou os grandes conglomerados
de sequenciamento e chegou as universidades e centros de pesquisa. Na mesma época
surgem métodos de gendmica comparativa e avancos na analise filogenética, permitindo
aavaliacdo de amostras em escala global tracando links entre a diversidade gen6mica e
a posicdo geografica de importantes patégenos como a Salmonella tiphy (Holt et al.,
2008). Foi possivel também, descrever a origem da epidemia de cdolera no Haiti (Chin et
al., 2011) e a transferéncia de lepra entre humanos e tatus no sul dos Estados Unidos
(Truman et al.,, 2011). Atualmente, qualquer microrganismo isolado em laboratério
pode ter seu genoma sequenciado em questao de horas (Long et al., 2013). O servico de
saude publica da Inglaterra, ja utiliza a tecnologia de sequenciamento de nova geracao
(NGS) para caracterizar rapidamente surtos de Salmonella (Ashton et al., 2014), o
mesmo grupo ja depositou mais de 8000 genomas em bancos de dados publicos. Com
0S avancos na tecnologia de sequenciamento e o surgimento das ferramentas de
bioinformética para NGS, comecaram a surgir trabalhos investigando o ambiente de
forma direta, sem as etapas de cultivo ou clonagem dos fragmentos de DNA obtidos
(Edwards et al., 2006; Roesch et al., 2007). Mendes et al. (2015) demonstraram 0s
efeitos da mudanca no uso do solo sobre a comunidade microbiana, em ambiente de
floresta amazoénica. Li et al. (2015) descreveu a mudanca no perfil de microrganismos
em regifes desérticas revertidas para Oasis para a agricultura. Essas técnicas
possibilitam a identificacdo de um imenso nimero de espécies microbianas que néo
seriam detectadas utilizando meétodos tradicionais ou dependentes de clonagem
(Caporaso et al., 2012).

Na terceira fase, descrita por Loman e Pallen (2015) como a fase das

sequencias longas, os autores explicam que o alto rendimento no nimero de sequencias
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obtido pelas técnicas de NGS foi alcancado em detrimento do tamanho das sequencias.
Dessa forma, a era de alto rendimento foi marcada pela criacdo de métodos voltados
para a andlise de fragmentos menores que 500 pares de bases. J& na novarfase surge
tecnologias coma “Single Molecule Real-Time” (SMRT) da PacBio (English et al.,

2012) e o MinlON da Oxford Nanopore (Clarke et al., 2009). As duas tecnologias
oferecem milhares de sequencias com tamanho médio entre 10.000 e 30.000 pares de
bases. As sequencias longas permitem maior facilidade na montagem dos genomas, na
resolucao de regides repetitivas e no fechamento de gaps. Embora bastante promissoras,
ambas as tecnologias ainda apresentam alta taxa de erro e ainda estdo limitadas ao
sequenciamento de genomas isolados. Poucos trabalhos sdo voltados para o
sequenciamento de material genético ambiental e ndo apresentam vantagens em relacao
ao uso de tecnologias de fragmentos curtos (Franzén et al., 2015; Freedman e Zak,
2015).
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RESPONSES OF MICROBIAL COMMUNITY FROM TROPICAL
PRISTINE COASTAL SOIL TO CRUDE OIL CONTAMINATION
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ABSTRACT

Brazilian offshore crude oil exploration has increased after the discovery of new
reservoirs in the region known as pré-sal, in a depth of 7.000 m under the water surface.
Oceanic Islands near these areas represent sensitive environments, where changes in
microbial communities du¢o oil contamination could cause the loss of metabolic
functions, with catastrophic effects to the soil services provided from these locations.
This work aimed to evaluate the effect of petroleum contamination on microbial
community shifts (Archaea, Bacteria and Fungi) from Trindade Island coastal solls.
Microcosms were assembled and divideo two treatments, control and contaminated
(weathered crude oil at the concentration of 30 @)kdn triplicate. Soils were
incubated for 38 days, with G@neasurements every four hours. After incubation, the
total DNA was extracted, purified and submitted for high-throughput target sequencing
of 16S rDNA, for Bacteria and Archaea domains and Fungal ITS1 region, using the
lllumina MiSeq platform. Three days after contamination, the &@ission rate peaked

at more than 20x the control and the emissions remained higher during the whole
incubation period. Microbial alpha-diversity was reduced for contaminated-samples.
Fungal relative abundance of contaminated samples was reduced to almost 40% of the
total observed species. Taxonomy comparisons showed a rise of the Actinobacteria
phylum, shifts in several Proteobacteria classes and reduction of the Archaea class
Nitrososphaerales in oil contaminated microcosms. This is the first effort in acquiring

knowledge concerning the effect of crude oil contamination in soils of a Brazilian
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oceanic island. This information is important to guide any future bioremediation

strategy that may be required.

INTRODUCTION

The offshore petroleum exploration offers risks to the whole seaecosystems, as
their hydrocarbons are toxic, mutagenic, teratogenic and carcinogenic (Hentati et al,
2013; Mckee et al, 2013). These toxic compounds tend to accumulate in the
environment after spillage events, but factors such as temperature, sun light, high
exchange of gases and biological activity can remove the lighter portions of the crude
oil in the first weeks after leakage. However, the recalcitrant portion of the oil stays in
the environment for years (Huesemann et al., 2002; Trindade et al., 2005). The British
Petroleum review of 2015, states that crude olil is still the dominant energy source in
Brazil and that the consumption has kept rising since 2013. The recent discovery of
crude oil reservoirs in the so-called pré-sal (pre-salt) reservoir is considered an excellent
opportunity to supply the country’s economic and energety demands (Lima, 2010), but
possible oil spills events should be a major concern.

Trindade Island is located at the South Atlantic Ocean, 1,160 km from the city of
Vitoria, capital of Espirito Santo State, Brazil, and is the closest oceanic island to these
new Brazilian petroleum offshore exploration areas. It hosts a peculiar and endangered
biodiversity (Alves & Castro, 2006; Mohr et al., 2009), so the development of
conservation approaches to maintain these unique ecosystems is required. It is well
known that microbes are fundamental to several soil processes, including changes on
physicochemical properties and degrading recalcitrant and toxic compounds (Elliot et
al., 1996; Haritash & Kaushik, 2009). The expected scientific benefits from increasing
knowledge on Trindade Island soil microbial diversity and functipnalie extensive,
including a better understanding of the roles played by these communities to
empowering bioremediation actions.

The input of a mixture of hydrocarbons, for example crude oil, directly
influences the structure of microbial populations in soils (Hamamura et al., 2006). In
contamination events, changes in soil properties, such as crude oil viscosity increasing,
ageing, sorption of nutrients and toxicity cause the microbial community to shift

towards profiting oil resistant populations. Some microorganisms are capable of
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degrading crude oil hydrocarbons through a number of aerobic and anaerobic metabolic
pathways, using these compounds as sources of carbon and energy (Zobell, 1946; Atlas,
1981; Haritash & Kaushik, 2009) comprising an appropriate target for studies focused
on alleviating any possible impacts of soil contamination.

In the last 10 years, after the development of the Next Generation Sequencing
(NGS) technology, microbial community studies have undergone a major boost
(Caporaso et al., 2012; Loman and Pallen, 2015; Markowitz et al., 2015). Nevertheless,
research related to crude oil contamination is primarily focused on the water column,
without applying NGS (Huetel et al., 2014; Rodrigues et al., 2015), or only performed
after an accidental contamination event (Lamendella et al., 2014; Rodriguez et al.,
2015), lacking any proper control.

Crude oil hydrocarbons are expected to impact soil microbial communities
through toxic effects of the oil components, enriching the environment with
hydrocarbon degrading microorganisms. Here, we aimed to evaluate the microbial
community shifts (Archaea, Bacteria and Fungi) from Trindade Island coastal soil under
crude oil contamination, using state of the art NGS approach on a controlled microcosm
experiment, in order to access the whole soil microbiota, including the nonculturable

and low abundance ones.

MATERIAL AND METHODS

Sampling site and soil analysis

Trindade Island soil was randomly sampled, 10 soil cores with 6 cm of diameter
to the depth of 0-10 cm, from the northeast shoreline of Trindade (coordinates: 20°30' S
and 29° 19' W), under influence of native vegetation (Cyperus atlanticus). Soil cores
were bulked, sieved (< 2mm) and stored at 4 °C, for 20 days, until microcosm assembly
(Figure 1). The sampling expedition took place through April 2013. A total of 10
chemical variables (pH, P-rem, P, K, S>Cag®", OM, N and C), plus soil texture,
were assessed in the soil analysis. The protocol references and results are shown in

Table 1, in the results section.
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Table 1- Summary of physicochemical data for surface soil cores (0 - 10 cm) sampled

at the northeast coast of Trindade Island - Brazil.

Characteristic  Unit Value
pH - H,0 5.6
Soil texture Sandy
Loam
P-rem® mg L* 26.5
P 1290.8
K@ mgkg?  180.33
s® 5.63
Ca?® . 984
Mg*2® cmol kg 78
OM 0.64
N % 0.19
c® 0.37

) Remaining phosphorus (Alvarez et al., 2008) Extracted with Mehlich- 1. ®
Extracted with monocalcium phosphate in acetic acid (HOEFT et al., 1473).
Extracted with KCI 1 mol L*. ® Walkley and Black method/OM = C.org * 1.724.

Soil treatment with crude oil

Firstly, to simulate the ageing of crude oil exposed to environmental conditions
during spillage events, we heated 500 mL of crude oil to 90 °C and incubated for two
hours in a fume hood. The resulting aged crude oil was a material highly viscous and
difficult to work with. To obtain homogenous mixing of oil with soil, we dissolved the
aged crude oil in hexane and applietb a subsample of each experimental soil (Figure
1). Studies regarding the degradation or extraction of hydrocarbons from soil systems
routinely use organic solvents for spiking of soil with these hydrocarbons, and it is well
known that organic solvents are harmful for native microbial communities within soils
(Maliszewska-Kordybach, 1993; Brinch et al., 2002). Therefore, hexane was also added
to soils without crude oil to create a hexane-only contaminated control stock. These
hexane (and crude oil + hexane) exposed soil stocks were kept in a fume hood until all
hexane had evaporated. We then added 10 g of the control stock soil (hexane
evaporated) to the flasks corresponding to ‘Control’, and made up to 20 g with the
corresponding soil that had not been exposed to hexane. The same procedure was
repeated for the stock soils contaminated with crude oil, corresponding to the treatment

‘Crude Oil’. This combination method was required to repopulate the native soil
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microbial community injured by hexane. The final concentration of crude oil was 30 g

kg'. The flasks were incubated at 26° C and the soil moisture was kept at 60% of its
water holding capacity (remoistened periodically with deionised water upon reaching c.
50% water holding capacity).

Experimental design

To evaluate the effects of crude oil on the soil microbial community, we
assembled six soil microcosms in borosilicate Whéa{atSA) respirometer flasks of
250 mL, containing 10 g of soil (dry weight). The microcosms were incubated at 26° C
for 23 days, and the microbial activity was monitored by quantifying @@issions
every 4 hours, using a continuous-flow respirometer coupled to an infrarede@@tor
(TR-RM8 Respirometer Multiplex Sable System) (Heinemeyer et al., 1989). After this
23 days, acclimatizing period, three flasks (3 replicates) received further 10 g of stock
soil treated with hexane fo€ontrof and three flasks (3 replicates) received further 10
g of stock soil treated with crude oil and hexar@ude Oil treatment. The final
concentration of the Crude Oil in this treatment was 30°f Rdter the settlement of
the treatment replicates, the incubation continued for a further 15 days (Figure 1). After
this period the samples were frozen using liquid nitrogen and stored at -80 °C until total

community DNA extraction.

Molecular analyses
DNA extraction and quality check

Genomic DNA was extracted and purified from each soil sample (0.5 g) using
the PowerMax® Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following
manufacturer’s instructions. Purity of the extracted DNA was checked using a
Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE,
USA) (260/280 nm ratio) and DNA concentration was determined using Qubit® 2.0
fluorometer and dsDNA BR Asy kit (Invitrogen™). Integrity of the DNA was

confirmed by electrophoresis in a 0.8 % agarose gel with 1 X TAE buffer.

High-throughput sequencing
Sequencing was done on the lllumina MiSeq® platform (Caporaso et al. 2012)
at the High-throughput Genome Analysis Core (HGAC), Argonne National Laboratory

(linoi, USA). Bacterial and archaeal 16S rRNA genes were amplified using primers
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515F(5’-GTGCCAGCMGCCGCGGTAA?’) and 806R
(5’-GGACTACHVGGGTWTCTAATS3’) for paired-end microbial community analysis
(Caporaso et al.,, 2011). Fungal ITS1 region was amplified using primers I'BS1F (
CTTGGCCATTTAGAGGAAGTAA-3’) and ITS2
(5’-GCTGCGTTCTTCATCGATGC3’) using the method described by Smith & Peay
(2014).

Data analysis

We applied the 16S and ITS bioinformatics pipeline recommended by the
Brazilian Microbiome Project, available at http://brmicrobiome.org (Pylro et al, 2014).
Briefly, this pipeline uses QIIME (Caporaso et al., 2010) and Usearch 7.0 (Edgar, 2010)
for filtering low quality sequences, clustering sequences of high similarity, diversity
analysis, diversity comparisons and graphical plotting. For fungal ITS analysis we also
used the software ITSx (Bengtsson-Palme, 2013) for taxonomic assignment
improvement. The sequencing depth can affect alpha and beta diversity analysis,
therefore, we used the strategy of rarefaction (randomly sub-sampling of sequences
from each sample) to equalize the number of sequences per sample and to evaluate the
sufficiency of the sequencing effort. We also used the Good’s coverage (Good, 1953)
index to assess the coverage reached using the rarefaction level chosen. The microbial
diversity changes were measured using the alpha diversity metrics: PD whole tree (for
16S rRNA gene only), Chao (Chao, 1984) and observed species. For beta-diversity
estimations, we generated distance matrixes using the phylogenetic method weighted
unifrac (Lozupone et al, 2005) for 16S rRNA gene sequences and the Bray-Curtis (Bray
& Curtis, 1957) method for ITS sequences. We plotted the beta-diversity distance
matrixes using a bi-dimensional Principal Coordinates Analysis (PCoA) and the clusters
were evaluated using the cluster quality analysis (cluster_quality.py script on QIIME
(Caporaso et al., 2010), calculating the ratio of mean “distances between samples from
different clusters” to mean “distances between samples from the same cluster”. The
hypothesis testing method used to compare taxonomic differences between treatments
was made using the bioconductor EdgeR package (Robinson, et al., 2010). The count
matrix was normalized through the relative log expression (RLE) proposed by Anders
and Huber (2010), where the median count is calculated from the geometric mean of all
columns and the median ratio of each sample to the median library is used as the scale

factor. The p-values were corrected using the Benjaming-Hochberg false discovery rate
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method (FDR). The R script used in this analysis is described and available at

http://github.com/kdanielmorais.

RESULTS

Solil respiration and physicochemical characteristics

The Trindade Island soil physicochemical properties are listed at Table 1. The
first 23 days of incubation didn’t show any difference in CO, emissions between the 6
microcosms. Differences were detected only on tifed2y, after the implementation of
the treatments (Figure).2ZCO, emission rate of oil-contaminated samples increased 8
compared to the control in the first 4 hours (Figure 2). Three days after contamination,
emission rate peaked at more than 20 times the control. After the addition of crude oil
CO, emissions of the oil treated samples continued to be higher than the control
treatment until the sampling of the DNA on ®B@" day. At the last day of incubation
(38", CO, emission rate of the contaminated treatment was still almost 4 times higher

than the control (Figure)2

= Control e (il
10.00

6.00

CO, pM h*!

Days

Figure 2 - Respirometry analysis of Trindade Island coastal soil microcosms. Average
CO, emission rates evaluated during 38 days of incubation. Emissions until 24 days
represent the acclimatizing period without oil addition. Readings after 24 days show the
differences in C@ emissions after establishing the two treatments (Control and Oil).
The microcosms were incubated at 26 °C and, @@ission was monitored by an
automated respirometer coupled to an infrared @ector.
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Sequencing output
A total of 314,748 joined and quality filtered 16S rRNA gene lllumina®

barcoded reads, and 424,269 single end quality filtered fungal ITS lllumina® barcoded
reads were obtained from the soil samples (Table S1). The oil-contaminated treatment
yielded a smaller number of sequences. To minimize the effects of sequencing depth
variation on diversity analysis and taxa comparison, we applied the rarefaction method
(random subsampling of sequences). Estimates of alpha and beta-diversity were based
on evenly rarefied OTU matrices (45,695 sequences per sample for Bacteria and

Archaea and 25,315 sequences per sample for Fungi).

Diversity comparisons

The alpha diversity indexes used in this experiment represent species richness
(Tables 2 and 3). Wcompared treatment’s effects over Bacteria/Archaeca community
using the estimators Faith’s PD (phylogenetic measure of diversity based on total
branch length of phylogeny captured by a sample, proposed by Faith, 1992), the Chao-
(estimator of total species richness proposed by Chao, 1984), and observed species
(number of species detected) (Table 2). The effects on Fungal community was measured
using only the Chao-1 and Observed species estimators, as there was not an ITS1
phylogenetic tree available to use the Faith’s PD estimator. All metrics yielded similar
results for Bacteria/Archaea and Fungi. The comparison between the two treatments
shows a significant reduction of diversity upon the addition of oil for Bacteria, Archaea
and Fungi. The fungal community was the most sensitive group to the oil addition,
showing a reduction of ~40% for the indexes Chaol and Observed species (table 3).

The rarefaction analysis (Figures 3 A and B), which plots the operational
taxonomic unit (OTU) richness as a function of sequencing depth, and the Good’s
coverage shows that sequencing effort was sufficient to capture the Bacterial, Archaeal
and Fungal diversity of samples. The analysis also confirms that crude oil had a
reductive effect on microbial diversity.

The beta diversity analysis (Figure 4) was performed using Weighted Unifrac
for 16s rRNA gene and Bray-Curtis for fungal intergenic spacer ITS1 due to the lack of
a phylogenetic tree for ITS1 marker. Both methods showed two very distinct clusters
separating the treatments Control and Crude Oil (Cluster quality. 16S = 2.36 and ITS =
2.14).

26



Table 2 -Average (n = 3) alpha diversity comparison between the treatments control
and crude oil for bacteria and archaea groups.

Metrics Control Std. Err.  Crude Oil  Std. Err.  p-value*
Rarefaction level 45690 - 45690 - -
Good's coverage 0.987 0.001 0.989 0.002 -

PD whole tree 177.51 1.69 164.87 3.72 0.012546
Chao 1 3107.12 39.7 2796.51 149.7 0.047083
Observed species 2679.23 36.9 2443.20 78.5 0.018392

*Two-sample parametric t-test.

Table 3 - Average (n = 3) alpha diversity comparison between the treatments control
and crude oil for fungi.

Metrics Control  Std. Err.  Crude Oil  Std. Err. p-value*
Rarefaction level 25315 - 25315 - -
Good's coverage 0.99 0.001 0.99 0.001 -
Chao 1 100.58 12.1 69.96 12.9 0.0548
Observed species 96.46 11.8 67.8 11.7 0.0681

*Two-sample parametric t-test.
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Figure 3 - Average alpha diversity rarefaction plot for (A) Bacteria/Archaea and (B)

Fungi. It shows the number of observed species at a random pool of sequences in

different depths.
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Taxonomic comparison

The taxonomic distributions of Bacteria/Archaea are shown in Figure 5 at
phylum level. The control treatment show 6% of sequences to be from the Archaea
domain, 93.4% from Bacteria domain and 0.5% were not assigned to any taxa from the
GreenGenes database of May 2013 (DeSantis et al., 2006). For Archaea, we found only
three representatives: the genus Nitrosphaerales belonging to the phylum Crenarchaeota,
the order E2 belonging to the phylum Euryarchaeota and the order YLA114, belonging
to the phylum Parvarchaeota. The addition of oil reduced the relative abundance of
Archaea to 2.7%.
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We identified 225 orders in the bacterial group of the control samples. The
most abundant bacterial orders in the control were Acidobacteria order iiil1-15 (7%),
Rhizobiales (6.5%), Rubrobacterales (6.3%), Nitrospirales (6.1%), Xanthomonadales
(4.8%), Syntrophobacterales (4.2%), Gaiellales (4%) and Myxococcales (4%). Oil-
contaminated samples presented 224 orders, and the most abundant orders were
Actinomycetales (17%), Acidobacteria order iiil-15 (8.5%), Rhizobiales (6.4%),
Burkholderiales (4%), Xanthomonadales (3.9%), Chloroacidobacteria order RB41
(3.4%), Sphingomonadales (3%), Acidimicrobiales (2.9%). The abundance of 57
taxa was significantly different between Control and Crude Oil (Table 4).

Fungal taxonomy analysis (Figure 6) was assessed using the UNITE database
version 7 (Kdljalg et al., 2005). 5% of the reads from non-contaminated soil were not
assigned to any taxonomic group. For the crude oil treatment, only 0.7% of the
sequences did not match to a taxon. We found 29 orders in the fungal group of the
control samples. The most abundant orders in the control were Hypocreales (41%),
Mortierellales (27%) and Sordariales (7.5%). Oil-contaminated samples presented 29
orders, and the most abundant orders were Mortierellales (70%), Hypocreales (24%)
and Botryosphaeriales (1.1%). Abundance of 6 taxa was significantly different

between control and oil contaminated soils (Table 5).
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Table 4 — Bacterial/Archaeal OTUs presenting an average absolute abundance

significantly different between the treatments “Oil” and “Control”, under the EdgeR

Fisher’s exact test and o = 0.05.

Taxa Control Crude Oil g-value*

g__ Candidatus Nitrososphaera 10275.0 4098.0 3.77E-03
p__Acidobacteria;o___DS-18 546.0 740.0 9.05E-03
p__Acidobacteria;o__ Sva0725 370.0 704.0 9.20E-05
p__Actinobacteria;g__lamia 93.0 206.0 1.41E-02
p__Actinobacteria;f __Actinosynnemataceae 17.0 71.0 6.66E-07
p__Actinobacteria;g__Gordonia 1.0 51.0 2.69E-02
p__Actinobacteria;f__Intrasporangiaceae 42.0 186.0 1.03E-07
p__Actinobacteria;f __Micrococcaceae 264.0 467.0 1.02E-03
p__Actinobacteria;g__Nocardia 6.0 13766.0 2.76E-79
p__Actinobacteria;f __Nocardiaceae 18.0 91.0 2.20E-06
p__Actinobacteria;f __Nocardioidaceae 392.0 1158.0 4.43E-12
p__Actinobacteria;g__Aeromicrobium 179.0 506.0 3.11E-07
p__Actinobacteria;g__Nocardioides 57.0 105.0 1.13E-02
p__Actinobacteria;g__Pimelobacter 6.0 799.0 1.82E-19
p__Actinobacteria;g__Amycolatopsis 2.0 88.0 5.19E-10
p__Actinobacteria;f__Streptomycetaceae 166.0 3743.0 2.19E-48
p__Actinobacteria;g__ Streptomyces 380.0 613.0 6.03E-04
p__Actinobacteria;g__Actinomadura 32.0 71.0 3.75E-03
p__Actinobacteria;c__ MB\2-108 80.0 130.0 2.16E-02
p__Actinobacteria;f___Rubrobacteraceae 4085.0 1590.0 1.72E-04
p__Actinobacteria;g__Rubrobacter 6674.0 1710.0 4.18E-08
p__Bacteroidetes;g__Crocinitomix 62.0 0.0 5.30E-11
p__Bacteroidetes;g__ Fluviicola 568.0 53.0 9.23E-05
p__Firmicutes;o__Bacillales 109.0 33.0 3.84E-02
p__Firmicutes;g__Alicyclobacillus 102.0 30.0 1.45E-02
p__Firmicutes;g__ Bacillus 1680.0 504.0 5.32E-05
p__Firmicutes;g__ Virgibacillus 162.0 65.0 1.61E-02
p__Firmicutes;g__Cohnella 54.0 14.0 1.71E-02
p__Firmicutes;f _Thermoactinomycetaceae 52.0 7.0 1.08E-04
p__Nitrospirae;g__ Nitrospira 1356.0 591.0 8.71E-04
p__Planctomycetes;c__ Pla3 169.0 65.0 4.17E-02
p__Planctomycetes;o_ B97 127.0 52.0 4.41E-02
p__Proteobacteria;c__Alphaproteobacteria  95.0 214.0 1.33E-05
p__Proteobacteria;f _Caulobacteraceae 62.0 105.0 1.02E-02
p__Proteobacteria;g__Phenylobacterium 52.0 159.0 2.03E-06
p__Proteobacteria;o__Ellin329 579.0 754.0 2.80E-02
p__ Proteobacteria;f _Rhizobiaceae 142.0 223.0 1.29E-02
p__Proteobacteria;o___Rhodospirillales 1862.0 1003.0 2.52E-02
p__Proteobacteria;g___Phaeospirillum 33.0 83.0 6.83E-04
p__Proteobacteria;o__Rickettsiales 55.0 13.0 3.75E-03
p__Proteobacteria;f _Alcaligenaceae 88.0 152.0 1.25E-02
p__Proteobacteria;f __Burkholderiaceae 1.0 110.0 9.60E-14
p__Proteobacteria;g__ Burkholderia 6.0 108.0 8.14E-16
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p__Proteobacteria;f Comamonadaceae 611.0 4498.0 1.14E-14
p__Proteobacteria;g__Delftia 15.0 289.0 1.34E-09
p__Proteobacteria;g__ Cupriavidus 25.0 258.0 1.09E-17
p__Proteobacteria;f _Entotheonellaceae 1030.0 472.0 1.11E-03
p__Proteobacteria;f__Bacteriovoracaceae 185.0 35.0 2.80E-02
p__Proteobacteria;f _Syntrophobacteraceae 7112.0 3975.0 3.01E-02
p__Proteobacteria;f__Alteromonadaceae 969.0 54.0 5.43E-05
p__Proteobacteria;g__ Cellvibrio 101.0 22.0 1.37E-04
p__Proteobacteria;f __Moraxellaceae 3.0 271.0 4.08E-02
p__Proteobacteria;g__ Acinetobacter 6.0 436.0 3.44E-06
p__Proteobacteria;g__Perlucidibaca 9.0 1496.0 3.11E-07
p__Proteobacteria;g__Arenimonas 60.0 9.0 2.93E-04
p_ TM7;c_ SC3 127.0 170 2.41E-08
p__ TM7;c__TM7-1 50.0 7.0 1.77E-04

*p-values corrected by the FDR method.

Table 5 — Fungal OTUs presenting an average absolute abundance significantly
different between the treatments “Crude Oil” and “Control”, under the EdgeR
Fisher’s exact test and o = 0.05.

Taxa Control Crude Oil  g-value*

p__Ascomycota;f _Clavicipitaceae 96.3 2442.6 1.96E-16
p___Ascomycota;g__Fusarium 834.0 19800.6 7.25E-16
p__Zygomycota;g__Mortierella 11430.0 69846.3 2.55E-08
p___Ascomycota;o__Hypocreales; 378.0 1148.3 1.01E-05
p__Ascomycota;g__Lecanicillium 0.0 135.0 3.02E-05
p__Ascomycota;f _Bionectriaceae 14704.3 202.3 8.01E-04

*p-values corrected by the FDR method.

34



B Unassigned;Other;Other

B k_ Fungi;Other;Other

I k_ Fungi;p__Ascomycota;Other

B k_Fungi;p_ Ascomycota;c_ Dothideomycetes

100 7
I k_ Fungi:p_ Ascomycota;c__Eurotiomycetes

k_ Fungi;p_ Ascomycota;c_ Incertae sedis
k_ Fungi;p__ Ascomycota;c_ Leotiomycetes
k_ Fungi;p_ Ascomycota;c_ Orbiliomycetes
k_Fungi;p_Ascomycota;c_ Saccharomycetes
k__Fungi:p_ Ascomycota;c_ Sordariomycetes
k_Fungi;p_ Ascomycota:c__unidentified
k__Fungi;p__Basidiomycota:c__Agaricomycetes
k_ Fungi:p_ Basidiomycota:c_ Microbotryomycetes
k_Fungi;p_ Basidiomycota;c_ Tremellomycetes
k__Fungi:p__Zygomycota:c__Incertae sedis

50T
k__Fungi;p__unidentified;c__unidentified
0+ - l . I

Cntril Cntri2 Cntri3 Qill 0il2 Qil3 Control  Crude Qil
Figure 6 - Relative abundance of Fungi phyla using ITS1 region sequences. Samples are disclosed isolated and as an average of each treatment

Sequence abundance %

35



DISCUSSION

In this study, we have applied high throughput sequencing to evaluate the
effect of crude oil contamination on Trindade Island soil microbiota. We found that
crude oil had a deleterious effect on microbial alpha-diversity (Tables 2 and 3). This
result is similar to tat obtained by Yang (2014), as crude oil was thought to have an
ecotoxicological effect. The higher amount of €évolved in the crude oil treated-
soil (Figure 2) is related to the oil stressing effect (Franco et al., 2004), and the
further peaks observed in the Figure 2, might be related to different fractions of oil
being degraded according to its bioavailability.

Despite the toxic effect, some taxa are abletitose oil hydrocarbons as a
source of carbon and energy being favoured by oil amendment, and gradually
overcoming the populations lacking those abilities. The effects on fungal diversity
were more marked than that observed on prokaryotic diversity, corroborating Embar
(2006), who reported a rapid increase in abundance and shift in diversity in the
fungal community in response to oil contamination. The strong effect of oil on the
fungal diversity may also be explained by metabolic differences between eukaryotes
and prokaryotes. This effect relates to the increased toxicity of polycyclic aromatic
hydrocarbons, present in crude oil, after metabolic activation mediated by the
enzyme cytochrome P450 (CYP) of eukaryotes. The majority of carcinogens in the
environment are inert by themselves and require the metabolic activation by CYP, in
order to exhibit carcinogenicity (Shimada and Fuji-Kuriama, 2003). The CYP genes
belong to the superfamily of dioxygenases, present in all domains of life. Genes that
code for dioxygenases in prokaryotes are related to toxin and xenobiotic degradation,
while in eukaryotes CYP genes may be related to a plethora of functions, ranging
from biosynthesis of hormones to chemical defence in plants (Werck-Reichhard et
al., 2000).

We observed the formation of two distinct clusters representing the control
samples and the crude oil contaminated samples during the analysis of beta-diversity
(Figure 4). We found that bacterial/archaeal oil-contaminated replicates showed a
broader spread in the PCoA, while oil-contaminated replicates in fungal communities
are clustered more tightlyfigure 4B). Because of selective pressure, the taxa
resistant to the contamination event and the populations able to degrade

hydrocarbons will gradually outnumber the rest of the community in the curse of
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succession (Yang et al., 2014). Therefore, as oil presented a toxic effect, we would
expect that the bacterial community of contaminated samples would show a more
compact clustering, as happened with the fungal community. However, as the
bacterial community comprises c. 30x more OTU than the fungal, the shifts in the
bacterial relative abundance might be more related to soil microhabitats present in
each replicate, than with the oil toxic effects. This phenomenon was previously
observed (Juck et al., 2000; Liang et al., 2011; Yang et al., 2014), and could be
explained by the appearance of new niches in the contaminated soil with further
fulfilment of these niches by previously not detected (low abundance) taxa.

Soil is the most diverse environment on earth (Vogel et al., 2009), and many
of the native microorganisms possess the ability to resist and degrade crude oll
hydrocarbons (Franco et al., 2004; Head et al., 2006). In this study, we detected the
relative abundance community shifts in Actinobacteria, Proteobacteria, Firmicutes
and Planctomycetes. The phylum Actinobacteria had its abundance increased in
response to crude oil addition. We detected shifts in one unidentified OTU from the
family Streptomycetaceae, one OTU from the genus Streptomyces and one OTU
from the order Solirubrobacterales. Interestingly, the genera Nocardia represented
less than 0.01% of the total sequences in the control samples and shifted to 9.4% of
the sequences in the crude oil samples (Table 4). Several studies have reported
Actinobacteria as a good option for removing recalcitrant hydrocarbon, since they
are known for the production of extracellular enzymes that degrade a wide
range of complex hydrocarbons. Also, many species of Actinobacteria are able to
produce biosurfactants that enhance hydrocarbons solubility and bioavailability
(Pizzul et al., 2007; Kim & Crowley, 2007; Balachandram et al., 2012; da Silva et
al., 2015). The Actinobacteria phylum is recognized as the main alkane degrader in
polar soils (Aislabie et al., 2006), besides producing multiple types of antifungals,
antivirals, antibiotics, immunosuppressives, anti-hypertensives and antitumorals
(Benedict, 1953; Omura et al., 2001; Khan et al., 2011; de Lima Procépio et al.,
2012). Rodriguez et al. (2015) reported a significant rise in Gamma and
Alphaproteobacteria relative abundance from beach sand of Florida coast, in
response to the crude oil plume from the Deepwater Horizon Drilling rig accident in
the Gulf of Mexico. Although some research has reported the prevalence of Gram-
negative bacteria upon soils contaminated with heavily weathered petroleum (Kaplan
& Kitts, 2004), our work shows a big shift on Gram-positive Actinobacteria. Our
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results also corroborates with Chikere et al. (2009) who mgbtre prevalence of
Actinobacteria after oil addition using cultivation dependent techniques. Grosshard et
al. (2004) detected the inhibition of several proteobacterias by actinomycete strains
isolated from the German Wadden sea, while Burgess et al. (1999) report that,
antibiotic production may be triggered by several factors as presence of chemical
substances, substrate availability, population density and many others.

We did not detect a shift in the general relative abundance of the
Proteobacteria phylum (Figure 4) but, the relative abundance of the classes inside
this phylum showed a significant change (Table 5). Alpha and Deltaproteobacteria
classes had a major relative abundance reduction in the contaminated samples. The
reduction of these two classes might even be connected, considering that, the
Alphaproteobacteria with the biggest reduction was a member of the Rhodospirillales
order, which is composed mainly by purple non sulphur photosynthetic
microorganisms. This group fix carbon using hydrogen as an electron donor, and the
member of the Deltaproteobacteria phylum that suffered the biggest reduction
belongs to the Syntrophobacteraceae family, a family known for releasiag H
product of organic acids fermentation. This ecological interaction is called syntrophy
(Mclnerey et al., 1981), and its presence could be happening as both groups were
reduced by c. 50%. The Beta and Gammaproteobacteria classes rose in their relative
abundance in response to crude oil treatment. The member of the Betaproteobacteria
class with the biggest increase belonged to the family Comamonadaceae, this family
is known by its heterotrophic denitrification capability (Khan et al., 2002) using
organic compounds as electron donors. The only Aawéh significant differences
between treatments, Nitrososphaera, is an autotrophic ammonia-oxidizer (Muf3mann
et al., 2011) and represented 6.1% of the total sequences in the control. In the crude
oil contaminated treatment this relative abundance was reduced to 2.8%. Urakawa et
al. (2012) evaluating the responses of ammonia-oxidizing Archaea and Bacteria to
crude oil hydrocarbons, showed that Archaea are several times more sensitive than
Bacteria. The reduction of this Archaea and the increase in the relative abuotdance
the Comamonadaceae family individual (Table 5), mentioned above, reinforces the
hypothesis raised to explain the broader cluster observed in Bacteria beta-diversity
(Figure 4A). This phenomenon was not observed for Fungi, as in the control samples
we were able to detect 12 well distributed classes and in the contaminated samples,
more than 95% of the sequences belonged to the classes Sordariomycetes and
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Incertae. The Incertae class wapresentedy only one genera, Mortierella, and its
relative abundance in the contaminated samples reached 70.3%. Mortierella is a
Zygomycota and is known as an oleaginous microorganism, it accumulates lipids and
has even been used as a strategy for biodiesel production (Ratledge, 2002; Kumar et
al., 2011).

This is the first study reporting the effect of crude oil contamination in soils
of the Trindade Island, a Brazilian oceanic island threatened by possible oil spills due
petroleum exploration. Our results reinforces the importance of microbial diversity
analysis in insulated environments, pointing out the impact of crude oil on microbial
communities shifts from unexplored environments. Moreover, these fididigate
the biotechnological potential of degrading hydrocarbons soil microorganisms,
fostering further studies aiming to relieve any oil contamination occurrence on

Trindade Island.
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ABSTRACT

Petroleum hydrocarbons may cause problems in all domains of life, from
shifts in microbial communities (bacteria, phytoplankton and zooplankton) to
mutagenic effects, alteration of embryonic development, life spam and behavior of
vertebrates. Biodiesel Co-Product (BCP) is now a highly available and cost-effective
material for many pourposes, including soil amendment. BCP was shown to promote
increased extracellular investment of N into amino acids present in the extracellular
matrix (or ‘EPS’) relative to the simple carbon source glycerol. Soil is considered the
most diverse environment on Earth. We aimed to compare the effects of crude oil
contamination on three soils not previously exposed to oil contamination.
Furthermore, we hypothesized that a microbial community given BCP would
maintain greater diversity when exposed to contamination with crude oil than a
community not given BCP. An early flush of g@as observed when BCP was
applied to the soils with and without oil. BCP did not affect ATP or alpha diversity in
Grassland soils, nor alpha diversity of Bare Fallow. The data distribution obtained
with Principal Coordinates Analysis (PCoA) shows a very tight clustering of the
samples by type of soil. Grassland and Bare Fallow soils had high differences of

OTU abundances between the treatments Control and Oil and Trindade Island soil
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had very low differentially abundant OTUs between these two tratmetns. It is
necessary to evaluate long-term effects of crude oil addition on different types of
soil. This study was part of a larger project, which intends to describe immediate
changes in microbial functions under the same conditions of this experiment. This
experiment was the first comparison between agricultural soils and a tropical pristine
soil under crude oil contamination and a bioremediation strategy using a by-product

from the biodiesel industry.

Keywords: Next Generation Sequencing; microbial community analysis; alpha

diversity; beta diversity; biodiesel co-product (BCP), differential abundance.
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INTRODUCTION

Crude oil exploration, transport, storage, refining and consumption are
activities that bring risk to the environment. As shown in many articles, the leakage
of crude oil or its derivatives cause damage to soil, water and air, through the release
of recalcitrant and toxic compounds (D. M. Di Toro et al, 2007). Petroleum
hydrocarbons may cause problems in all domains of life, from shifts in microbial
communities (bacteria, phytoplankton and zooplankton) to mutagenic effects,
alteration of embryonic development, life spam and behavior of vertebrates (G.
Perhar and G. B. Arhonditsis, 2014, J. P. Incardona et al, 2014, D. Kochhann et al,
2015). In reason of its disastrous effects, petroleum spillage is now considered the
main threat to marine ecosystems (G. Perhar and G. B. Arhonditsis, 2014).

The diversification of the energy industry into the renewable sector and
favorable combustion dynamics of biodiesel (Coniglio et al., 2013) mean that
Biodiesel Co-Product (BCP) is now a highly available and cost-effective material for
many pourposes, including soil amendment. BCP contains approximately 49%
glycerol and 12% of fatty acid methyl esters from (Table 1). It was previously
demonstrated that BCP rapidly increased the microbial biomass in an arable soil
(Redmile-Gordon et al., 2014). In the aforementioned study, BCP enabled microbial
transformations of nitrate-N to organic forms and thus preventedslossatrogen
from the soil. Furthermore, BCP was shown to promote increased extracellular
investment of N into amino acids presentthe extracellular matrix (or ‘EPS’)
relative to the simple carbon source glycerol (Redmile-Gordon et al., under review
1). EPS is thought to support improved enzyme efficidncycreasing the contact
between enzyme and substrate in aquatic systems (Romani et al., 2009) and soils
(Redmile-Gordon et al., under review2), and embody tolerance against toxic
hydrocarbon (Kang & Park, 2010).

Microorganisms are key components of the carbon cycle, therefore,
possessing the enzymatic apparatus to produce and degrade a plethora of organic
carbon molecules. It is well known that prokaryotes are efficient on utilizing
recalcitrant petroleum hydrocarbons as source of carbon and energy. In 1946, Claude
E. Zobel published the classical review about the microorganisms’ ability of oil
degradation. Ronald Atlas’ review (1981) presents an environmental perspective on

the role of bacteria, algae and fungi, comparing taxonomy, environmental conditions
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and chemical characteristics of crude oil. That review highlights the increasing
importance of this field of research in line with the global trend for spillages of
greater magnitude. At that time, the use of molecular approaches to prospect
biodegradation functions in the environment was expensive and the absence of high
throughput methods prevented the deepening (or expansion) of our knowledge about
the existence, organization and regulation of genes and metabolic pathways involved
in hydrocarbon biodegradation.

Although the term “metagenomics” have been used for the first time in 1998
by Handelsman and his collaborators, results from studies tiséxg generation
sequencing” technology to describe environmental microbial samples were published
only in 2005 by Poinar and colleagues, describing ancient DNA samples from
Mammouth, followed by those of Robert Edwards (2006) about the microbial
ecology of deep mines.

Soil is considered the most diverse environment on Earth. Torsvik and
colleagues (1996) estimated that one gram of soil could hold up to 6000 species of
bacteria, based on E. coli genome size. Results from Roesch et al. 2007, using next
generation sequencing, show that community richness and diversity are closely
related to the use of land; they also obtained richness results that agreed with the
estimations made by Torvisk et al. (1996).

The recent achievements in the field of nucleotide sequencing have improved
our capabilities to study complex microbial communities. Such advances made it
possible to describe the microbial community profile of highly diverse and complex
matrices like soil (Roesch et al., 2007; Caporaso et al., 2012).

Here we aimed to compare the effects of crude oil contamination on three
soils not previously exposed to oil contamination and with highly contrasting
physicochemical properties (Table 2) and management. Furthermore, we
hypothesized that a microbial community given BCP would maintain greater
diversity when exposed to contamination with crude oil than a community not given
BCP.
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MATERIAL AND METHODS
Experimental design

Three soils were used to examine the effect of crude oil contamination and of
BCP treatment. Two soils were sampled from the Highfield long-term experiment at
Rothamsted Research, Hertfordshire, UK and one soil was sampled at Trindade
Island, Brazil, harboring the species Cyperus atlanticus. We defined 4 treatments:
Control samples (Cntrl), Crude oil addition (Oil) (50 g'kgBiodiesel Co-product
(BCP) (3 g ki) and a Combination of Crude oil and Biodiesel Co-product (Comb).
The microcosms were assembled with 20 grams of soil in bijou bottles of 50 mL.
The microbial biodegradation activity was measuredQf) emission quantified
using the MicroResp method (Campbel et al., 2003).

The Biological Chemistry department of Rothamsted Research Institure

supplied Biodiesel co-product characteristics (Table 1).

Table 1 - Composition (%) of biodiesel co-product (BCP).

Potassium Potassium soap Biodiesel Volatile H,0
hydroxide (KOH) | (oleate equivalent)| (FAME) organics*| Glycerol
0.1 29.3 12.1 7.3 49.3 1.9

*Volatile organics at 105 °C.
FAME stands for fatty acid methyl ester.

Sampling site and soil analysis

The two soils from Rothamsted Research’s Highfield site were under
different cultivation regimes. One soil was under a bare fallow regime since 1959
and the other soil was under a grassland regime since 1949 (P. Hirsch et al., 2009).
Soils were randomly sampled at a depth of @0 cm. Trindade Island soil was
sampled to the same depth from the northeast shoreline area (coordinates: 20°30" S
and 29° 19' W), under influence of native vegetation (Cyperus atlantidues soils
were sampled randomly along the shoreline, following the distribution of C.
atlanticus. Cores were bulked, sieved (<2mm) and stored at 4°C until the
microcosms were assembled. The sampling expedition occurred through April 2013
and was supported by the Brazilian Navy and PROTRINDADE Research Program.
The National Council for Scientific and Technological Development (CNPQ)

provided all approvals and permits (project grant number 405544/2012-0 and
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authorization access to genetic resources process humber 010645/2013-6) to conduct
the study within this protected area. The field study did not involve endangered or

protected species.

Soil treatment with crude oil and BCP

In order to achieve the homogenous mixing of oil with soil, hexane was used
as a carrier. To eliminate the effect of hexane from the experimental design, the
following procedure was adopted. Firstly, to simulate the ageing of crude oil
exposed to environmental conditions upon spillage, we heated 500 mL of crude oil to
90° C and incubated for two hours in a fume hood. The resulting aged crude oil was
a material highly viscous and difficult to work with. To facilitate application to soil,
we dissolved the aged crude oil in hexane and applied to a subsample of each
experimental soil. Hexane was also added to soils without crude oil to create a
hexane-only contaminated control stock. These hexane (and crude oil + hexane)
exposed soil stocks were kept in the fume hood until all hexane had evaporated. We
then added 10 g of the control stock soil (hexane evaporated) to the bottles
corresponding to treatments ‘Control’ and ‘BCP’, and made up to 20 grams with the
corresponding soil that had not been exposed to hexane. The same procedure was
repeated for the stock soils that received the amendment of oil, corresponding to the
treatments ‘Crude Oil’ and ‘Comb’ (crude oil + BCP). This procedure was adopted
to repopulate the native soil microbial community decimated by hexane. The BCP
was added to soilgréatments ‘BCP and Comb’) as an aqueous solution of pH 7 at
the beginning of the incubation period. The final concentration of crude oil and BCP
was 3 g ki and 3 g ki respectively. After microcosm setup, the bottles were
incubated at 26 C and the soil moisture was kept at 60% of its water holding
capacity (remoistened periodically with deionized water upon reaching c. 50% of the
water holding capacity). In order to stimulate the microbial activity, at tfeand
15" day of incubation, the microcosms were amended with 5 g of stock soil (hexane
evaporated) to the treatments ‘Control’ and ‘BCP’ and 5 g of oil + hexane-

contaminated so#tock to the treatments ‘Crude Oil’ and ‘Comb’ (crude oil + BCP).
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ATP quantification analysis

ATP is a useful substitute for the ‘biomass C’ method when C is made highly
available (Joergensen and Raubuch, 2002) or when non-biomass C might be
suspected to be solubilized through fumigation with chloroform. Considering that
these soils were contaminated with crude oil, we favoured the ATP approach as a
measure of microbial biomass. The methodology was the described by Redmile-
Gordon et al., (2011).

Molecular analyses

DNA extraction and quality check

Genomic DNA was extracted and purified from each soil sample (0.5 g)
using the PowerMax® Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA)
following the manufacturer’s instructions. The purity of the extracted DNA was
verified using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA) (260/280 nm ratio), DNA concentration was determined
using Qubit® 2.0 fluorometer and dsDNA BR Assay kit (Invitrogen™). The
integrity of the DNA was confirmed by electrophoresis in a 0.8 % agarose gel with 1
X TAE buffer.

High-throughput sequencing

Sequencing was done on the lllumina MiSeg® platform (Caporaso et al.
2012) at the High-throughput Genome Analysis Core (HGAC), Argonne National
Laboratory (lllinoi, USA). Bacterial and archaeal 16S rRNA genes were amplified
using primers  515B’-GTGCCAGCMGCCGCGGTAA3’) and  806R
(5’-GGACTACHVGGGTWTCTAATS3’) for paired-end microbial community.

Data analysis

Respiratory data was compared using the R package and the ExpDes (Cite
ExpDes) library to perform the ANOVA and Tukey test between treatments and
environments. The graphs were generated using the SigmaPlot software (Systat
Software, San Jose, CA).
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We applied the 16S bioinformatics pipeline recommended by the Brazilian
Microbiome Project available dittp://brmicrobiome.org(Pylro et al., 2014) that

apply Qiime and Usearch 7.0 (Cite Usearch) for filtering, clustering and diversity
analysis. The microbial community data was evaluated using the balance weighted
phylogenetic diversity (BWPD) (McCoy & Matsen, 201® compare the alpha
diversity between soils and treatments and Principal Coordinates Analysis (PCoA) to
compare the beta diversity between treatments and environments. The phylogenetic
method used to produce the distance matrix was the weighted unifrac (Lozupone et
al, 2005) and the distances between treatments were compared using the two-sided
Student’s two-sample t test. The full tables of statistical tests are in the
supplementary material.

In order to evaluate the differential abundance of species among samples, we
used the method recommended by McMurdie and Holmes, (2014). The mentioned
authors suggest the normalization of OTU counts using the relative log expression
(RLE) scaling factor (Anders & Huber, 2010) between two groups of samples. After
the normalization step, McMurdie and Holmes (2014) suggest the exact test
(Robinson & Smith, 2008) for differences in the means between the two groups,
assuming a negative-binomial distribution. These analysis were performed using the
edgeR package (Robinson & Smith, 2010). The complete RScript developed for this
study is available dittps://github.com/kdanielmorais/diff_abundance
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RESULTS AND DISCUSSION

Soil respiration and physicochemical characteristics

An early flush of CQwas observed when BCP was applied to the soils with
and without olil (figure 1, A, B and C). After this initial flush had passed (day 3), the
cumulative CQ increase was greater in Grassland soil given BCP + Oil than with oil
alone (figure 1-A), indicating either that the BCP was providing a sustained source of
carbon or that its co-addition was supporting the respiration of crude oil-associated
carbon. Opposite to Grassland, the increase ofr€l@ase after treating the soils was
only noticed after the fbday of incubation for Bare Fallow and Trindade soils.
These two soils showed very low respiration rates in comparison to Grassland soil,

what can be explained by their low biomass content (figure 3).

Grassland Soil
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Figure 1 (A) Accumulated CQevolution of the treatments Control, Oil, BCP and
Comb for Grassland soil, during the 17 days of incubation. The measurement was
made using the MicroRe8p method.
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Bare Fallow Soil
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Figure 1 (B) Accumulated CQevolution of the treatments Control, Oil, BCP and
Comb for Bare Fallow soil, during the 17 days of incubation. The measurement was
made using the MicroRe8p method.

56



Trindade Soil
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Figure 1 (C) Accumulated CCevolution of the treatments Control, Oil, BCP and
Comb for Trindade Island soil, during the 17 days of incubation. The measurement
was made using the MicroRé¥pmethod.

The three soils have contrasting physicochemical properties (Table 2). The
parental material, resident biota, local topography and time of formation, explain
these contrasting characteristics (Brady & Weil, 2002). Trindade Island soil showed
low organic matter in comparison with Grassland, but high content of basic nutrients
and available phosphorus (Table 2). These characteristics relate to the nature of the
soils used in the study. High fertility is common in soils from shore regions, like
Trindade Island. High carbon and nitrogen contents are expected in soils receiving
root exudates as Rothamsted’s Highfield Grassland. Bare Fallow soil has the
characteristics of a soil without vegetation coverage for a long period. The leaching
process occurring more easily without temporary immobilization in plant biomass
may explain its low nutrient concentration. Another factor rely on the lack of plants

to stimulate the microbial community and, therefore, nutrient cycling.
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Table 2 - Summary physicochemical information for surface soil cores (0 - 10 cm)
sampled at Rothamsted Resé&sdligh Field site (Bare Fallow and Grassland) and
Trindade Island - Brazil.

Sample pH Soil texture | P-avaif” =C) ‘ K@ Ca+2(3)‘ Mg*2® OM‘ N

mg kg™ mg kg™ cmol, kg™ %

Bare Fallow| 6.83 | Silty Loam 2.32 49.75 | 31.98| 1.03 0.42 |0.85|0.09

Grassland | 6.43 | Silty Loam 11.30 | 128.09|163.77| 6.18 0.60 |3.98|0.34

Trindade 5.60 | Sandy Loam / 1290.80 180.33 9.84 2.78 |0.64|0.19

@ Pipet method™ Available Phosphorus (Olsen et al., 195%) Extracted with
Mehlich— 1.® Extracted with KCI 1 mol L,

Soil microbial biomass and diversity

In order to evaluate the effects of oil and the protective effect of BCRsagai
hydrocarbon toxicity, we decided to merge the graphs containing the informations of
biomass (ATP quantification) and the alpha diversity metric, (balance weighted

phylogenetic diversity) (McCoy & Matsen, 2013) (figure 3).

Biodiesel Co-product (BCP) amendment increasedrtiveobial biomass of
Bare Fallow soil and Trindade Island soil and alpha diversity (BWPD) of Trindade
Island. BCP did not affect ATP or alpha diversity in Grassland soils, nor alpha
diversity ofBare Fallow. The Liebig’s law, also known as “the law of the minimum”,
states that the scarcest resource (limiting factor) controls gi@¥aeg et al, 1999).
Bare Fallow and Trindade Island soils have low carbon content, while Grassland
soils have very high organic carbon concentration. The addition of BCP added the
nutrient that was limiting the microbial growth in Bare Fallow and Trindade, but for
Grassland, another factor seems to be limiting the microbial growth.

Crude oil had a deleterious effect on microbial biomass of Grassland and
Bare Fallow soils, but not in the soil of Trindade (figure 3). It is well known that
polycyclic hydrocarbons present in oil have a toxic effect on non-resistant cells
(Hentati et al, 2013). Oil contamination also increased alpha diversity (BWPD
metric) in Bare Fallow. Although the result of a toxic compound like hydrocarbons
present in oil causing the increase of Bare FabBowicrobial diversity sounds
controversial, it is known that soils hold a high degree of functional redundancy,
especially among bacterial taxa, with very far phylogenetic groups performing
similar processes (Allison & Martiny, 2008). If the groups of higher abundance
struggle against crude oil toxicity, we would expect that less abundant groups,
resistant to crude oil, would carry on the functions recently lost. The abundance of
these taxa, that just got space in the competition, will now increase, causing the
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effect of higher diversity seen in figure 3 A. This effect may be caused by the
reduction of populations density of dominant species (figuld,3so that the less
abundant species start to increase and occupy available niches, so they can better
compete. This shifts result in increased diversity.

The combination of oil and BC#® Bare Fallow increased alpha diversity and
ATP concentration. We speculate that this was possible thanks to the positive effect
of BCP on the microbiota of this soil. BCP contains approximately 29 % of
potassium soap (Table 1) and may have enhanced the availability of oil hydrocarbons
to Bacterial groups able to degrade these compounds. The protective effect observed
for Bare Fallow was not seen for Grassland and did not alter the microbial biomass

of Trindade Island.
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Figure 2 Soil biomass measured through ATP and alpha diversity index microbial
balance weighted phylogenetic diversity (BWPD). The graphs represent the biomass
(ATP) and alpha diversity (BWPD) responses of the soils (A) Bare Fallow, (B)
Grassland and (C) Trindade Island to the treatments Control (Cntrl), Biodiesel Co-
product (BCP), Crude oil (Oil) and Combination of Crude (Comb).

Beta Diversity comparison
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We used the weighted UniFrac distance metrics (method that calculates
phylogenetic distances between samples considering higher weight to more abundant
taxa/branch tips) to estimate the beta diversity and the results were presented as a
three-axis principal coordinates analysis (PCoA) (figure 4).

The data distribution obtained with Principal Coordinates Analysis (PCoA)
(Figure 4) shows a very tight clustering of the samples by type of soil (p-value
Benjaming-Hochberg corrected1.89 €°%. It can be concluded that soil microbial
communities are very divergent between the three areas. The differences between
microbial communities of the three areas is significantly higher than the differences
of microbial communities at same area exposed to the treatments with oil and BCP.
For this reason, the beta diversity analysis was also performed separately within each
soil type (Bare Fallow, Grassland and Trindade Island, Fig 5,6 and 7 respectivelly),
this approach allowed us to see the separation caused by treatments. Bare Fallow soill
showed two clusters separated by the presence of oil (p-value Benjaming-Hochberg
corrected= 0.00398) and separated the treatments oil and comb (p-value Benjaming-
Hochberg corrected 5.65°%), but did not show differences between the treatment
cntrl and bcp (figure 6). Grassland soils formed two clusters separated by the
presence and the absence of crude oil, differences were significative under t-test at
0.05 and p-value Benjaming-Hochberg corrected. The Trindade Island soil showed 4
well resolved clusters (p-value Benjaming-Hochberg correst@d5) representing

the 4 treatments (cntrl, BCP, crude oil and comb).
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Figure 3 Principal coordinate analysis (PCoA) of weighted unifrac distances
generated from taxa tables, summarized at the genus level, exposed to treatments
with biodiesel co-product (BCP) and oil.
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Figure 4 Principal coordinate analysis (PCoA) of weighted unifrac distances
generated from Bare Fallow soil’s taxa tables, summarized at the genus lgvel
exposed to treatments with biodiesel co-product (BCP) and oil.
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Figure 5 Principal coordinate analysis (PCoA) of weighted unifrac distances
generated from Grassland soil’s taxa tables, summarized at the genus level, exposed
to treatments with biodiesel co-product (BCP) and oil.
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Figure 6 Principal coordinate analysis (PCoA) of weighted unifrac distances
generated from Trindade Island soil’s taxa tables, summarized at the genus lgvel
exposed to treatments with biodiesel co-product (BCP) and oil.

Taxonomic comparison

The relative abundances of the phyla detected on the work reported here, are
presented in tabl82 The Bare Fallow control soil show ca. 0.1% of the sequences
to be from the Archaea domain, 99.3% from Bacteria domain and 0.2% were not
assingned to any taxa from the GreenGenes database (DeSantis et al., 2006). The
Grassland control soil show ca. 0.1% of the sequences to be from the Archaea
domain, 99.5% from Bacteria domain and 0.4% were not assingned to any taxa from
the GreenGenes database. The Trindade Island control soil show ca. 3.1% of the
sequences to be from the Archaea domain, 96.7% from Bacteria domain and 0.5%
were not assingned to any taxa from the GreenGenes database. We detected 6
Archaeal orders and 288 Bacterial orders in the present study. The most abundant
Archaea found in the three soils was the Candidatus nitrophaera. This specie
belongs to the phylum Crenarchaetoa and correspond to ca. 90% of the Archaea
community detected in this experiment. The Candidatus nitrosphaera presence is
related to the ammonia oxidation activity (Hatzenpichler et al., 2008) and the high

nitrogen content found at Trindade Island suggest the presence of a niche for this
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specie. Much attention must be addressed to this organisms considering its high
abundance in Trindade soil and the knowledge of Archaea domain being the most
abundant ammonia oxidizing prokaryotes in soil (Leninger et al., 2006).

The most abundant phyla in the Control treatment of Bare Fallow were
Proteobacteria (31.4%), Acidobacteria (21.5%), Actinobacteria (12.1%), Firmicutes
(10.6%), Gemmationadetes (9.9%), Verrucomicrobia (6.4%), Bacteroidetes (2.1%),
Chloroflexi (1.6%) and Planctomyces (1.6%). The most abundant phyla in the
Control treatment of Grassland were Verrucomicrobia (30.1%), Proteobacteria
(26.6%), Acidobacteria (16.2%), Actinobacteria (9.5%), Bacteroidetes (5.2%),
Firmicutes (4.6%), Planctomyces (2.7%), Gemmationadetes (1.8%), Chloroflexi
(0.9%). The most abundant phyla in the Control treatment of Trindade Island were
Actinobacteria  (33.7%), Proteobacteria (29.3%), Acidobacteria (13.2%),
Gemmationadetes (5.7%), Bacterioidetes (3.1%), Crenarchaeota (3.1%), Chloroflexi
(3.1%), Planctomycetes (3.0%), Verrucomicrobia (1.6%) and Firmicutes (1.2%).

To compare the taxonomical differences between treatments we applied the
Student-t test with p-values FDR-corrected on absolute abundance tables at the
lowest taxonomic level (genera) (Suplementary data), but this method did not detect
OTUs with significative abundance differences. Therefore, we assessed the variation
of OTU abundances between treatments using the Edge R pipeline (Robinson &
Smith, 2010), recommended by McMurdie and Holmes (2013). This approach takes
into account that during samples sequencing, using NGS technologies, the total
number of reads obtained for each sample is not the same. The R script for running
this analysis on R software is available at
https://github.com/kdanielmorais/diff_abundararel in table S3.

As we are interested on differences between the treatments in each soil and
not in differences between soils, the discussion will be focused on comparisons in
pairs of samples, between treatments within each soil (figure 8). Bare Fallow and
Grassland soils did not show any OTU differentially abundant significant0(05),
when comparing the treatments cntrl and BCP (figure 8A and 8B). This result agrees
with the results of beta diversity (dissimilarities between samples), by which it is not
possible to separate the samples control and BCP in the phylogenetic distance
comparison (figure 5 and figure 6). However, there was a drastic change of OTU
abundances in Trindade Island soil when BCP was applied (figure 9C). The changes

in OTU abundances observed in the Trindade Island soil means that, although the
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alpha diversity have rised (figure 3 C) the overall microbial community ended up
being higly divergent from its origin (Control treatment), in the same manner, the
increase of microbial biomass for Bare Fallow and the absense of differentially
abundant OTUs, suggest that BCP did not alter the microbial community of this
environment.

Grassland and Bare Fallow soils had high differences of OTU abundances
between the treatments Control and Oil and Trindade Island soil had very low
differentially abundant OTUs between these two tratmetns. This result is very similar
to what was discussed for ATP and alpha diversity analyses (figure 3). Bare Fallow
and Grassland showed a strong change of ATP and diversity upon addition of oil,
both soils had a reduction of microbial biomass and Bare Fallow increased its
microbia diversity, while Trindade Island did not have a significant difference of
ATP nor alpha diversity. These observations linked to the effects of BCP on Bare
Fallow, reinforce that the addition of BCP may have helped to protect soils
contaminated with crude oil, when having characteristics like Bare Fallow soil, low
biomass, low nutrient availability and low fertility, but did not show any protective
effect on Grassland and Trindade Island soils.

The comparison between the treatments Control and Comb, for Bare Fallow
and Grassland, yielded (13 and 63, respectivelly) lower differentially abundant OTUs
than the comparison between the treatments Control and Oil for these two soils (23
and 73, respectivelly). Trindade Island showed 282 OTUs differentially abundant
between the treatments Control and Comb (figure 8 C), being 169 OTUs more
abundant in Control and 113 OTUs more abundant in Comb. The treatments Control
and Comb, of Trindade Island, showed the highest number of OTUs differentially
abundant, this might be an accumulative effect of BCP and Oil addition. Within the
169 OTUs more abundant in the Control samples, when comparing to Comb
samples, we detected the 4 species belonging to the genus Streptomyces, 1 specie
belonging to the genus Pimelobacter, 4 species belonging to the genus Bécillus,
subspecies beloging to the Archaeal specie Candidatus nitrososphaera. This two
aforementined groups (Bacillus and Candidatus nitrososphaera) were detected in
higher abundance also in the Comb treatment when compared to the control. This
could be explained by the presence of different species or subspecies or could be
individuals that lack the molecular apparatus to produce the enzymes necessary to
degrade oil hydrocarbons. Molecular experiments have described C. nitrosophaera as
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presenting a higly dynamic genome, presenting multiple IS elements/transposases
and genomic islands (Bose & Grossman, 2011; Spang et al., 2012).

The biggest difference between the treatments of Grassland soil was in the
Verrucomicrobia phylum. The genus DA 101 belonging Verrucomicrobia occurred
only in soils of Rothamsted (Bare Fallow and Grassland) and is the most abundant
taxum in Grassland soil. The treatment Oil caused the biggest impact (73 OTUSs) on
OTU abundances, comparing to the Control treatment. The phylum Verrucomicrobia
had 10 species more abundant in Control treatment, when comparing to Oil treatment
(Suplementary Tab#3. This group is highly selected by roots exudates and its

functions are not completely known (da Rocha et al., 2013).
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Figure 7 Number of differentially abundant (DA) OTUs between treatments (Cntrl,
Edge R “exact test”, after normalization of the OTUs counting table using the RLE

method.
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CONCLUSIONS AND FUTURE PERSPECTIVES

BCP improved soil biodiversity in a short time scale (17 days) and using a
very low dosage, when carbon availability was a limiting factor (Trindade Island). It
helped to protect soil biomass from deleterious crude oil effects (Bare Fallow) and
improved biomass of Trindade Island soil. Crude oil had no immediate negative
effect on Trindade Island biomass or biodiversity and caused the reduction of
agricultural soils biomass (Grassland and Bare Fallow). Beta diversity analysis was
able to detect changes in the phylogenetic distances between contaminated samples
and non-contaminated samples.

It is necessary to evaluate long-term effects of crude oil addition on different
types of soil. This study was part of a larger project, which intends to describe
immediate changes in microbial functions under the same conditions of this
experiment. This experiment was the first comparison between agricultural soils and
a tropical pristine soil under crude oil contamination and a bioremediation strategy
using a by-product from the biodiesel industry.

The analysis of taxonomic differences using the DLE transformation and the
exact test based on the negative-binomial distribution was capable to detect changes

in short time soil experiments.
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Suplementary Table 1
Taxonomic community compositions.

Taxa Bare Fallow Grassland Trindade Island
Cntrl BCP 0]] Comb Cntrl BCP o]] Comb Cntrl BCP ol Comb
0.00210 0.002814 0.00423 0.003924 0.00561
Unassigned;Other 6 0.00208 0.00252 9 6 0.00451 0.00357 2 0.00521 0.00516 0.00474 4
0.00138 0.002683 0.000856 0.03119 0.05505
k__Archaea;p__Crenarchaeota 9 0.00172 0.00188 6 0.00101 0.00081 0.00114 4 8 0.04722 0.03596 6
6.11E- 5.05E- 2.03E- 548E- 3.89E- 2.77E- 5.90E-
k__Archaea;p__ Euryarchaeota 05 06 05 0 0 0 0 0 05 05 05 05
2.22E- 151E- 2.03E- 1.51E- 3.37E- 4.30E- 0.00034 0.00024
k__Archaea;p__[Parvarchaeota] 05 05 05 b5.14E05 05 05 05 2.81E05 9 0.00016 0.00011 6
3.33E- 2.52E- 3.55E- 5.05E- 1.45E- 3.34E- 8.30E- 2.95E-
k__Bacteria;p__ 05 05 05 4.57E05 06 05 0 2.01E95 0.00013 05 05 05
0.00023 0.000154 1.51E- 4.77E-
k__Bacteria;p__ AD3 9 0.00031 0.00013 2 05 0 06 2.81E05 0 0 0 0
0.21530 0.201522 0.16293 0.134737 0.13264 0.10591
k__Bacteria;p__Acidobacteria 6 0.23944 0.21244 2 9 0.15472 0.13447 1 1 0.09682 0.13038 3
0.12130 0.144789 0.09548 0.196313 0.33730 0.34001
k__Bacteria;p__Actinobacteria 8 0.11432 0.11316 5 3 0.10804 0.18783 8 5 0.32746 0.34786 9
0.00751 0.007097 0.00023 0.000337 0.00224 0.00156
k__Bacteria;p__Armatimonadete! 4 0.00648 0.00709 3 7 0.00042 0.00036 7 3 0.00161 0.00198 3
1.38E-
k__Bacteria;p__ BHI80-139 0 0 0 0 0 0 0 0 0 0 05 0
9.45E- 3.53E- 3.05E- 2.02E- 6.75E- 6.21E- 0.00025 8.36E-
k__Bacteria;p_ BRC1 05 05 05 5.14E05 05 05 05 6.84E05 9 0.00017 0.00018 05
0.02066 0.034852 0.05294 0.042144 0.03131 0.02926
k__Bacteria;p__Bacteroidetes 8 0.03035 0.0319 7 6 0.04921 0.04532 8 3 0.02696 0.02836 6
0.00017 0.000262 0.00079 0.000800 0.00041 0.00111
k__Bacteria;p__Chlamydiae 8 0.00027 0.00022 7 3 0.0008 0.00084 1 4 0.00072 0.0003 1
7.22E- 0.00037 0.00134 0.00064
k__Bacteria;p__Chlorobi 05 0.00014 0.00012 0.000177 4 0.00033 0.0002 0.000197 6 0.00097 0.0012 9
0.01638 0.00965 0.010928 0.03032
k__Bacteria;p__Chloroflexi 3 0.01403 0.01103 0.011688 7 0.00921 0.01079 2 6 0.02363 0.02462 0.02401
0.00248 0.006109 0.00072 0.000880 0.00068
k__Bacteria;p__Cyanobacteria 4 0.00319 0.00522 5 7 0.00056 0.00063 5 8 0.00109 0.00082 0.00148
k__Bacteria;p__Elusimicrobia 0.00123 0.00152 0.0017 0.002101 0.00219 0.00207 0.00206 0.002251 0.00096 0.00099 0.00119 0.00121
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k__Bacteria;p__ FBP

k__ Bacteria;p_ FCPU426
k__Bacteria;p__Fibrobacteres
k__Bacteria;p__Firmicutes
k_Bacteria;p_ GAL15
k__Bacteria;p__Gemmatimonade
s

k__Bacteria;p__ MVR21
k__Bacteria;p__ NKB19
k__Bacteria;p__ Nitrospirae
k__Bacteria;p__ OD1
k_Bacteria;p_ OP11
k__Bacteria;p_ OP3
k__Bacteria;p__ Planctomycetes
k__Bacteria;p__Proteobacteria
k__Bacteria;p__ SBR1093
k__Bacteria;p__Spirochaetes
k_Bacteria;p_ TM6
k__Bacteria;p___TM7

k__Bacteria;p__Tenericutes

0.00018
5.00E-
05

0.00016
7

0.10668
6

0

0.09945

0
1.67E-
05
0.00387
4
6.11E-
05

0
3.33E-
05
0.01596
7
0.31493
5

0
5.56E-
06

0.0002

0.00021
7

0.00011
1

0.00014
0.0001
0.00013
0.11416
0
0.07547
0
0
0.00421
6.56E-
05
1.51E-
05
4.54E-
05
0.01284
0.30282
0
8.08E-
05
0.00032
0.0003

4.54E-
05

0.00015 0.000194
1.02E-
05 2.28E05
6.60E-
05 4.00E05
0.163706
0.16246 1

0 0

0.05814 0.060038

0 0

0 0
0.002460
0.00227 9
0.000131
0.0001 3
5.08E-
06 1.71E05
5.08E-
06 4.00E05
0.010842
0.0128 9
0.284388
0.30679 8

0 0

0 5.71E06
0.000359
0.00044 7
0.000496
0.00038 8
5.08E-
06 2.85E05

1.01E-
05
1.51E-
05

0.00024
7

0.04603

0

0.01804
5.05E-
06

0
0.00372
6
5.05E-
06
1.51E-
05
1.51E-
05
0.02696
3
0.26614
1

0
1.51E-
05
0.00146
4
0.00013
6
0.00020
2

2.41E-
05

0
0.00025
0.0353

0
0.0192
2.41E-
05

0
0.00331
3.86E-
05

0
2.41E-
05
0.02663
0.27586

0
2.41E-
05
0.00171
0.00018

0.00019

9.55E-
06
4.77E-
06
0.0002
0.04707
0
0.01968
0
0
0.0034
1.91E-
05
4.77E-
06
9.55E-
06
0.02338
0.2931
0
4.77E-
06
0.00137
0.00016

0.00016

2.81E05

5.63E05

0.000197
0.048682
4

0

0.020272

0

0
0.003405
5

4.02E06

0

4.02E05

0.025712
3

0.278922
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0.06404 0.060067 0.30150 0.221728 0.01660

k__Bacteria;p__Verrucomicrobia 9 0.07099 0.06606 3 9 0.30187 0.21949 6 6 0.01478 0.01717 0.01639
0.00347 0.002049 5.05E- 3.37E- 2.39E- 3.49E- b5.56E- 2.77E- 2.95E-

k__Bacteria;p__ WPS-2 3 0.00338 0.00227 8 06 05 05 4.02E06 05 06 05 05
449E- 2.78E- 2.30E- 1.97E-

k__Bacteria;p_ WS2 0 0 0 0 0 0 0 0 05 05 05 05
0.00141 0.00480 0.005544  0.00126 0.00108

k__Bacteria;p__ WS3 2 0.00096 0.00053 0.000708 6 0.00453 0.0046 5 6 0.00097 0.00118 6
1.11E- 5.05E- 6.67E- 4.92E-

k__Bacteria;p__[Thermi] 05 06 0 0 0 0 0 0 0.00011 05 0.00016 05

Average relative abundance of dominant phyla and subphyla as calculated for each of the 4 repheatesréatments
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CONCLUSOES GERAIS

O petréleo aumentou a atividade microbiana no solo litoraneo da llha da
Trindade e reduziu a diversidade de arqueias, bactérias e fungos, em uma avaliacao
de médio prazo, 38 dias. A comunidade fangica foi mais sensivel a contaminacéo
com petréleo em comparag¢do a comunidade bacteriana e apds a contaminacdo com
petréleo, os fungos tiveram 2 grupos representando 90% da populacéo total.

O experimento de contaminacdo de curto prazo, 17 dias, avaliou a
comunidade bacteriana do solo litordneo da llha da Trindade e de solos agricolas
(solo nu e solo sob crescimento de gramineas). Os trés solos possuem comunidades
microbianas bastante distintas, assim como as caracteristicas fisicas e quimicas
desses ambientes. Esse experimento ndo detectou alteracdo da diversidade bacteriana
para o solo da llha da Trindade, detectou aumento da diversidade para o solo nu e
uma tendéncia a reducdo da diversidade para o solo sob o crescimento de gramineas
como resultado da adicdo de petroleo. Os solos agricolas tiveram reducdo na
biomassa quando petroleo foi aplicado. No experimento de curto prazo, houve
também a avaliacdo do efeito da adicdo de BCP. O composto BCP aumentou a
diversidade de bactérias no solo litoranea da llha da Trindade e apesar de nao ter
efeito sobre a diversidade dos solos agricolas (solo nu e sob gramineas), teve um
efeito positivo para a biomassa microbiana do solo de Trindade e do solo agricola nu.
O BCP teve ainda efeito protetor sobre a biomassa do solo nu quando adicionado
juntamente com o petréleo e apesar do pequeno efeito sobre a biomassa do solo de
Trindade, houve um grande aumento da diversidade.

Os resultados deste trabalho s&@o importantes por salientarem os efeitos
nocivos do petréleo sobre a comunidade microbiana dos solos, aumentar a
compreensao sobre as mudancas na comunidade microbiana em diferentes tipos de
solos e por demonstrar a aplicacdo de métodos estatisticos mais eficientes para a

comparacao taxonémica entre ambientes ultra diversos como o solo.
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