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RESUMO

Aquiferos podem ser considerados como um meio subterrdneo que armazena e transmite
agua através dos poros e fraturas que existem em rochas e gréos dos solos. Eles possuem
uma grande importancia social e econdémica, por serem responsaveis pelo fornecimento de
30% da agua doce para consumo humano em todo o mundo, incluindo o uso agricola e
industrial. Além disso, os aquiferos também possuem importancias ecoldgicas, pois
funcionam como reservatorios de rios perenes e como fonte de 4gua para vegetacdes em
regides secas. Os aquiferos podem variar conforme o tipo de solo ou rocha onde a agua
estd armazenada, assim como em relacdo ao uso e condicdo do solo. Essas variacdes
proporcionam a ocorréncia de diversos tipos de aquiferos, que apesar de possuirem
caracteristicas em comum, como auséncia de luz, baixa disponibilidade de matéria organica
e oxigénio, podem apresentar caracteristicas fisico-quimicas bastante distintas. Apesar de
sua importancia, o conhecimento sobre as relacdes entre as caracteristicas fisico-quimicas
dos aquiferos e as comunidades microbianas que os habitam ainda é restrito para alguns
tipos de aquiferos. Com o avanco da metagendmica, estudos da comunidade de
microrganismos em aquiferos tém sido frequentes. Recentemente, foi demonstrado
diferencas na composicdo das comunidades microbianas causadas por peguenas
variacdes locais dentro de um mesmo aquifero. Apesar disso, pouco se sabe sobre as
diferencas da comunidade microbiana entre os diferentes tipos de aquiferos. Compreender
a estrutura das comunidades microbianas de diferentes tipos de aquiferos pode fornecer
informacdes sobre as funcdes ecoldgicas desempenhadas pelos microrganismos e ajudar
a reconhecer grupos microbianos que podem funcionar como marcadores de alerta precoce
para mudancas ambientais ou contaminagcdo. Neste trabalho, investigamos através da
analise de conjuntos de dados metagendmicos publicamente disponiveis, se a diversidade
e a composicdo (taxondmica e funcional) das comunidades microbianas sdo diferentes
entre uma ampla variedade de tipos de aquiferos em todo o mundo. Encontramos
resultados que mostram que a composicao, diversidade e riqueza das comunidades sdo
diferentes entre os tipos de aquiferos. Detectamos também que grupos taxondémicos
previamente descritos como dominantes em ecossistemas de solo também sdo dominantes
em aquiferos, e funcbes relacionadas a parede celular e permeabilidade da membrana
externa sao responsaveis pelas diferencas entre as comunidades. O presente estudo traz

uma visdo abrangente das diferencas na estrutura e composicdo da comunidade



microbiana dos diferentes tipos de aquiferos ao redor do mundo, além dos grupos e fungdes
responsaveis por essas diferencas.



ABSTRACT

Aquifers are the parcels of water that remain or circulate through the pores and fractures in
rocks and soil grains. They are of great social and economic importance, as they are
responsible for providing 30% of fresh water for human consumption worldwide, including
agricultural and industrial use. In addition, aquifers also have ecological importance, as they
function as reservoirs for perennial rivers and as a source of water for vegetation in dry
regions. Aquifers can vary depending on the type of soil or rock where the water is located,
as well as the use and condition of the soil. These variations provide the occurrence of
different types of aquifers, which despite having characteristics in common, such as the
absence of light, and low availability of organic matter, and oxygen, can present quite
different physicochemical characteristics. Despite its importance, knowledge about the
relationships between the physicochemical characteristics of aquifers and the microbial
communities that inhabit them is still restricted to some types of aquifers. With the advance
in metagenomics, studies of the community of microorganisms in aquifers have been
frequent. Recently, differences in the composition of microbial communities caused by small
local variations within the same aquifer have been demonstrated. Despite this, little is known
about the differences in the microbial community between different types of aquifers.
Understanding the structure of microbial communities in different types of aquifers can
provide information about the ecological functions performed by microorganisms and help
to recognize microbial groups that can act as early warning markers for environmental
changes or contamination. In this work, we investigate, through analysis of publicly available
metagenomic datasets, whether the diversity and composition of microbial communities
(both taxonomic and functional) are different across a wide variety of aquifer types
worldwide. We found results that show that the composition, diversity, and richness of
communities are different between aquifer types. We also detected that taxonomic groups
previously described as dominant in soil ecosystems are also dominant in aquifers, and
functions related to the cell walls and permeability of the outer membrane are responsible
for the differences between communities. The present study provides a comprehensive view
of the differences in the structure and composition of the microbial community of different
types of aquifers around the world, as well as the groups and functions responsible for these

differences.
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1. INTRODUCAO GERAL
1.1. OS AQUIFEROS

Sabe-se que somente 3% de toda a 4gua no planeta € agua que pode ser utilizada
para suprir nossas necessidades. Dessa fracdo, 69% estd armazenado em calotas e
geleiras polares, 1% formam os rios e lagos superficiais e 30% estdo armazenados em
aquiferos (Shiklomanov, 1998). Os aquiferos séo resultado da interacdo entre as parcelas
de 4gua que permanecem ou circulam através dos poros e fraturas que existem em rochas
e graos dos solos, até descarregar em rios e lagos da superficie, ser interceptada por raizes

de plantas, extraida por pocos ou descarregar nos oceanos (Zhou et al., 2019).

Por estarem distribuidos ao redor do mundo e participarem do ciclo da agua, 0s
aquiferos podem apresentar diversas particularidades associadas a geologia do local, a
temperatura, a profundidade em que a &agua flui, ao regime de chuvas ao qual esta
submetido, e a interferéncia antropica. Assim, aquiferos apresentam caracteristicas e

comportamentos diferentes dependendo do local em que s&o encontrados.

Os aquiferos podem ser classificados com base em dois aspectos: porosidade das
rochas que armazenam a agua ou caracteristicas hidraulicas. Através da vazao de agua,
podemos comparar a disponibilidade de 4gua de aquiferos com diferentes porosidades. Por
exemplo, no aquifero Bauru, localizado na regido sudeste/centro-oeste, a producdo
potencial de pogos varia de = 10 a mais de 120 m®h nos aquiferos de solo de rochas
sedimentares e de cerca de 1 a 100 m3/h nos aquiferos localizados em rochas igneas e
metamorficas fraturadas (Soldera, 2017). Outro exemplo, dessa vez na Bahia, onde
predomina o uso de aquiferos em regides interioranas e distantes de corpos d’agua, os
aguiferos cérsticos - uma variacao dos aquiferos que ocorrem em rochas calcéarias e que
apresentam composicado mais solluvel em agua - tem a média da vazao em pocos estimada
em 9,12 m3/h (Oliveira et al., 2007). Essas caracteristicas (vazéo, porosidade e solubilidade
das rochas) podem interferir direta e indiretamente na quantidade, qualidade e possibilidade

de consumo da agua disponivel nesses ambientes.



1.1.1 TIPOS DE AQUIFEROS

Com base nas caracteristicas de porosidade, manejo e composic¢ao do solo, que
influenciam em diversos fatores dos aquiferos, podemos classificar os aquiferos em

diferentes categorias:

Aquiferos porosos: sdo aguas subterraneas localizadas entre os poros do espaco
rochoso. Eles sé@o os mais suscetiveis a contaminacao por conta da facilidade do

transporte das bactérias e elementos do solo para a 4gua subterranea (Earle, 2019).

Géiser: quando a agua subterranea é estocada em altas profundidades, e através

da pressao de um gas, irrompe, criando um buraco no solo (Alan Glennon, 2005).

Minas: Os aquiferos de minas ocorrem em rochas porosas ou fissuradas, com
varios tipos de minerais associados, e sdo encontrados durante a mineracdo em minas a

céu aberto (Kumar Soni, 2019).

Subsuperficie salina: aquiferos de subsuperficie salina sdo aquiferos localizados
em zonas costeiras, e a agua subterranea é suscetivel a intrusdo de agua salina (Barlow
and Reichard, 2010).

Céarstico-Porosos: aquiferos céarstico-porosos estdo em rochas carsticas, que

também possuem rochas porosas em seu entorno (Fryar, 2021).

1.2. IMPORTANCIA ECONOMICA DOS AQUIFEROS

Os aquiferos sao responsaveis por abastecer rios e lagos perenes durante periodos
de estiagem. Diversas populagbes sempre utilizaram as dguas provenientes dos aquiferos
para as atividades necessarias a humanidade, e esse recurso por vezes aparece como alvo
de disputas politicas e econémicas. Eles sao explorados para atividades econémicas como
irrigacdo de areas agricolas, consumo humano, e possibilitam a sustentacdo das matas
auxiliares (Ahmad et al., 2002; Le Maitre et al., 1999).Diversos fatores tornam a exploracao

dos aquiferos mais vantajosa para a populacao: I) baixo custo para construcdo de pocos
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de captacdo em relacdo a obras para captacdo de agua superficial como diques e represas;
[I) menor custo para o tratamento e adequacdo da agua ao consumo humano; e Ill)
praticidade no abastecimento de pequenas cidades ou comunidades rurais distantes de
grandes corpos d’agua superficiais. A disponibilidade da agua presente nos aquiferos afeta
diretamente a qualidade de vida das pessoas. A irrigacdo das plantacdes, proporcionada
pelo bombeamento de aguas subterraneas, oferece uma maior segurancga alimentar da

populacdo em paises com escassez hidrica (Qureshi, 2015).

1.3. IMPORTANCIA ECOLOGICA DOS AQUIFEROS

Além de sustentar diversos ecossistemas em periodos de seca, 0os aquiferos
também participam do ciclo da 4gua, e consequentemente possuem influéncia no clima e
na precipitacdo das regides onde estédo localizados (Cuthbert et al., 2019). Outro papel
importante dos aquiferos, relacionado ao ciclo do carbono, esté ligado aos microrganismos.
Em aquiferos, os microrganismos podem realizar a fixacdo de carbono na dgua a partir de
vias quimiolitotréficas, aumentando a concentracao de carbono organico dissolvido (COD)
(Taubert et al., 2022). Mudancas nas taxas de precipitacao e temperaturas podem estimular
a comunidade microbiana e aumentar o COD na agua. Em condi¢Bes naturais, o COD
produzido pelas bactérias é transportado na agua e utilizado pela prépria comunidade
microbiana na realizacdo de outros metabolismos importantes, como a fixacdo e

transformacao de nitrogénio no solo.

Outras caracteristicas como a contaminacéo do solo em regifes mais proximas das
areas de recarga, a evaporacgao, e a atividade de microrganismos presentes na agua e/ou
associados a rochas através de biofilmes, podem influenciar a quantidade de nutrientes,
minerais, e matéria organica soltvel na dgua (Flemming and Wuertz, 2019; Li et al., 2021;
Rose et al., 2005)..

Em ambientes fertilizados artificialmente, pode ocorrer um acamulo de nitrato, o que
nao ocorre em ecossistemas naturais. O nitrato € facilmente solivel em agua, e seu

excesso no solo pode causar contaminacao de aquiferos, podendo causar problemas de

3



saude em humanos que consomem agua desses locais (Parvizishad et al., 2017).
Naturalmente, as bactérias que realizam a desnitrificacdo e a reducdo dissimilatéria do
nitrato o removem do solo e devolvem a atmosfera, evitando o acumulo dessa substancia
no solo e consequentemente a contaminacao da agua. A contaminacao dos aquiferos por
nitrato também favorece a contaminacéo da agua por uranio (Riedel and Kubeck, 2018). A
mobilizacdo do uranio do solo para a agua ocorre a partir da reducéo bacteriana do nitrato.
A presenca de uranio pode ocorrer naturalmente no solo, ou a partir da contaminagao do

mesmo através do despejo de rejeitos industriais e de mineracéo (Gavrilescu et al., 2009).

Apesar da auséncia de luz, altas temperaturas e baixa disponibilidade de carbono
organico, os aquiferos possuem comunidades microbianas diversas (Hershey et al., 2018).
Essas comunidades, sustentadas pela atividade de quimiolitotréficos (Krumholz, 2000),
desempenham fungdes importantes para a manutencdo de toda a comunidade presente,
que pode ter impacto na qualidade de agua (Geldreich, 1990). Além disso, esses
microrganismos desenvolvem atividades e servicos ecossistémicos de relevancia global,
como os ciclos do nitrogénio e carbono, e através da quimiotrofia, sdo capazes de assimilar
o carbono na agua. Por conta disso, a analise da diversidade dos microrganismos presentes
em aquiferos, suas funcdes e o seu comportamento quando expostos a diferentes fatores
ambientais se mostra importante, principalmente quando levamos em conta que esses
ambientes contém cerca de 40% da biomassa das bactérias e arqueias no mundo (Griebler
and Lueders, 2009). O avanco das técnicas independentes de cultivo possibilitou estudos
dessas comunidades microbianas de forma mais abrangente, por conta das vantagens que
oferece em relacdo a deteccao de grupos e suas funcdes in situ. Dentre essas técnicas, a
extracdo e sequenciamento do material genético obtido diretamente da amostra coletada -
a metagendmica - possui a grande vantagem de evitar vieses causados por técnicas de

amplificacdo de marcadores filogenéticos (Su et al., 2012).

1.4. TIPOS DE AQUIFEROS E A RELACAO COM A MICROBIOTA

Sistemas naturais como os aquiferos podem ser utilizados como “experimentos” para
testar como o ambiente influencia a microbiota (Zhou et al., 2014). As diferencas nas

caracteristicas fisico-quimicas dos diferentes tipos de aquiferos podem oferecer diferentes
4



ecossistemas para 0s microrganismos que os habitam. Por exemplo, durante periodos de
cheias ou alagamentos, os aquiferos porosos podem ser invadidos por bactérias do solo,
como Aeromonas e Bacillus (Knobloch et al., 2021). Eles também tendem a apresentar
baixa concentracdo de elementos quimicos (REIMANN et al., 1996). Isso se deve por conta
do maior fluxo de agua nesse tipo de aquifero, o que impossibilita a dissolucdo dos

elementos na agua.

Ja nos aquiferos de géiseres, a comunidade microbiana esta fortemente ligada as
fases de erupcéao do géiser, e quanto mais ativo, menor a abundancia dos microrganismos,
o que afeta as funcdes ecoldgicas desempenhadas nesses aquiferos, como fixacdo de
nitrogénio e carbono, e oxidacédo de enxofre. Nesses aquiferos, € comum a presenca dos

grupos Gallionellaceae, Sulfurimonas e Ca. “Altiarchaeum” (Probst et al., 2018).

Em aquiferos em minas, as temperaturas elevadas desempenham um papel
importante na microbiota, com apenas termofilos moderados habitando esses
ecossistemas profundos. A poluicdo da agua por rejeitos de minas afeta a estrutura
microbiana, e diminui a produtividade geral, biomassa e biodiversidade microbiana. Nesses
aquiferos, a poluicdo promove o crescimento de grupos como Acidobacteria e
Alphaproteobacteria, e também o decréscimo de funcdes relacionadas a decomposicéo e
humificacdo da matéria organica e a reciclagem de nutrientes (Jackson et al., 2015).
Populacdes elevadas de bactérias sdo limitadas a zonas de recarga e descarga do aquifero,
onde oxigénio gasoso e agua rica em oxigénio entram em contato com 0s rejeitos. As

populacdes bacterianas sdo geralmente baixas no resto do aquifero (Benner et al., 2000).

Nos aquiferos de subsuperficie salina, apesar da alta pressao e alta concentracao
de sais, 0s microrganismos possuem alta presenca e atuam como sequestradores de CO2
gue eventualmente seria liberado na atmosfera. Bactérias halofilicas fermentativas
(Halanaerobiaceae, Halobacteroidaceae) e bactérias redutoras de sulfato
(Desulfovibrionaceae , Peptococcaceae) sao microrganismos dominantes nas comunidade

microbiana desses aquiferos (Morozova et al., 2011).



Em um aquifero carstico, as bactérias vivem presas a superficies rochosas ou
particulas de sedimentos (ou seja, origem autdctone). No entanto, a alta variabilidade de
velocidades de fluxo em sistemas carsticos induz uma raspagem causada pela agua,
levando a ressuspensao de sedimentos autoctones e bactérias associadas (Pronk et al.,
2009). Em aquiferos carsticos, bactérias heterotroficas influenciam as propriedades fisico-
quimica dos aquiferos através da carstificacéo inicial de rochas carbonaticas, gerando CO:
(Gabrovsek et al., 2000). Além disso, os grupos de Gammaproteobacteria encontrados
nesses aquiferos indicam que a quebra de hidrocarbonetos e a oxidacao de enxofre pode

impulsionar a energia da comunidade (Hershey et al., 2018).

Devido a sua grande importancia, é necessario conhecer a composicdo da
comunidade microbiana nesses aquiferos, e também a sua contribuicdo para 0s servigcos
ecossistémicos que ocorrem nesses ambientes, de acordo com as caracteristicas fisico-
quimicas de cada local. Por serem ambientes complexos e Unicos, com caracteristicas
exclusivas devido a sua especificidade, tempo de formacéo e condicfes de isolamento, 0s
aquiferos selecionam grupos de forma Unica. Por isso, para entender como esses
ecossistemas funcionam, além de analisar a estrutura taxonémica e identificar quais taxons
estdo presentes, também € necessario analisar a estrutura e a variacao das funcdes desses
microrganismos. Pequenas diferencas nas caracteristicas fisico-quimicas de um dnico
aquifero induzem a mudancas na composicao da microbiota (Wu et al., 2016). Porém, uma
abordagem que investigue a distribuicdo dos taxons e das fun¢des da comunidade de
microrganismos nesses diferentes tipos de aquiferos pode elucidar padrbes macro
ecologicos, que ajudam a responder como esses ambientes respondem as mudancas

climaticas e outros impactos antropicos (Mascarenhas et al., 2020).



2. OBJETIVOS

Objetivo geral
Caracterizar e comparar a estrutura e composicao taxondmica e funcional das comunidades

microbianas em diferentes tipos de aquiferos no mundo através da metagendmica.

Objetivos especificos
¢ Analisar a diversidade taxonémica e funcional dos metagenomas de aquiferos
disponiveis em bancos de dados publicos.
e Relacionar a diversidade taxondmica com os fatores ambientais dos aquiferos.
e Relacionar a diversidade funcional com os fatores ambientais dos aquiferos.

e Analisar as diferencas da comunidade microbiana nos diferentes tipos de aquiferos.



Capitulo Unico
Artigo a ser submetido como “Short Communications” no peridédico Microbial Ecology

Homepage: https://www.springer.com/journal/248
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ABSTRACT
Aquifers have significant social, economic, and ecological importance. They are responsible for

supplying 30% of the freshwater for human consumption worldwide, including agricultural and
industrial use. Despite of their importance, the knowledge about the relationships between the
aquifer’s physical-chemical characteristics and the inhabiting microbial community is restricted to
some aquifer types. Although studies have shown differences in the composition of the microbial
communities from different locations within the same aquifer, little is known about the differences
between different aquifer types. Understanding the structure of aquifers microbial communities in
different aquifer types might give insights on microbial functionality and help recognize microbial
groups that might work as early warning markers for environmental changes or contamination. Here,
by analyzing publicly available metagenomic datasets, we investigated how the diversity and
composition of the microbial communities (both taxonomically and functionally) are different among
a wide range of aquifer types worldwide. We found that the aquifer types have different microbial
community compositions. Our data showed that taxonomic groups with chemolithoautotrophic
metabolism and functions related to the cell wall and outer membrane permeability are responsible

for these differences, which we linked to adaptations to different conditions among aquifer types. Our
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results suggest that community isolation and adaptation for the specificity required for survival in
each aquifer type are the main structuring force of aquifers microbial community, shaping not only
microbial diversity but also microbial functionality.

Keywords: groundwater; aquifer types; candidate phyla; rare microbiome.

Only 3% of the water on the planet is freshwater, and aquifers are the second largest source of
freshwater, having great social, ecological, and economic importance [1]. Aquifers can present
several particularities associated with the soil and location. Characteristics such as flow, porosity, and
solubility of rocks can, directly or indirectly, interfere with the quantity [2] and quality [3] of water
availability. These characteristics can be represented by the types of aquifers, given by this conjunct
of variables, such as karst or geyser aquifer. Additionally, other features such as soil contamination
and microorganisms’ activity can influence the concentration of nutrients [4], minerals [5], and
soluble organic matter availability [6] in the water. The microorganisms dwelling in aquifers are
essential because these environments harbor about 40% of the Bacteria and Archaea biomass in the
world [7]. Microorganisms inhabiting aquifers are also important for water quality, as microbial
communities can add or remove harmful compounds from water. Understanding the diversity,
function, and possible effects of environmental factors on the microbial community can give us more

information about their interaction with each aquifer type and a better understanding of water quality.

Previous studies have shown that differences in water physical-chemical characteristics can cause
changes in the relative abundance of aquifer microbiota and their metabolism [6, 8]. However, these
studies were restricted to the same types of aquifers. Studying how the different types of aquifers
influence the microbial communities’ presence and abundance on a global scale may elucidate
macroecological patterns, indicating abiotic factors that best explain how these communities may

suffer from local and global impacts, such as climate change [9]. In the present work, we investigated
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the microbial communities’ taxonomic and functional structure and diversity in different types of

aquifers worldwide using publicly available shotgun metagenomic datasets.

To assess the microbial community taxonomic and functional structure, we selected 115 publicly
available metagenomic samples from MG-RAST [10] and Sequence Read Archive (SRA) [11]
(Supplementary Fig 1 and Supplementary Table 1). To classify the samples in aquifer types, we used
information present in the metadata available in MG-RAST and SRA. This information includes
latitude, longitude, soil type (porous, karst-porous aquifers, presenting more silicate or carbonate in
water, respectively), soil use (mine aquifers, which can produce acid mine drainage), and
contamination condition (porous contaminated, subsurface saline aquifers, with different substances
and minerals polluting the water). We also included groundwater metagenomes from geysers,

characterized as CO2-driven cold-water geysers.

We used the KRAKEN2 [12] for taxonomic annotation with a customized reference database that
includes all reference genomes from Bacteria and Archaea Domains and genomes from uncultivated
taxa recently described, as previously described in [13]. SUPERFOCUS was used [14] with
RAPsearch2 for functional annotation. The parameters of all bioinformatics analyses are described in
the supplementary material. All statistical analyses performed to test if the microbial taxonomic and
functional structure, richness, and diversity were different among the aquifer types and to evaluate
which taxonomic and functional features mainly contributed to dissimilarities observed are described

in supplementary material (Supplementary Material).

We found that the most abundant phyla in all aquifer types were Proteobacteria (mean of 45.24%,
with Betaproteobacteria: 18.64%, Gammaproteobacteria: 12.63 %, Alphaproteobacteria: 8.91 % and
Deltaproteobacteria: 8.86 %), Actinobacteria (7.59%), Bacteroidetes (5.7%), and Euryarchaeota

(4.74%) (Fig 1). We highlight that all phyla with mean relative abundance below 1% (rare biosphere)
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were responsible for a significant fraction of the microbiome’s composition (19.34%) (Fig 1). These
four abundant phyla are dominant in soil ecosystems [14, 15]. Such similarity between aquifers and
soil systems microbial relative abundance might directly result from aquifers’ proximity with

recharge location and water transport from the surface to the subsurface [15].

Geyser Karst-Porous MinePorous Porous Contaminated Subsurface saline
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o
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Fig. 1 Taxonomic structure of the microbial community and their respective treatment. Each color
represents a Phyla. We defined “others” as phyla with relative abundance mean less than 1%,
considered a rare biosphere.

The microbial community structure was significantly different among the aquifer types both at the
taxonomic (PERMANOVA: Fs = 6.67, p < 0.001, Supplementary Table 2; Fig 2A) and functional
levels (PERMANOVA: Fs = 5.18, p < 0.001; Supplementary Table 3; Fig 2B). The genera
Sulfuricurvum (SIMPER mean contribution 14.28%), Staphylococcus (1.51%), Klebsiella (1.18%),
and Pasteurella (1.06%) drove the dissimilarities among the aquifer types microbial communities’
structure (Supplementary Table 4). Sulfuricurvum is a chemolithoautotrophic sulfur-oxidizing
bacteria [16], and previous studies show that this group contributes to groundwater biogeochemical

cycles [17]. One of the most important contributors to the dissimilarity between geyser and subsurface
12
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saline aquifers, Candidatus Altiarchaeum, is known to contribute to carbon fixation in aquifers [18].
Some species of free-living Staphylococcus genus are biosurfactant producers [19, 20], and beyond
its importance in bioremediation [21], this substance can also influence the community by increasing
microbial mobility and adhesion, [22] and the colonization of new environments [23]. Klebsiella,
especially in mine aquifers, have strains described as adapted to high iron concentrations in acid mine

drainage [24], suggesting that heavy-metal resistance might be a strategy to survive in this type of

ecosystem.
A B
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Fig. 2 Multidimensional analyses performed using Bray-Curtis’s dissimilarity matrices of
functional (A) and taxonomic (B) communities’ structure, colored by types of aquifers. Microbial
community structure was evaluated at the genus level and functions at the SEED Subsystem Level
4. ANOVA results are shown in each plot.

Functionally, the dissimilarities observed among the aquifer types were mainly driven by Outer
membrane protein A precursor (1.15%), TonB-dependent receptor (0.45%), X3-oxoacyl-[acyl-
carrier-protein] synthase KASIII (EC 2.3.1.180) (0.34%), NADH dehydrogenase subunit 5 (0.26%),
and Alpha-1-2-mannosidase (0.13%) (Supplementary Table 5). In general, these functions are

associated with the synthesis of proteins related to the cell membrane and their shape, and osmotic

control mechanisms [25], providing resistance to external factors such as pollution [26], control the
13
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entry and exit of substances in the cell [27], and recognize chemical signals to metabolize specific
compounds related to microbial resistance and reduction of immunogenicity [28]. These patterns may
be consequence of the different ions concentrations in each aquifer type, caused by different rock/soil

types and contamination status.

In addition to the differences found in the composition and structure of the microbial communities,
the richness and diversity also differed among the aquifer types, both at the taxonomic and functional
levels (Fig. 3). Subsurface saline aquifers had the richest microbial community, presenting 12% more
genera than other aquifer types. In contrast, mine aquifers showed the lowest number of genera
compared with all other types of aquifers (p < 0.01; Figure 3A; Supplementary Table 6). Despite the
variations in genus richness, no significant differences were observed in the Shannon diversity index
values among the metagenomes of different aquifer types [rFa2] (Figure 3B; Supplementary Table 7).
In terms of functional diversity, the microbial communities of porous-contaminated and karst-porous
aquifers exhibit the highest number of functions (19,807 and 18,945, respectively). Mine aquifers, in
contrast, had the lowest number of functions (9,390) (Figure 3C; Supplementary Table 8). These
results show that in addition to affecting the richness and diversity of the microbial community, as in
soils [29], mining also decreases the diversity and functional richness in aquifers. Furthermore, these
results show that, despite the differences found, the taxonomic diversity index isn’t different between
aquifer types indicating a diverse microbial community with a potential to execute different

ecological processes [30].
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Fig. 3 Microbial richness differs at taxonomic and functional levels, while only functional diversity
differs among aquifer types. Taxonomic richness (A), taxonomic diversity (Shannon Index) (B),
functional richness (C), and functional diversity (Shannon Index) (D). We used Genus and
Subsystem Level 4 to calculate Richness and Shannon Diversity Indexes. The numbers and letters
above each box represent a pairwise comparison presented in supplementary Tables 10, 11, and 12.
PERMANOVA results testing the diversity among each aquifer type are presented in
Supplementary Tables 6, 7, and 8.

Our study highlighted the differences in the microbial community's composition, structure, and
diversity among the aquifer types. These differences are mainly caused by controlling the flux of
water and other substances in cells, a group known to perform chemolithoautotrophy, and bacterial
groups with essential mechanisms to interact with other microorganisms. Our results shed light on
possible abiotic factors that may structure the aquifers’ microbial community’s composition and
functioning and show that despite several common characteristics, such as the absence of light and

low O concentrations, aquifers have peculiarities that cause the selection of different groups and

functions in the microbial community that inhabit them.
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Supplementary Material

Supplementary Methods: We used the PRINSEQ software [1], to establish minimum quality parameters in
the subsequent bioinformatics analyzes, the minimum number of base pairs ( 50 bp), and quality of DNA
sequences (quality index 13; unidentified base pairs 2). We used the KRAKEN2 software [2] with standard
parameters (k=35, £=31, s=7, and f=100%) for taxonomic annotation. To be able to detect recently described
candidates phyla, we used a customized reference database, combining nearly all Bacteria and Archaea
genomes from RefSeq database (February, 2019) together with almost 3,000 genomes from taxa recently
described as phylum candidates, as presented in [3]. We performed the functional annotation using the
SUPERFOCUS software [4] with the RAPsearch2 searching algorithm [5] with minimum identity values of
60%, e-value equal to 10* and minimum alignment of 45 base pairs, using the SEED as reference database
[6].

To assess the dissimilarities in the taxonomic and functional microbial communities’ structure among the
aquifer types, we apply one-way permutational multivariate analysis (PERMANOVA) and visually
represented the results in a non-metric multidimensional scaling (nMDS) plot. To evaluate which genus and
functional groups mostly contributed to dissimilarities among aquifer types, we performed Similarity
Percentage Analysis (SIMPER). To test if the genus richness, number of functions and microbial diversity are
different among the aquifer types (as fixed factors), we used One-way univariate permutational analysis
(PERANOVA). All permutational analyses were performed using the Bray-Curtis resemblance matrices with
9999 permutations. We performed pairwise comparison of the mean tests, corrected by the false discovery rate
(FDR) [7], when significant effects were observed in PERMANOVA. We used R version 3.0.1 [8], with the
packages vegan [9], ImPerm [10] and EcolUtils [11] for statistical analysis. For data treatment and

visualization, we used the packages ggplot2 [12], tidyverse [13], dplyr [14], and RcolorBrewer [15].
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Supplementary Fig 1 Geographic distribution of the 115 samples from SRA and MG-RAST database in
groundwater samples from around the world. Samples were classified into 6 categories: Geyser (sample size
= 24), Karst-Porous (sample size =16), Mine (sample size =3), Porous (sample size = 4), Porous
Contaminated (sample size = 57), Subsurface Saline (sample size = 16)

Category

Geyser (N) = 24
® Karst-Porous (N) =17

Mine (N) = 3

Porous (N) =4 |
® Porous omaminated(N?:S?
@ Subsurface saline (N) = 10

Supplementary Table 1: Metadata, environmental information, metagenomic data and aquifer type of 115
metagenomic samples retrieved from MG-RAST and NCBI database.

https://docs.google.com/spreadsheets/d/1ZicnBrViwOrteVLhtp pig5tP1FsA-
QL/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true

Supplementary Table 2: Permutational analysis of variance (PERMANOVA) performed to the structure of
microbial community at genus level. Number of permutations: 4999. Significant results are indicated in bold.

Degrees Sums Of Mean F Model R2 p-value
of Squares Squares
Freedom
Category 5 34.578 6.915 6.671 0.234 0.0002
Residuals 109 112.992 1.036 0.765
Total 114 147.570 1.000

Supplementary Table 3: Permutational analysis of variance (PERMANOVA) performed to the structure of
microbial communities’ functions (at the subsystem level 4). Number of permutations: 4999. Significant
results are indicated in bold.

19

Degrees Sums Of Mean F Model R2 p-value
of Squares Squares
Freedom
Category 5 2.053 0.410 5.180 0.192 0.0002
Residuals 109 8.642 0.079 0.807



https://docs.google.com/spreadsheets/d/1ZicnBrViWOrteVLhtp_piq5tP1FsA-QL/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1ZicnBrViWOrteVLhtp_piq5tP1FsA-QL/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true

| Total | 114 | 10695 | 1.000 |

Supplementary Table 4: Percent Similarity (SIMPER) comparing the structure of microbial communities
(at the genera level) among each of the six aquifer types. Results are shown pair-wisely based on the
similarity coefficient of Bray Curtis. The table shows the average contribution to overall dissimilarity and the
abundance in each of the compared treatments of bacterial genus responsible for dissimilarity calculated
between aquifer types, as well as the cumulative contribution of each of these genera added to this calculated
dissimilarity percentage. In the data sheet, the different tabs show only those significant comparisons
between treatments.

https://docs.google.com/spreadsheets/d/1gPNT61gd8JhPXslwOmybLQazKosgRQZ6/edit?usp=sharing&ouid
=108478587293608047454&rtpof=true&sd=true

Supplementary Table 5: Percent Similarity (SIMPER) comparing the structure of microbial communities’
functions (at the subsystem level 4) among each of the six aquifer types. Results are shown pair-wisely based
on the similarity coefficient of Bray Curtis. The table shows the average contribution to overall dissimilarity
and the abundance in each of the compared treatments functions responsible for dissimilarity calculated
between aquifer types, as well as the cumulative contribution of each of these functions added to this
calculated dissimilarity percentage. In the data sheet, the different tabs show only those significant
comparisons between treatments.

https://docs.google.com/spreadsheets/d/1dNKxni2ZMDHKODX7N i TADw8azSKOQFi-
[edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true

Supplementary Table 6: One-way univariate permutational analysis of variance (PERANOVA) performed
for taxonomic richness mean by aquifer type at genus level. Significant results are indicated in bold.

Degrees of R Sum of R Mean of Iterations p-value
Freedom Squares Squares
Category 5 1397286 279457 5000 0.0014
Residuals 109 5944882 54540

Supplementary Table 7: One-way univariate permutational analysis of variance (PERANOVA) performed
for Shannon diversity index for microbial community abundance mean by aquifer type at genus level.

Significant results are indicated in bold.

Degrees of R Sum of R Mean of Iterations p-value
Freedom Squares Squares
Category 5 59835 11967 194 0.732
Residuals 109 1049017 9624

Supplementary Table 8: One-way univariate permutational analysis of variance (PERANOVA) performed
for Shannon diversity index for microbial community functions mean by aquifer type at subsystem level 4.

Significant results are indicated in bold.

Degrees of R Sum of R Mean of Iterations p-value
Freedom Squares Squares

Category 5 11436543 2287309 5000 0.0066
Residuals 109 56868121 521726

20



https://docs.google.com/spreadsheets/d/1qPNT61gd8JhPXslw0mybLQazKosgRQZ6/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1qPNT61gd8JhPXslw0mybLQazKosgRQZ6/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1dNKxni2MDHK0DX7N_i_TADw8azSKQFi-/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1dNKxni2MDHK0DX7N_i_TADw8azSKQFi-/edit?usp=sharing&ouid=108478587293608047454&rtpof=true&sd=true

Supplementary Table 9: One-way univariate permutational analysis of variance (PERANOVA) performed
for microbial functions richness mean by aquifer type at subsystem level 4. Significant results are indicated

in bold.
Degrees of R Sum of R Mean of Iterations p-value
Freedom Squares Squares
Category 5 895118295 179023659 5000 2.2x 107
Residuals 109 2155724398 19777288

Supplementary Table 10: Pairwise comparison of the microbial functions Shannon diversity index mean by
aquifer type corrected by the false discovery rate (FDR) method. Significant results are indicated in bold.

Combination Sum of Mean of F R? p-value p-value
Squares Squares Model corrected

Geyser - Karst-Porous 4241504.267  4241504.267 7.851 0.168 0.007 0.027
Geyser - Mine 247426.331 247426.331 0.331 0.013 0.599 0.746
Geyser - Porous 34875.726 34875.726 0.047 0.002 0.842 0.902
Geyser - Porous Contaminated 162862.094 162862.094 0.258 0.003 0.602 0.746
Geyser - Subsurface saline 3186539.866  3186539.866 5.014 0.135 0.026 0.067
Karst-Porous - Mine 2337703.158 2337703.158 11.541 0.391 0.006 0.027
Karst-Porous - Porous 986681.492 986681.492 4556 0.193 0.045 0.096
Karst-Porous - Porous Contaminated 7386587.051  7386587.051 15.278 0.175 0.0004 0.006
Karst-Porous - Subsurface saline 2277.792 2277.792 0.011 0.000 0.923 0.923
Mine - Porous 281828.797 281828.797 0.819 0.141 0.571 0.746
Mine - Porous Contaminated 121420.446 121420.446 0.217 0.004 0.646 0.746
Mine - Subsurface saline 2200455.099  2200455.099 8.308 0.430 0.019 0.058
Porous - Porous Contaminated 148100.627 148100.627 0.266 0.004 0.609 0.746
Porous - Subsurface saline 931630.629 931630.629 3.305 0.216 0.095 0.178
Porous Contaminated - Subsurface saline  5045153.349  5045153.349 9.623 0.129 0.002 0.018

Supplementary Table 11: Pairwise comparison of the taxonomic richness means by aquifer type corrected
by the false discovery rate (FDR) method. Significant results are indicated in bold.

Combination Sums Of Mean of F Model R2 p-value | p-value corrected
Squares Squares
Geyser - Karst-Porous 136353.543 136353.543 1.316 0.032 0.273 0.410
Geyser - Mine 249084.375 249084.375 2.142 0.078 0.121 0.202
Geyser - Porous 680596.720 680596.720 5.525 0.175 0.045 0.099
Geyser - Porous Contaminated 23063.369 23063.369 0.446 0.005 0.544 0.625
Geyser - Subsurface saline 31223.706 31223.706 0.360 0.011 0.637 0.637
Karst-Porous - Mine 90673.224 90673.224 1.153 0.060 0.322 0.439
Karst-Porous - Porous 349398.857 349398.857 3.880 0.169 0.066 0.124
Karst-Porous - Porous 310593.028 310593.028 8.632 0.107 0.00 0.019
Contaminated

Karst-Porous - Subsurface saline 212160.007 212160.007 4.130 0.141 0.046 0.099
Mine - Porous 33560.011 33560.011 0.290 0.054 0.542 0.625
Mine - Porous Contaminated 334476.955 334476.955 13.300 0.186 0.004 0.019
Mine - Subsurface saline 319576.656 319576.656 23.133 0.677 0.005 0.019
Porous - Porous Contaminated 870145.246 870145.246 29.273 0.331 0.000 0.009
Porous - Subsurface saline 749129.150 749129.150 20.102 0.626 0.007 0.023
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Porous Contaminated -
Subsurface saline

7430.943

7430.943

0.364

0.005

0.584

0.625

Supplementary Table 12: Pairwise comparison of the microbial functions richness means by aquifer type

corrected by the false discovery rate (FDR) method. Significant results are indicated in bold.

Combination Sums Of Mean of Squares | F Model R2 p-value | p-value corrected
Squares
Geyser - Karst-Porous 410120561.635 410120561.635 14.480 0.270 0.0004 0.002
Geyser - Mine 190615157.042 190615157.042 4,710 0.158 0.039 0.066
Geyser - Porous 206866279.339 206866279.339 5.093 0.163 0.025 0.048
Geyser - Porous Contaminated 1202825.394 1202825.394 0.055 0.0007 0.81 0.819
Geyser - Subsurface saline 1912929.393 1912929.393 0.064 0.002 0.811 0.819
Karst-Porous - Mine 10558902.785 10558902.785 0.674 0.036 0.43 0.645
Karst-Porous - Porous 5882928.807 5882928.807 0.342 0.017 0.542 0.6782
Karst-Porous - Porous 495732991.796 495732991.796 36.813 0.338 0.0002 0.001
Contaminated
Karst-Porous - Subsurface 303280056.932 303280056.932 34.005 0.576 0.0002 0.001
saline
Mine - Porous 809089.714 809089.714 0.017 0.003 0.771 0.819
Mine - Porous Contaminated 191062067.372 191062067.372 12.640 0.178 0.004 0.012
Mine - Subsurface saline 185894342.400 185894342.400 15.716 0.588 0.012 0.026
Porous - Porous Contaminated | 210288198.848 210288198.848 13.470 0.185 0.002 0.0097
Porous - Subsurface saline 196269312.114 196269312.114 13.501 0.529 0.009 0.024
Porous Contaminated - 5275227.451 5275227.451 0.419 0.006 0.518 0.6782
Subsurface saline
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4. CONCLUSOES

Nossos resultados sugerem que a principal forca de selecdo de grupos e funcfes em
aquiferos advém das caracteristicas fisico-quimicas e das condicbes de armazenamento
de agua. Nosso estudo explorou as diferencas nas estruturas taxonémicas e funcionais
microbianas entre os tipos de aquiferos, o que pode ser um reflexo das diferencas nas
caracteristicas fisicas dos aquiferos, afetando cada caracteristica (funcional ou taxonémica)
de maneiras diferentes, formando grupos relacionados a suas caracteristicas ambientais e
estrutura biolégica. Nossa analise mostrou que fungdes relacionadas as condi¢bes do
aquifero e caracteristicas fisico-quimicas sdo importantes para as diferencas entre as
comunidades microbianas em cada tipo de aquifero. Com o presente trabalho,
demonstramos que a microbiota de aquiferos, apesar de sujeita as caracteristicas do
ambiente (afético e andxicos), pode apresentar caracteristicas distintas. Isso demonstra a
relevancia de um estudo detalhado dos aquiferos e das suas caracteristicas individuais,
juntamente com a comunidade de microrganismos que o habita e as func¢des. Infelizmente,
durante a nossa busca pelas amostras metagendmicas, ndo encontramos nenhuma
coletada em aquiferos brasileiros. Nossos resultados abrem fronteiras para outros estudos
sobre a qualidade da agua, impacto antrépico e a distribuicdo de microrganismos e suas

funcdes no mundo.
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ANEXOS
NORMAS DE FORMATACAO DA REVISTA
Notas

A Microbial Ecology aceita contribuigdes mais curtas na forma de NOTAS. Uma Nota deve
ser um texto continuo com um comprimento nao superior a 1200 palavras. Nao deve
haver mais de trés figuras ou tabelas com legendas breves. Os métodos devem ser
incluidos, bem como as referéncias.

Abstract

Forneca um resumo de 150 a 250 palavras. O resumo nao deve conter abreviaturas
indefinidas ou referéncias ndo especificadas.

Palavras-chave

Forneca de 4 a 6 palavras-chave que podem ser usadas para fins de indexagéao.
Formatacao de texto

Os manuscritos devem ser submetidos em Word.

Use uma fonte normal e simples (por exemplo, Times Roman de 10 pontos) para o
texto.

Use italico para dar énfase.

Use a funcdo de numeracdo automatica de paginas para numerar as paginas.

N&o use fungdes de campo.

Use tabulacdo ou outros comandos para recuos, nao a barra de espaco.

Use a funcao de tabela, ndo planilhas, para fazer tabelas.

Use o editor de equacdes ou MathType para equacdes.

Salve seu arquivo em formato docx (Word 2007 ou superior) ou formato doc (versdes
mais antigas do Word).
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