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Resumen

Resumen

El uso masivo del petréleo como fuente de energia y como materia prima ha generado serios
problemas de contaminacion ambiental. Entre los principales contaminantes ambientales, los
compuestos aromaticos generan gran preocupacion porque son relativamente persistentes en el
medio ambiente debido a la alta estabilidad termodinamica del anillo de benceno. El benceno y
muchos hidrocarburos aromaticos policiclicos (HAPs) presentan efectos toxicos, carcinogénicos,
mutagénicos y teratogénicos y su eliminacion del medio ambiente es importante para proteger el
entorno y la salud humana. Una medida que ha tenido un éxito significativo es el empleo de
microorganismos para la eliminacion de contaminantes con la aplicacion de técnicas de
biorremediacion. Los procesos aerobios de degradacion de HAPs se han caracterizado
exhaustivamente durante los ultimos afios; sin embargo, en muchos ambientes naturales la
concentracion de oxigeno es limitante y, en estas condiciones, los procesos activos son
esencialmente anaerobios. La degradacion anaerdbica bacteriana de los compuestos
monoaromaticos se ha caracterizado en profundidad; no obstante, la degradacion de los
hidrocarburos aromaticos policiclicos (HAPs) como el naftaleno so6lo ha comenzado a ser
comprendida en las bacterias reductoras de sulfato, y se sabe muy poco sobre la degradacion
anaerobica de los HAPs en bacterias nitrato reductoras. Partiendo de una serie de ambientes que
habian sufrido diferentes grados de contaminacidon por hidrocarburos, utilizamos la técnica del
numero mas probable (NMP) para detectar y cuantificar la presencia de comunidades bacterianas
capaces de degradar varios HAPs usando el nitrato como aceptor de electrones. Con el NMP se
detectd la presencia de una comunidad nitrato reductora capaz de degradar naftaleno, 2-
metilnaftaleno (2MN), y antraceno en algunos de los sitios muestreados. Ademas, con el fin de
aislar cepas capaces de degradar los HAPs en condiciones desnitrificantes, establecimos una
serie de cultivos de enriquecimiento con nitrato como aceptor terminal de electrones y HAP
como Unica fuente de carbono y seguimos los cambios en las comunidades bacterianas a lo largo
del proceso. Los resultados evidenciaron cambios atribuibles al régimen de respiracion de nitrato
impuesto, que en varias muestras se exacerbd en presencia de los HAPs. La presencia de
naftaleno o 2MN enriquecié a la comunidad en grupos de organismos no cultivados y mal
caracterizados, y notablemente en el grupo no cultivado de Acidobacteria iiil-8, que en algunos
casos era so6lo un componente menor de las muestras iniciales. Otros taxa seleccionados por
HAPs en estas condiciones incluyeron Bacilli, que fueron enriquecidos en los cultivos con
naftaleno. Varias cepas nitrato reductoras han sido aisladas en medio solido con naftaleno y
2MN como unica fuente de carbono, aunque el fenotipo no pudo reproducirse en cultivos
liquidos. El andlisis de los genes funcionales de degradacion anaerdbica de HAPs en las
muestras originales y los cultivos de enriquecimiento no revelaron la presencia de secuencias del
gen nmsA para la degradacion anaerobia de 2MN, pero confirmaron la presencia de genes de
bssA relacionados con la degradacion anaerdbica de tolueno. En conjunto, estos resultados
sugieren que la degradacion de las HAPs por las bacterias reductoras de nitrato puede requerir la
contribucion de diferentes cepas, en condiciones de cultivo que todavia necesitan ser definidas.

Los resultados de los NMP de una de las muestras analizadas, los sedimentos andxicos de
Fuente de Piedra mostraron una comunidad importante de nitrato reductores degradadores de
naftaleno y, en menor parte, de 2MN. Quisimos entonces tomar muestras para ver la respuesta de
la microbiota autdctona de los sedimentos de la laguna ante la presencia de naftaleno, y ademas
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iniciar cultivos de sulfato reductores, al ser los sedimentos ricos en sulfatos, para enriquecer
degradadores potenciales de HAPs. Las comunidades bacterianas y sus cambios se analizaron
mediante secuenciacion masiva Illumina MiSeq. Proteobacteria, Bacteroidetes, Chloroflexi,
Gemmatimonadetes y Firmicutes fueron los grupos mas abundantes de todos los microcosmos y
también los mas frecuentemente encontrados en ambientes hipersalinos. Después de 4 y 12
meses de incubacion con naftaleno, las comunidades bacterianas de los microcosmos no
sufrieron cambios relevantes. El factor estructurante de las comunidades no fue la presencia del
contaminante sino el tiempo de incubacion de los cores. Sin embargo, se observaron cambios
significativos en los enriquecimientos. En particular en el medio minimo salino disefiado para
sulfato reductores hubo un aumento significativo de la familia de las Desulfobulbaceae
(Deltaproteobacteria), previamente identificadas como degradadoras anaerobias de tolueno y
naftaleno. En los cultivos preparados con el agua filtrada de Fuente de Piedra los Firmicutes
fueron el taxa mas enriquecido con el dominio del genero Dethiosulfatibacter, un grupo de
bacteria probablemente relacionado con la degradacion de HAPs. El uso de condiciones
diferentes de cultivo ha permitido seleccionar poblaciones diversas, y en particular, el empleo de
un medio natural se ha revelado una opcion valida para enriquecer microorganismos procedentes
de un ambiente extremo como es el de Fuente de Piedra. En cualquier caso, serian convenientes
ensayos adicionales para determinar la actividad degradadora de las poblaciones seleccionadas, y
detectar los posibles genes implicados en la ruta.

Ademas de condiciones estrictamente anaerobias para nitrato y sulfato reductores, quisimos
testar condiciones de microaerofilia para aislar cepas degradadoras de HAPs. Estas condiciones
son la que mas se acercan, en muchos casos, a las condiciones ambientales reales, donde hay
gradientes de concentracion de oxigeno. Establecimos cultivos de enriquecimiento a partir de
una muestra de acuifero contaminado con petréleo, utilizando condiciones andxicas o
microaerofilicas y HAPs como unica fuente de carbono. A pesar de la presencia de una
comunidad significativa de bacterias nitrato reductoras detectada con el NMP, la comunidad
inicial, dominada por Betaproteobacteria, era incapaz de degradar la HAPs en condiciones
anoxicas estrictas, aunque se observo un claro cambio en la estructura de la comunidad hacia un
aumento en la Alphaproteobacteria (Sphingomonadaceae), Actinobacteria y un grupo no
cultivable de Acidobacteria en los enriquecimientos. Por otro lado, el crecimiento en condiciones
microaerofilicas con naftaleno como fuente de carbono evidencio el desarrollo de una estructura
de biofilm alrededor del cristal de naftaleno. Después de varios pases, el 97% de la comunidad
bacteriana y del biofilm estaba compuesto por solo dos géneros: Variovorax spp. (54%,
Betaproteobacteria) y Starkeya sp. (43%, Xanthobacteraceae). Las dos cepas eran capaces de
crecer con naftaleno, aunque solo Starkeya tenia la habilidad de reproducir la estructura del
biofilm alrededor del cristal de naftaleno. También se identifico la ruta para la degradacion del
naftaleno, que incluia dioxigenasas con alta afinidad por el oxigeno y que mostraba una
identidad del 99% con el grupo de dbd de Xanthobacter polyaromaticivorans para la
degradacion de HAPs. Dada la presencia en nuestros primeros pases de los enriquecimientos de
Xanthobacter polyaromaticivorans probablemente la ruta de degradacion del naftaleno haya sido
adquirida por Starkeya por transferencia horizontal. Por otro lado, la capacidad de formar
biofilm de Starkeya ha favorecido la cepa en el cultivo, proporcionando una estructura compleja
para situarse a una distancia apropiada de la fuente de carbono toxico y crear un ambiente
favorable al crecimiento.
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En conjunto, hemos estudiado las respuestas de las comunidades bacterianas a los HAPs en
las condiciones limitantes de oxigeno mas frecuentemente encontradas en la naturaleza (nitrato
reductoras, sulfatoreductoras y microaerofilicas) pero menos investigadas tanto por las
dificultades de cultivos de estas bacterias como por los largos tiempos de crecimiento que
requieren estos microorganismos. No hemos logrado aislar cepas anaerobias estrictas capaces de
degradar HAPs, pero si de individualizar poblaciones bacterianas presentes en la naturaleza y
probablemente involucradas en la eliminacién de contaminantes en el medio ambiente. También
hay bacterias no cultivables (v.g. Acidobacteria, iiil-8) que se han enriquecido, de las cuales
todavia desconocemos el papel ecologico, pero que podrian ser importantes en la biodegradacion
anaerobia. En condiciones de microaerofilia, si hemos logrado cepas degradadoras, y ademas
capaces de formar biofilm a partir de HAPs. El crecimiento en forma de biofilm es
probablemente una manera de crecer que las bacterias adoptan en condiciones de estrés y que le
ayuda a hacer frente a los factores adversos. Esto posiblemente nos indique que las condiciones
de cultivo que imponemos en el laboratorio son demasiado restrictivas y se alejan de la
variabilidad que hay en la naturaleza.

Summary

Polycyclic aromatic hydrocarbons (PAHs) are chemicals of particular environmental
concern because of their stability, persistence in the environment and resistance to degradation.
Many of them are known to be toxic to various organisms and dangerous for health. They are
frequently released into the environment either from natural sources (e.g. hydrocarbon seeps) or
as consequence of industrial activities such as the massive transport or the synthesis of added
value chemicals. Several strategies are currently available for the remediation of aromatics
contaminated sites. Among them, bacterial bioremediation stands out because of its low cost and
little physical alteration of the environment, and seems especially suitable for low molecular
weight aromatic compounds. The aerobic aromatic metabolism in bacteria has been studied for
decades and numerous bacterial strains able to degrade aromatics in the presence of oxygen have
been isolated and characterized. However, oxygen is not always available in contaminated sites,
such as marine sediments, or as in initially oxic sites turned anoxic due to the high oxygen
demand for aerobic degradation processes. Although bacterial anaerobic degradation of mono-
aromatic compounds has been characterized in depth, the degradation PAHs such as naphthalene
has only started to be understood in sulphate-reducing bacteria, and little is known about the
anaerobic degradation of PAHs in nitrate-reducing bacteria. Starting from a series of
environments, which had suffered different degrees of hydrocarbon pollution, we used most
probable number (MPN) enumeration to detect and quantify the presence of bacterial
communities able to degrade several PAHs using nitrate as electron acceptor. We detected the
presence of a substantial nitrate-reducing community able to degrade naphthalene, 2-
methylnaphthalene (2MN) and anthracene in some of the sites. With the aim of isolating strains
able to degrade PAHs under denitrifying conditions, we set up a series of enrichment cultures
with nitrate as terminal electron acceptor and PAHs as the only carbon source and followed the
changes in the bacterial communities throughout the process. Results evidenced changes
attributable to the imposed nitrate respiration regime, which in several samples were exacerbated
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in the presence of the PAHs. The presence of naphthalene or 2MN enriched the community in
groups of uncultured and poorly characterized organisms, and notably in the Acidobacteria
uncultured group iiil-8, which in some cases was only a minor component of the initial samples.
Other phylotypes selected by PAHs in these conditions included Bacilli, which were enriched in
naphthalene enrichments. Several nitrate-reducing strains showing the capacity to grow on PAHs
could be isolated on solid media, although the phenotype could not be reproduced in liquid
cultures. Analysis of known PAH anaerobic degradation genes in the original samples and
enrichment cultures did not reveal the presence of PAH-related nmsA-like sequences but
confirmed the presence of bssA4-like genes related to anaerobic toluene degradation. Altogether,
our results suggest that PAH degradation by nitrate-reducing bacteria may require the
contribution of different strains, under culture conditions that still need to be defined.

The MPN results of one of the Fuente de Piedra lagoon samples evidenced an important
community of nitrate-reducing bacteria able to degrade naphthalene and to a lesser extent 2MN.
We decided to collect new samples to follow the response of the sediment bacterial community
to the presence of naphthalene. Since these sediments were rich in sulphate, we also to initiated
enrichment cultures of sulphate-reducing bacteria to enrich potential PAHs degraders. The
bacterial communities and the changes produced during enrichment were analyzed using
[llumina MiSeq. Proteobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes y and
Firmicutes were the most abundant groups in all the microcosms, as normally found in
hypersaline environments. After 4 and 12 months incubation with naphthalene, the changes in
the bacterial community were not significant. However, significant changes were observed
during enrichment. In particular, the use of mineral salt medium designed for the selection of
sulphate-reducing bacteria produced a significant increase in the Desulfobulbaceae tfamily
(Deltaproteobacteria), previously identified as toluene and naphthalene degraders. In the
cultures prepared with filtered water from the lagoon, Firmicutes was the most enriched taxon,
where the genus Dethiosulfatibacter, a bacterial group probably related to PAH degradation, was
dominant. The use of different culturing procedures has allowed the enrichment of different
communities. In particular, the use of a natural medium, such as lagoon water, as proved to be a
valid approach to enrich the community in organisms originating from extreme habitats such as
the Fuente de Piedra lagoon. Further assays will be required to assess the degrading capacity of
the selected communities, and to detect the genes involved in naphthalene degradation.

Besides strict anoxic conditions, we also wanted to test microaerophilic conditions to isolate
PAHs degrading strains. These conditions are closer to the real situation in environments
polluted with hydrocarbons, where oxygen gradients are generally established. We set up a series
of enrichment cultures starting from samples from a hydrocarbon polluted aquifer, using PAHs
as sole carbon source. Despite the presence of a significant population of nitrate-reducing
bacteria, the initial community dominated by Betaproteobacteria was incapable of PAH
degradation under strict anoxic conditions, although a clear shift in the community towards an
increase in Alphaproteobacteria (Sphingomonadaceae), Actinobacteria and a group of
uncultured Acidobacteria was observed. In contrast, growth under microaerophilic conditions
with naphthalene as carbon source evidenced the development of a biofilm structure around the
naphthalene crystal. After several enrichment steps, 97% of the community in the biofilm was
exclusively composed of two strains: Variovorax spp. (54%, Betaproteobacteria) and Starkeya

Xil



Resumen

sp. (43%, Xanthobacteraceae). The two strains were able to grow on naphthalene, although only
Starkeya was capable of reproducing the biofilm structure around the naphthalene crystal. Its
pathway for naphthalene degradation was identified, which included as essential steps
dioxygenases with high affinity for oxygen showing 99% identity with Xanthobacter
polyaromaticivorans dbd cluster for PAH degradation. Our results suggest that the biofilm
formation capacity of Starkeya favoured horizontal gene acquisition of the pathway while
providing a structure to allocate its cells at an appropriated distance from the toxic carbon
source.

Altogether, we have analyzed the response of the bacterial communities to the presence of
PAHs in oxygen limiting conditions, which are the conditions more frequently found in real
polluted environments (sulphate-reducing, nitrate-reducing and microaerophilic), but which have
been less investigated both because of the difficulty to cultivate these organisms and their slow
growth rates. In this study, we have been unable to isolate strict anaerobes able to degrade PAHs,
although we have identified certain groups potentially involved in the elimination of pollutants
in the environment. We also were able to enrich the cultures in previously uncultured groups (i.e.
Acidobacteria, 11i1-8), which could play a relevant role in biodegradation. Under microaerophilic
conditions we were able to select the most efficient degraders, which in addition were able to
produce a biofilm structure from PAHs. Biofilm structure are possibly a response of the bacteria
to the presence of stressors, which would help them to face these conditions. This might be an
indication that the culture conditions imposed in our experimental set-ups are too restrictive to
recover the diversity present in natural samples.
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1. The environmental question

Human activities have had an important impact on the environment, especially during the last
two centuries with the increase of industrial activities. Nowadays there is a general awareness
about the harmful effects of certain products and sub-products from industrial processes, and their
release and disposal into the environment should be controlled or even prevented.

The oil industry is one of the most important industrial activities of our era. In fact, oil is our
main source of energy, both industrial and domestic, accounting for the largest share in total
primary energy supply with 36.1%, followed by natural gas (26%) and coal (18%) in 2015 (IEA,
2016a). Every day about 96 million barrels of oil and liquid fuels are produced and consumed
(IEA, 2016b), and the global demand is constantly growing. About 15% of the oil is used as raw
material for the synthesis of other compounds, including plastics (polyalkenes, polystyrenes and
polyvinyl chloride), pharmaceuticals, solvents, fertilizers, pesticides and synthetic fragrances. The
remaining heaviest and least valuable fractions of oil, called asphaltenes, are used as constituents
of pavement.

The massive use of oil as a source of energy and as raw material has generated serious
environmental pollution problems. It is estimated that there are more than 250.000 contaminated
sites in Europe, among which 20% would include aromatic compounds, especially polyaromatic
hydrocarbons (PAHs), as contaminants (EEA, 2007).

Aromatic compounds are toxic and potentially carcinogenic and have been classified as
dangerous for health and environment by the EC (Pedersen and Falck, 1997). The European
Environment Agency (EEA) recommends increasing the countries’ efforts devoted to remediation
policies, both in the short term, by implementing direct remediation protocols, and in the long
term, by stimulating research on remediation strategies. Several strategies are currently available
for the remediation of aromatics contaminated sites. Among them, bacterial bioremediation stands
out because of its low cost and little physical alteration of the environment. Bioremediation uses
the metabolic versatility of microorganisms to degrade hazardous contaminants. A viable recovery
technology requires microorganisms able of fast adaptation and of efficient use of pollutants in a
reasonable time interval (Seo et al., 2009). Bacteria have developed a striking adaptive capacity
to degrade natural and synthetic aromatics to CO2 and water.

Initially, research on the field focussed towards the engineering of recombinant bacterial
strains improved in their degradation competence, especially against extremely recalcitrant
compounds. However, the limited efficiency of this approach in natural environments (Cases and
de Lorenzo, 2005), and especially the EC restrictive policies on the use of genetically modified

organisms (GMOs) has encouraged the development of strategies based on the use of natural

3



General Introduction

autochthonous bacterial populations, a process known as natural attenuation. Natural attenuation
can be improved either through the addition of specific nutrients to promote microbial
communities’ growth and activity (biostimulation), or through the inoculation of previously
selected and enriched autochthonous microorganisms (bioaugmentation) (El Fantroussi and
Agathos, 2005). Many factors influence the use of pollutants as substrates or their cometabolism
by the autochthonous microbial communities. Therefore, understanding the molecular
mechanisms underlying the capacity of these bacteria to degrade aromatic compounds is essential

for the development and improvement of bioremediation tools (Ramos et al., 2011).

2. Polycyclic aromatic hydrocarbons

2.1. General properties

Polycyclic aromatic hydrocarbons (PAHs) are non-polar organic compounds composed by
two or more fused benzene rings in linear, angular or clustered arrangements. By definition, they
only contain carbon and hydrogen atoms in their structure, although nitrogen, sulphur and oxygen
atoms may substitute some carbons of the benzene ring to form heterocyclic aromatic compound.
PAHs are classified according to the number of rings, the type of ring and the atom composition.
The low molecular weight (LMW) PAHs contain two or three aromatic rings and the high
molecular weight (HMW) ones more than three.

In 1976 the Environmental Protection Agency (EPA) of the United States has recorded 16
PAHs as priority pollutants based on their occurrence and persistence in the environment and their
toxicity (Keith and Telliard, 1979) (Figure 1). They have been used by regulatory authorities to
identify contamination sites and to specify monitoring guidelines. Despite PAHs are a group of
compounds that consists of more than one hundred individual homologues and isomers, only the
16 EPA PAHs have been routinely investigated in many environmental situations in the last 40
years, and nowadays there is a debate on the completeness of the list. In fact, the currently state of
knowledge is very different from that of the 80s and questions are being asked whether the
presence of some of these compounds in the list is still useful or whether others might be included
(Keith, 2015). For example, there are PAHs of considerably higher toxicity than that of the priority
PAHs in environmental samples such as alkylated PAHs, higher molecular weight PAHs and
substituted PACs (amino-PAHs and cyano-PAHs). However, more studies are needed about the
toxicity, presence in the environment and chemical analysis of these compounds (Andersson and

Achten, 2015).
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Figure 1. Structures and nomenclatures of the 16 PAHs on the EPA priority pollutant list. Taken from

(Ghosal et al., 2016).

2.2. Physicochemical properties

PAHs have a flat structure, are crystalline solid, from colourless to white or pale yellow-green
colour in appearance. Physicochemical data of PAHs are used to predict their distribution and
effect in the different environmental compartment (air, water, soil and sediment). Aqueous
solubility, octanol-water partition coefficient and vapour pressure are their most important
physicochemical properties (Table 1). The physical and chemical characteristics vary with both
the number of aromatic rings and the pattern of ring linkage (de Maagd et al., 1998). The aqueous
solubility of PAHs is very low and decreases for each additional ring (Masih et al., 2010). The
hydrophobicity is expressed as the n-octanol/water partition coefficient (Kow) and increases with
the molecular weight. Their hydrophobic nature and very low water solubility make them very
persistent in the environment. The persistence of PAHs is also due to the presence of dense n
electrons on both sides of the ring structure that makes them more resistant to nucleophilic attack
(Haritash and Kaushik, 2009). Most PAHs are soluble in non-polar organic solvents. The vapour
pressure of PAHs is low; therefore, most of them are not volatile. An exception are the PAHs with

two aromatic rings, like naphthalenes, which show a tendency to volatilize.
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Table 1. Physicochemical and cancerogenic properties of 16 PAHs enlisted as priority pollutants by US EPA
(Ghosal et al., 2016; Gupte et al., 2016).

Molecular Molecular weight Solubility Vapor pressure
PAHSs Kow EPA*?
formula (g/mol) (mg/L) (Pa)
Naphthalene CioHs 128.17 31 3.37 11.86 C
Acenaphthene Ci2Hio 154.21 3.8 3.92 0.50 D
Acenaphthylene Ci2Hs 152.2 16.1 4.00 3.86 D
Anthracene CisHio 178.23 0.045 4.54 3.40x10° D
Phenanthrene Ci4Hjo 178.23 1.1 4.57 9.07x107 D
Fluorene CizHio 166.22 1.9 4.18 0.432 D
Fluoranthene CieHio 202.26 0.26 5.22 1.08x1073 D
Benzo[a]anthracene CisHiz 228.29 0.011 5.91 2.05x107° B2
Chrysene CisHiz 228.29 0.0015 591 1.04x10°¢ B2
Pyrene CisHio 202.26 0.132 5.18 5.67x10™ D
Benzo[a]pyrene CoHi2 252.32 0.0038 5.91 6.52x107 B2
Benzo[b]fluoranthene CoHi2 252.32 0.0015 5.80 1.07x10°° B2
Benzo[k]fluoranthene CxoHi2 252.32 0.0008 6.00 1.28x108 B2
Dibenzo[a,h]anthracene CxHis 278.35 0.0005 6.75 2.80x10” B2
Benzo[g,h,i]perylene CxHi 276.34 0.00026  6.50 1.33x10°® D
Indenol[1,2,3-cd]pyrene  CxHi» 276.34 0.062 6.50 1.87x10-8 B2

4EPA carcinogenic classification: A, human carcinogenic; B1 and B2: probable human carcinogenic; C, possible
human carcinogenic; D, not classifiable as to human carcinogenicity; E, evidence of non-carcinogenicity for humans.

2.3. Toxicity

The toxicity of PAHs was first recognized in the 18th century by the physician John Hill, who
documented a high incidence of nasal cancer in tobacco snuff consumers, and then by the surgeon
Percival Pott that reported a high rate of scrotal skin cancer in chimney sweeps (Cerniglia, 1984).
The impact of PAHs on human health depends mainly on time exposure, concentration, and
subjective factors (i.e. health status and age). Generally, the LMW PAHs are considered acutely
toxic, causing short-term effect like skin irritation and inflammation, whilst HMW PAHs are
largely considered as genotoxic (Cerniglia, 1992). Genotoxicity plays an important role in the
carcinogenicity process. PAHs can induce carcinogenesis by the enzymatic activation of the PAH
into metabolites, the covalent binding of the PAH metabolites to DNA, RNA and proteins and the
induction of mutations as a result of the formation of PAH-DNA adducts (Marston et al., 2001).
In addition, some PAH-derived products are more toxic than their parent PAHs and can lead to
critical cellular effects (Schnitz et al., 1993). Naphthalene, chrysene, benz(a)anthracene,
benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, dibenz(ah)-anthracene, and
indeno(1,2,3-cd)pyrene are some of the PAHs classified as probable human carcinogens by the

EPA and the International Agency for Research on Cancer (Abdel-Shafy and Mansour, 2016).
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PAHs can induce immune suppression, although the mechanisms involved are still not clear.
Burchiel and Luster (2001) concluded that most of the immunotoxic effects of PAHs are correlated
with aromatic hydrocarbon receptor binding and the formation of reactive metabolites that exert
genotoxicity and/or produce oxidative stress. PAHs can also act as a teratogen agent. Embryotoxic
effects of benzo(a)anthracene, benzo(a)pyrene, and naphthalene have been described in animal
(Kristensen et al., 1995; Wassenberg and Di Giulio, 2004). Moreover, it has been established that
exposure to PAHs can have adverse effects during pregnancy and childhood (Perera et al., 2005;
Edwards et al., 2010).

Living organisms can undergo additional toxicity mechanisms such as phototoxicity and
nonpolar narcosis. Phototoxicity is based on the property of some PAHs (i.e. anthracene, pyrene,
chrysene, benzo(a)pyrene) to adsorb UV light. The photo-excited PAH molecules transfer the UV
energy to an oxygen molecule, creating an oxygen radical that can disrupt cell membranes via lipid
peroxidation. This phenomenon has been described in freshwater and marine environment
(McDonald and Chapman, 2002). However, the ecological relevance of PAH phototoxicity
remains questionable, and environmental management decisions should be based on more factors.
Narcosis is the prevalent mechanism of PAH toxicity in sediments which results in the alteration
of cell membrane function and structure. This toxicity is inversely correlated to the octanol-water
partition coefficient (Kow) that determines the accumulation of toxicant in the biological
membranes (Vaes et al., 1998). Naphthalene, fluorene and phenanthrene are some of the PAHs

that can exert narcosis effect.

3. PAHSs in the environment

The PAHs of natural origin are produced by petrogenic, pyrogenic and biogenic processes.
Petrogenic PAHs are produced during crude oil maturation and similar processes, and are often
composed of alkyl-substituted PAHs. Pyrogenic PAHs are formed from incomplete combustion
of organic matter such as fossil fuels, wood and coal and are principally composed of unsubstituted
PAHs. Biogenetic aromatics are the result of biotransformation processes mainly derived from

plants (i.e. aromatic amino acids, lignin compounds, etc.) and bacteria (Seo et al., 2009).

PAHs are released into the environment either from natural or anthropogenic sources. Natural
sources include volcano eruptions, burning of vegetation in forests and bush fires, plant and
bacterial reactions and thermal and geological reactions associated with fossil fuel (Suess, 1976).
However, the main sources of aromatic in the environment are anthropogenic and mostly originate

from petroleum refining industries, combustion of fossil fuels, coal gasification and liquefaction
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processes, accidental oil spills, transport activities and waste incineration, and from wood-
treatment processes and wood-preservative production (Cerniglia, 1992).

Natural and anthropogenic sources of PAHs, in combination with global transport phenomena,
result in their worldwide distribution (Ghosal ef al., 2016). Their ubiquity together with their
marked stability, persistence and resistance to degradation make them of particular environmental
concern. Additionally, their physical-chemical properties such as lipophilic nature and
hydrophobicity leads to their bioconcentration, bioaccumulation and bioamplification, reaching
relevant toxic concentrations in living organisms (Jones and de Voogt, 1999).

The possible fates of PAHs in the environment are volatilization, photooxidation, chemical
oxidation, bioaccumulation, adsorption to soil particles, leaching and microbial degradation

(Cerniglia, 1992) (Table 2). The importance of these processes varies depending on the

environment compartment.

Table 2. Possible fate of PAHs in the environment (Gupte et al., 2016).

Process Consequence

Factors

Transfer (processes that relocate PAHs without altering their structure)

Volatilization Loss of PAHs due to evaporation from soil, plant, or
aquatic ecosystems.

Absorption Uptake of PAHs by plant roots or animal ingestion.
Polycyclic aromatic hydrocarbons usually do no
transfer into aboveground biomass from soil.

Leaching Translocation of PAHs either laterally or downward
through soils.

Erosion Movement of PAHs by water or wind action.

Vapor pressure, wind speed, temperature.

Cell membrane transport, contact time,

susceptibility, plant species.

Water content, macropores, soil texture, clay
and organic matter content, rainfall intensity,
irrigation.

Rainfall, wind speed, size of clay and organic
matter particles with adsorbed PAHs on them.

Degradation (processes that alter the PAH structure)

Biological Degradation of PAHs by microorganisms, Environmental factors (pH, moisture,
biodegradation and cometabolism. temperature, oxygen), nutrient status organic
matter content, PAH bioavailability, microbial
community present, molecular weight of the
PAHs (LMW or HMW).

Chemical Alteration of PAHs by chemical processes such as  High and low pH, structure of PAHs, intensity
photochemical (i.e. UV light) and oxidation- and duration of sunlight, exposure to sunlight,
reduction reactions. and same factors as for microbial degradation.

Sequestration (processes that relocate PAHs into long-term storage without altering structure)

Adsorption Removal of PAHs from bioavailable pools through Clay and organic matter content, clay type,
interaction with soils and sediments. moisture.

Diffusion Diffusion of PAHs into soil micropores where it is Hydrophobic nature of micropores and PAHs.

unavailable for microbial degradation.
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The atmosphere is the first dispersion vehicle of PAHs. PAHs are emitted to the atmosphere
primarily from the burning of biomass, including both biofuel combustion and wildfires. Then
they can be transported in a vapor phase or adsorbed onto particulate matter and be deposited into
the different environmental compartment by dry or wet deposition processes (Zhang and Tao,
2009). In soil, abiotic reactions such as photooxidation and chemical oxidation account for loss of
two- and three-ring PAH compounds. Naphthalene and methylnaphthalenes are partially lost by
volatilization; for the remaining compounds, volatilization is negligible (Park et al., 1990).
Furthermore, aromatic compounds can be sequestered in the soil matrix. Aquatic systems also
receive PAHs from industrial, urban, and sanitary effluents as well as roadway runoff. Because of
their non-polar structures and low solubility, most of them are incorporated into sediments, and
the lower molecular weight PAHs such as naphthalene and alkyl-derivatives can be partially
dissolved in water (Abdel-Shafy and Mansour, 2016). Some PAHs can be photo-oxidized and
volatilized. However, despite PAHs may undergo adsorption, volatilization, photolysis, and
chemical degradation in the different environments, microbial degradation is the major

degradation process (Cerniglia, 1992).

4. Bioremediation of PAHs

In the last years several physical, chemical, thermal and biological technologies have been
developed to clean-up PAH polluted sites. Unfortunately, many of these physicochemical-thermal
techniques, such as incineration, thermal conduction, and chemical oxidation have a high
economical cost and can have potentially destructive ecological consequences (Kuppusamy et al.,
2017). Thus, there is considerable interest in the use of biological system to remediate
contaminated environments. Biological remediation procedures have been developed for some
hazardous organic pollutants and have shown to be successful, in terms of pollutant elimination
efficiency, economic feasibility, and eco-friendly approach.

Bioremediation relies on biological mechanisms to reduce (degrade, detoxify, mineralize, or
transform) the concentration of pollutants to an innocuous state. In this process microorganisms
play a fundamental role for their innate ability to degrade many types of pollutants (Azubuike et
al., 2016). Indeed, many bacterial, fungal, and algal strains have been shown to degrade a wide
variety of PAHs (Ghosal et al., 2016). Bioremediation of PAH contaminated sites includes both
ex-situ (i.e bioreactors, biopiles) and in-situ (i.e biostimulation, bioaugmentation, composting,
phytoremediation, biosparging) treatment options. Ex-situ techniques involve excavation and

transport of contaminants from the polluted sites to the treatment site. /n-situ bioremediation
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allows treating polluted sites at the place of pollution, avoiding any excavation and transport of
contaminants, which implies little or no disturbance of the habitat.

As mentioned before there are two major approaches to enhance in-situ microbial
communities’ degradation activities in contaminated sites: biostimulation and bioaugmentation.
Biostimulation processes stimulate the autochthonous microorganisms to use the pollutants as a
carbon source providing oxygen, nutrients, co-susbstrates or surfactants to the indigenous
community. Bioaugmentation methods introduce exogenous microorganisms with degradative
capabilities into the contaminated environment. This process might proceed without any form of
stimulation (Straube et al., 2003). Moreover, instead of treatments with a single microorganism,
the decontamination could be carried out by a microbial consortium. In fact, it has been reported
that microbial consortia may degrade target pollutants more efficiently than a single strain, and
give better results for the remediation of a contaminated site (Silva-Castro et al., 2012). This is
probably due to the higher genetic and metabolic diversity associated with microbial consortia as
compared to pure cultures. The effectiveness of biostimulation and bioaugmentation have been
observed in many PAH contaminated sites, and the efficiency of both approaches have been
compared. In general, better performances are obtained using a combination of both methods,
improving the remediation results for both LMW and HMW PAHs. This has been shown in the
recovery of refinery waste waters using a PAH-degrading Rhodococcus ruber isolate (Sun et al.,
2012) and in landfarming experiments with the aid of a biosurfactant-producing Pseudomonas
aeruginosa strain (Straube et al., 2003), among many other examples. However, the convenience
of the addition of microbes to natural environments is still a matter of debate. Competition between
endogenous and exogenous microbial populations, the risk of introducing pathogenic organisms
into an ecosystem, and the possibility that the inoculated microorganisms may not survive are
aspects to consider when a bioaumentation method is being applied.

Ex- or in-situ bioremediation are usually evaluated on the basis of the cost of treatment, depth
and degree of pollution, type of pollutant, geographical location, and geology of the polluted site
(Frutos et al., 2012). Ex-situ bioremediation techniques may be used to treat a wide range of
pollutants in a controlled manner and generally is considered to be more expensive due to the
excavation and transportation costs. /n-situ bioremediation does not include costs of excavation
and transportation, and is generally considered economically favourable. However, in some cases
the costs due to the on-site installation equipment can be higher. Therefore, the costs of
remediation should not be the major aspect determining the bioremediation technique to be applied
to any polluted site. In fact, additional factors such as those mentioned above should be taken into

account and lead to the decision on the most suitable and efficient method to effectively treat
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polluted sites. Furthermore, the application of combined remediation techniques in a polluted site
has been proven to increase the decontamination efficiency, reducing the weakness of individual

methods (Cassidy et al., 2015; Martinez-Pascual et al., 2015).

4.1. Novel bioremediation strategies

In addition to the studied and documented PAHs remediation methods mentioned above, there
are several promising sustainable systems and technologies in full development, like mixed cell
culture systems, biosurfactant flushing, transgenic approaches, nanoremediation and electrode-
based biodegradation.

Mixed cell culture systems are consortia of different organisms, usually bacteria, algae and
fungi, which are used for environmental remediation. They are developed to overcome the possible
limitation arising when only one type of microorganism is used in a contaminated site. It has been
observed, for example, that bacteria-algae consortia are more efficient than bacterial consortia in
the degradation of PAHs. Microalgae can produce a variety of compounds (i.e. nucleic acids,
lipids, proteins, excretion and products) and oxygen that improve the degradation of contaminants
(Kirkwood et al., 2006).

The use of GMOs was a promising approach in the bioremediation field. In fact, with the
advances in protein and genetic engineering and molecular biological techniques it was possible
to include in a single host the desirable enzymes and degradation pathways, to increase the
substrate specificity and to improve the degradation rate (Timmis and Pieper, 1999). However, as
mentioned previously, the fitness and performance of these system was limited under natural
conditions (Cases and de Lorenzo, 2005). Also, the use of genes encoding biosynthetic pathways
for biosurfactants or conferring resistance to environmental stress could improve the efficiency of
the degradation of pollutants (Dua et al., 2002). However, before the releasing of any GMO, it is
critical to ensure its stability, and also the stability of any recombinant plasmid introduced in the
bacteria. Furthermore, the current legal limitations to the use of GMOs in natural ecosystems, due
to the limited predictability of the side effect of these organisms in the environment, is the major
burden to their use in bioremediation (Ang et al., 2005).

Althoug it cannot be considered a bioremediation strategy senso stricto, nanoremediation has
emerged as a new promising technology in contaminated site remediation. It involves the use of
nanomaterial with two major types of strategies: adsorptive and reactive remediation. The
adsorptive remediation removes contaminant by sequestration on nanoparticles (i.e. dendritic
material), while the reactive remediation (i.e. photooxidation) transforms the pollutant into

innocuous compounds. These remediation techniques could be applied ex-situ and in-situ
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(Tratnyek and Johnson, 2006). However, the use of in-situ nanotechnologies is controversial
because of the unknown effect that this technology might have to human or ecological health. In
fact, to date, few studies have investigated the toxicological and environmental effects of direct
and indirect exposure to nanomaterials and no clear guidelines exist to quantify these effects
(Colvin, 2003). For this reason, research seeks on the development of ‘eco-friendly’ nanomaterial,
for the future environmental nanotechnologies applications. Some examples that could be used in
PAH removal are nanofertilizer (for biostimulation and bioaugmentation), nanominerals (for
biostimulation) or green synthesized nanooxidizers (PAH oxidation) (Kuppusamy et al., 2017).

Electrode-based bioremediation applies the capacity of many bacterial strains to use
conductive graphite electrodes as electron acceptor, either by direct contact or through indirect
mechanisms, for the degradation of contaminants, thus overcoming the limitation of electron
acceptors (Zhang et al., 2010; Daghio et al., 2017). The effectiveness of this methodology for the
remediation of polluted sites is being evaluated for an increasing number of pollutants and
conditions, with promising results (Dominguez-Garay et al., 2016).

Currently, we can say that a standard bioremediation method does not exist, and for each
polluted site a strategy should be designed based on the environmental conditions, the nature of
the contaminant and the presence of the suitable degrading microorganisms. Also, the
simultaneous application of different remediation methods could lead to a more efficient
decontamination. However, despite the great progress and knowledge about the physiology,
ecology, biochemistry of PAHs degrading microorganisms and catabolism of organic pollutants
more research is required to have a more comprehensive understanding of PAHs contaminated
sites. Moreover, still very little is known about the microrganisms, genes and catabolic pathway

of PAHs degradation in high salinity environments or in anaerobic environments.

5. PAH degradation by bacteria

Bacteria have been evolving since more than three billion years and have developed strategies
to obtain energy from nearly every compound available in nature. The abundance of
microorganisms, together with their great genetic diversity and the ability for horizontal gene
transfer allows them to evolve quickly and to adapt to many different environmental conditions,
even to extreme environments. The presence of PAHs in the biosphere since the primitive earth
explains the metabolic versatility and the evolution of microbial catabolic pathways to utilize these
compounds as energy and carbon sources (Diaz, 2004). Microorganisms play, in fact, a crucial

role in the recycling of carbon from the aromatic ring. Various bacteria have been found to degrade
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PAHs, and aerobic degradation of naphthalene and phenanthrene has been most widely studied for
decades (Davies and Evans, 1964; Kiyohara et al., 1976; Foght and Westlake, 1988; Churchill et
al., 1999; Kim et al., 2003; Pumphrey and Madsen, 2007).

Aromatic compounds have limited chemical reactivity and two key steps are involved in their
degradation pathway: the destabilization of the resonance energy that stabilizes the ring structure,
and its subsequent cleavage (Fuchs et al., 2011). This is also true for the degradation of polycyclic
aromatic hydrocarbons (PAHs). The aerobic and anaerobic degradation of these compounds, and
the methods that bacteria use in the corresponding PAHs degradation pathways, differ
fundamentally. There are two major strategies to degrade PAHs depending on the availability of
oxygen. These strategies are based on different ring activation mechanisms that consist of either
oxidation to produce dihydroxylated derivatives under aerobic conditions, or reduction of the
aromatic ring under anoxic conditions. An additional strategy is functional in some organisms
under low oxygen concentrations: oxidation to a non-aromatic ring-epoxide, which suffers
rearrangement followed by hydrolytic cleavage (Fuchs et al., 2011). In the aerobic PAH
catabolism pathways, the first activation step involves direct incorporation of oxygen by the
activity of multicomponent dioxygenases. The key enzymes are ring-hydroxylating dioxygenases
(RHDs) belonging to the Rieske-type non-heme iron oxygenase family (Pieper ef al., 2004), and
the key central intermediates are dihydroxylated PAHs. In anaerobic conditions two main
mechanisms were initially proposed for PAH molecule activation: 1) ring carboxylation and ii)
ring methylation followed by addition to fumarate. However, methylation as initial step in PAH
degradation has been discarded and currently only the carboxylation pathway, in which the key
enzyme is a carboxylase belonging to the UbiD-like proteins family (Rabus et al., 2016), is

considered (see below).

5.1. Aerobic PAH degradation

Principally, microbial communities prefer aerobic conditions for the degradation of PAHs
because oxygen provide a higher amount of energy to the cells (Field et al., 1995). The
biodegradation of aromatic compounds carried out by aerobic microorganisms is well understood
and numerous bacterial strains able to degrade PAHs have been isolated and characterized (Korda
et al., 1997; Gibson and Parales, 2000; Diaz, 2004; Cao et al., 2009). A wide phylogenetic
diversity of bacteria, such as species of the genus Alcaligenes, Acinetobacter, Pseudomonas,
Rhodococcus, and Nocardia, is known to aerobically degrade PAHs. Most of them are isolated

from contaminated soil or sediments (Cao et al., 2009). Pseudomonas species and closely related
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organisms have been the most extensively studied due to their ability to degrade many different
aromatic compounds, from benzene to benzo(pyrene) (Balashova et al., 1999; Wackett, 2003).

The enzymatic pathways for the degradation of a variety of PAHs have been elucidated, the
genes characterized, their regulation, distribution and diversity have been analysed, so that the
current cumulative knowledge allows a thorough and deep view of the processes involved
(Harayama et al., 1992; Gibson and Parales, 2000; Diaz, 2004). Naphthalene has often been used
as a model compound to investigate the ability of bacteria to degrade PAHs because it is the
simplest and most soluble PAH. Naphthalene degrading bacteria are ubiquitous in nature and there
are enormous numbers of reports documenting the bacterial degradation of naphthalene including
the elucidation of the biochemical pathways, enzymatic mechanisms, and genetic regulations
(Cerniglia, 1992; Peng et al., 2008). Therefore, information of the bacterial degradation of
naphthalene has been used to understand and predict pathways in the degradation of three- or more
ring PAHs. Furthermore, the bacterial naphthalene dioxygenase system is particularly useful for
the oxidation of bi- and tri-cyclic PAH substrates, such as phenanthrene and anthracene. The
bacterial degradation of naphthalene has been well characterized for the catabolic enzyme system
encoded by the plasmid NAH7 of Pseudomonas putida G7. The plasmid NAH7 has two operons
that contain the structural genes for naphthalene degradation (rnak): one of them contains the genes
for the so-called upper pathway encoding the enzymes involved in the conversion of naphthalene
to salicylate, and the other operon contains the genes for the lower pathway encoding the enzymes
involved in the conversion of salicylate to pyruvate and acetaldehyde (Simon et al., 1993)
(Figure2). The nahR coding gene for the LysR family regulator that controls the expression of the
pathway constitutes a third operon (Wagner and Haider, 2012).

nahAa nahAc nahB nahC nahE nahR nahT nahl nahL nahm nahXJ

—OIDDDDIDD—aiD DD DIPPPI

nahAb nahAd nahF nahQ nahD nahG nahH nahN nahO nahK nahY

Figure 2. Gene organization of the naphthalene degradation pathway in NAH7 plasmid of Pseudomonas
putida G7. The genes for the upper pathway are shown in yellow, those for the lower pathway in blue,
and the nahR regulator in red. A receptor involved in naphthalene chemotaxis is shown in pale blue.
Adapted from (Yeates et al., 2003).
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In the upper pathway, naphthalene degradation is initiated by the activation of one of the
aromatic rings by a naphthalene dioxygenase to form cis-1,2-dihidroxy-1,2-dihydronaphthalene,
which is further transformed to 1,2-dihydroxy-naphthalene by the activity of a cis-dihydrodiol
dehydrogenase (Figure 3). The resulting activated dihydroxynaphthalene is cleaved in meta
position by a 1,2-dihydroxynaphthalene dioxygenase to produce 2-hydroxy-2H-chromene-2-

Naphthalene

naphthalene 1,2-dioxygenase 1 nahAcAdAaAb

H
am cis-1,2-Dihydroxy-
1,2-dihydronaphthalene

cis-dihydrodiol dehydrogenase 1"ahB l OH

OH
O 1,2-Dihydroxynaphthalene

1,2-dihydroxynaphthalene dioxygenase "ahcl

COOH
2-Hydroxy-2H-chromene-
2-carboxylic acid (HCCA)

HCCA isomerase nahD 1

{0240

cis-o-Hydroxybenzalpyruvate
COOH (HBPA)

HBPA hydratase-aldolase nahE

©E 2-Hydroxybenzaldehyde
CHO (salicylaldehyde)

salicylaldehyde dehydrogenaseDHase l nahH
OH OH OH
Catechol @& s GHAaAb Gentisate
! COOH H() COOH
J', Salicylate .
Catechol 1,2-dioxygenase Gentisate 1,2-dioxygenase

1: salicylate 1-monooxygenase
2: salycilate 5-hydroxylase

Figure 3. Proposed catabolic pathways of naphthalene by aerobic bacteria (Peng et al., 2008). The genes
involved in the different steps are written in blue.
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carboxylic acid, which is successively transformed to trans-o-hydroxy-benzylidenepyruvic acid,
salicylaldehyde and finally salicylic acid. These steps constitute the upper pathway. In the so-
called lower pathway, salicylic acid is further metabolized through either catechol or gentisate to
tricarboxylic acid (TCA) cycle intermediates (Cerniglia, 1992; Gibson and Parales, 2000; Wagner
and Haider, 2012) (Figure 3).

The multicomponent naphthalene dioxygenase is the key step in naphthalene degradation and
includes an NADH oxidoreductase, a ferredoxin and an oxygenase component, which contains the
active site and is composed of large and small subunits in an 333 organization (Peng et al., 2008).

In the different naphthalene-degrading Pseudomonas strains, sequences of genes encoding the
upper pathway enzymes are organized as operons and are very conserved (more than 90%
identical) (Peng et al., 2008; Wagner and Haider, 2012). Although the paradigm of PAH
degradation is based upon Pseudomonas pathways, an increasing number of non-pseudomonads
PAH degraders are described. The discovery in different strains of distantly-related dioxygenase
suggests a higher diversity than initially thought (Larkin ef al., 2005). However, it is interesting to
note that despite a significant sequence divergence from classical Pseudomonas sequences, there
seems to be a substantial structural conservation of subunit arrangement (Ahn et al., 1999).
Ralstonia sp. U2, originally classified as a Pseudomonas sp., has the naphthalene upper pathway
genes similar to the classical nah genes of Pseudomonas strains placed in the same order (Zhou et
al., 2001). Also, Comamonas testeroni strain GZ42 has a similar genetic pathway to that of
Ralstonia sp. U2, although more divergent from the typical nah genes (Goyal and Zylstra, 1997).

Different strains have also been reported to carry naphthalene degradation pathways, such as
Burkholderia sp. RP007, Alcaligenes faecalis AFK2 and Nocardioides sp. KP7 (Kiyohara et al.,
1982; Iwabuchi and Harayama, 1997; Laurie and Lloyd-Jones, 1999), although the sequence
similarity and gene organization of the pathways may greatly vary between strains. The genus
Sphingomonas, Gram-negative bacteria within the Alphaproteobacteria, includes a number of
strains able to degrade a wide range of natural and xenobiotic compounds including PAHs like
naphthalene, phenanthrene, and anthracene, using common pathways found in other Gram-
negative bacteria. It has been shown that their degradative capabilities rely on the large plasmids
present in these bacteria. The catabolic versatility of this genus does not seem to depend on the
significant differences in degradative pathways with other bacteria, but on the unusual catabolic
gene organization, and possibly on the presence of high-affinity uptake systems. The degradative
genes are not organized in regulated operons, and this ‘flexible’ gene organization seems to be
responsible of their quick and efficient adaptation to novel compounds (Basta et al., 2005). The

Gram-positive Rhodococcus strains are another very diverse group of the order Actinomycetales
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that possesses the ability to degrade many recalcitrant and toxic organic compounds. Rhodococcus
species are common in many environmental niches from soils to industrial waste water (Glirtler et
al., 2004). The ability of rhodococci to degrade numerous organic compounds depends largely on
their tolerance to solvent and toxic substrate, and on their large genome that hide an enormous
gene diversity. For example, many oxygenases, including at least six ring-hydroxylating
dioxygenases and ten cytochromes P450, are encoded in the 9.7 Mb genome of Rhodococcus sp.

strain RHA1 (Larkin et al., 2005).

Phenanthrene, a PAH containing three condensed rings, is often used as a model substrate for
studies on the metabolism of carcinogenic PAHs. The enzymes involved in the conversion of
naphthalene to salicylate can also degrade phenanthrene via deoxygenation at the 3,4 position, to
finally render 1-hydroxy-2-naphtoate. This intermediate is further channelled through two possible
pathways, according to the host: 1) by hydroxylation to 1,2-dihydroxynaphthalene, which would
then enter the regular naphthalene degradation pathway, and ii) by direct ring cleavage by a
dioxygenase and further transformation to o-phthalate, which is then metabolized via
protocatechuate (Wagner and Haider, 2012). Many Gram-positive and Gram-negative bacteria
have been isolated that utilize phenanthrene as sole source of carbon and energy (Peng et al., 2008;
Seo et al., 2009; Mallick et al., 2011). We mention some: a Staphylococcus sp. strain with a novel
phenanthrene degradation pathway was isolated from petroleum-contaminated soil. The genes
involved in phenanthrene assimilation were found to be plasmid-encoded, probably acquired by
horizontal transfer (Mallick et al., 2007). Ghosal et al. (2010) documented mineralization of
phenanthrene by Ochrobactrum sp. strain PWTID, isolated from municipal waste-contaminated
soil. It was the first report describing an Ochrobactrum species with PAH biodegradation abilities
and the involvement of the meta-cleavage pathway of 2-hydroxy-1-naphthoic acid in phenanthrene
assimilation in a Gram-negative species. Novosphingobium sp. HS2a isolated from soil was
described as a good phenanthrene and naphthalene degrader (Rodriguez-Conde et al., 2016). Other
bacterial strains able to catabolize phenanthrene are member of the genera Acidovorax,

Arthrobacter, Brevibacterium, Burkholderia, Comamonas, Mycobacterium, and Pseudomonas

(Seo et al., 2009).

Other PAHs like anthracene, fluorene, acenaphthene and acenaphthylene are also present in
high amounts in PAH-contaminated environments, and many bacterial species can mineralize
these compounds. Among these the Actinobacteria Mycobacterium sp. strain LB501T was isolated
from enrichments of PAH-contaminated soil and sludge samples, where PAHs were adsorbed on

hydrophobic membranes. LB5S01T grows primarily as a biofilm on solid anthracene, probably a
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response to optimize the bioavailability of the substrate (Bastiaens et al., 2000). Generally, the
anthracene degradation pathway proceeds through 2,3-dihydroxynaphthalene and further through
the naphthalene degradation pathway to form salicylate. Nevertheless, the transient accumulation
of o-phthalic acid during the Mycobacterium sp. cultivation on anthracene suggests the metabolism
goes through o-phthalic acid and protocatechuic acid (van Herwijnen et al., 2003). Many
Mycobacterium species have been reported to degrade also other PAHs such as pyrene,
fluoranthene, benz[a]anthracene, and benzo[a]pyrene (Heitkamp and Cerniglia, 1988; Schneider
et al., 1996; Lopez et al., 2006). The degradation of acenaphthene and acenaphthylene by an
Acinetobacter sp. was first reported by Ghosal et al. (2013). The strain was isolated from municipal
waste-contaminated soil. The characterization of metabolites suggested the hydroxylation of
acenaphthene to 1-acenaphthenol, which was subsequently transformed to catechol before entering
into the TCA cycle.

In addition to the cited strains, many other species are involved in LMW and HMW PAHs
aerobic biodegradation. Some examples are Bacillus, Cycloclasticus and Marinobacter (Peng et
al., 2008; Seo et al., 2009). However, the degradation of HMW PAHs and its regulatory

mechanisms still need further investigations.

5.2. Anaerobic PAH degradation

While PAH oxidation by aerobic bacteria has been extensively studied for years, the anaerobic
catabolism of aromatic compounds has only recently attracted the general interest and still needs
a deeper understanding (Widdel and Rabus, 2001; Jones et al., 2008; Meckenstock and Mouttaki,
2011). The rate of PAH anaerobic degradation was initially considered very slow and its ecological
importance in most environments and biodegradation strategies non-significant. However, the
availability of oxygen is often limited in natural environments. In many polluted sites, oxygen can
be rapidly consumed in the aerobic biodegradation processes, resulting in a decreasing oxygen
concentration gradient, so that reduction of other electron acceptors becomes energetically
favourable (Rivett ef al., 2008a). A similar pattern is observed in habitats that are under permanent
anoxic conditions, such as flooded sediments in marine and fresh-water environments (Brune et
al., 2000). First, microorganisms consume the oxygen that penetrates the first
millimetres/centimetres of the sediments (Braker et al., 2001). Once the oxygen consumption
exceeds its supply, anoxic conditions are established. Below the zone of oxygen-influence, anoxic
processes are stimulated: nitrate, manganese, iron and sulphate are then sequentially used for

anaerobic respiration, if available (Serensen, 1978; Canfield ef al., 1993). The theoretical yield of
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energy obtained from the oxidation of organic matter using each of the electron acceptors is the
driving force for microbes to use a specific metabolism when oxygen is absent.

Thus, anoxic conditions dominate in many natural habitats and contaminated sites, where
anaerobes, using alternative final electron acceptors, metabolize organic compound that would
otherwise persist in nature (Foght, 2008; Fuchs et al., 2011). Field studies indicate that in many
cases contaminant degradation under natural conditions is dominated by anaerobic processes
(Meckenstock et al., 2004b). In sites where anaerobic processes are established, biostimulation
approaches maintaining the intrinsic anoxic conditions could enhance the active and acclimated
natural bacterial population and promote efficient contaminant degradation (Coates and Anderson,

2000).

Although the anaerobic degradation of aromatic compounds in bacteria has been extensively
studied in the past decades, our current knowledge on the biochemistry, genetics and physiology
of the anaerobic pathways is essentially centred on the degradation of model monoaromatics such
as benzoate, toluene and substituted derivatives in bacterial strains with different respiratory
metabolisms (e.g. iron reducing, denitrifying, sulfate reducing bacteria, etc.), and of the model
PAHs naphthalene and 2-methylnaphthalene (2MN) in sulphate-reducing bacteria (SRB).
Progresses in the field are generally linked to the availability of bacterial isolates able to carry out
anaerobic biodegradation of specific compounds (Dolfing et al., 1990; Lovley and Lonergan,
1990; Evans et al., 1991; Rabus et al., 1993; Fries et al., 1994; Beller et al., 1996; Galushko et al.,
1999a; Meckenstock et al., 2000a). Besides the overall conservation of the main known central
pathways, different strategies may be employed depending on the electron acceptors used and the
metabolic efficiency of the organism (Boll ef al., 2014). As for aerobic degradation, activation of
a broad range of aromatic compounds converges into a few major central metabolites, which are
further dearomatized and channelled to the central cell metabolism (Heider and Fuchs, 1997;

Schink et al., 2000; Foght, 2008; Carmona et al., 2009).
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Figure 4. Pathway of anaerobic toluene and benzoate metabolism to benzoyl-CoA in Thauera aromatica.
The enzymes involved are indicated by their gene names: (1) benzylsuccinate synthase, BssABC; (2)
succinyl-CoA: benzylsuccinate CoA-transferase, BbsEF; (3) benzylsuccinyl-CoA dehydrogenase, BbsG; (4)
phenylitaconyl-CoA hydratase, BbsH; (5) 3-hydroxyacyl-CoA dehydrogenase, BbsCD; (6) benzoylsuccinyl-
CoA thiolase, BbsB; (7) succinate dehydrogenase, Sdh. BclA, benzoate-CoA ligase. Modified from
(Leuthner and Heider, 2000).

The most common of the central intermediates used by bacteria in the absence of oxygen is
benzoyl-CoA, in which the carboxy-thioester group acts as an electron-withdrawing substituent
that facilitates reduction of the aromatic ring (Fuchs et al., 2011). Under anoxic conditions,
compounds such as those belonging to the BTEX group, benzoate, phenol, cresols or phenylacetate
are transformed through different peripheral pathway to benzoyl-CoA. Figure 4 shows as example
the metabolism of toluene to benzoyl-CoA in Thauera aromatica. The essential step is carried out
by the glycyl radical enzyme benzylsuccinate synthase (bssABC genes). Benzyl-succinate synthase
catalyses the addition of the methyl group of toluene to the double bond of fumarate to produce
benzyl-succinate, which is then further metabolized to benzoyl-CoA through a pathway similar to
B-oxidation. Benzoate is directly activated to benzoyl-CoA by the activity of an AMP forming
benzoate-CoA ligase (Schiihle ef al, 2003). In most denitrifying organisms, the central
intermediate benzoyl-CoA is dearomatized by an ATP-dependent (type I) benzoyl-CoA reductase,
while in low energy yielding fermenting, sulphate-reducing and most iron-reducing bacteria, ring
reduction is carried out by an ATP-independent (type II) benzoyl-CoA reductase through a
recently proposed electron bifurcation mechanism (Kung et al., 2010; Buckel and Thauer, 2013;
Boll et al., 2014) (Figure 5). In both cases the resulting product 1,5-dienoyl-CoA suffers a further
reduction and ring opening through a series of reactions similar to a modified f-oxidation (Heider,

2007).
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Figure 5. Gene products involved in the benzoyl-CoA degradation pathway in facultative and obligate
anaerobes. Bcr, benzoyl-CoA reductase (ATP-dependent); Bam, benzoic acid metabolism. Modified from
(Heintz et al., 2009).

5.2.1. Anaerobic naphthalene degrading microorganisms.

Anaerobic naphthalene degradation under nitrate-reducing conditions was first reported by
Mihelcic and Luthy (1988). Rockne et al. (2000) reported the isolation of three naphthalene
degrading NRB, but the activity of these strains could never be confirmed (Meckenstock and
Mouttaki, 2011). Despite a number of studies documenting naphthalene degradation with nitrate
as electron acceptor (Rockne and Strand, 2001; Eriksson et al., 2003b; Dou et al., 2009, Acosta-
Gonzalez et al., 2013b), to date there is no isolate available able to degrade naphthalene using
nitrate as terminal electron acceptor (Meckenstock et al., 2016).

Naphthalene degradation was later described with other electron acceptors, including sulphate
(Coates et al., 1996a; Bedessem et al., 1997; Zhang and Young, 1997; Galushko et al., 1999a;
Meckenstock et al., 2000a), ferric iron (Coates et al., 1996b; Anderson and Lovley, 1999;
Kleemann and Meckenstock, 2011), and manganese (Langenhoff ef al., 1996). Zhang and Young
(1997) described the first consortium, isolated from heavily contaminated marine sediments,
capable of mineralizing naphthalene under sulphate-reducing conditions. Furthermore, this was
the first report providing evidence for carboxylation as initial activation reaction in naphthalene
anaerobic degradation. Isolation of pure cultures of naphthalene degrading anaerobes from marine
sediment has only been possible for two sulphate-reducing marine Delsulfobacteriaceae, the

NaphS2 and NaphS3 strains (Galushko et al., 1999a; Musat et al., 2009), although only strain
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NaphS2 has been characterized in depth. In addition, a bacterial consortium, enriched from a
contaminated aquifer and composed mainly of the Desulfobacterium strain N47 and a
Spirochaetes as partner organism has been stably maintained, although the naphthalene degrading
partner N47 strain was unable to grow on its own on naphthalene (Meckenstock et al., 2000a;
Selesi et al., 2010)

Although ferric iron is an important and highly abundant electron acceptor in anoxic
environments, few report documented PAH degradation with this electron acceptor. Anderson and
Lovley (1999) first observed anaerobic oxidation of benzene and naphthalene to CO; in sediments
collected from a petroleum-contaminated aquifer under Fe(Ill)-reducing conditions. Later, an
anaerobic naphthalene-degrading culture (N49) was enriched from an aquifer contaminated with
tar oil with ferric iron as electron acceptor (Kleemann and Meckenstock, 2011). The culture was
mainly composed of bacteria belonging to the family Peptococcaceae within the phylum
Firmicutes. In this enrichment culture, production of 2-naphthoic acid was observed, suggesting
carboxylation as the initial activation reaction of naphthalene mineralization. Langenhoff et al.
(1996) studied the degradation of naphthalene in anaerobic sediment columns supplemented with
different electron acceptors, among which manganese. They observed that naphthalene was only
partly transformed when nitrate or manganese were used as electron acceptor, but most of the
added naphthalene disappeared under sulphate-reducing conditions, indicating a favourable redox
condition for sulphate-reducing naphthalene degradation.

Naphthalene degradation under methanogenic conditions was also reported, although in some
cases the naphthalene biodegradation was only partial (Christensen et al., 2004; Chang et al., 2006;
Dolfing et al., 2009; Maillacheruvu and Pathan, 2009). Christensen et al. (2004) observed
naphthalene removal from sewage sludge enrichment cultures under methanogenic conditions, in
the presence of hydrogen utilizing methanogens. Cultures were a mixture of bacteria, oxidizing
the naphthalene, and archaea, generally identified as Methanobacteriales, converting the hydrogen
produced by oxidation to methane. Later, Dolfing et al. (2009) evaluated the thermodynamic
constraints on methanogenic PAH degradation, demonstrating that PAH-based methanogenesis is

an exergonic reaction and therefore energetically favourable.

5.2.2. Anaerobic naphthalene biodegradation mechanisms
The extensive knowledge on anaerobic degradation of substituted aromatics summarized
above is much scanter when we consider non-substituted aromatics such as benzene and
naphthalene. The special interest of these compounds relies on the difficulty to activate the non-
substituted aromatic ring in the absence of oxygen (Meckenstock and Mouttaki, 2011). Several

lines of evidence suggest that in both cases activation proceeds through direct carboxylation of the
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aromatic ring to render benzoic or naphthoic acid, respectively (Zhang and Young, 1997; Musat
et al., 2009; Abu Laban et al., 2010; DiDonato et al., 2010; Selesi et al., 2010; Luo et al., 2014)
(Figure 6). Candidate genes for a naphthalene carboxylase have been identified in the
metagenomes of the N47 enrichment and in NaphS2 genome (DiDonato et al., 2010; Bergmann
et al., 2011). Further activation of these compounds would involve a specific CoA ligase, as
already shown for benzoic acid, followed by reductive opening of the aromatic ring (Meckenstock
and Mouttaki, 2011). Specifically, naphthalene is degraded through the corresponding 2-naphtoil-
CoA intermediate. Further dearomatization of 2-naphtoil-CoA appears to proceed sequentially for
the two aromatic rings by means of two different sets of enzymes (DiDonato et al., 2010; Selesi
et al., 2010; Meckenstock and Mouttaki, 2011; Boll et al., 2014). In N47 enrichment a 2-
naphthoyl-CoA reductase (NCR) belonging to a new class of dearomatizing arylcarboxyl-CoA
reductases showing similarity to the family of “old yellow enzymes” (OYE), was initially thought
to catalyse the four-electron reduction of the non-activated ring of 2-naphtoyl-CoA to render
5,6,7,8-tetrahydro-2-naphthoyl-CoA (THNCoA) (Eberlein et al., 2013a). However, further
analysis demonstrated that two specific reductases belonging to the OYE family were involved in
dearomatization of naphtoyl-CoA: one was the previously mentioned NCR, producing 5,6-
DHNCoA, which was further transformed by a 5,6-DHNCoA reductase (DHNCR) to THNCoA
(Estelmann et al., 2015). In the naphthalene degrading sulphate-reducing strain NaphS2, an ncr
gene with homology with this reductase was found close to the gene for a naphtoyl-CoA ligase
responsible for the previous step in the degradation pathway. The next step in the pathway is the
ATP-dependent reduction of 5,6,7,8-tetrahydro-2-naphthoyl-CoA to a hexahydro-2-NCoA
compound by a class I (ATP-dependent) arylcarboxyl-CoA reductase (Figure 6) (Eberlein et al.,
2013Db). It is worth noting that most of the genes for naphthalene degradation identified in one of
the strains had its homologue in the other strain (DiDonato et al., 2010).

In the case of naphthalene, it should be noted that all anaerobic naphthalene-degrading
cultures isolated so far were also able to degrade 2-methylnaphthalene (2MN), which was initially
taken as an indication that degradation could proceed via methylation (Annweiler et al., 2000).
However, this hypothesis, as well as the hydroxylation pathway, has been discarded (Meckenstock
et al., 2016). Degradation of 2MN would follow a pathway similar to anaerobic degradation of
toluene: activation through the addition of the methyl group to fumarate through a naphthyl-2-

methyl succinate synthase (nmsABC genes), followed by p-oxidation-like steps to finally render
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naphtoyl-CoA, which then suffers the sequential ring reduction steps (DiDonato et al., 2010;
Meckenstock et al., 2016) (Figure 6).
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Figure 6. Proposed pathways for anaerobic naphthalene and 2-methylnaphthalene degradation in the
enrichment culture N47. NmsABC = Naphthyl-2-methyl-succinate synthase; BnsEF = naphthyl-2-methyl-
succinate-CoA transferase; BnsG = naphthyl- 2-methyl-succinyl-CoA dehydrogenase; BnsH = naphthyl-2-
methylene-succinyl-CoA hydratase; BnsCD = naphthyl-2-hydroxymethyl- succinyl-CoA dehydrogenase;
BnsAB = naphthyl- 2-oxomethyl-succinyl-CoA thiolase; NCR (N47_G38220) = 2-naphthoyl-CoA reductase;
5,6-DHNCR (N47_G38210) = 5,6-dihydro-2-naphthyl-CoA reductase; 5,6,7,8-THNCR = 5,6,7,8-tetrahydro-

2-naphthoyl-CoA reductase. Reactions which have been identified and the activity measured in N47 cells

grown with naphthalene or methylnaphthalene, respectively, are marked with an asterisk (Meckenstock
et al., 2016).
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6. Microbial diversity

Prokaryotic life on earth exists since at least 3.8 billion years ago, approximately 750 million
years after the Earth was formed. So, they dominated life prior to the appearance of eukaryotes, 1
to 1.5 billion years later, and this is probably the reason why the prokaryotic evolution led to its
great diversity (Cooper, 2000). Also, prokaryotes are ubiquitous organism and have adapted to
almost any environmental condition, even the most extreme one. They are a key component of the
biosphere. It has been estimated that about one-half of the “living protoplasm” on earth is microbial
(Kluyver and van Niel, 2014). The number of prokaryotes cells was initially estimated to be 4-6 x
10°° and their biomass to be comparable to the total carbon found in plants (Whitman et al., 1998).
However, these figures have recently been revised and reduced by almost one order of magnitude
(Kallmeyer et al., 2012). The enormous abundance, the ubiquity and the genetic diversity of
prokaryotic microorganisms make them play crucial roles in the geochemical cycles that process
the major elements of life, including C, N, and S (Falkowski et al., 2008).

Despite the great interest to evaluate the magnitude of prokaryotic diversity, to date there are
no definite estimates of the total number of prokaryotic species on earth (Whitman, 2009). Up to
a few years ago the estimates were based on cultivable organisms, but only an average of 1% of
the microbes can be cultured in the laboratory (Whitfield, 2005), so these efforts had led to a great
underestimation of microbial diversity. Nowadays, with the development of the molecular
techniques and massive sequencing possibilities, scientists are trying to get a more accurate
answer. Torsvik et al., (2002) calculated the prokaryotic diversity with the DNA reassociation
method. This technique uses the reassociation of denatured DNA to measure the genome size and
complexity of prokaryotes and to estimate the total community genetic diversity. This method has
revealed a great diversity in high organic content soil and pristine sediment. In contrast, aquatic
and extreme environments seem to host much less prokaryotic genetic complexity (Table 3).
However, recent analysis of the environmental 16S rRNA sequences revealed that hypersaline
ecosystems have a diversity comparable to that of soil (Lozupone and Knight, 2007). Other authors
using different approaches have estimated the number of microbial species in the range from 10°
to 10° (Dykhuizen, 1998; Curtis et al., 2002), but other authors consider this number to be
overestimated (Finlay, 2002; Pedrés-Alio, 2006). Then, despite a growing knowledge of the
magnitude of prokaryote diversity, a precise estimation is not available yet. This is probably due
to the lack of a unique concept of prokaryote species (Rossello-Mora and Amann, 2001; Tamames
et al., 2010). Also, the methods to study microbial communities’ diversity allow a better
knowledge of the abundant taxa, while the rare species are often underestimated (Lynch and

Neufeld, 2015). However, in the last few years new sequencing technologies are allowing a deeper
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Table 3. Prokaryotic abundance determined by total genomic diversity in prokaryotic communities
calculated from the reassociation rate of DNA isolated from the community. Community genome
complexity is described as numbers of base pairs (bp). Genome equivalents are given relative to the
Escherichia coli genome (4.1x10°bp) (Torsvik et al., 2002).

DNA source Abundance Community genome Genome
(cells x cm™) complexity (pb) equivalents
Forest soil 4.8x10° 2.5x10" 6000
Forest soil, cultivated prokaryotes 1.4x107 1.4x108 35
Pasture soil 1.8x10" (1.5x10'%)~(3.5x10'%) 3500-8800
Arable soil (5.7x10%)-(1.4x109) 140-350
Pristine marine sediment 3.1x10° 4.8x10'° 11400
Marine fish-farm sediment 7.7x10° 2x108 50
Salt-crystallizing pond, 22% salinity 6.0x107 2.9x107 7

sampling and a more complete analysis of the different species in a given ecosystem, and probably
in the next few years we will be able to have a good approximation to overall diversity values
(Yarza et al., 2014).

Diversity is one of the emerging properties of the study of community ecology. Two main
characteristics can be determined in the microbial ecology exploration: the taxon richness and the
relative abundance of different taxa in the community (Konopka, 2009). Bacterial population are
normally governed by the few most abundant taxa, also defined as the core taxa. These species are
responsible for carbon and energy flow in the ecosystem. On the other hand, there are the low
abundant species that are considered as genetic seed bank of the habitat (Pedros-Alio, 2006). The
rare taxa seem to contribute significantly to the nitrogen and sulphur cycling. Although the role of
the ‘rare biosphere’ is not well understood, there is a growing attention in knowing its ecological
function and the reason why the ecosystem supports so many species in low numbers. Probably
they constitute the immense genetic and functional diversity reserve of the ecosystem, that can be
activated when environmental conditions change, in agreement with the view ‘everything is
everywhere; the environment selects’ (Whitfield, 2005; Lynch and Neufeld, 2015). If fact, some
studies are supporting the idea that environmental factors (i.e. temperature, pH, salinity, etc.) are
the driving forces of the microbial diversity pattern (Lozupone and Knight, 2007; Tamames et al.,
2010; Jeffries et al., 2011).

However, though the scientific community still has the debate about microbial biogeography
and diversity open, they agree about the importance to understand how microbes contribute to the
ecological and biogeochemical functioning of our ecosystems and how they respond to stresses

such as climate change and contamination (Torsvik et al., 2002; Whitfield, 2005; Falkowski et al.,
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2008). Microorganisms represent near half of the biomass of our planet and we still know little of
the prokaryotic diversity on the biosphere, which reveals the largely unexplored genetic pool of
the microbial world (Diaz, 2004). In addition, they are considered a crucial component of our
efforts to restore degraded ecosystem. In fact, as discussed above, the enormous versatility and
genetic diversity of microorganisms offer interesting strategies to reduce environmental pollution

(Whitfield, 2005).

7. Microbial community analysis

A systematic analysis of microbial communities may help towards the understanding of how
microorganism diversity can be managed for bioremediation purposes or for biotechnological
applications. Both, the exploration of the microbial diversity and the genetic content of the
communities will lead to this purpose. After an environmental stress factor in a specific habitat,
like contamination by PAHs, the initial community is disturbed. Microbial communities’ structure,
diversity and dynamics are important to identify the key population and their probable interaction
to be able to enhance microbial activities during biodegradation. There is not a single method to
study the shifts of microbial communities, and a combination of different approaches can give a
more comprehensive overview. Generally, culture-independent and-dependent methods for

microbial community analysis have been used simultaneously to describe bacterial communities.

7.1. Culture dependent methods

Culture-dependent approaches rely on the cultivation of prokaryotes. In this group, we find
the classic isolation and culture methods in solid and liquid media and the most probable number
(MPN) techniques. Culture-based methods have been extremely useful to have a first view of the
microbial communities’ diversity and to understand the physiological potential of isolated
organisms, although only about 0.1%-1% of the total bacteria could be enumerated or isolated
(Staley and Konopka, 1985; Amann et al., 1995). Those techniques have, in fact limits and
restrictions. For example, differences of several orders of magnitude have been observed between
direct microscopic and viable-cell counts of bacteria for oligotrophic to mesotrophic aquatic
ecosystems. Staley and Konopka (1985) called this phenomenon ‘the great plate count anomaly’.
Conventional culture media could not satisfy specific requirements (nutrients, pH conditions,
incubation temperatures or levels of oxygen) for the growth of a bacterium (Vartoukian et al.,
2010). Most culture media used to date are rich in nutrients and promote the growth of faster-

growing bacteria at the expense of slow-growing species, some of which can only thrive in
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nutrient-poor environments (Connon and Giovannoni, 2002). Also, some bacteria could not grow
in monoculture, because of their need of bacterial interactions and signalling molecules. Due to
this documented disparity between cultivatable and in-situ diversity, it is often difficult to assess
the significance of cultured members in resident microbial communities. Some studies, for
example, have employed culture-independent molecular methods to show that cultivated
microorganisms often may represent very minor components of the microbial community (Ward
et al., 1990; Suzuki et al., 1997). Despite the potential biases of the culture-dependent methods, it
is only through pure cultures that we can fully characterize bacteria. Therefore, it is important to
use both culture-dependent and -independent approaches to understand the composition and
function of natural microbial communities and to uncover the unknown diversity in the various

ecosystems.

7.2. Culture independent methods

Culture-independent approaches are based on molecular methods to study microbes within
their environments. These techniques give a more representative view of whole communities and
are not subject to the limits of pure-culture techniques. Among them we find methods based on
polymerase chain reaction (PCR), fluorescent in situ hybridization (FISH) and metagenomic and
proteomic analysis. We briefly described some. Many communities’ analyses studies use PCR
techniques to amplify the small subunit (SSU) of ribosomal 16S RNA (16S rRNA) or highly
conserved functional genes. The 16S rRNA genes has been widely used as molecular marker to
phylogenetically characterize microbial communities (Woese and Fox, 1977). The SSU rRNA has
both highly conserved and species-dependent variable regions (Figure 7), which evolved at
different time rates and can be used to unravel old phylogenetic relationships (domains or phyla)
and more recent evolutionary relationships between closely related organisms (genera or species)
(Yarzaet al.,2014). The differently conserved regions of 16 rRNAs provide target sites for specific
probes that are a powerful tool to study microbes and their taxonomic relationships. Conserved
regions in the 16S rRNA sequence can be useful for the design of universal primers, for sequence
alignment and for the search of homologous regions in different bacteria sequences, while the
variable regions can be used for species-specific primers or hybridization probes (Van de Peer et
al., 1996). The shift from Sanger sequencing to the massive sequencing technologies (the so-called
next generation sequencing) have opened new opportunities in microbial community analysis.
There is a growing number of environmental 16S rRNA gene sequences available at ‘low cost’
that can be used to study the unexplored biodiversity and the ecological characteristics of either

whole communities or individual microbial taxa (Sogin et al., 2006; Caporaso et al., 2011).
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Perhaps, in the next years, we will be able to detect most of the existing taxa using the high-
throughput sequencing techniques. However, we should consider the information limits that SSU
rRNA gene shorter sequence lengths provide. In fact, only near full-length 16s rRNA gene can
give accurate richness estimations and taxa classifications (Yarza et al., 2014).

An important tool to study the microbial communities’ genetic potential is the functional gene
analysis. Commonly, there is a positive correlation between the abundance of biodegradation
genes and natural attenuation and bioremediation processes. Catabolic genes from aerobic and
anaerobic PAHs degradation pathways can be used as genetic biomarker to investigate microbial
activity both in field and in vitro studies. Functional genes can be detected by PCR with
degenerated primer designed based on the homology of the amino acid sequences of relevant and

conserved proteins in the degradation pathways. Generally, the target genes of oligonucleotides
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Figure 7. 16S ribosomal RNA secondary structure model and its variable regions. In red, fragment R1
including regions V1 and V2; in orange, fragment R2 including region V3; in yellow, fragment R3 including
region V4; in green, fragment R4 including regions V5 and V6; in blue, fragment R5 including regions V7
and V8; and in purple, fragment R6 including region V9. Taken from (Yarza et al., 2014).
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are those involved in the first activation step of a determined degradation pathway. For the aerobic
aromatic degradation pathway, many primers have been designed targeting the o-subunit of
aromatic dioxygenases (Iwai ef al., 2011). Among these, the naphthalene dioxygenase genes (nah)
are of particular interest as a marker for PAH degradation because they are highly conserved and
the enzyme encoded by this gene could also mediate degradation of phenanthrene, anthracene,
dibenzothiophene, fluorine, and methylated naphthalenes (Ahn et al., 1999). For the PAH
anaerobic degradation pathway, there is much less information available. Genetic biomarkers
targeting genes encoding benzylsuccinate synthase-like enzymes (bssA4), which are known to
catalyse anaerobic biodegradation of many mono-aromatic substrates, such as toluene, o-, m-, and
p-xylene and ethylbenezene, have been used to determine the potential hydrocarbon
biodegradation in contaminated sites (Winderl ef al., 2007; Acosta-Gonzalez et al., 2013a).
Recently, another fumarate-adding enzyme, naphthyl-2-methyl succinate synthase (nmsA)
involved in the first step of the degradation of 2MN by SRB (Selesi et al., 2010), has been
established as specific functional marker genes for anaerobic hydrocarbon degraders and different
sets of primers have been designed (von Netzer et al., 2013). Morris et al. (2014) were the first to
design degenerate oligonucleotide probes specifically targeting the gene encoding 2-naphthoyl-
CoA reductase (ncr), responsible for the dearomatization of the nonsubstituted ring of the central
intermediate in PAH degradation 2-naphthoyl-CoA (Eberlein et al., 2013a) (Figure 6). However,
the paucity of anaerobic PAH degradation gene sequences makes difficult the development of
universal functional marker genes. In addition, it has to be considered that the genes associated
with aromatic removal can be present but not expressed. So, there is an increasing interest in
quantifying the mRNA of key catabolic genes via real-time PCR (Debruyn and Sayler, 2009).
Fluorescence in situ hybridization (FISH), is another useful technique that provides a rapid
phylogenetic identification and quantification of microorganisms in natural environment (Amann
et al., 2001). Intact fixed cells are hybridized with fluorescently labelled probes that target 16S
rRNA. Recently FISH method has been used to target also functional genes (Wagner and Haider,
2012). Even though FISH is a powerful technique in which PCR biases are avoided, this method
can have limits. In fact, application of FISH probes requires optimization of the hybridization
conditions to avoid non-specific results, the probe targeting a taxonomic group could be non-

specific, and cells can have limited permeability to the specific probes (Yeates et al., 2003).
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Objectives

Polycyclic aromatic hydrocarbons (PAHs) are among the most prevalent organic pollutants in
the environment. While the aerobic degradation of PAHs has been intensively studied, the
anaerobic pathways using alternative electron acceptors are much less investigated. The main aim
of this work was to study the microbial communities’ response to the presence of PAHs in various
environments with different degrees of hydrocarbon pollution and in oxygen limited condition.
We used culture-dependent and culture-independent methods to characterize the bacterial
communities and to enrich microbial populations able to thrive in the presence of PAHs under

oxygen limiting conditions, with the following specific objectives:

1. To investigate the effects that incubation with PAHs under nitrate-reducing condition
produced on the natural microbial communities’ and to identify potential microorganisms

involved in PAHs degradation.

2. To study the in-situ response of the indigenous microbial community from hypersaline
sediments of Fuente de Piedra lagoon (Malaga, Spain) to PAH contamination and to enrich

sulphate-reducing population possibly involved in PAHs degradation.
3. To investigate the shift of microbial population from a hydrocarbon polluted aquifer

exposed to PAHs under different oxygen limiting conditions: anaerobic nitrate-reducing

and microaerophilic conditions.

The results are presented as three independent chapters addressing the three objectives, each

including specific sections: Introduction, Material and methods, and Results and Discussion.
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General methods

We describe here the general methods that are common to all the chapters, which include the
cultivation of nitrate reducing bacteria, the most probable number enumeration of culturable
communities, the amplification and analysis of 16S rRNA libraries and the chemical analysis of
hydrocarbon compounds. Notwithstanding, each chapter describes some specific modifications to

these general methods.

1. Culture conditions, enrichment and isolation procedures

For the cultivation of nitrate-reducing bacteria (NRB) 25 g of samples were transferred to 120
ml serum bottles containing 75 ml of non-reduced Widdel mineral medium, modified according
to (Darley et al., 2007): the medium was buffered with 30 mM 3-(N-morpholino)propanesulfonic
acid (MOPS) instead of bicarbonate, prepared in a nitrogen atmosphere and sealed with Teflon-
lined 1 cm thick stoppers. The basal freshwater medium used for the soil and sludge samples
contained 1.0 g NaCl and 0.4 g MgCl-6H>O per liter, whilst the marine medium used for the
marine and lagoon sediments contained 20.0 g NaCl and 3.0 g MgCl; per liter. Techniques for the
preparation of media and for the cultivation of NRB under anoxic conditions were as follows:
briefly, after autoclaving, the medium was cooled in a sterile nitrogen atmosphere and
supplemented with 5 mM NaNOj3 as electron acceptor, 1 mM NaxSOg as the sulphur source, 1 ml
of a vitamin solution, 1 ml of the trace element solution SL10, 1 ml selenite-tungstate solution and
30 mM MOPS buffer, pH 7.2 (Darley et al., 2007), and dispensed in 120 ml serum bottles flushed
with sterile nitrogen gas. Naphthalene and 2-methylnaphthalene (2MN) were dissolved at 20 g I'!
in sterile anoxic 2,2,4,4,6,8,8-heptamethylnonane (HMN) that served as an inert carrier phase to
reduce the PAH concentration in the water phase. The resulting suspension (2 ml) was then added

to the serum bottles as an overlay using a nitrogen-flushed syringe. A control bottle without added

aromatic compounds in the HMN phase was prepared for each sample. The cultures were
incubated in the dark at 28°C without shaking. To determine growth, the cultures were monitored
periodically for nitrite produced from nitrate respiration (Snell and Snell, 1949), or for nitrate
consumption by ion chromatography. After three months of incubation, the medium above
soil/sediment particles and the organic layer were removed and replaced by fresh mineral medium
and the corresponding carbon source in HMN. This operation was repeated twice every three
months, and after an additional two-month incubation samples were taken for pyrosequencing.
Further transfers (every 6 months) were made by inoculating 10% (v/v) of the cultures into fresh
medium. At several stages, bacterial strains were isolated under anoxic conditions, either using
serial agar dilutions (agar shakes) prepared in a nitrogen atmosphere (Widdel and Bak, 1992) and

overlaid with aromatic hydrocarbons in HMN, or in standard agar Petri dishes prepared and
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incubated in a nitrogen atmosphere with naphthalene provided in the vapour phase as crystals on

the Petri dish cover placed up-side-down.

2. Most probable number enumeration of denitrifying bacteria

Nitrate reducing PAH-degrading bacterial populations were enumerated using the most-
probable number (MPN) assay in 10-fold serial dilutions. The medium was prepared and dispensed
as described above. Naphthalene, 2-methylnaphthalene, naphtoic acid and anthracene were added
to the tubes from stock diethyl ether solutions to reach a final concentration of 0.025%o, 0.028%.o,
0.035%0 and 0.035%o, respectively, and the solvent was evaporated before dispensing the medium.
Acetate was used as a positive control to a final concentration of 5 mM, and controls with no added
carbon source were included. The minimal medium containing 5 mM sodium nitrate as the electron
acceptor was purged with sterile nitrogen gas and 9 ml were poured into oxygen-free tubes. Growth
of NRB was measured as the nitrite produced from nitrate respiration as described above. For each
sample, triplicate tubes were inoculated with 1 ml of the corresponding dilution in 10-fold serial
dilutions. The tubes were incubated at 28°C in the dark and growth was checked for 6 months. The

data are the result of three replicate per sample within the 95% confidence interval.

3. Chemical analysis of hydrocarbon content

For aliphatic and aromatic hydrocarbon compounds determination, we used duplicate 5 g
aliquots of soil/sediment samples. Prior to the extraction 100 ppb of the Mix 37 (manufactured by
Dr. Ehrenstorfer) and 15 ppm of the 5-alpha-cholestane (Aldrich) were added to each sample as
internal standards. A volume of 10 ml of a hexane/acetone mixture (2:1) was added to the samples,
and the mixture was shacked and sonicated twice during 5 min. Next 20 ml of saturated NaCl were
added to the suspensions. The supernatants were collected and passed through a BOND ELUT
TPH 500 mg Na>SO4 column (Varian) previously conditioned with 3 ml of hexane to separate the
aliphatic and the aromatic fractions. The aliphatic fraction was first collected and the BOND
ELUTE TPH columns were dried completely. The aromatic fraction was next eluted with 6.5 ml
of dichloromethane. The extracts were concentrated by evaporation under a gentle nitrogen flow
and the hydrocarbons were determined at the Scientific Instrumentation Service of the EEZ
(CSIC), Granada, Spain, in a Varian-450 Gas Cromatographer (GC) equipped with the TG-5SiIMS
column (30 m x 0.25 mm x 0.25 um) and a CTCGCpal autosampler. Data were acquired and
processed using Varian MS Workstation 6.9.1. Helium was used as carrier gas at a flow rate of 1
ml/min. The injected volume was 1 pl (splitless mode). The oven temperature started at 50°C and

was raised at 15°C/min up to 150°C. A new ramp of 6°C/min was started up to 300°C, when the
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temperature was held for 10 min. Injector and detector temperatures were set at 300°C and 290°C
respectively. Compound identification was performed using the NISTO08 library included in the
MS Workstation software 6.9.1 and the information provided by the standards injected under the
same conditions. The standards used in the chromatography were the alkane mixture DRH-008S-
R2 y DRH-001S, the PAH mixture Mix 37 y Mix 9 (manufactured by Dr. Ehrenstorfer), 1-
Chlorooctadecane and 5-alpha-cholestane, and the pure compounds naphthalene, 1-
methylnaphthalene, = 2MN,  1-4-5-trimethylnaphthalene,  1-4-6-7-tetramethylnaphthalene,

dibenzothiophene, phenanthrene and anthracene.

4. Total DNA extraction, PCR amplification and pyrosequencing library

construction

DNA extraction was done following a modified version of the SDS-based method developed
by (Zhou et al., 1996) except that in the third extraction three freeze-thaw cycles were included
before the incubation at 65°C. Supernatants from the three extractions were combined and
extracted first with an equal volume of phenol-chloroform-isoamylalcohol (25:24:1, v/v) and then
with chloroform-isoamylalcohol (24:1, v/v), and precipitated overnight at room temperature with
0.6 volume of isopropanol. Nucleic acids were recovered by centrifugation (7000 rct/45 min),
washed with cold 70% ethanol, resuspended in 100 pl of sterile deionized water and stored
at -20°C. Nucleic acid quantity and purity were determined with a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies). A multiplex pyrosequencing amplicon approach
was used for the characterization of the bacterial communities. The PCR amplifications of the
hypervariable V1-V3 region of the 16S rRNA gene were carried out using the bacterial universal
primers 6F and 532R containing 5' tags with multiplex identifier and sequencing adapters. PCR
amplifications were performed in 50 pl reactions containing 1x PCR Buffer (Biorad), 200 uM
dNTPs (Roche), 0.5 uM of each primer (Roche), 1U of iProof™ High-Fidelity DNA Polymerase
(Biorad) and 20 ng of target DNA. The PCR program consisted of an initial denaturation step at
98°C for 30 s, followed by 25 cycles at 98°C for 10 s, 50°C for 20 s, and 72°C for 30 s, with a
final extension at 72°C for 5 min. The PCR fragments were purified using the PCR Purification
Kit (Qiagen) and checked on 1.5% agarose gel. Amplicon products with adapters and barcodes
were quantified using Qubit™ fluorometer (Invitrogen), pooled at an equimolar ratio and
sequenced using a 454 Titanium amplicon sequencing kit and a Genome Sequencer FLX 454 at

either Citius (University of Seville) or Macrogen (Korea).
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5. 16S rRNA gene amplification

PCR amplification of the 16S rRNA gene to identify the isolated strains was performed with
the bacterial universal primers GM3F and GM4R (Muyzer et al., 1995). PCR reactions were
carried out in 50 pl reactions as previously described (Acosta-Gonzalez et al., 2013). The amplified
fragments were cloned in pGEM-T (Promega) according to the manufacturer instructions. Positive
clones were checked by PCR with pUC/M13F and pUC/MI13R primers and were Sanger-
sequenced as above. The generated chromatograms were analyzed and edited with the Chromas
(Technelysium) and DNA Baser (Heracle Biosoft) softwares for quality checking, vector trimming
and sequence assembly. Phylogenetic analysis was done with the ARB package (Ludwig et al.,
2004) using the online SINA alignment service and Silva database version SSU Ref 119.

6. Data Analysis

The 454 bacterial 16S sequences were analyzed using the Quantitative Insights Into Microbial
Ecology (QIIME) v. 1.7.0 pipeline (Caporaso et al., 2010). A total of 32 samples were analysed.
We first performed the sample demultiplexing, primer removal and quality-filtering. Briefly,
sequences with lengths <150 bp, ambiguous bases >0, homopolymers >6, primer mismatches, and
average quality scores <50 were removed. Reads were checked for chimeras using the
ChimeraSlayer algorithm (Haas ef al., 2011). All chimeras and singletons were removed before
further analysis. The clustering method was used to assign similar sequences to operational
taxonomic units (OTUs) at a 97% similarity threshold. A representative sequence from each OTU
was annotated with PyNAST (Caporaso et al., 2010). The taxonomic assignment of OTUs was
performed using the RDP Classifier. A variable number of sequences were obtained per sample;
to avoid sampling size effects, the number of reads was normalized to 1,500 for each sample.
Otherwise the non-rarefied OTU table was used. Alpha and Beta diversity analyses, rarefaction
curves, Chaol richness estimator, Shannon diversity index and Good’s sample coverage were
calculated using QIIME v. 1.7.0 pipeline. Principal coordinate analysis (PCoA) was performed
using the subsampled data to detect microbial community differences on the basis of weighted and
unweighted UniFrac distance metrics (Lozupone and Knight, 2005). Jackknife resampling was
used to assess the stability of the PCoA analysis. Hierarchical clustering was conducted to group
the communities of different samples using the unweighted pair group method with arithmetic
mean (UPGMA). Differences in the relative abundance among treatments were calculated by two-
sided t-tests. To construct the phylogenetic trees of iiil-8 sequences we used the Neighbour-

Joining method. Bootstrap test (1000 replicates) was used to calculate the percentage of replicate
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trees in which the associated taxa clustered together. The evolutionary analyses were conducted in

MEGAS (Tamura et al., 2011).
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If we knew what it was we were doing,
it would not be called research,
would it?

Albert Einstein






Chapter 1

1.1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are chemicals of particular environmental concern
because of their stability, persistence in the environment and resistance to degradation. Many of
them are known to be toxic to various organisms and dangerous for health. They are frequently
released into the environment either from natural sources (e.g. hydrocarbon seeps) or as
consequence of industrial activities such as the massive transport or synthesis of added value
chemicals. For most low molecular weight PAHs, microbial biodegradation is the primary process
leading to their complete mineralization. The biodegradation of PAHs by aerobic bacteria has been
studied extensively and is well understood (Fuchs et al., 2011). In aerobic environments, oxygen
is not only the terminal electron acceptor for bacterial respiration, but is also an essential co-
substrate for the activation and cleavage of the aromatic ring. Enzymatic steps invariably involve
mono-oxygenases and dioxygenases as key activities for the molecular oxygen-dependent initial
attack of the aromatic ring (Doyle et al., 2008). However, the availability of oxygen is often limited
in natural environments. In many polluted sites, oxygen can be rapidly consumed in the aerobic
biodegradation processes, resulting in a decreasing oxygen concentration gradient whereupon
reduction of other electron acceptors becomes energetically favourable. Sediments are a good
example of such a situation, where initially microorganisms consume the oxygen that penetrates
the first millimetres/centimetres of the sediments. Once the oxygen consumption exceeds its
supply, anoxic conditions are established. Below the zone of oxygen-influence, anoxic processes
are stimulated: nitrate, manganese, iron and sulphate are then sequentially used for anaerobic
respiration, if available (Sorensen, 1978; Canfield ef al., 1993). A similar pattern is observed in
habitats that are under permanent anoxic conditions, such as flooded sediments in marine and
fresh-water environments. Bioremediation of PAHs in these conditions becomes challenging. Our
current knowledge of the biochemistry of anaerobic degradation of PAHs is restricted to the
simplest molecules naphthalene and 2-methylnaphthalene (2MN) in sulphate-reducing bacteria
(SRB). To date only two examples of naphthalene degrading SRBs have been described and
isolated, one of which is a two-strain consortium (N47) that could not be obtained as a pure isolate
(Selesi et al., 2010; DiDonato et al., 2010). In SRB, naphthalene is activated through carboxylation
(Zhang and Young, 1997), and the resulting naphtoic acid is further converted to its coenzyme A
(CoA) thioester 2-naphtoil-CoA. Further dearomatization of 2-naphtoil-CoA proceeds
sequentially for the two aromatic rings: first a 2-naphthoyl CoA reductase, encoded by the ncr
gene, and then a 5,6-dihydro-2-naphthoyl-CoA reductase, catalyze two sequential 2-electron
reduction steps, followed by the final reduction of the resulting 5,6,7,8-tetrahydronaphthoyl-CoA
to hexahydro-2-naphthoyl-CoA (DiDonato et al., 2010; Boll ef al., 2014; Estelmann et al., 2015).
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On the other hand, anaerobic degradation of 2MN by SRB requires initial activation through
addition of its methyl group to fumarate to render naphthyl-2-methyl-succinic acid, a reaction
carried out by a naphthyl-2-methylsuccinate synthase encoded by the nmsA gene (Selesi et al.,
2010). Naphthyl-2-methyl-succinic acid is further transformed to 2-naphthoil-CoA. To date, these
pathways have been biochemically and genetically verified in only one SRB isolate (DiDonato et
al., 2010) and in a sulphate-reducing enrichment (Selesi et al.,, 2010). Only recently SRB
microcosms with naphthalene as carbon source could link the enrichment of Desulfobacterium
strains related to N47 with naphthalene degradation, although the strains were not isolated
(Kummel et al., 2015). Anaerobic degradation of PAHs with nitrate as electron acceptor has been
repeatedly observed in environmental samples and microcosm experiments (al-Bashir ez al., 1990;
Eriksson et al., 2003; Uribe-Jongbloed and Bishop, 2007; Acosta-Gonzélez et al., 2013a), but little
is known about the degradation mechanism in nitrate-reducing bacteria (NRB). Initial reports of
naphthalene-degrading isolates closely related to Pseudomonas stutzeri and Vibrio pelagius
(Rockne et al., 2000) could not be reproduced. Despite efforts by different groups to isolate NRB
able to degrade PAHs under anoxic conditions, to date no bacterial strain or consortium able to

consistently degrade naphthalene using nitrate as terminal electron acceptor has been described.

With the aim of assessing nitrate reduction-dependent PAH degradation in the environment
and identifying potential organisms involved in the process, we selected a series of environmental
sites that had been exposed to different degrees of hydrocarbon pollution and presented transient
or permanent anoxic conditions. Most probable number estimation evidenced the presence of an
initial PAH degrading NRB community. Starting from this material, we initiated enrichment
cultures under nitrate-reducing conditions with naphthalene and its methylated derivative 2MN as
the added carbon source. We used culture-dependent and molecular techniques to investigate the
effects that incubation with PAHs produced on the natural microbial communities’ present in the
selected environments. We anticipated that exposure to PAHs would result in an altered microbial
community structure reflecting both the toxicity of the added aromatic and the opportunity for the
biodegradation of a new carbon source under the imposed respiration metabolism. We found that
shifting to nitrate as terminal electron acceptor strongly affected the structure of the bacterial
community. The presence of naphthalene further disturbed microbial communities and produced

a general increase in poorly characterized and uncultured groups.
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1.2. Materials and methods

1.2.1. Sample collection and experimental design

Samples were collected from 5 different sampling sites (Table 1. 11). Two rice-paddy soil
samples with different water content were taken in November 2011 from surface soil (0-15 cm
depth) in a rice paddy located in Las Cabezas de San Juan (Sevilla, Spain) (37°01'42N 5°58'49W),
close to some fuel oil leaks. One was obtained from the more aqueous top layer (upper 5 cm)
(RPW, Rice-Paddy Water) and the other one from the bottom layer (approximately 5-10 cm) (RPS,
Rice-Paddy Soil). A third rice-paddy sample (RPCal) was collected in December 2011 from the
surface (0—15 cm) of a rice-paddy in Calasparra (Murcia, Spain) (38°14'44N 1°41'32W). The
activated sludge (AS) and composting pile (CP) samples were collected in July 2010 from the
CEPSA oil refinery in La Réabida, Huelva (37°34'15N 0°55'30W). The marine sediment sample
(MS) was collected by scuba divers at 5-6 m below the water surface from Figueiras beach
(Atlantic Islands, Spain) in June 2005 (42°13'31N 8°53'59W) using 5 cm diameter cores inserted
in the sediment. The sediment column between 2 and 35 cm was mixed and used in this study.
Anoxic black sediments (0-10 cm in depth) from the athalassohaline lagoon of Fuente de Piedra
(FdP) (Malaga, Spain) were collected close to the shore (50 cm below water surface) in March

2012 (37°05'07N 4°47'05W).

1.2.2. Culture conditions, enrichment and isolation procedures

For the cultivation of nitrate-reducing bacteria (NRB) 25 g of samples were transferred to 120
ml serum bottles containing 75 ml of non-reduced Widdel mineral medium, modified according
to Darley et al. (2007): the medium was buffered with 30 mM 3-(N-morpholino)propanesulfonic
acid (MOPS) instead of bicarbonate, prepared in a nitrogen atmosphere and sealed with Teflon-
lined 1 cm thick stoppers. The basal freshwater medium used for the soil and sludge samples
contained 1.0 g NaCl and 0.4 g MgCIl-6H>O per liter, whilst the marine medium used for the
marine and lagoon sediments contained 20.0 g NaC1 and 3.0 g MgCla per liter. The cultures were
set up as follows: briefly, after autoclaving, the medium was cooled in a sterile nitrogen
atmosphere by flowing pure nitrogen gas through it for at least 20 min, and supplemented with 5
mM NaNOs as electron acceptor, | mM Na>SOys as the sulphur source, 1 ml of a vitamin solution,
1 ml of the trace element solution SL.10, 1 ml selenite-tungstate solution and 30 mM MOPS buffer,
pH 7.2 (Darley et al., 2007), and dispensed in 120 ml serum bottles flushed with sterile nitrogen
gas. Naphthalene and 2-methylnaphthalene (2MN) were dissolved at 20 g 1" in sterile anoxic
2,2,4,4,6,8,8-heptamethylnonane (HMN) that served as an inert carrier phase to reduce the PAH

61



Chapter 1

Table 1. 1. Characterization of the samples used in this study.

S 1 Water® o . Nitrat Sulphat Total hydrocarbons®
Nj::llze Sample type Description Location Coordinates content mlz;%tael:'li"/) (ll\fl'z)‘ ¢ (I:ﬂ\l/)[) € (ug/kg)
(%) o) 1 Aliphatic  Aromatics
. . Calasparra 38°14'44N 2990 857.0
RPCal Rice pad Soil (Muraia) lealaaw 18432023 250013 416.65£52 0.0420.004
RPW  Rice pad Overlaying muddy g .11, STOLAIN oy g5 3.37° 14.96£5.1  0.32+0.004 3990 521.0
water 5°58'49W
RPS  Rice pad Soil Sevilla 2352,14‘9‘%31 56400039  4.14£0.08  3.00£0.7  0.09+0.009 3890 460.0
AS Activated sludge Mud Huelva 3352,‘;(1)%1;1 1975.04+390  63.59+0.14 12.65£1.4  0.64+0.02 45150 888.5
CP  Compostpile  Soil Huelva gzsg,‘;(l)f;f 0.68£0.06  0.94£0.03  501.72+8.9 2.37+0.20 1760 7451
) Fuente de ,-onc
pap  Athalassohaline g 4 oo Piedra 3TP0S0TN 107581639 5.874059 0 26.4843.15 26400 117.0
lagoon , 4°47'05W
(Malaga)
Prestige oil spill- 42°1331N
MS  Marine sediments affected  sandy (Pontevedra) goeaicgws  24.74£022 0582002 117.79+4.7 3.15:0.14 1740 95.0
sediments

*Gravimetric, % of dry weight.
"The sample duplicate was lost
°The detailed hydrocarbon composition of the samples can be found in supplementary tables S3a and S3b
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concentration in the water phase. The resulting suspension (2 ml) was then added to the serum
bottles as an overlay using a nitrogen-flushed syringe. A control bottle without added aromatic

compounds in the HMN phase was prepared for each sample. Then the appropriate amount of
inoculum was added and the cultures were sealed with Teflon-lined 1 cm thick stoppers fixed with
aluminum crimp seals. The cultures were incubated in the dark at 28°C without shaking. To
determine growth, the cultures were monitored periodically for nitrite produced from nitrate
respiration (Snell and Snell, 1949), or for nitrate consumption by ion chromatography. After three
months of incubation, the medium above soil/sediment particles and the organic layer were
removed and replaced by fresh mineral medium and the corresponding carbon source in HMN.
This operation was repeated twice every three months, and after an additional two-month
incubation samples were taken for pyrosequencing. Further transfers (every 6 months) were made
by inoculating 10% (v/v) of the cultures into fresh medium. At several stages, bacterial strains
were isolated under anoxic conditions, either using serial agar dilutions (agar shakes) prepared in
a nitrogen atmosphere (Widdel and Bak, 1992) and overlaid with aromatic hydrocarbons in HMN,
or in standard agar Petri dishes prepared and incubated in a nitrogen atmosphere with naphthalene

provided in the vapour phase as crystals on the Petri dish cover placed up-side-down.

1.2.3. Most probable number enumeration of denitrifying bacteria

Nitrate-reducing PAH-degrading bacterial populations were enumerated using the most-
probable number (MPN) assay in 10-fold serial dilutions. The medium was prepared and dispensed
as described above. Naphthalene, 2-methylnaphthalene, naphtoic acid and anthracene were added
to the tubes from stock diethyl ether solutions to reach a final concentration of 0.025%o, 0.028%e,
0.035%0 and 0.035%o, respectively, and the solvent was evaporated before dispensing the medium.
Acetate was used as a positive control to a final concentration of 5 mM, and controls with no added
carbon source were included. The minimal medium containing 5 mM sodium nitrate as the electron
acceptor was purged with sterile nitrogen gas and 9 ml were poured into oxygen-free tubes. Growth
of NRB was measured as the nitrite produced from nitrate respiration as described above. For each
sample, triplicate tubes were inoculated with 1 ml of the corresponding dilution in 10-fold serial
dilutions. The tubes were incubated at 28°C in the dark and growth was checked during 6 months.

The data are the result of three replicate per sample within the 95% confidence interval.
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1.2.4. Chemical analysis

All determinations were carried out in duplicate just before starting the enrichments. Soil
moisture was determined as follows: samples (5 g) were dried to constant mass in an oven at
105°C. The difference in mass before and after the drying process was used to determine the dry
matter and the water content. The loss-on-ignition method was used to determine the organic
matter content (Schumacher, 2002). The concentration of soil-available nitrate and sulphate was
measured by ion chromatography (IC) using a Metrohm-761 Compact lon Chromatograph with a
Metrosep A Supp 4-250 column with chemical suppression (50 mM H>SO4). The eluent was an
aqueous sodium carbonate/bicarbonate solution prepared by mixing NaHCO3 and NaCOjs to a final
concentration of 1.7 mM and 1.8 mM, respectively. Samples (1 g) were extracted with 5 ml of
deionized water by mechanical agitation for 16 h and then analyzed by IC. The detection limit for
ions was 0.5 ppm. The detection limit for nitrate determination with this method was 0.5 ppm, and
the associated error was 5%. For aliphatic and aromatic hydrocarbon compounds determination
we used duplicate 5 g aliquots of soil/sediment samples. Prior to the extraction 100 ppb of the Mix
37 (manufactured by Dr. Ehrenstorfer) and 15 ppm of the 5-alpha-cholestane (Aldrich) were added
to each sample as internal standards. A volume of 10 ml of a hexane/acetone mixture (2:1) was
added to the samples, and the mixture was shacked and sonicated twice during 5 min. Next 20 ml
of saturated NaCl were added to the suspensions. The supernatants were collected and passed
through a BOND ELUT TPH 500 mg Na;SO4 column (Varian) previously conditioned with 3 ml
of hexane to separate the aliphatic and the aromatic fractions. The aliphatic fraction was first
collected and the BOND ELUTE TPH columns were dried completely. The aromatic fraction was
next eluted with 6.5 ml of dichloromethane. The extracts were concentrated by evaporation under
a gentle nitrogen flow and the hydrocarbons were determined at the Scientific Instrumentation
Service of the EEZ (CSIC), Granada, Spain, in a Varian 450-GC GC gas chromatographer system
coupled to a Varian 240-MS ion-trap mass spectrometer with MS Workstation software, equipped
with the TG-5SiIMS column (30 m x 0.25 mm x 0.25 um) and a CTCGCpal autosampler. Data
were acquired and processed using Varian MS Workstation 6.9.1. Helium was used as carrier gas
at a flow rate of 1 ml/min. The injected volume was 1 pl (splitless mode). The oven temperature
started at 50°C and was raised at 15°C/min up to 150°C. A new ramp of 6°C/min was started up
to 300°C, when the temperature was held for 10 min. Injector and detector temperatures were set
at 300°C and 290°C respectively. Compound identification was performed using the NISTOS
library included in the MS Workstation software 6.9.1 and the information provided by the
standards injected under the same conditions. The standards used in the chromatography were the

alkane mixture DRH-008S-R2 y DRH-001S, the PAH mixture Mix 37 y Mix 9 (manufactured by
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Dr. Ehrenstorfer), 1-Chlorooctadecane and 5-alpha-cholestane, and the pure compounds
naphthalene, 1-methylnaphthalene, 2MN, 1-4-5-trimethylnaphthalene, 1-4-6-7-
tetramethylnaphthalene, dibenzothiophene, phenanthrene and anthracene. The average PAH

extraction efficiency obtained with our extraction method was 64 (£18) %.

1.2.5. Total DNA extraction, PCR amplification and pyrosequencing library

construction

DNA extraction was done following a modified version of the SDS-based method developed
by Zhou et al. (1996) except that in the third extraction three freeze-thaw cycles were included
before the incubation at 65°C. Supernatants from the three extractions were combined and
extracted first with an equal volume of phenol-chloroform-isoamylalcohol (25:24:1, v/v) and then
with chloroform-isoamylalcohol (24:1, v/v), and precipitated overnight at room temperature with
0.6 volume of isopropanol. Nucleic acids were recovered by centrifugation (7000 rcf/45 min),
washed with cold 70% ethanol, resuspended in 100 pl of sterile deionized water and stored
at -20°C. Nucleic acid quantity and purity were determined with a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies). A multiplex pyrosequencing amplicon approach
was used for the characterization of the bacterial communities. The PCR amplifications of the
hypervariable V1-V3 region of the 16S rRNA gene were carried out using the bacterial universal
primers 6F and 532R containing 5’ tags with multiplex identifier and sequencing adapters (Tables
Sla and S1b). PCR amplifications were performed in 50 pl reactions containing 1x PCR Buffer
(Biorad), 200 uM dNTPs (Roche), 0.5 uM of each primer (Roche), 1U of iProof™ High-Fidelity
DNA Polymerase (Biorad) and 20 ng of target DNA. The PCR program consisted of an initial
denaturation step at 98°C for 30 s, followed by 25 cycles at 98°C for 10 s, 50°C for 20 s, and 72°C
for 30 s, with a final extension at 72°C for 5 min. The PCR fragments were purified using the PCR
Purification Kit (Qiagen) and checked on 1.5% agarose gel. Amplicon products with adapters and
barcodes were quantified using Qubit™ fluorometer (Invitrogen), pooled at an equimolar ratio and
sequenced using a 454 Titanium amplicon sequencing kit and a Genome Sequencer FLX 454 at

either Citius (University of Seville) or Macrogen (Korea).

1.2.6. Functional gene ampilification

Gene fragments of bssA, ncr, and nmsA were amplified by PCR using available primer sets
(Table S2). For bssA gene amplification we used 7772f and 8546r primers (Winderl et al., 2007)

and cycling conditions as described by Acosta-Gonzalez et al., 2013b. Thauera aromatica K172
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DNA was used as positive control. The nmsA4 gene was amplified using different primer sets
(7768f, 73631, 7374f and 8543r; von Netzer et al., 2013) and the following cycling conditions: 1
min of initial denaturation (98°C), 30-35 amplification cycles of (10 s at 98°C, 20 s at 58°C, 30 s
at 72°C) and 5 min of final extension (72°C). PCR conditions for the ncr gene amplification
comprised initial denaturation at 98°C for 1 min, followed by 30 amplification cycles (20 s at
98°C, 20 s at 55°C, 15 s at 72°C), and a final extension step at 72°C for 5 min. Genomic DNA
from NaphS2 strain was used as a positive control. All PCR reactions were performed in 50 pl
containing 1x PCR Buffer (Biorad), 200 uM dNTPs (Roche), 0.5 uM of each primer (Sigma), 1 U
of iProof™ High-Fidelity DNA Polymerase (Biorad) and 10 to 20 ng of target DNA. The
appropriately sized amplicons were purified using the Gel Extraction Kit (Qiagen) and cloned in
pCR2.1 (TA Cloning Kit, Invitrogen) according to the manufacturer’s instructions, and 16 positive
clones from each sample were selected for Sanger sequencing (IPBLN Lopez Neyra, CSIC,

Granada, Spain). Sequence analysis was performed as described previously (Acosta-Gonzalez et
al., 2013Db).

1.2.7. 16S rRNA gene amplification

PCR amplification of the 16S rRNA gene to identify the isolated strains was performed with
the bacterial universal primers GM3F and GM4R (Muyzer et al., 1995). PCR reactions were
carried out in 50 pl reactions as previously described (Acosta-Gonzélez et al., 2013a). The
amplified fragments were cloned in pGEM-T (Promega) according to the manufacturer
instructions. Positive clones were checked by PCR with pUC/M13F and pUC/M13R primers and
were Sanger-sequenced as above. The generated chromatograms were analyzed and edited with
the Chromas (Technelysium) and DNA Baser (Heracle Biosoft) softwares for quality checking,
vector trimming and sequence assembly. Phylogenetic analysis were done with the ARB package
(Ludwig et al., 2004) using the online SINA alignment service and Silva database version SSU
Ref 119.

1.2.8. Data Analysis

The 454 bacterial 16S sequences were analyzed using the Quantitative Insights Into Microbial
Ecology (QIIME) v. 1.7.0 pipeline (Caporaso et al., 2010). A total of 32 samples were analysed.
We first performed the sample demultiplexing, primer removal and quality-filtering. Briefly,
sequences with lengths <150 bp, ambiguous bases >0, homopolymers >6, primer mismatches, and

average quality scores <50 were removed. Reads were checked for chimeras using the
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ChimeraSlayer algorithm (Haas ef al., 2011). All chimeras and singletons were removed before
further analysis. The clustering method was used to assign similar sequences to operational
taxonomic units (OTUs) at a 97% similarity threshold. A representative sequence from each OTU
was annotated with PyNAST (Caporaso et al., 2010). The taxonomic assignment of OTUs was
performed using the RDP Classifier. A variable number of sequences were obtained per sample;
to avoid sampling size effects, the number of reads was normalized to 1,500 for each sample.
Otherwise the non-rarefied OTU table was used. Alpha and Beta diversity analyses, rarefaction
curves, Chaol richness estimator, Shannon diversity index and Good’s sample coverage were
calculated using QIIME v. 1.7.0 pipeline. Principal coordinate analysis (PCoA) was performed
using the subsampled data to detect microbial community differences on the basis of weighted and
unweighted UniFrac distance metrics (Lozupone and Knight, 2005). Jackknife resampling was
used to assess the stability of the PCoA analysis. Hierarchical clustering was conducted to group
the communities of different samples using the unweighted pair group method with arithmetic
mean (UPGMA). Differences in the relative abundance among treatments were calculated by two-
sided t-tests. To construct the phylogenetic trees of iiil-8 sequences we used the Neighbour-
Joining method. Bootstrap test (1000 replicates) was used to calculate the percentage of replicate
trees in which the associated taxa clustered together. The evolutionary analyses were conducted

in MEGAS (Tamura et al., 2011).

1.2.9. Nucleotide sequence accession numbers

The 454 pyrosequencing raw reads have been deposited in the NCBI short-reads archive
database (accession number SRP077784). The partial bss4 gene sequences obtained from the
clone libraries have been deposited in GenBank under accession numbers KX455933 to
KX456036). The 16S rRNA gene clone library sequences have been deposited in GenBank under
accession numbers KX417378 to KX KX417406.
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1.3. Results and discussion

1.3.1. Presence of a nitrate-reducing, PAH-degrading bacterial community in

environmental samples

To assess the presence of PAH-degrading bacterial communities, we selected a range of
environments that had been exposed to different degrees of hydrocarbon pollution (Table 1. 1).
Water and soil from two different rice-paddy fields (RPCal, RPS, RPW), sediments from the
Fuente de Piedra athalassohaline lagoon in southern Spain (FdP), marine sediments affected by an
oil spill (MS), activated sludge from an oil refinery (AS) and its resulting composting pile (CP)
were sampled and analyzed for total organic matter, electron acceptors and hydrocarbon content,
(Table 1. 1; Tables S3a and b). The concentration of PAHs in the initial samples ranged from 95
ug/kg in the MS sample to 888 ng/kg in the AS sample, and was also considerable high in the rice-
paddy soil from Calasparra (RPCal) (857 ng/Kg) (Table S3b). These values were in the range of
those generally found in industrial areas and agricultural soils (Nadal et al., 2004). MPN
enumeration of NRB able to grow with different carbon sources showed that acetate, which was
our control as a simple carbon source utilizable by most organisms harbouring a TCA cycle, gave

the highest counts of NRB in all samples except FdP (Figure 1. 1).

As expected, values were highest in the soil samples (in the range of 108 cells/g) and lowest
in the marine and lagoon sediments (10°-10° cells/g). We observed that the intrinsic OM present
in the samples allowed the basal growth of a significant bacterial population, as deduced from
MPN values of the unamended control cultures (with no added carbon source) included in the
analysis. This was especially true in the AS sample (above 10° cells/g), which also showed the
highest values of OM content (Table 1. 1), and in the rice-paddy samples (10*-10° cells/g),
probably because of a better adaptation of the community to nitrate respiration in this habitat.
However, above these basal values, we were able to detect the presence of an autochthonous NRB
community capable of growing with naphthalene as carbon source in some of the samples, which
reached values as high as 107 cells/g in RPS and RPW samples, 2 x 10° cells/g in the FdP
sediments, and almost 107 cells/g in the MS sample, as previously observed (Acosta-Gonzélez et
al., 2013a) (Figure 1.1, Table S4). These samples also included important communities able to
grow with 2-methylnaphthalene (2MN) (except for MS), 2-naphtoic acid (2NA) and anthracene
(ANT). In addition, the presence of a significant anthracene degrading NRB community was
detected in the rice-paddy and compost-pile samples. In this latter sample, we were also able to

enumerate a 2NA degrading community, although the MPN of naphthalene and 2MN degrading
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Figure 1. 1. MPN enumeration in the environmental samples of nitrate reducing bacteria able to grow on
naphthalene (NAP), 2-methyl-naphthalene (2MN), 2-naphtoic acid (2NA), anthracene (ANT), acetate (Ace)
and with no added carbon source (na). Counts were made in triplicate. Numerical values (95% C.l.) can
be found in supplementary Table S4. Dotted lines indicate the basal growth with no added carbon source.

NRB were equal or below the control values. Surprisingly, in the activated sludge the bacterial
counts on all the carbons sources gave values similar or below the basal growth on the sample
intrinsic OM. Especially naphthalene and 2MN seemed to produce a toxic effect on the bacterial
communities present in the sludge, which diminished by 2 and 3 orders of magnitude, respectively,
with respect to the absence of any added carbon source. Although the presence in natural samples
of PAH-degrading nitrate reducing communities has been described in different environments
(Mihelcic and Luthy, 1988; al-Bashir et al., 1990; Eriksson et al., 2003; Uribe-Jongbloed and
Bishop, 2007), the microorganisms involved in the process have not been identified and the
reproducibility of the observations has been questioned (Meckenstock et al., 2016). However, our
results suggest that a bacterial community able to utilize PAHs as carbon source with nitrate as

terminal electron acceptor was present in some of the samples.
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1.3.2. Bacterial community structure in the selected environments

Enrichment cultures were initiated with the above described environmental samples, nitrate
as terminal electron acceptor and HMN-dissolved naphthalene or 2MN as carbon sources. Parallel
cultures only supplemented with HMN were run as controls. After 6 months enrichment with two
culture transfers (See methods section), samples were taken to analyze changes in the bacterial
communities using 16S rRNA gene V1-V3 region pyrosequencing. DNA from duplicate samples

of the starting material was analyzed in parallel.

A total of 262,601 sequences from the 32 amplicon-libraries were obtained after applying all
quality filters and deleting dimers and singletons (Table 1. 2). The read numbers ranged between
1,907 and 16,246, with an average of 8,206 sequences per sample. The rarefaction curves (Figure
S1) and the Good’s sample coverage estimator, which gave value between 75.54% (RPC-2MN)
and 99.19% (CP-2MN), suggested that sampling depth was sufficient to estimate the microbial
diversity in all the samples (Table 1. 2). The community structures of the initial samples varied
considerably between environment types, as expected, and were in agreement with the bacterial
distribution expected for each ecosystem. The observed OTU number and diversity indices were
reproducible between replica (Table 1. 2) and indicated that the bacterial richness and diversity
were highest in the rice field soils, reflecting the known complexity of soil ecosystems, which are
amongst the most diverse environments (Torsvik ef al., 2002). The number of OTUs was in the
same range in the marine sediment samples, in accordance with global studies showing that
sediments are more phylogenetically diverse than any other habitat (Lozupone and Knight, 2007),
and reached intermediate values in the remaining samples. Figure 1. 2 shows that the community
structure of the initial environments was dominated by the phylum Proteobacteria in all cases
except FdP, followed, in different proportions, by Bacteroidetes, Chloroflexi and Actinobacteria.
Interestingly, the FdP samples were dominated by the uncultured candidate phylum Parcubacteria
(former OD1 candidate division), and the Proteobacteria only represented 15% of this community.
The community structure in the three rice-paddy samples was similar: the sequences classified as
Proteobacteria (26.5-46.6%), Chloroflexi (10-17.8%), Acidobacteria (4.7-22.8%), Bacteroidetes
(7.4-17.1%), Gemmatimonadetes (2-8.4%), Planctomycetes (1.9-4.6%), Actinobacteria (1.3-
5.2%), Firmicutes (1.5-4.9%) and Nitrospirae (2-2.1%) accounted for 84-96% of all sequences.
Although the abundance of dominant phyla in soil environments has been shown to be highly
variable, and many factors can affect phyla distribution, the predominance of these groups in the
paddy soils was expected, as these phylotypes have been described as common inhabitants of

agricultural soils (Lopes et al., 2014). Members of these groups have been shown to account for
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Table 1. 2. Comparison of OTU number, diversity, evenness indices and coverage for the different
samples.

OTUs Chaol

Sample® NSP OTUs* (1500)¢ (1500)¢ Shannon Coverage'
RPW-I, 3026 1210 791.6 1748.4 9.5 80.32%
RPW-N 5920 1072 530.5 1065.4 8.4 92.79%
RPW-2MN 7584 1148 490.2 1064.8 8.1 94.04%
RPS-1, 6425 1706 745.1 1818.2 9.5 89.31%
RPS-I, 5962 1631 744.7 1763.2 9.5 89.38%
RPS-N 15953 1710 492.2 1146.6 8.0 96.06%
RPS-2MN 8753 1412 550.6 1234.9 8.4 93.51%
RPCal-I, 4276 1388 786.9 1611.0 9.6 87.11%
RPCal-I, 4115 1443 809.5 1690.1 9.7 85.95%
RPCal-N 6662 1620 716.4 1569.4 94 90.54%
RPCal-2MN 1907 853 738.6 1649.4 9.0 75.54%
RPCal-HMN 3164 1104 712.6 1448.8 9.2 83.67%
AS-1, 7821 686 317.1 621.0 6.8 96.82%
AS-I, 6787 635 297.5 570.4 6.4 96.12%
AS-N 16246 966 345.0 609.8 7.5 98.29%
AS-2MN 5781 674 354.7 665.6 7.3 95.37%
AS-HMN 13257 923 358.5 658.5 7.5 97.69%
CP-1, 9195 694 311.9 584.8 7.0 97.52%
CP-I,, 5029 531 313.1 528.8 7.1 96.11%
CP-N 8278 206 943 166.7 3.2 98.99%
CP-2MN 8772 214 103.7 187.6 34 99.19%
CP-HMN 8608 302 163.1 237.5 5.2 98.98%
FdP-1, 6202 591 304.8 592.8 6.3 96.78%
FdP-I, 3542 468 3194 537.8 6.7 95.14%
FdP-N 5252 743 386.2 841.2 6.6 94.11%
FdP2-2MN 14660 1097 338.1 798.0 5.7 97.53%
FdP-HMN 13789 1179 381.7 909.5 6.4 97.11%
MS-1, 7711 1219 500.2 1082.7 8.2 94.18%
MS-Ip 8159 1179 487.9 1140.2 7.8 93.96%
MS-N 10818 414 178.5 299.3 5.9 98.53%
MS-2MN 16260 484 180.7 306.6 5.6 98.92%
MS-HMN 12687 446 176.0 318.4 5.6 98.56%

2 I, and Iy, refer to the two replica of the initial samples of each environment, except for RPW-I, where one of the
replica was lost.

"Number of sequences for each library filtered for chimera and singletons.

°OTU numbers calculated with all sequences at the 3% distance level.

4OTU numbers calculated for a randomized subset of 1500 reads per sample at the 3% distance level.

°Chao index calculated with 1500 subsampled sequences.

fGood’s sample coverage estimator.
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90% of the microbial population in these habitats (Janssen, 2006). The AS and CP samples
originated from early and final steps, respectively, in the wastewater treatment of an oil refinery.
In oil refineries, the wastewater influent can differ daily in terms of concentrations and
composition of pollutants, which results in a high variability of the community distribution in these
habitats (Hu et al., 2013). In the AS sample, the community was dominated by Proteobacteria
(39.1%), followed by Actinobacteria (18.7%), Chloroflexi (10.7%), Bacteroidetes (6.2%),
Chlorobi (5.3%), Spirochaetes (2%), Planctomycetes (2.3%), SBR1093 (2.4%) and GN04 (2.6%)),
which made up about 90% of the libraries. Proteobacteria also represented the predominant

phylum in different activated sludge samples, suggesting that these organisms are involved in
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Figure 1. 2. Cumulative plot of bacterial phyla detected in the initial environmental samples. Samples
were analyzed in duplicate (labelled Ia and Ib) except for RPW, for which one of the samples was lost.
RPS, rice-paddy soil; RPW, rice-paddy water, RPCal, rice-paddy Calasparra; AS, activated sludge; CP,
compost pile; MS, marine sediement, FdP, Fuente de Piedra athalassohaline lagoon.
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biodegradation processes and in the removal of organic pollutants such as aromatic compounds
(Wagner and Loy, 2002; Yang et al., 2011; Silva et al., 2012). In contrast, in the CP sample the
Proteobacteria were twice as abundant, especially the Gammaproteobacteria class. Furthermore,
members of the Planctomycetes (3.9%) and especially Acidobacteria (2.9%), which were below
1% in the AS sample, were more represented in this sample. On the other hand, some groups were
less abundant, such as Bacteroidetes (2.6%), and especially Chlorobi (0.7%) and Chloroflexi

(0.8%), which were almost absent.

In the FdP sediment samples the most abundant phyla was the candidate division OD/
(Parcubacteria) (31.8%), followed by the Proteobacteria (14.9%), Actinobacteria (14.1%),
Bacteroidetes (7.7%) and Firmicutes (3.5%). Although this type of environment is of great
interest, its prokaryotic diversity and especially that of the anoxic sediments, has been poorly
studied. In a number of sites with similar characteristics, the most prominent groups were
Proteobacteria, Bacteroidetes and Firmicutes (Demergasso et al., 2004; Jiang et al., 2006; Mesbah
et al., 2007). The phylum Parcubacteria, with no cultivated member to date, has been detected
globally in both aquatic and terrestrial habitats and mostly in anoxic environments (Elshahed ef
al., 2005; Peura et al., 2012; Rinke et al., 2013). The dominance of Parcubacteria in this type of
lagoon has not yet been reported and its ecological role is unclear, although members of this
phylum are commonly identified in anoxic environments and sediments. The Parcubacteria are
characterized by the small size of their genome, with a large number of unique genes (Nelson and
Stegen, 2015). Analysis of the genomes sequenced so far after single genome amplification
suggests poor mechanisms for energy and nutrient conservation (hence the name Parcubacteria),
the absence of genes for the tricaboxylic acid cycle, electron transport and amino acids,
nucleotides, vitamins and lipids biosynthesis (Wrighton et al., 2012). This paucity of metabolic
functions led to the proposed description of Parcubacteria as symbiontic/parasite organisms
(Nelson and Stegen, 2015). Genes supporting an anaerobic lifestyle have also been detected, which
appear to be involved in hydrogen and sulphur cycles in anoxic sediments (Elshahed et al., 2005;
Wrighton et al., 2012). This would explain their presence in anoxic and sulphur rich sediments

such as those of the Fuente de Piedra lagoon under study.

In the MS samples Proteobacteria was the most abundant phylum (61%), as reported for most
coastal sediments (Zinger et al., 2011). The community was dominated by Alphaproteobacteria
(34%) followed by Gammaproteobacteria, Bacteroidetes, Deltaproteobacteria, Actinobacteria
and Planctomycetes. Gammaproteobacteria and Alphaproteobacteria also dominated superficial

marine sediments exposed to the Deepwater Horizon spill (Kostka ef al., 2011). Under aerobic
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conditions, Gammaproteobacteria are generally associated to the early stages of aerobic
hydrocarbon degradation, when alkanes and easily degradable hydrocarbons are degraded, while
the abundance of Alphaproteobacteria increases in the later stages of degradation, when more
recalcitrant hydrocarbon compounds such as PAHs predominate (Acosta-Gonzalez et al., 2015;
King et al., 2015). Therefore, the high proportion of Alphaproteobacteria in our sediment samples,
which were a mixture of the oxic superficial layers and the deeper transition and anoxic zones,
may be related to the aerobic hydrocarbon biodegradation stage in the community. The abundance
of Actinobacteria might also be associated to later degradation stages, since they are involved in
the degradation of both the long-chain alkane and aromatic fractions (Acosta-Gonzélez et al.,
2015; Acosta-Gonzélez and Marqués, 2016). Unfortunately, little is known about hydrocarbon
degradation in anoxic conditions, which are the prevalent conditions in the deeper layers of the
sediment, although members of the Deltaproteobacteria seem to play a relevant role in the process

(Kimes et al., 2013; Kleindienst et al., 2014; Acosta-Gonzalez and Marqués, 2016).

1.3.3. General effect of PAHs on the bacterial community structure

To evaluate the possible long-term effect of PAHs on the bacterial richness and diversity, we
followed the changes in the community structure in the enrichment cultures (Figure 1. 3) and
analysed the OTU richness and Chao diversity index in each case (Table 1. 2). In the paddy soil
enrichments, we observed two different trends: whilst the OTU number and Chao index in all the
enrichments from Calasparra soil only showed a slight decrease, a significant reduction of the
richness estimators in the Seville rice-paddy samples (RPS, RPW) was observed, although in this
case the absence of the control culture with HMN hindered us from reaching a clear conclusion on
the toxic effect of PAHs. No significant variations in OTU richness and Chao index were detected
in the activated sludge samples, suggesting no overall adverse effect of naphthalene and 2MN on
the community, as expected from a highly polluted environment. This contrasted with the toxic
effect of PAHs on the nitrate reducing community inferred from the MPN results, and suggested
that this type of metabolism constituted only a minor fraction of the population. It is worth noting
that in the cultures used for the MPN enumeration, PAHs were provided as crystals and probably
reached the saturating concentrations (i.e. 200 pm for naphthalene), whilst in the enrichments
PAHs were supplied dissolved in HMN to keep concentrations below saturation (approx. 70 uM,
(Ghoshal et al., 1996)).
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Figure 1. 3. Cumulative plot of bacterial phyla detected in the different enrichments. The average values
of the duplicate initial samples (Figure 1.2) are included for comparison, labelled as I. All other labels are
as in figure 1. 2.

In contrast, the compost pile cultures were significantly affected by the culture conditions and
especially by the presence of PAHs, which produced the lower values of richness estimators and
species evenness. In the marine sediment samples, the decrease in the number of OTUs and Chao
index was significant in all cases, indicating that changes from the original sulphate-reducing
metabolism to nitrate reduction conditions had a determinant detrimental effect on the community.
In contrast, in the athalassohaline lagoon sediment samples the richness estimator increased in the
three enrichments, suggesting a niche increment in the ecosystem as the samples switched from a
sulphate-reducing environment to nitrate reducing conditions. The FdP lagoon is characterized by
drastic changes in salinity throughout the year, depending on the local pluviometry, with variations
ranging between 30 g/l and 300 g/l in extremely dry years. Furthermore, the lagoon is surrounded
by agricultural fields periodically supplemented with nitrogen fertilizers, which in the past drained
into the lagoon. Interestingly, neither nitrate nor nitrite were detected in the FdP samples (Table
1. 1), indicating a strong potential for denitrifying activity (Spence et al., 2005), which explains
the positive response of the community to the change imposed on the respiratory regime. Principal
coordinate analysis (PCoA) of the phylogenetic variation measured via UniFrac distances
(Lozupone and Knight, 2005) revealed that an important community structuring factor was the
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original environment type where the samples were collected from (Figure 1. 4A). The microbial
communities, in fact, were clustered into three groups: rice-paddy original samples and
enrichments, activated sludge and compost pile original samples and enrichments, and, marine
sediment and athalassohaline lagoon original samples and enrichments. To estimate if the structure
of the community was affected by the addition of PAHs, we focused on the environment type
subgroups. UPGMA, PCoA and significance analysis (two-sided Student's tests, Table S5) were
performed using QIIME.

Within the rice-paddy sample group the differences were minor, although statistically
significant changes in RPS and RPW naphthalene and 2MN enrichments (p<0.05) were found as
compared to the original sample. Naphthalene RPCal enrichment was also more affected than the
HMN and 2MN cultures. No consistent differences between the HMN controls and the PAH
enrichments were found in the activated sludge communities (p=>0.05). Furthermore, the compost
pile PAH enrichments were significantly distant from the initial sample and HMN control
(p=<0.05), especially the naphthalene culture, indicating an important phylogenetic variation of the
community structure due to the presence of this PAH (Figure 1. 4B, Table S5). Finally, in the MS
and FdP samples no important differences could be detected between the control and the PAH-
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Figure 1. 4. A) Principal coordinate analysis (PCoA) of distances between OTUs present in the initial
environmental samples and the enrichments obtained from them. The percentage of the variation
between the samples by principal coordinates is indicated on the axes. B) Unweighted pair group method
with arithmetic average (UPGMA) cluster analysis of bacterial community structure in the compost pile
(CP) and activated sludge (AS) environmental sample and enrichments from them using pyrosequencing
analysis data based on Pearson correlation using OTUs (> 97% sequence similarity) as the species data.
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amended cultures, indicating that the community shift was mainly due to changes in the culture

conditions (i.e., the shift to nitrate as terminal electron acceptor).

1.3.4. Effect of PAHs on specific bacterial populations

Over-imposed upon this general shift, we were able to detect some specific changes ascribable
to the presence of PAHs. The compost pile was the sample where the presence of PAHs produced
the major changes. In the naphthalene and 2MN enrichments we observed a decrease in the
abundance of six phylotypes (Proteobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes,
Planctomycetes and SBR1093). Specifically, Alpha- Beta- and Gammaproteobacteria decreased
to a higher extent in naphthalene and 2MN treatments as compared to the HMN control.
Actinobacteria also decreased significantly (from 16.2% to 1.3%) in all the enrichment cultures.
In parallel an important increase of the relative abundance of the phyla Acidobacteria, Firmicutes
and Verrucomicrobia was observed. In particular Acidobacteria relative abundance increased in
all the cultures, but the increase was extreme in naphthalene and 2MN enrichments (from 2.9% to
71.7% and 63.7%, respectively), where they became the dominant phylum (Figure 1. 5A). The
enriched Acidobacteria community was almost exclusively composed of the uncultured group iiil-

8 (order DS18) (Figure 1. 5B).
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Figure 1. 5. Effect of PAHs on the relative abundance of the most relevant groups in the compost pile (CP)
sample. A) Differences in the relative abundance of the most abundant groups between control (HMN),
naphthalene (N) and 2-methyl-naphthalene (2MN) enrichments from the compost pile sample. Asterisks
(*) indicate significant differences between rarefied samples according to the Mann-Whitney test (p<0.01).
B) Evolutionary relationships of iiil-8 DS18 sequences retrieved from the compost pile initial sample and
enrichments. The optimal Neighbour-Joining tree is shown. The bootstrap (1000 replicates) is shown next
to the branches. The evolutionary distances are in the units of the number of base substitutions per site.
Numbers in brackets indicate the relative abundance (%) of each sequence in the corresponding sample.
The sequences of previously described Acidobacteria clones are included (Hugenholtz et al., 1998).
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Interestingly, a significant increase in this group was also observed in the PAH enrichments
obtained from the rice-paddy samples (Table 1. 3) where members of the order DS18 of the iii1-8
class, which were initially minor components of the community, increased up to 5.2% in the
naphthalene enrichments from RPCal. The 1iil-8 sequences retrieved from the different
enrichments formed different clusters, and separated from the previously described iiil-8
sequences (Figure S2). Notably, the 5840 reads (78% of the sequences) from the CP naphthalene

enrichments constituted a single OTU, distinct from the bulk of 2MN-enrichment sequences. Half

Table 1. 3. Relative abundance of Acidobacteria in the initial samples and enrichment cultures.

Sample Taxon
1111-8; DS-18
initiala 0.2
initialg 0.69
RPW NAP 1.05
2MN 1.37
initiala 0.76
initialg 0.49
RPS NAP 2.46
2MN 2.07
initials 1.43
initialg 1.22
RPCal NAP 5.18
2MN 1.47
HMN 1.68
initials 0
initialg 0.02
CP NAP 70.55
2MN 62.27
HMN 25.2

of the sequences from the CP HMN control culture formed a distinct branch, whilst the other half
belonged to the same OTU as the 2MN-enriched sequences. Furthermore, paddy soil PAH
enriched sequences tended to cluster together, and separated from the CP PAH enriched sequences
(Figure S2). Acidobacteria are among the most dominant phyla present in soils and are believed
to play an important role in the ecology of this ecosystem. Unfortunately, the lack of acidobacterial
isolates complicates the elucidation of their ecology and significance (Janssen, 2006; Jones et al.,
2009). Acidobacteria class iiil-8 belongs to the monophyletic subdivisions 7 and was first
identified in 1997 (Ludwig et al., 1997). Evidence suggests that pH is the best predictor of
Acidobacteria abundance and distribution in soils, although the different subgroups are
differentially affected by this variable: some subgroups are favoured at lower pH while some

others, particularly sub-group 7, are positively correlated with higher pH values (Jones et al., 2009;

78



Chapter 1

Rousk et al., 2010). It is worth noting that in our experiments the pH remained neutral. In addition,
a negative correlation with carbon availability and carbon mineralization rates has been observed,
leading to the description of this group as slow-growing oligotrophs (Fierer et al., 2007).
Furthermore, almost nothing is known about the role of Acidobacteria in aromatic degradation,
and even less under anoxic conditions. Mukherjee et al. (2014) hypothesized that Acidobacteria
phylum was not affected by hydrocarbon contamination levels and behaved as generalists in
hydrocarbon polluted soils; however, a general increase of Acidobacteria in soil was observed in
the presence of pyrene (Ren et al., 2015), and stable isotope probing of soils amended with *C-
labelled benzene identified a member of the Acidobacteria among the strains involved in benzene
degradation (Xie et al, 2011). Although the function of Acidobacteria class iiil-8 in the
communities analysed here is difficult to predict, we could speculate that they are PAH resistant
and may play a role in some step of the anaerobic degradation of PAHs, given their enrichment in
PAH cultures under nitrate reducing conditions. To a lesser extent but still interesting was the
increment of the Firmicutes phylum, especially of members of the Bacilli class, which increased
from 0.7% to 6% in the CP naphthalene enrichments but only to 3.3%, and 3.0%, in the 2MN
enrichment and HMN control, respectively. We observed the same trend in other enrichments, as
in MS where Bacilli class increased from 1% in the original sample to 3% in the naphthalene
enrichment, but decreased to 0.05% and 0.06% in the 2MN and HMN cultures, respectively. The
same was true for the FdP samples where, despite a general decrease of the Firmicutes group, the
Bacilli phylotypes increased especially in the naphthalene cultures. This increase of Bacilli relative
abundance is noteworthy, since members of this class have been described as aerobic and
anaerobic oil-degrading strains (Van Gestel et al., 2003; da Cruz et al., 2011; Maddela et al.,

2016), which suggests a link between the increase of this group and the degradation process.

In the FdP enrichments we also observed a drastic change of the structure of the bacterial
community in the enrichment cultures, although in this case the variation may be mainly attributed
to the imposed culture conditions rather than to the presence of PAHs. The main changes detected
were the great increase in members of the Gammaproteobacteria, Deltaproteobacteria and
Epsilonprotebacteria and the significant decrease of the candidate phylum ODI, which almost
disappeared (from 31 to 0.33%). The order Chromatiales accounted for more than 70% of the
increase in the Gammaproteobacteria. Members of this group have been shown to contain the
gene complement for both sulphur oxidation and nitrate respiration, and the regulation of the two
functions seems to be coordinated in these organisms (Baker et al., 2015). They are generally
found in shallow sulphate-rich environments where they are thought to play a role in nitrate-

dependent sulphur oxidation. The change from the original sulphate-reducing conditions in the
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athalassohaline lagoon to the nitrate reducing conditions in the FdP cultures may explain the
enrichment of this phylogenetic group. Additionally, a general decrease of the other dominant
phyla was observed, except for Chloroflexi, Acidobacteria and Planctomycetes. The increase in
members of the Anaerolineae of the Chloroflexi and of Planctomycetes was especially noticeable
in the naphthalene enrichments. The increase of Anaerolineae, a group which has been retrieved
from many natural and artificial ecosystems, among which hypersaline lakes, agriculture soils,
waste water treatment plants and microbial fuel cells, is probably not related to nitrate respiration,
as all cultured strains of this class do not utilize nitrate as terminal electron acceptor (Yamada et
al., 2006). Rather it seems that these organisms, with a fermentative anaerobic metabolism, are
using carbohydrate and cells remains produced in the enrichment cultures (Yamada and Sekiguchi,

2009).

In the enrichments from marine sediment, the change from the initial sulphate respiration
regime to the imposed nitrate reduction metabolism produced less drastic changes in the
community structure than expected. Although the changes in the three enrichments were parallel,
differences between the HMN control and the PAH amended enrichments were noticeable.
Alphaproteobacteria remained the dominant class among the Proteobacteria (34.53-45.46%),
increasing in all three conditions, although to a higher extent in the naphthalene and 2-MN
cultures. Interestingly a higher increase in the relative abundance of Actinobacteria was observed
in the naphthalene enrichments. Furthermore, the phylotypes Gemmatimonadetes and Firmicutes
increased in the PAH enrichments and decreased in the HMN control cultures (Figure 1. 3).
Altogether, these changes in the community may reflect a connection with resistance to PAHs.
The decrease of the phyla Bacteroidetes, Planctomycetes, Acidobacteria and WS3 were similar in

all the culture conditions, and thus could not be attributed to the presence of PAHs.

Changes in the remaining enrichments were modest. Incubation of rice-paddy samples with
PAHs under nitrate reducing conditions produced only slight changes in the bacterial communities,
and most of them were attributable to the new culture medium, since similar shifts were observed
in the presence and absence of PAHs. Nevertheless, it is important to point out that communities
with a high diversity, such as those present in soil, appear to be more stable when under stress
(McCann, 2000). Looking in more details at some of the specific changes, we observed that
Bacteroidetes relative abundance decreased significantly in the naphthalene and 2MN
enrichments, suggesting sensitivity to the presence of PAHs. Although this phylum is widespread
in both pristine and contaminated environments, a similar decrease of Bacteroidetes abundance

has been recently reported in soil microcosms contaminated with PAHs (Sawulski et al., 2014).
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Firmicutes, especially members of the Clostridia, increased in the presence of naphthalene and
2MN enrichments whilst the changes in the relative abundance of Bacilli did not show a clear
pattern. Several anaerobic hydrocarbon degraders belonging to the Clostridia have been isolated
(Morasch et al., 2004), or identified as hydrocarbon degraders in the environment (Kunapuli ef al.,
2007; Fowler et al., 2012), although most of them are SRB, iron reducers and methanogens. The
relative abundance of Acidobacteria remained unchanged or slightly reduced in the difference
paddy soil enrichments and controls. However, as discussed above, an interesting enrichment of
the Acidobacteria class 1ii1-8 was observed in all the samples with N and 2-MN (Table 1. 3).
Finally, a general increase of the Proteobacteria relative abundance was observed in AS
enrichments, although the final proportion of the different classes was different in the three culture
conditions (Figure 1. 3). The Betaproteobateria relative abundance increased in all cultures but
especially in the 2MN enrichment, reaching 25% of the community. The remaining phyla only
showed slight changes in the cultures with respect to their relative abundance in the initial sample,
and no clear effect of the presence of PAHs was evidenced. Overall no clear association could be

established between the observed changes in the community structure and the presence of PAHs.

1.3.5. Isolation of nitrate reducing bacteria from PAH enrichments

The growth of the different cultures was checked by following the respiratory activity as
nitrate consumption. Nitrate respiration was observed in some enrichment cultures on PAHs (data
not shown). However, significant differences between the control HMN cultures and the PAH
amended cultures were only observed in the CP culture with 2MN as the carbon source. The nitrate
consumed after the last transfer was below 3 mM, which would correspond to a maximum
consumption of 310 uM of 2MN if full denitrification of nitrate was assumed (Mihelcic and Luthy,
1988). The concentration of PAHs used in the HMN solution was too high to allow accurate
determination of PAH consumption at these levels. We therefore attempted to isolate strains able
to grow on solid media under denitrifying conditions with naphthalene or 2MN as carbon source.
Several strains able to consistently grow with naphthalene as carbon source could be isolated both
on agar plates prepared under anoxic conditions and using the agar shakes method (Table S6).
These included species of the Bacillus and Pseudomonas genera, among others. However, the
growth phenotype could not be reproduced in liquid medium, where no nitrate respiration was
observed in the presence of naphthalene after several months. A possible reason for this
discrepancy might be that despite anaerobic preparation and incubation of the solid media cultures,
oxygen could be a contaminant and allow microaerophylic growth of the strains. However, no

aerobic growth of the isolates in liquid medium was obtained either with the corresponding PAHs
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as carbon source. Interestingly, strains of P. stutzeri were isolated with both methods, which were
also the strain originally described by Rockne et al. (2000) as naphthalene degraders. Although
some strains of this species are known aerobic naphthalene degraders (Lauber et al., 2009), the
strains isolated in this study were unable to grow aerobically with naphthalene as carbon source.
It is worth noting that in both isolation methods, no growth on solid medium was observed when

naphthalene was omitted from the medium.

1.3.6. Aromatic anaerobic degradation genes

In SRB naphthalene and 2MN degradation pathways have been elucidated and primers for the
amplification of the fumarate adding enzyme naphthyl-2-methylsuccinate synthase gene (nmsA)
have been used to detect the presence of the pathway in environmental samples (Winderl ef al.,
2007; Acosta-Gonzalez et al., 2013b; von Netzer et al., 2013). To evaluate the anaerobic
hydrocarbon degrading potential in the environmental samples and enrichments we tested different
previously designed primer pairs to detect nmsA and bssA4, coding for the homologous toluene
pathway degradation enzyme benzylsuccinate synthase. In addition, we used primers for the
amplification of naftoil-CoA reductase (ncr), the central step in naphthalene degradation (Morris
et al., 2014). Only the primer set for the detection of fumarate addition enzymes consistently
rendered PCR amplification products. In total, twelve clone libraries were constructed from DNA
isolated from the samples giving PCR amplification products, and sixteen clones from each library
were sequenced. Finally, we were able to retrieve bss4 homologues from rice-paddy initial
samples (RPW and RPS) and enrichments (RPS-N, RPCal-N, RPCal-2MN and RPCal-HMN)),
from the AS initial sample and naphthalene and 2-MN enrichments and from the naphthalene
enrichment of the marine sediment (Figure S3). The resulting amplified bssA4-like sequences were
translated into amino acid sequences and compared with available sequences in the databases to
build a phylogenetic tree (Figure S4). All the sequences clustered within the cluster I of toluene-
specific BssA sequences (bssA sensu stricto), which included sequences from well-characterized
toluene-degrading strains and from environmental samples such as hydrocarbon-polluted aquifers,
aquifer sediments, oil fields, sludge and polluted soils. Interestingly, within cluster I the sequences
retrieved from marine sediments and activated sludge formed a distinct cluster, which was already
observed for sequences of marine origin (Acosta-Gonzalez et al., 2013b). These results reflect the
absence of efficient ‘universal’ primers for nms and ncr genes, considering the limited number of
anaerobic PAH degradation gene sequences available (DiDonato et al., 2010; Selesi et al., 2010).
Moreover, the reference genes used to design the probes were obtained from sulphate-reducing

organisms; nitrate dependent PAH degradation may follow a different pathway.

82



Chapter 1

1.4. Concluding remarks

In this study, we were able to detect in some environments the presence of a significant nitrate
reducing bacteria community able to thrive using PAHs as carbon source. Enrichment cultures
under anoxic conditions with nitrate as terminal electron acceptor and naphthalene or 2MN as the
carbon source produced shifts in the structure of the community connected to the change imposed
on the respiratory regime, from aerobic, microaerophilic and sulphate reducing conditions to
nitrate respiration. However, some changes specifically related to the presence of PAHs could be
identified. The relative abundance of Bacteroidetes and Actinobacteria was reduced to different
extents in PAH enrichments, which was attributed to the sensitivity of these groups to the toxicity
of PAHs. In contrast, some groups increased significantly. Especially noticeable was the selection
for the uncultured Acidobacteria class iiil-8, particularly. in the compost-pile sample, where the
ii11-8 community increased under all culture conditions, but to a significantly higher extent in the
naphthalene cultures, and was also clearly observed in all those naphthalene enrichments where
this group was present in the initial samples. Unfortunately, a direct connection between
enrichment in 1ii1-8 sequences and PAH degradation under nitrate reducing conditions could not
be established, and the ecological role of this group in the enrichments is unclear. Members of the
Bacilli were also enriched in most PAHs cultures, and strains belonging to this group could be
isolated on solid media with naphthalene as carbon source. However, these isolates were unable
to grow with naphthalene in liquid media. The failure of our attempts to isolate nitrate reducing
PAH-degrading bacteria may suggest that in the environment, PAH degradation is a complex
process in which different organisms are involved. Based on the experience of the past decades in
the field of biodegradation, both under aerobic and anoxic conditions, this inability to identify and
isolate NRBs able to degrade common natural compounds such as the PAHs used here is
unexpected, especially considering that NRBs capable of degrading benzene (an unsubstituted
monoaromatic with a structure similar to naphthalene) have been identified (Chakraborty et al.,
2005; Kasai et al., 2006). However, in this latter case an aerobic metabolism based on internally
produce oxygen through the potential dismutation of the nitric oxide produced during respiration
has been proposed (Meckenstock et al., 2016). NRBs are generally facultative anaerobes, with the
capacity to carry out a mixed oxic/anoxic type of metabolism (Valderrama et al., 2012). It would
thus be expected that in some environments processes as complex as PAH degradation would
require the coordinated activity of both types of metabolisms. The strict anaerobic conditions

imposed in our enrichments would prevent the development of such consortia.
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1.6.1.

1.6. Supplementary material

Supplementary tables

Table S1a. Bacterial universal primers 6F and 532R containing 5’ tags with multiplex identifier (MID) and

sequencing adapters used in this study for the initial samples.

Sample Primer Adaptor Key MID Primer Primer
name name position

RPW-I, M3A CGTATCGCCTCCCTCGCGCCA  TCAG AGACGCACTC TCAGAGTTTGATCCTGGCTCAG 6F
M3B CTATGCGCCTTGCCAGCCCGC  TCAG AGACGCACTC CACCGCGGCKGCTGGCAC 532R

RPW-1, M4A CGTATCGCCTCCCTCGCGCCA  TCAG AGCACTGTAG TCAGAGTTTGATCCTGGCTCAG 6F
M4B CTATGCGCCTTGCCAGCCCGC  TCAG AGCACTGTAG CACCGCGGCKGCTGGCAC 532R

RPS- 1, MS5SA CGTATCGCCTCCCTCGCGCCA  TCAG ATCAGACACG  TCAGAGTTTGATCCTGGCTCAG 6F
M5B CTATGCGCCTTGCCAGCCCGC  TCAG ATCAGACACG  CACCGCGGCKGCTGGCAC 532R

RPS- I, M6A CGTATCGCCTCCCTCGCGCCA  TCAG ATATCGCGAG TCAGAGTTTGATCCTGGCTCAG 6F
M6B CTATGCGCCTTGCCAGCCCGC  TCAG ATATCGCGAG CACCGCGGCKGCTGGCAC 532R

RPCal- I, M7A CGTATCGCCTCCCTCGCGCCA  TCAG CGTGTCTCTA TCAGAGTTTGATCCTGGCTCAG 6F
M7B  CTATGCGCCTTGCCAGCCCGC  TCAG CGTGTCTCTA CACCGCGGCKGCTGGCAC 532R

RPCal- I, M8A CGTATCGCCTCCCTCGCGCCA  TCAG CTCGCGTGTC TCAGAGTTTGATCCTGGCTCAG 6F
M8B CTATGCGCCTTGCCAGCCCGC  TCAG CTCGCGTGTC CACCGCGGCKGCTGGCAC 532R

AS-1, MY9A CGTATCGCCTCCCTCGCGCCA  TCAG TAGTATCAGC TCAGAGTTTGATCCTGGCTCAG 6F
M9B CTATGCGCCTTGCCAGCCCGC TCAG TAGTATCAGC CACCGCGGCKGCTGGCAC 532R

AS-1, MI10A CGTATCGCCTCCCTCGCGCCA  TCAG TCTCTATGCG TCAGAGTTTGATCCTGGCTCAG 6F
MI10B CTATGCGCCTTGCCAGCCCGC TCAG TCTCTATGCG CACCGCGGCKGCTGGCAC 532R

CP-1, MI1IA CGTATCGCCTCCCTCGCGCCA  TCAG TGATACGTCT TCAGAGTTTGATCCTGGCTCAG 6F
MI11IB CTATGCGCCTTGCCAGCCCGC  TCAG TGATACGTCT CACCGCGGCKGCTGGCAC 532R

CP-1,,! MI2A CGTATCGCCTCCCTCGCGCCA  TCAG TACTGAGCTA TCAGAGTTTGATCCTGGCTCAG 6F
MI12A CTATGCGCCTTGCCAGCCCGC  TCAG TACTGAGCTA CACCGCGGCKGCTGGCAC 532R

FdP- 1, RL90A CGTATCGCCTCCCTCGCGCCA  TCAG CGCGCTATACT TCAGAGTTTGATCCTGGCTCAG 6F
RLIOB CTATGCGCCTTGCCAGCCCGC  TCAG CGCGCTATACT CACCGCGGCKGCTGGCAC 532R

FdP- I, MI2A CGTATCGCCTCCCTCGCGCCA  TCAG TACTGAGCTA TCAGAGTTTGATCCTGGCTCAG 6F
MI12A CTATGCGCCTTGCCAGCCCGC  TCAG TACTGAGCTA CACCGCGGCKGCTGGCAC 532R

MS-1, RL84A CGTATCGCCTCCCTCGCGCCA  TCAG CGAGACACTAT TCAGAGTTTGATCCTGGCTCAG 6F
RL84B CTATGCGCCTTGCCAGCCCGC  TCAG CGAGACACTAT CACCGCGGCKGCTGGCAC 532R

MS- I, RL85A CGTATCGCCTCCCTCGCGCCA  TCAG CGAGAGTGTGT TCAGAGTTTGATCCTGGCTCAG 6F
RL85B CTATGCGCCTTGCCAGCCCGC  TCAG CGAGAGTGTGT CACCGCGGCKGCTGGCAC 532R

IThe samples analyzed with identical MID primers were sequenced in different runs.
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Table S1b. Bacterial universal primers 6F and 532R containing 5’ tags with multiplex identifier (MID) and

sequencing adapters used in this study for the enrichment culture samples.

Sample name Primer Adaptor Key MID Primer Primer
name position
RPW-N! M3A  CGTATCGCCTCCCTCGCGCCA TCAG AGACGCACTC  TCAGAGTTTGATCCTGGCTCAG 6F
M3B CTATGCGCCTTGCCAGCCCGC TCAG AGACGCACTC  CACCGCGGCKGCTGGCAC 532R
RPW-2MN! M5SA  CGTATCGCCTCCCTCGCGCCA TCAG ATCAGACACG TCAGAGTTTGATCCTGGCTCAG 6F
M5B CTATGCGCCTTGCCAGCCCGC TCAG ATCAGACACG  CACCGCGGCKGCTGGCAC 532R
RPS-N! M5SA  CGTATCGCCTCCCTCGCGCCA TCAG ATCAGACACG TCAGAGTTTGATCCTGGCTCAG 6F
M5B CTATGCGCCTTGCCAGCCCGC TCAG ATCAGACACG CACCGCGGCKGCTGGCAC 532R
RPS-2MN M6A  CGTATCGCCTCCCTCGCGCCA TCAG ATATCGCGAG TCAGAGTTTGATCCTGGCTCAG 6F
M6B  CTATGCGCCTTGCCAGCCCGC TCAG ATATCGCGAG CACCGCGGCKGCTGGCAC 532R
RPCal-N M7A  CGTATCGCCTCCCTCGCGCCA TCAG CGTGTCTCTA TCAGAGTTTGATCCTGGCTCAG 6F
M7B  CTATGCGCCTTGCCAGCCCGC TCAG CGTGTCTCTA CACCGCGGCKGCTGGCAC 532R
RPCal-2MN RL89A CGTATCGCCTCCCTCGCGCCA TCAG CGCGATCGTAT TCAGAGTTTGATCCTGGCTCAG 6F
RL89B CTATGCGCCTTGCCAGCCCGC TCAG CGCGATCGTAT CACCGCGGCKGCTGGCAC 532R
RPCal-HMN M8A  CGTATCGCCTCCCTCGCGCCA TCAG CTCGCGTGTC TCAGAGTTTGATCCTGGCTCAG 6F
M8B CTATGCGCCTTGCCAGCCCGC TCAG CTCGCGTGTC CACCGCGGCKGCTGGCAC 532R
AS-N MY9A  CGTATCGCCTCCCTCGCGCCA TCAG TAGTATCAGC  TCAGAGTTTGATCCTGGCTCAG 6F
MI9B CTATGCGCCTTGCCAGCCCGC TCAG TAGTATCAGC CACCGCGGCKGCTGGCAC 532R
AS-2MN! 128A CGTATCGCCTCCCTCGCGCCA TCAG CACTCGCACG TCAGAGTTTGATCCTGGCTCAG 6F
128B  CTATGCGCCTTGCCAGCCCGC TCAG CACTCGCACG CACCGCGGCKGCTGGCAC 532R
AS-HMN MI0A CGTATCGCCTCCCTCGCGCCA TCAG TCTCTATGCG TCAGAGTTTGATCCTGGCTCAG 6F
M10B CTATGCGCCTTGCCAGCCCGC TCAG TCTCTATGCG CACCGCGGCKGCTGGCAC 532R
FdP-N' M3A  CGTATCGCCTCCCTCGCGCCA TCAG AGACGCACTC  TCAGAGTTTGATCCTGGCTCAG 6F
M3B CTATGCGCCTTGCCAGCCCGC TCAG AGACGCACTC  CACCGCGGCKGCTGGCAC 532R
FdP-2MN RL93A CGTATCGCCTCCCTCGCGCCA TCAG CGTATAGTGCT TCAGAGTTTGATCCTGGCTCAG 6F
RL93B CTATGCGCCTTGCCAGCCCGC TCAG CGTATAGTGCT CACCGCGGCKGCTGGCAC 532R
FdP-HMN 131A°  CGTATCGCCTCCCTCGCGCCA TCAG CGACAGCGAG TCAGAGTTTGATCCTGGCTCAG 6F
131B  CTATGCGCCTTGCCAGCCCGC TCAG CGACAGCGAG CACCGCGGCKGCTGGCAC 532R
CP-N MIIA CGTATCGCCTCCCTCGCGCCA TCAG TGATACGTCT TCAGAGTTTGATCCTGGCTCAG 6F
MI1IB CTATGCGCCTTGCCAGCCCGC TCAG TGATACGTCT CACCGCGGCKGCTGGCAC 532R
CP-2MN M4A  CGTATCGCCTCCCTCGCGCCA TCAG AGCACTGTAG TCAGAGTTTGATCCTGGCTCAG 6F
M4B CTATGCGCCTTGCCAGCCCGC TCAG AGCACTGTAG CACCGCGGCKGCTGGCAC 532R
CP-HMN MI2A  CGTATCGCCTCCCTCGCGCCA TCAG TACTGAGCTA  TCAGAGTTTGATCCTGGCTCAG 6F
MI2A CTATGCGCCTTGCCAGCCCGC TCAG TACTGAGCTA  CACCGCGGCKGCTGGCAC 532R
MS-N RL84A CGTATCGCCTCCCTCGCGCCA TCAG CGAGACACTAT TCAGAGTTTGATCCTGGCTCAG 6F
RL84B CTATGCGCCTTGCCAGCCCGC TCAG CGAGACACTAT CACCGCGGCKGCTGGCAC 532R
MS-2MN! 128A°  CGTATCGCCTCCCTCGCGCCA TCAG CACTCGCACG  TCAGAGTTTGATCCTGGCTCAG 6F
128B  CTATGCGCCTTGCCAGCCCGC TCAG CACTCGCACG  CACCGCGGCKGCTGGCAC 532R
MS-HMN RL85A CGTATCGCCTCCCTCGCGCCA TCAG CGAGAGTGTGT TCAGAGTTTGATCCTGGCTCAG 6F
RL85B CTATGCGCCTTGCCAGCCCGC TCAG CGAGAGTGTGT CACCGCGGCKGCTGGCAC 532R

IThe samples analyzed with identical MID primers were sequenced in different runs.
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Table S2. Functional gene primer sequences used in this study.

Target gene Primer set 5'-3' sequence Reference

bssA 7772f GACATGACCGACGCSATYCT Winderl et al., 2007
8546r TCGTCGTCRTTGCCCCAYTT

bssA, nmsA 7768f CAAYGATTTAACCRACGCCAT  Von Netzer et al., 2013
8543r TCGTCRTTGCCCCAYTTNGG

nmsA 7363f TCGCCGAGAATTTCGAYTTG Von Netzer et al., 2013
7374f TTCGAYTTGAGCGACAGCGT
8543r TCGTCRTTGCCCCAYTTNGG

ncr Nerlf CGTTATWCKCCYTGCCGTG Morris et al., 2014
Nerlr CGATAAGCCATRCADATRGG

ner Ner2f TGGACAAAYAAAMGYACVGAT Morris et al., 2014
Ner2r GATTCCGGCTTTTTTCCAAVT
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Table S3a. Aliphatic hydrocarbon composition and abundance in the initial samples.

Compound RPW RPS RPCal AS Cp FdP MS
nC9 nd nd nd 0.174£0.01  0.17+£0.02  0.24+0.04 0.12+0.09
nC10 nd nd nd 2.92+40.36  0.04+£0.006 0.08+0.04 0.04+0.01
nCl11 0.16£0.01  0.15+£0.03  0.193+£0.007 0.42+0.003 0.08+0.01  0.24+0.02 0.10+0.07
nC12 0.16£0.02  0.16+£0.02  0.129+0.04 12.97+1.26 0.05£0.01  0.18+0.03  0.05+0.02
nC13 nd nd nd 3.04+0.36  0.04+0.07 nd 0.04+0.01
nC14 0.54+0.15  0.48+0.08 0.41+0.08  14.13+2.24 0.11+0.01  0.54+0.02 0.17+0.09
nC15 0.11+0.02  0.12+0.02 0.11+0.05 nd 0.17£0.04  0.19+0.02  0.04+0.01
nC16 0.62+0.32  0.53+£0.06 0.481+0.001 7.12+2.66  0.17+0.03  0.76+0.10  0.24+0.12
nC17 0.26+0.03  0.30+0.04 0.39+0.16 nd 0.40+£0.22  0.46+0.04 0.12+0.06
nC18 0.74+0.30  0.72+0.09 0.50+0.03 2.93+1.35  0.51£0.03  0.92+0.16  0.29+0.17
nC19 0.09+0.00  0.10+0.02 0.06+0.01 nd nd 0.09+0.004 0.02+0.01
nC20 0.68+0.24  0.68+0.09 0.433+0.001  1.45+0.37 nd 0.85+0.11  0.27+0.17
nC21 nd nd 0.03+0.23 nd nd 0.13+0.14 nd
nC22 0.46+0.17  0.47+0.09 0.27+0.01 nd nd 0.79+0.40  0.18+0.19
nC23 0.02+0.001  0.02+0.001  0.006+0.001 nd nd 0.70+1.18 nd
nC24 0.15+£0.12  0.17+0.05 <dl nd nd 1.7442.72  0.08+0.08
nC25 nd <dl <dl nd nd 2.4444.65 nd
nC26 <dl <dl <dl nd nd 3.3246.15 <dl
nC27 nd nd <dl nd nd 3.67+£6.99 nd
nC28 <dl nd nd nd nd 3.3446.37 nd
nC29 nd nd <dl nd nd 2.52+4.94 nd
nC30 nd nd nd nd nd 1.694+3.31 nd
nC31 nd nd nd nd nd 1.01+£1.98 nd
nC32 nd nd nd nd nd 0.43+0.85 nd
nC33 nd nd nd nd nd nd nd
nC34 nd nd nd nd nd nd nd
nC35 nd nd nd nd nd nd nd
nC36 nd nd nd nd nd nd nd
nC37 nd nd nd nd nd nd nd
nC38 nd nd nd nd nd nd nd
nC39 nd nd nd nd nd nd nd

Data in ppm (ng/g)
nd: not detected.

<dl: below the limit of detection
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TableS3b. PAH composition and abundance in the initial samples.

Compound  RPW RPS RPCal AS CP FdP MS
N 0.11£0.029 0.097+0.006 0.049+0.009 0.111£0.004  0.27+0.03  0.045£0.006  0.06:0.03
1-MN <dl <dl 0.02£0.02  0.02+0.04  0.109+0.001 0.0040+0.0008 0.003%0.007
2-MN  0.005£0.0090.005£0.008 0.02£0.01  0.02+0.04  0.305£0.003  0.006=0.003  0.005+0.004
N3 nd nd 0.05+0.03 nd nd nd nd
N4 nd nd 0.07+0.05 nd nd 0.025£0.015  0.001%0.002
D 0.09+0.05 0.062+0.001 0.12+0.08 nd nd 0.005£0.003  0.005+0.0003
Ph 0.1240.06 0.1040.01  0.13%0.07 nd 0.020+0.001  0.004+0.003 0.004:0.00004
A 0.1240.07 0.09+0.01 0.14+0.07 nd 0.024+0.007  0.007+0.002 0.0100+0.0008
Ba nd nd  0.060+£0.006 nd nd nd nd
Py 0.07£0.05 0.06£0.01  0.06:0.03 nd nd 0.0047£0.0005 0.006:0.0005
CN nd  0.009£0.001 0 0.0205+0.0009 0.0077+0.0005 0.012+0.003 nd
FI nd  0.03£0.005 0.04+0.08 nd nd 0.0039+0.0001 nd
C nd nd 0.08+0.07  0.71x0.04 nd nd nd

Naphthalene (N), 1-methylnaphthalene (1-MN), 2-methylnaphthalene (2-MN), 1,4,5-trimethylnaphthalene (N3), 1,4,6,7-
tetramethylnaphthalene (N4), dibenzothiophene (D), Phenanthrene (Ph), Anthracene (A), Benzo[a]anthracene (Ba), Pyrene (Py),
C2-naphthalene (CN), Fluoranthene (FI), Chrysene (C)

Data in ppm (pg/g)
nd: not detected.

<dl: below the limit of detection
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Table S4. Most probable number counts of nitrate reducing bacteria in the environmental samples.
Carbon source are naphthalene (NAP), 2-methylnaphthalene (2MN), 2-naphtoic acid (2NA), anthracene
(ANT), acetate (Ace) and no added carbon source (na).

Sample name C source MPN counts 95% C.I.
na 1.95E+04  3.28E+03 8.04E+04
NAP 5.80E+03 1.41E+03 1.47E+04
RPCal 2MN 2.79E+03  4.09E+02 1.03E+04

2NA 3.46E+04  4.98E+03 1.19E+05
ANT 4.27E+06  1.03E+06 1.38E+07
Ace 2.40E+07  4.76E+06 9.65E+07

na 427E+04  1.03E+04 1.38E+05
NAP  240E+07  4.76E+06 9.65E+07
RPW JMN  741E+06  1.74E+06 2.15E+07

2NA 7.41E+06  1.74E+06 2.15E+07
ANT 240E+06  4.76E+05 9.65E+06
Ace 4.27E+07  1.03E+07 1.38E+08

na 1.43E+05  2.74E+04 6.07E+05
NAP 1.47E+07  2.78E+06 6.32E+07
RPS 2MN 9.33E+06  2.07E+06 2.71E+07

2NA 7.41E+06 1.74E+06 2.15E+07
ANT 9.33E+06  2.07E+06 2.71E+07
Ace 2.40E+08  4.76E+07 9.65E+08

na 427E+05  1.03E+05 1.38E+06
NAP  O.I8E+03  2.05E+03 2.66E+04
AS 2MN  1.86E+02  3.20E+01 7.78E+02

2NA 9.33E+05  2.07E+05 2.71E+06
ANT 4.27E+05 1.03E+05 1.38E+06
Ace 4.27E+06 1.03E+06 1.38E+07

na 741E+01  1.74E+01 2.15E+02
NAP  427E+01  1.03E+01 1.38E+02
CP 2MN  933E+00  2.07E+00 2.71E+01

2NA 2.59E+03  3.89E+02 9.76E+03
ANT 240E+05  4.76E+04 9.65E+05
Ace 240E+07  4.76E+06 9.65E+07

na 1.90E+02  3.24E+01 7.89E+02
NAP  240E+06  4.76E+05 9.65E+06
FdP 2JMN  2.04E+04  337E+03 8.32E+04

2NA 9.18E+03  2.05E+03 2.66E+04
ANT 7.41E+03 1.74E+03 2.15E+04
Ace 4.78E+02  1.16E+02 1.47E+03

na 2.04E+00  3.70E-01 &.30E+00
NAP 4.27E+01 1.03E+01 1.38E+02
MS 2MN 2.75E+00  5.90E-01 1.02E+01

2NA 4.27E+01 1.03E+01 1.38E+02
ANT 7.41E+01 1.74E+01 2.15E+02
Ace 9.33E+04  2.07E+04 2.71E+05
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Table S5. Significance tests performed using a two-sided Student's two-sample t-test comparing the

Unifrac weighted distance.

Compared group

Samples p-value
Group 1 Group 2
RPW/RPS initial vs. initial initial vs. NAP 0.001
initial vs. initial initial vs. 2MN 0.005
RPCal initial vs. initial initial vs. NAP 0.05
initial vs. initial initial vs. 2MN 0.10
initial vs. initial initial vs. HMN 0.10
AS initial vs. initial initial vs. NAP 0.09
initial vs. initial initial vs. 2MN 0.13
initial vs. initial initial vs. HMN 0.17
CP initial vs. initial initial vs. NAP 0.007
initial vs. initial initial vs. 2MN 0.02
initial vs. initial initial vs. HMN 0.01
FdP initial vs. initial initial vs. NAP 0.02
initial vs. initial initial vs. 2MN 0.01
initial vs. initial initial vs. HMN 0.01
MS initial vs. initial initial vs. NAP 0.06
initial vs. initial initial vs. 2MN 0.04
initial vs. initial initial vs. HMN 0.08
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Table S6. Taxonomic affiliation of strains isolated on solid medium with PAHs as carbon source.

(GenBank Carbon . L. .
Accession  Tsolates (Sample)  source Method Closest type strain relative in GenBank  Similari
database ty (%)
No.)
KX417378 RPCal-N 2.1 NAP  Agar shakes Pseudomonas stutzeri, Pseudomonadaceae 99
KX417379 RPCal-N 2.2 NAP  Agar shakes Ochrobactrum anthropi, type sp., Brucellaceae 99
KX417380 RPCal-N 1.1 NAP  Agar shakes Paenibacillus sp, Paenibacillaceae 96
KX417381 RPCal-N 1.2 NAP  Agar shakes Paenibacillus sp, Paenibacillaceae 96
KX417382 RPCal-2MN 1.1 2MN  Agar shakes Pseudomonas stutzeri, Pseudomonadaceae 99
KX417383 RPCal-2MN 1.2 2MN  Agar shakes Pseudomonas stutzeri, Pseudomonadaceae 99
KX417384 AS-2MN 1.1 2MN  Agar shakes Bacillus thioparans, Bacillaceae 99
KX417385 AS-2MN 1.2 2MN  Agar shakes Bacillus thioparans, Bacillaceae 99
KX417386 RPCal-N 10-2-3 NAP  Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417387 RPCal-N 10-2-4 NAP  Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417388 RPCal-2MN 10-2-2 2MN Agarplate  Paenibacillus graminis, Paenibacillaceae 97
KX417389 RPCal-2MN 10-3-3 2MN  Agarplate  Bacillus korlensis, Bacillaceae 98
KX417390 RPCal-2MN 10-3-4 2MN  Agarplate  Paenibacillus xylanilyticus, Paenibacillaceae 97
KX417391 RPCal-HMN 10-2-3 NAP Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417392 RPCal-HMN 10-2-4 NAP Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417393 RPCal-HMN 10-2-5 NAP Agarplate  Bacillus korlensis, Bacillaceae 99
KX417394 RPCal-HMN10-3-2 NAP Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417395 RPCal-HMN 10-3-4 NAP Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417396 RPW-N 10-2-4 NAP  Agarplate  Pseudomonas stutzeri, Pseudomonadaceae 99
KX417397 RPS-2MN 10-2-1 2MN  Agarplate  Streptomyces sp., Streptomycetaceae 96
KX417398 CP-2MN 10-3-4 2MN  Agarplate  Bacillus niacini, Bacillaceae 97
KX417399 CP-2MN 10-3-5 2MN  Agarplate  Bacillus thermocopriae, Bacillaceae 98
KX417400 CP-2MN 10-3-6 2MN  Agarplate  Bacillus niacini, Bacillaceae 98
KX417401 CP-HMN 10-3-3 NAP Agarplate  Pseudomonas balearica, Pseudomonadaceae 99
KX417402 CP-HMN 10-3-4 NAP  Agarplate  Bacillus korlensis, Bacillaceae 99
KX417403 AS-2MN 10-2-1 2MN  Agarplate  Bacillus sp., Bacillaceae 90
KX417404 FdP-HMN 10-2-2 NAP  Agarplate  Marinilabilia sp., Marinilabiliaceae 98
KX417405 FdP-2MN 10-2-3 2MN  Agar plate  Bacillus sp, Bacillaceae 92
KX417406 FdP-HMN 10-2-6 NAP  Agarplate  Marinilabilia sp, Marinilabiliaceae 98
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1.6.2. Supplementary figures
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Figure S1. Rarefaction curves based on bacterial OTUs at a dissimilarity level of 3% of the initial samples
and enrichments as calculated by Qiime.
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54— dn30148 RPCal- (2)
55[1dn11472 RPCal-2MN (4) RPCal-1 (1)
dn4409 RPCal-I (6) RPCal-HMN (6) RPCal-2MN (4) RPCal-N (2)
dn17751RPCal-1 (2) RPCal-HMN (2) RPS-1(1.5)
dn7406 RPCal-1 (9)
dn29599 RPCal-2MN (4) RPCal-N (1) RPS-2IVIN (1)
dn13771RPW-2MN (1) RPS-N (2)
dn31859 RPCal-HMN (4) RPCal-I (1)
dn11956 RPCal-1 (11) RPCal-N (1) RPW-2MN (3)
dn13474 CP-2MN (85) CP-HMN (40) CP-N (4) CP-1 (0.02) RPCal-N (1)
97'dn23658 CP2IMIN (2) CP-HMN (1.5)
dn24522CP-N (78)
99/dn6025 CP-HMN (3) CP-N (1)
dn31183 RPCal-HMN (4) RPCal-1 (1)
dn19289 RPS-1(3.5)
1,dn34379 RPCal-1 (7)
dn23548 RPCal-1 (2) RPCal-N (3.8)
dn31940RPCal-1 (2) RPW-1(4)
dn18125CP-HMN (56) CP-N (12) CP-2MN (11) RPCal-2MN (4)
dn24262 RPCal-l (6) RPCal-N (1.2)
dn2522 RPCal-l (9) RPS-I (1.5)
dn1479 RPS-1 (7.5) RPW-N (2)
1111 dn16331RPCal-1 (10.5) RPCal-N (1)
dn17268 RPCal-2MN (7) RPCal-HMN (6) RPCal-I (5) RPCal-N (1) RPW-N (1)
dn1479 RPS-1 (6.5) RPCal-I (3) RPCal-N (1)
dn34048RPCal-1 (1)
80,dn21188 RPCal-HMN (62) RPCal-2MN (45) RPCal-N (26) RPCal-I (2) RPS-2VIN (24.5) RPS-N (8.5) RPW-2MN (16) RPW-N (6)
dn32301 RPS-1(5.5) RPS-2MIN (1.5) RPW-I (4) RPCal-HMN (4) RPCal-I (3)
dn27198RPCal-I (3)
cloneiii1-8 (295729)
dn24582 RPCal-N (50) RPCal-2MN(10) RPW-I (67.5) RPW-N (15) RPW-2MN (3)RPS-I (20) RPS-N (5) RPS-2IVIN (3)
68— dn17396 RPS-1(11) RPS-2MN (7.5) RPS-N (7) RPW-N (4) RPW-2MN(2)

dn20942 RPW-2MN (10) RPS-N (17) RPS-1 (2.5)
of ;‘_Ednlossa RPCal-N (6) RPCal-I (1) RPCal-HMN (2) RPW-2MN (14) RPW-N (3) RPS-2MIN (35) RPS-N (4) RPS-1(1)
32— dn13204 RPS-2VIN (4) RPS-N (3.5)
53;dn13127 RPCal-I (9) RPCal-2MN (4) RPCal-N (1)
dn967 RPCal-2MN (4) RPCal-HMN (4) RPCal-1 (1)
dn29202 RPCal-1 (2)
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Figure S2. Evolutionary relationships of iiil-8 DS18 sequences retrieved from the rice-paddy and

compost-pile initial sample and enrichments. The optimal Neighbour-Joining tree is shown. The
bootstrap (1000 replicates) is shown next to the branches. The evolutionary distances are in the
units of the number of base substitutions per site. Numbers in brackets are the percentage of
each sequence type over the complete set of iii1-8 reads in each sample. The sequences of three
different Acidobacteria subgroups are included (Hugenholtz et al., 1998). Numbers in brackets

indicate the relative abundance (%) of each sequence in the corresponding sample.
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Figure S4. Phylogeny of partial BssA-like amino acid sequences retrieved from initial samples and
enrichments. Initial samples were rice-paddy water (RPW-I; grey), rice-paddy soil (RPS-I; blue),
and activated sludge (AS-I; red). Enrichments were rice-paddy soil naphthalene (RPS-N; blue), rice-
paddy soil Calasparra naphthalene (RPCal-N; black), rice-paddy soil Calasparra 2-MN (RPCal-2MN;
black), rice-paddy soil Calasparra HMN (RPCal-HMN; black), activated sludge naphthalene (AS-N;
red), activated sludge 2MN (AS-2MN; red) and marine sediments naphthalene (MS-N; green). The
closest relatives, detected in anaerobic hydrocarbon-oxidizing strains or enrichments, and
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putative environmental sequences available in the databases at the beginning of this study are
included. Cluster | include the canonical, toluene-specific BssA sequences; cluster Il includes
sequences associated with the oxidation of BTEX compounds; cluster Il includes the 2-methyl-
naphthalene-specific nmsA sequences, putative bssA gene from the non-proteobacterial
Desulfotomaculum sp. strain Ox39 and sequences retrieved from enrichments able to grow on o-
xylene as the only carbon source; cluster IV comprises assA sequences. Codes in brackets are the
protein GenBank accession numbers. Numbers in square brackets are the number of sequences
found in the corresponding library. The tree was rooted with pyruvate formate lyase paralogues
as an out-group.
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Microbial communities in Fuente de Piedra athalassohaline
lagoon sediments: impact of the contamination with
naphthalene.






The important thing is to not stop questioning.
Curiosity has its own reason for existing.

Albert Einstein
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2.1. Introduction

Inland waters (e.g. lakes, rivers, wetlands, reservoirs) occupy a small fraction of the earth’s
surface (~1%), but are of great importance to understand the impact of human activity and climate
change on ecosystem structures and functions (Adrian et al., 2009). Saline lakes, characterized by
salinities higher than 1 g 1", account for about 45% of the total inland aquatic systems (Wetzel,
2001). About 75% of saline lakes are located in endorheic watersheds. That is, they are in closed
drainage basins that retain water and allow no outflow to other bodies of water such as rivers or
oceans. Consequently nutrients, organic matter and salts largely remain within the basin resulting
in high dissolved inorganic and organic carbon concentrations and high-water residence times
(Anderson, 2007; Ortega-Retuerta et al., 2007). Thus, they are extremely productive systems (Eiler
et al., 2003). Microbes are a fundamental component of aquatic ecosystems and play essential
roles in global biogeochemical cycles (Newton et al., 2011). Both cultivation dependent and
independent techniques have been used to unravel the diversity of bacterial and archaeal
communities in saline environments. Several hypersaline lakes from around the world have been
studied, including athalassohaline lakes of the Atacama desert, Chile (Demergasso et al., 2004),
soda lakes in Mongolia (Sorokin et al., 2004), Mono Lake, California (Scholten et al., 2005), the
athalassohaline Lake Chaka, China (Jiang et al., 2006), hypersaline lakes of the Wadi An Natrun,
Egypt (Mesbah et al., 2007), athalassohaline lagoon of Tirez, Spain (Montoya et al., 2013) and
Soda Saline Crater Lake from Isabel Island, Mexico (Aguirre-Garrido et al., 2016).
Notwithstanding the diverse physical and chemical properties of the lakes studied, only a few
bacterial groups predominate in these ecosystems, such as Proteobacteria, Bacteroidetes,
Firmicutes and some Archea (Euryarchaeota) (Sorokin et al., 2014). However, despite the global
prevalence and biogeochemical significance of these ecosystems, our understanding of the
microbial diversity in hypersaline environments is still limited as compared to marine and
freshwater environments. Furthermore, the number of investigations specifically targeting the

sediments of hypersaline lakes is small (Kim et al., 2012; Yang et al., 2016).

In the last few years, saline and alkaline lakes have become interesting model systems for
studies on microbial diversity and ecosystem functions in extreme environments. In fact, such
ecosystems have been a valuable source of novel microorganisms that are economically important
for industrial, biotechnological and environmental processes, and many new applications have
been and are still being explored (Lizama et al., 2001; Oren, 2010). As all natural ecosystems on
our planet, hypersaline environments are subjected to environmental contamination. Industrial and
municipal effluents are often discharged into saline and hypersaline depression and intertidal
zones. It has been estimated that 5% of the total world effluents are highly saline (Lefebvre and
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Moletta, 2006). Therefore, there is great interest in the use of halophilic microorganisms to degrade
organic pollutants and to produce biopolymers, biosurfactants, and compatible solutes
(Marhuenda-Egea and Bonete, 2002; Le Borgne et al., 2008). Among others, polycyclic aromatic
hydrocarbons (PAHs) include a group of priority organic pollutants of significant concern due to
their toxic, genotoxic, mutagenic and/or carcinogenic properties (Cerniglia, 1992). PAHs are
hydrophobic compounds and their persistence within ecosystems is due to their low water
solubility, electrochemical stability and resistance toward biodegradation (Ghosal et al., 2016).
PAHs rapidly become associated with sediments, where they may persist and bioaccumulate until
degraded or resuspended. Sediments, as many natural habitats, are often anoxic (Brune et al.,
2000). In these environments, the anaerobic degradation of aromatic compounds by
microorganisms plays a major role in the removal of contaminants, recycling of carbon and
sustainable development of the ecosystem. In contrast to aerobic degradation of PAHs, much less
is known about the anaerobic degradation of these compounds (Meckenstock et al., 2004a).
Whereas the anaerobic degradation of mono-aromatics is well documented (Foght, 2008) the
knowledge on anaerobic PAH degradation is still in its infancy. Our current knowledge on
anaerobic PAH degradation pathways is limited to the simplest naphthalenes. Isolation of
naphthalene and methylnaphthalene degrading anaerobes has only been possible for two pure
cultures (NaphS2 and NaphS3 strains) and one bacterial consortium (N47) of marine sulphate-
reducing bacteria (Galushko et al., 1999; Meckenstock et al., 2000b; Musat et al., 2009), and to
date there is no culture available that degrades naphthalene using nitrate as terminal electron

acceptor.

Moreover, our knowledge on anaerobic biodegradation of PAHs in hypersaline anoxic
sediments is even scarcer, as compared to other anaerobic systems such as aquifers or marine
sediments. A systematic analysis of these environments may help towards understanding the
environmental characteristics that drive the architecture of microbial communities. The
exploration of the halophile diversity and its response to the presence of PAHs will lead to the
understanding on how this diversity can be managed for biorestoration purposes or for
biotechnological applications. Our study focused on the anoxic sulphate rich sediment of the
athalassohaline lake of Fuente de Piedra located in the north of Malaga (Spain). Athalassohaline
systems are saline waters that are rich in anions other than chloride (e.g., sulphate) and frequently
in cations such as calcium and magnesium. The best-characterized athalassohaline waters have
NaCl as the major salt. Fuente the Piedra lagoon has a salinity ranging from oligo- (ca. 9 g 1) to
hypersaline (> 200 g I'') conditions depending on the hydrological cycles (Garcia et al., 1997).
The lake has an area of 13.5 km? and an endorheic basin of 150 km? (Heredia et al., 2010) and is
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one of the most important breeding sites of aquatic birds, especially the greater flamingo, in the
Mediterranean area. It was the third Spanish wetland to be included in the Ramsar convention and

it was declared to a nature reserve in 1984 and to a Special Protection Area for Birds in 1987.

Here, we have used Illumina sequencing to characterize the microbial community from
hypersaline sediments in Fuente de Piedra. The aim of this work was to assess the diversity and
structure of the bacterial communities in the unexplored sediment of the athalassohaline lagoon,
to study the effect of PAHs on the bacterial communities and to enrich potential sulphate-reducing-

bacteria able to degrade anaerobically the model PAHs naphthalene and 2-methylnaphthalene.

2.2. Materials and methods

2.2.1. Site description and Sampling

Samples were collected from the athalassohaline lagoon of Fuente de Piedra (FdP) (Malaga,
Spain) (37°05'07N 4°47'05W) at in two different sampling time campaigns. The first sampling
was carried out in February 29th, 2012 and anoxic black sediments (0-10 cm in depth) were
collected close to the shore (50 cm below water surface). Water salinity was 70,00%o and water
pH 8.46. The second sampling was carried out on in March 10th, 2014 in the same sampling site
using 24 cores (30 cm x 5 cm) sealed with silicone stoppers to maintain anaerobic conditions.

Water salinity was 56,50%o0 and water pH 8.48. Sediment samples were kept at 4°C until processed.

2.2.2. Microcosm experiment

Twelve amongst 24 sampled cores were selected based on the similarity of their depth profiles
to allow reliable duplicates (Figure 2. 1), and 10 of them were chosen for the microcosm
experiment (cores 3 to 12). Cores had an average total sediment width of 19 c¢m, divided in five
different layers (Table 2. 1): PO (grey colour) was the top oxic layer (average 1 cm thick) in direct
contact with the lagoon water; P1 (black coloured) was 5.6 cm thick on average; P2 (average 2.6
cm thick) was the gradient zone between the black and the underlying grey layers; P3 (light grey)
was on average 7.8 cm thick; finally, P4 was very hard and light brown and on average 3 cm thick,

although it was not present in all the cores due to the difficulty to be sampled (Table 2. 1).
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Figure 2. 1. Cores used in this work for the microcosm experiment, enrichment cultures and Illumina-
sequencing at the start of the experiment. The cores are numbered from 1 to 12 (labelled in white). The
scheme shows examples of the profiles mentioned in Table 2. 1 (labelled in white).

Table 2. 1. Profile description of the cores collected in the first campaign.

Profile samples thickness

(cm)
Core Sampling Treatment Total sediment
n’° Label time thickness (cm) PO P1 P2 P3 P4
1 Ini 0 Ctrl. layers 23 1-1.2 47 1 115 5
2 Ini 0 Ctrl. layers 22.5 1 47 3 95 4
3 Ini 0 Initial 11 1 47 2 34 /
4 Ini 0 Initial 14.5 0.6-1 55 29 6 /
5 Cl 1 Ctrl 21.5 1 75 3 85 1.8
6 Cl 1 Ctrl 21.5 1 6 28 7 48
7 C2 2 Ctrl 19.5 1-1.8 5 34 65 32
8 C2 2 Ctrl 19.3 1-13 63 34 71 09
9 N1 1 Nap 19.5 1 55 3 10 /
10 NI 1 Nap 19.2 1 6 1 86 2.6
11 N2 2 Nap 17.5 1 55 29 8 /
12 N2 2 Nap 19 1 6 24 76 19

The water content was analysed for the layers P1 to P4, and also for the mixed layer P1 to P4

(Table 2. 2) as described in Martirani-Von Abercron ef al., 2016. Cores 1 to 4 were processed in

the lab immediately after sampling. Cores 1 and 2 were fractionated at different depth (PO, P1, P2,

P3 and P4; Table 2.1) and stored at -80°C for future analysis. The P4 layer was not included in the

DNA analysis. The layers PO, P1, P2 and P3 of cores 3 and 4 were homogenized and part of it was

used as Time O for the enrichment experiment. The remaining material was stored at -80°C for

future use. Cores 5 to 8 were incubated without any treatment and used as control.
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Table 2. 2. Gravimetric water content in the different cores layers (P1 to P4) and in the mixed layer (P1 to
P4).

Layer Water® content (%)
P1 74,10+11,59

P2 45,11+0,82

P3 28,72+0,93

P4 20,87+1,11
P1-2-3-4 57,55+3,49

*Gravimetric, % of dry weight.

Cores 9 to 12 were penetrated with a 10 ml plastic pipette filled with naphthalene crystals.
The pipettes had 1 mm diameter holes every 1 cm around its surface to allow naphthalene diffusion
into the sediment. Each core was sealed with silicone stoppers, to maintain anaerobic conditions
and water content in the microcosms. All manipulations were carried out in an anaerobic glove
box. Duplicate cores were analysed for each condition. Cores 5, 6, 9 and 10 were incubated for
4.5 months (Time 1) and cores 7, 8, 11, and 12 were left for 8 further months (Time 2). All cores
were incubated at 18°C in the darkness. When processed, each core was longitudinally divided in
two halves: one was fractionated at different depth and stored at -80°C, and the remaining halt-

core was mixed, stored at -80°C and used for DNA extraction.

2.2.3. Culture conditions and anaerobic enrichment

Black (anoxic) sediment collected in the two sampling campaigns was used as starting
material for sulfate-reducing bacteria (SRB) enrichment cultures. For cultivation of SRB we used
an artificial seawater minimal medium (SMM) as described elsewhere (Widdel and Bak, 1992)
with Na-resazurin solution (0.1% w/v) as redox indicator. Briefly, after autoclaving the medium
was flushed with a 80:20 N2:CO» gas mixture for 30 min, then 75 ml of media were dispensed in
120 ml serum bottles containing 25 g of sediment and sealed with Teflon-lined 1 cm thick stoppers.
The medium was then supplemented using a nitrogen-flushed syringe with 21 mM of Na;SOs4, 0.1
ml of trace element solution SL10 (Widdel et al., 1983), 30 mM of CO;-saturated sodium
bicarbonate, 0.1 ml of vitamin solution (Widdel and Bak, 1992), 0.1 uM of Na»S,03-5H,0, 16
mM of NaxS-9H>0 and 0.11 mM of NayS;04. All solutions were prepared under 100% N> gas
(except SMM and bicarbonate) and autoclaved or filter-sterilized (vitamin and sodium dithionite

solutions). The final pH of the medium ranged between 7.2 and 7.4. The enrichment from samples
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collected in the first sampling campaign were initiated directly from the collected sediment. In the
cultures naphthalene and 2-methylnaphthalene (2MN) were used as carbon sources dissolved at
20 g I'Vin 2 ml of sterile anoxic 2,2,4,4,6,8,8-heptamethylnonane (HMN) that served as insoluble
carrier to reduce the PAH concentration in the water phase. A control bottle without added
aromatic compounds in the HMN phase was included. Cultures were incubated in the dark at 28°C.
Samples of 10% inoculum were transferred periodically to fresh medium. The enrichments from
samples collected in the second sampling campaign were started from the sediment cores used in
the microcosm experiment, which had been incubated during 4 (core 5-6-9-10) and 8 months (core
7-8-11-12) in the presence and absence of naphthalene. After the incubation period, the cores were
processed and 25 g of sediment were homogenised and used as inoculum. Initially, filter-sterilized
Fuente de Piedra lagoon water flushed with N2/CO» gas mixture (8:2, v/v) was used to cultivate
SRB. When required, naphthalene was provided to the enrichment cultures as crystals, while no
carbon source was added to the enrichments from control cores. The second subculture transfers
with 10% inoculum were prepared either with filter-sterilized Fuente de Piedra lagoon water or
with the SMM medium described above (see scheme in Figure 2. 2). All cultures were incubated

in the dark at 18°C without shaking.

2.2.4. Total DNA extraction

For each sediment sample, total DNA was extracted from four 0.5 g subsamples by the bead-
beating method, following the manufacturer's instructions for the MoBio UltraClean Soil DNA
Isolation kit (MoBio laboratories, Solana Beach, CA, USA) except for the lysis step. Briefly, cell
lysis was achieved adding a heat step at 70°C for 5 min before and after the mechanical lysis with
the beads. The extracts were pooled onto the same spin filter. The DNA was then resuspended in
50 ul of sterile deionized water and stored at -20°C until use. DNA extraction for the anaerobic
enrichment was performed following a modified version of the SDS-based method developed by
(Zhou et al., 1996) as previously described in (Martirani-Von Abercron et al., 2016). DNA quality
was assessed by electrophoresis on a 0.8% agarose gel. Nucleic acid quantity and purity were

determined with a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies).
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Figure 2. 2. Scheme of experimental set-up. The anaerobic enrichments were prepared starting from the

incubated cores and sequenced with Illumina Miseq. A) Cores 5-10 enrichments after the first period of

incubation; B) Core 12 enrichment after the second period of incubation.
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2.2.5. lllumina sequencing and Data Analysis

A total of 26 samples were analysed in this study. Genomic DNA extracted from soil and
enrichment samples were paired-end sequenced (2x300bp) at Era7 Information Technologies S.L
with an [llumina Miseq platform (MiSeq run PE 2x300) by analyzing the V3-V4 region of the
bacterial 16S rRNA gene. The sequences of forward and reverse primers were 5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3> and
5’-TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3’, respectively. The Illumina 16S sequences were processed using the Quantitative Insights Into
Microbial Ecology (QIIME, v. 1.9.0) pipeline' (Caporaso et al., 2010b). From the demultiplexed
data received from Era7, we merged pair-ends reads into single contigs and proceeded with
quality-filtering using a Q25 minimum value (average quality scores <25 were removed). Then,
the usearch61 algorithm was used to detect chimeric sequences with de novo method (Edgar et al.,
2011). All chimeras and singletons were removed before further analysis. The clustering method
was used to assign similar sequences to operational taxonomic units (OTUs) at a 97% similarity
threshold. A representative sequence from each OTU was aligned with PyYNAST (Caporaso et al.,
2010a). A variable number of sequences were obtained per sample. To avoid sampling size effects
in the data analysis, sequences were sub-sampled to the same sequence depth (60,000 sequences
per sample), otherwise the non-rarefied OTU table was used. Alpha and Beta diversity analyses
were calculated. Principal coordinate analysis (PCoA) was done using the subsampled data to
measure phylogenetic distance between microbial communities using weighted and unweighted
UniFrac distance matrix (Lozupone and Knight, 2005). The unweighted pair group method with
arithmetic mean (UPGMA) clustering was conducted to group the communities of different
samples with both weighted and unweighted UniFrac distances. To evaluate the robustness of

UPGMA clusters and PCoA analysis, Jackknife resampling (100 times) was done.

114



Chapter 2

2.3. Results and Discussion

2.3.1. Effect of naphthalene on bacterial community structure and diversity in the

microcosm.

Anoxic sediment microcosms from Fuente de Piedra lagoon were artificially contaminated
with naphthalene to study the effect of the PAH on the bacterial community structure and diversity.
Unpolluted control cores were included in the analysis. Total DNA from the cores after 4.5 and 12
months incubation was used for Illumina-sequencing of the 16S rRNA gene V3-V4 region.
Duplicate cores were analysed for each condition. A total of 794,103 high quality reads (average
sequence lengths: 454.27 bp + 18.27) across the 10 samples were obtained after applying quality
filter, chimeras checking, and singletons removal (Table 2. 3). Rarefaction curves (Figure S1) and
the Good’s sample coverage estimator (Table 2. 3) indicated that the sequencing effort was
satisfactory to evaluate microbial diversity in all the samples. The observed OTU number and the
Chao diversity and Shannon evenness indices indicated a highly diverse community in the Fuente
de Piedra sediments (Table 2. 3). Surprisingly, we observed only a slight decrease of OTU numbers
in the naphthalene-spiked microcosms as compared to the unamended controls, indicating only a

minor impact of the PAH on the bacterial community (Figure 2. 3). Furthermore, we detected a

Table 2. 3. Comparison of OTU number, diversity, evenness indices and coverage for the different cores
samples.

Sample® NSP OTUs* ( g)rg(%s)d (g;:]%ool)e Shannon  Coveragef(%)
Core 3-Ini 79762 5448 4903 7287.77 9.52 97.53
Core 4 -Ini 63199 5000 4891 7526.19 9.54 96.86
Core 5-C; 63877 5074 4922 7161.80 9.48 96.90
Core 6-C; 71817 5474 5063 7479.57 9.59 97.07
Core 7-C, 75145 5571 5121 7569.93 9.63 97.26
Core 8-C; 78177 5658 5093 7437.19 9.59 97.34
Core 9-N; 89178 5622 4872 7470.69 9.46 97.74
Core 10-N; 83438 5793 5083 7454.55 9.59 97.38
Core 11-N; 93886 5986 5051 7565.47 9.57 97.72
Core 12-N; 95624 5789 4818 7166.42 9.40 97.81

2 Ciand Csrefer to the core control at two different times (4.5 and 12.5 months); N; and N, refer to the naphthalene
core at two different time.

"Number of sequences for each library filtered for chimera and singletons.

°OTU numbers calculated with all sequences at the 3% distance level.

4OTU numbers calculated for a randomized subset of 60,000 reads per sample at the 3% distance level.

°Chao index calculated with 1500 subsampled sequences.

fGood’s sample coverage estimator.
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Figure 2. 3. Boxplots of the observed OTUs per randomized sample in the control and naphthalene cores
at different incubation times. INI refers to the mean of the control cores 3-4 at time 0; C1 refers to mean
of the control cores 5-6 at time 1; C2 refers to mean of the control cores 5-6 at time 2; N1 refers to mean
of the naphthalene cores 9-10 at time 1. N2 refers to the mean of the naphthalene cores 11-12 at time
2. Boxplot centre line represents the median. The top and bottom hinges represent 752 and 252 quartiles,
respectively.

small increase of microbial diversity in the control microcosms at long incubation times, probably
suggesting that the strict anoxic conditions established in the experiment set-up produced a niche
increment as found in a previous study in the same ecosystem (Martirani-Von Abercron et al.,
2016). We could not observe significant communities’ differences with Chao and Shannon index,

confirming that naphthalene had a reduced effect on microbial diversity.

To further evaluate the changes in the communities’ structure we used PCoA and UPGMA
analysis measuring phylogenetic variation via UniFrac distances (Lozupone and Knight, 2005).
The weighted PCoA plot evidenced three distinct clusters representing the three sampling times,
irrespective of the treatment. However, time could distinguish naphthalene from control samples
(Figure 2. 4). We would have expected a more compact clustering of the bacterial community of
contaminated microcosms. However, the data suggest that the slight shift in the bacterial
community observed might be more related to the time the sediments were exposed to the strict
anoxic conditions than to the toxic effects of naphthalene, although the strongest changes were
observed after 12 months exposure to naphthalene. So, incubation times, and therefore strictly
anoxic conditions, had a more selective pressure on sediment bacterial populations than the

contamination.
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Figure 2. 4. Analysis of microcosm microbial communities with weighted and unweighted UniFrac
distance. UniFrac sequences were rarefied at the same sequencing depth (60,000). A) Plot of the weighted
Principal coordinate analysis (PCoA), explaining 65.04% of variation. Replicate of the same samples are in
the same colour. B) UPGMA clustering of cores samples. The numbers on the nodes indicate
bootstrapping values for each node.

To have a more comprehensive understanding of the effect of naphthalene on the composition
of the microbial communities, we determined the unweighted UniFrac distances, which are
designed to detect differences in the presence/absence of bacterial lineages in different
communities. In fact, both quantitative and qualitative measures (weighted/unweighted) of beta-
diversity have specific niches in the analysis of microbial communities, and it is recommended to
use both approaches to detect the factors that underlie microbial diversity (Lozupone et al., 2007).
In the UPGMA tree we found that microcosms grouped in three clusters: 1) initial sediments (time-
0); 2) control and naphthalene microcosms (time-1) and control microcosms (time-2); and 3)
naphthalene microcosm (time-2). As in the PCoA analysis, control samples at time-0 were distant
from all the other samples, indicating that both conditions (control and naphthalene treatment) had
a drastic effect on the community structure. Nevertheless, unlike the quantitative analysis, we
observed that in this case naphthalene microcosm at time 2 allowed a separate cluster suggesting

significant differences in the bacterial composition of the microbial communities.

2.3.2. Microcosms bacterial community structure

The analysis of the Illumina reads grouped the sequences obtained into 66 different phyla, 16
of which belonged to the more abundant phylotypes (>1%). The remaining 50 phylotypes were
present at levels below 1% and constituted the “rare” community of this ecosystem. This is an
indication of the high diversity of the habitat, likely related to variability of the environmental

conditions of the lagoon throughout the seasons, additionally contributed by the microbial
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diversity associated to the migrating flamingos. The Proteobacteria, Bacteroidetes, Chloroflexi,
Gemmatimonadetes and Firmicutes were the most prominent taxa among the sediment samples
from all the cores (Figure 2. 5). These five groups accounted for about 69% of all clones in each
sediment library, and Proteobacteria represented the largest OTU fraction (36%) in all the
samples. These results were consistent with those found in sediment and water samples of Tirez
lagoon (Spain) (Montoya et al., 2013), but diverged from other characterized athalassohaline
systems where the dominant players were members of the Bacteroidetes, which in our samples
had an average relative abundance of 14.4% (Demergasso et al., 2004; Jiang et al., 2006).
Furthermore, the most abundant Proteobacteria classes present in extremely alkaline and saline
lakes are generally Gamma and Alphaproteobacteria (Dong et al., 2006; Montoya et al., 2013),
whilst in Fuente de Piedra sediment we found a predominance of Deltaproteobacteria, which
includes a high proportion of SRB. The abundance of this group points to a relevant sulphur cycle
within the lagoon, as previously proposed in soda lakes (Sorokin et al., 2011). These findings are
in agreement with the high sulphate concentration observed previously in the same ecosystem
(Martirani-Von Abercron et al., 2016). Bacteroidetes are often found in hypersaline lakes, and in
fact, they are one of the most widely distributed and abundant group of bacteria in aquatic systems
and their presence in extreme environments is probably due to their capacity to adapt to a wide
range of environmental conditions (Kirchman, 2002; Demergasso et al., 2004). Chloroflexi was
the third most abundant phyla in the anoxic sediment accounting for a total of 9.3%. Member of
this group are widely distributed in anaerobic environment for their fermentative activity (Yamada
and Sekiguchi, 2009), and their presence in hypersaline environments has already been described
(Kambura et al., 2016). Members of Gemmatimonadetes accounted for 5.9% of all reads; bacteria
belonging to this phylum are frequently observed in soil, but still little is known about their ecology
and only a few strains have been isolated and characterized (DeBruyn et al., 2011). Nevertheless,
their occurrence in environments with a wide range of nutrient and salinity concentrations and
redox states suggests a versatile metabolism (Kim et al., 2012; Yang et al., 2016). Although
Firmicutes have been described as a predominant phylum along with Bacteroidetes in saline and
alkaline sediments (Dong et al., 2006; Mesbah et al., 2007; Kim et al., 2012), their relative

abundance in our initial samples was about 2.5% (Figure 2. 5).
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Figure 2. 5. Relative abundance of bacterial phyla or class (only for Proteobacteria) in the Fuente de Piedra
sediment microcosms. Data are the average of duplicate samples. Labels are as in Figure 2. 3.

As mentioned, a very high number of rare phylotypes have been detected in the anoxic
sediment of the lagoon, highlighting the great genetic diversity of this ecosystem. It is remarkable
that all microcosms studied harboured very high OTU’s numbers (~5500), considering their high
pH and salinity and the prevalent anoxic conditions. This observation suggests that extreme
environmental conditions are not a limit to microbial richness, but rather hide new opportunities
for niche colonization under changing conditions. The great variability of pH and salinity in the
athalassohaline lakes throughout the seasons, the high primary productivity rate, and the presence
of microhabitats in the sediments could play an important role and explain in part this notable

diversity (Lanzen et al., 2013).

2.3.3. Effect of microcosm incubation on bacterial communities

As discussed above, the presence of naphthalene had little or no effect on the overall
distribution of the different phyla. To identify specific bacterial groups that may be affected by

naphthalene addition we further analysed the relative abundance of the dominant taxa at deeper
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taxonomic levels (Figure 2. 6). As mentioned previously, the Proteobacteria were the most
abundant phyla in all the samples, clearly dominated by the Deltaproteobacteria. A general
increase of this class was observed in all conditions, which could be ascribed to the cumulative
slight increments of the orders Desulfobacterales, Desulfuromonadales and Desulfovibrionales.
This, together with the decrease in Cyanobacteria, reflected the dark and strict anoxic conditions
established in the microcosms, suggesting that sulphate reduction may be one of the most
important processes involved in carbon mineralization in Fuente de Piedra lagoon, as described in

other alkaline lakes (Scholten et al., 2005; Foti et al., 2007).
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Figure 2. 6. Effect of microcosm incubation on specific bacterial population at order level. Each sample
was analysed in duplicate. Labels are as in Figure 2. 3. Alpha. is for Alphaproteobacteria.
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Myxococcales abundance also showed a positive trend during incubation, especially in the
non-polluted controls. Members of the Myxobacteria are generally found in soil ecosystem, and
few recent studies revealed their presence in hypersaline environment (Kambura et al., 2016; Mohr
et al., 2016). These organisms have been well studied because of their enormous potential to
produce bioactive secondary metabolites, their unique cooperative social behaviour and their
ability to survive in nutrient deficient environments (Mohr et al., 2016). Myxobacteria have been
considered obligate aerobic bacteria (Dawid, 2000), although anaerobic strains have been isolated
(Sanford et al., 2002), and their finding in anoxic sediments have been described (Acosta-Gonzalez
et al., 2013). Some authors hypothesised the possibility of an ancestral anaerobic lifestyle for this
bacterial group (Shimkets and Woese, 1992) given their phylogenetic proximity with the

Deltaproteobacteria, thus their occurrence in anaerobic environment it is not surprising.

The abundance of gammaproteobacterial sequences related to the Thiotrichales and
Chromatiales is consistent with previous studies (Mesbah et al., 2007). These two groups are
common inhabitants of soda lakes and are involved in the oxidation of the sulphide produced by
sulphate reducers in the sediment. Most members of the Chromatiales are capable of anoxic
photosynthesis, whilst Thiotrichales are not. This may explain the slight increase in the
Thiotrichales/Chromatiales ratio, since incubations were carried out in the dark. Rhodobacterales
sequences dominated the Alpharoteobacteria in all libraries as would be expected in a hypersaline
environment (Sorokin et al., 2014), although we observed a net decrease in the abundance of this
order in all the sample, especially after long-term incubation. The phylum Bacteroidetes was
mainly composed by Bacteroidia, Flavobacteriia, Rhodothermi and Saprospirae classes. All these
phylotypes showed a tendency to decrease in both microcosm conditions (control and
naphthalene), although the decrement of the Bacteroidia was less important in the PAH amended
cores, which could reflect a greater resistance of these organisms to hydrocarbon contamination,
or even an active role in hydrocarbon degradation. The most important family within the
Chloroflexi was the Anaerolineae, which showed a marked increment as compared to the original
sediment, especially after four months of incubation; however, no significant correlation with the
presence of PAHs could be found. Within the Firmicutes, Bacilli and Clostridia were majority,
and both classes increased in all the samples with incubation time. Members of both phylotypes

include aerobic and anaerobic oil-degrading strains (Kunapuli et al., 2007; da Cruz et al., 2011).
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2.3.4. Bacterial community evolution in naphthalene enrichments

We initiated a series of enrichment cultures starting from sediments collected during the first
sampling campaign (enrichments in SMM medium with HMN-dissolved naphthalene and 2MN
as carbon source) and from the pre-enriched naphthalene microcosms described above (cores 10
and 12, plus core 5 as unamended control) (enrichments in SMM medium and in filtered Fuente
de Piedra lagoon water) with naphthalene provided as crystals; see enrichment set-up scheme in
figure 2. 2). The microbial communities in the enrichment cultures at different time points were
analysed through massive sequencing of the bacterial V3-V4 16S rRNA gene region using the
[llumina-MiSeq platform. After processing and chimera removal, a total of 1,718,618 sequences
were obtained from the 16 libraries. An average of 107,414 reads were generated for each sample
(Table 2. 4 ). The sequences were grouped into OTUs at 97% identity. The rarefaction curves
reached the asymptote (supplementary Figure S1), suggesting that only a small fraction of the
ecosystem biodiversity remained unexplored. Moreover, the Good’s coverage estimator reached

an average value of 97.92%, indicating the sequencing depth was enough to evaluate bacterial

Table 2. 4. Comparison of OTU number, diversity, evenness indices and coverage for the enrichment
culture of the first and second sampling event.

Samplin OTUs Chaol Coverage'
Sample® cam[l))aigrgl NSP OTUs* (60000 (60000)° Shannon %) g
Fdp-1 1 104864 5695 4549 7029.57 9.15 97.96
FdP-N 1 115640 4746 3582 5820.26 8.19 98.37
FdP-2MN 1 116683 4838 3667 5958.83 8.33 98.39
FdP-HMN 1 102655 4391 3496 5720.78 8.04 98.25
Core5-1 2 127020 6763 4953 7975.76 9.20 97.98
Core5-FPW-C1 2 101583 6123 4970 7584.59 9.61 97.76
Core5-FPW-C2 2 84313 5785 5051 7801.57 9.76 97.34
Core5-SMM-C2 2 94050 5363 4424 7307.70 8.80 97.59
Corel0-1 2 114852 6470 4923 7931.54 9.05 97.78
Corel0-FPW-N1 2 85036 5616 4853 7807.92 9.18 97.29
Corel0-FPW-N2 2 102156 5664 4503 7536.37 8.41 97.66
Corel0-SMM-N2 2 110607 5828 4500 7440.79 9.12 97.86
Corel2-1 2 117092 6062 4603 7501.59 9.00 97.99
Corel2-FPW-N1 2 98989 6112 4942 7933.36 9.36 97.49
Corel2-FPW-N2 2 129043 4215 3003 5036.21 6.21 98.64
Corel2-SMM-N2 2 114035 4101 3091 5200.54 7.40 98.48

2 | refer to the initial sample of each enrichment; 1 and 2 refer to the subcultures at different time (0,1 and 2); FPW
refer to Fuente de Piedra water used as culture media; SMM refer to SRB artificial see water media.

"Number of sequences for each library filtered for chimera and singletons.

°OTU numbers calculated with all sequences at the 3% distance level.

4OTU numbers calculated for a randomized subset of 60000 reads per sample at the 3% distance level.

°Chao index calculated with 60,000 subsampled sequences.

f Good’s sample coverage estimator.
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diversity in all the samples. The results showed that the initial samples had similar richness index
values. In the enrichments from the first sampling campaign we observed a similar decrease of the
diversity index in the three cultures (naphthalene, 2MN and HMN), suggesting that culture media
had a stronger impact on the microbial diversity than exposure to PAHs. In contrast, the
enrichments originating from the sediment microcosms did not show changes in OTU richness
and Chao index when only Fuente de Piedra’s water was used as culture medium, except for the
Corel2-FPW-N2 sample. Interestingly, richness indices decreased when and artificial salt medium
(SRB-SMM) was used (Table 2. 4). These findings highlight the importance of the choice of
culture media and conditions for microbial enrichments, where different factors as pH, salinity and

temperature could influence bacterial community diversity.

Naphthalene addition to the cultures resulted in only a slight decrease of the alpha diversity
indices of the enrichments from Core-10. In contrast, we found significant variation in the
enrichments from Core-12, especially after long time incubation: the Corel2-FPW-N2 and
Corel2-SMM-N2 samples showed the lowest OTU number and Chao index values of all samples.
The only difference between the enrichments from both cores was that Core-12 was exposed to
naphthalene for a longer time (12 months) as compared to Core-10 (4 months) before starting the
enrichments cultures, which was compensated by a shorter incubation time of the enrichment
before the first transfer (Figure 2. 2). In fact, Core-12 microcosm was the most affected by
naphthalene incubation, showing the lowest richness values (Figure 2. 3). Successive subcultures

of this sediment led to a further decrease in OTU number and Chao index.

The analysis of the of PCoA, based on weighted UniFrac distance metrics, of all the
enrichments and initial sediment samples provided an overview of the differences between
bacterial community structures resulting from the enrichment process (B-diversity). Figure 2. 7A
shows that the PCoA plot captured 53.21% of the observed variation between samples. Samples
could be grouped in four clusters: all the sediment samples used as starting material for the
enrichments clustered together (INI), which suggested similar patterns of community distribution
in the sediments collected in the two sampling campaigns and also after core pre-enrichment, as
shown previously (Figure 2. 5). The enrichments from the first sampling campaign constituted a
separated cluster from all the other samples, suggesting a significantly different community
structure of these cultures. Since the initial sediment used in these enrichments was close to the
remaining initial samples, this divergence was probably not due to the sampling time, but may

rather reflect the culture medium used, and especially the way in which the PAHs were added to
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Figure 2. 7. Microbial community analysis of the sediment samples and enrichment cultures using
weighted and unweighted UniFrac distance. UniFrac sequences were rarefied at the same sequencing
depth (60,000). A) Plot of the weighted Principal Coordinate Analysis (PCoA), explaining 53.21% of
variation. Colours indicate the different type of samples: orange, initial sediment samples used for the
enrichments; red, control cultures; blue, naphthalene enrichments; green, 2MN enrichments. B) UPGMA
clustering of original samples and the different enrichments. The bootstrapping values are indicated in
each node.

the cultures (provided dissolved in HMN instead of as crystals). Moreover, these samples had been
incubated under strict anoxic culture conditions for the longest periods (27 months overall).
However, the community response to the presence of PAHs was similar to that observed in the

HMN control.

The third group comprised all the microcosm control cultures (i.e., unamended cultures)
together with the naphthalene-amended cultures after the first incubation time. Finally, the longest
incubation times sampling of naphthalene microcosm enrichments clustered together. These
samples did not form a very compact group, and in fact the Core10-SMM-N2 sample clustered
with the control and incubation time 1 samples. Still, a gradual shift from the original samples and
control cultures towards the longer incubation times could be observed. The furthermost sample
was Corel2-FPW-N2, suggesting that naphthalene significantly affected the bacterial community

composition and abundance of this culture.

We further analysed p-diversity using the UPGMA clustering method considering unweighted
UniFrac distances (thus considering only the OTU presence/absence). Figure 2. 7 shows a slightly
different clustering of the samples in the UPGMA tree to the one obtained in the PCoA plot: in
this case, the first sampling campaign initial sediment clustered together with the enrichments

derived from it. Enrichments were grouped according to the core they originated from, except for
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cultures from core 12, which grouped apart from all the other samples, indicating a significantly
different bacterial composition both in Fuente de Piedra water and in SMM artificial culture

medium.

Altogether these findings evidenced that three major factors structured the microbial

communities: composition of the culture media, incubation time and exposure to naphthalene.

2.3.5. Patterns of microbial diversity in the anaerobic enrichments
2.3.5.1.  First sampling campaign: enrichments with PAHs dissolved in HMN.

To identify the bacterial taxa responsible for the shifts in bacterial community structure
attributable to the PAHs during the enrichment, we investigated the relative abundance of the
phylotypes present at the phylum and lower taxonomic levels (Figure 2. 8). Proteobacteria was
the most abundant phylum in the three cultures from the first campaign. The group was mainly
composed by Deltaproteobacteria, followed by Gamma- Alpha- and Epsilonproteobacteria.
Interestingly, the Betaproteobacteria were nearly absent from these sediments. The
Deltaproteobacteria were dominated by the order Desulfobacterales, which is exclusively
composed of sulphate-reducing bacteria. A marked decrease of Gamma- and
Epsilonproteobacteria was observed in the three culture conditions as compared to the original
sediment, emphasizing the possible media effect on these phylotypes (Figure 2. 8, left).
Proteobacterial classes did not show major differences with respect to the control enrichment,
except for the Deltaproteobacteria, which in the naphthalene culture had a lower relative
abundance (19.80%) than in the control HMN culture (27.77%) suggesting a possible toxic effect
of the PAH on this group. This result contrasts with the previous finding that strains of the order
Desulfobacterales were the only pure culture of SRB obtained that anaerobically degraded
naphthalene (Galushko et al., 1999). Although Bacteroidetes was the second phylum in abundance
in the initial sample, as expected in an athalassohaline lake, we observed a remarkable reduction
of this phylum in the enrichment cultures. The decrease was even more evident in the PAH
enrichments, suggesting a toxic effect on this population. Chloroflexi presented the major variation
as compared to the original sample, increasing from 5.5% to 25% in the naphthalene enrichment,
but no significant differences were observed between the PAH enrichment and the control. As for
the microcosms, Chloroflexi population was dominated by Anaerolineae, fermentative organisms
mainly retrieved from anoxic environments and often present in anaerobic culture (Martirani-Von

Abercron et al., 2016). The group has been frequently found in activated sludge where they are

125



Chapter 2

associated to sludge granulation. Although Anaerolineaceae have been recovered from
hydrocarbon-impacted environment (Sherry et al., 2013), in our enrichments they are not likely to
be directly linked to hydrocarbons metabolism, but they probably grow on carbohydrates, peptides
and/or cells debris (Yamada and Sekiguchi, 2009).

Intriguingly, some phylotypes including Firmicutes, Actinobacteria, Thermi and
Gemmatimonadetes were enriched, as revealed by the significant increase in relative abundance
in the naphthalene and 2MN cultures. Firmicutes, in which both Clostria and Bacilli dominated,
and Actinobacteria were often associated to hydrocarbon tolerance and/or degradation (Sun et al.,
2014; Yang et al., 2014). Thermus (Deinococci) group increased in all the culture as compared to
the original sample. The increase was more important in the naphthalene enrichment, where the

relative abundance shifted from 1.4% (FdP-I) to 6.24% (FdP-N). The Deinococcus-Thermus
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Figure 2. 8. Relative abundance of bacterial phyla or class (only for Proteobacteria) in the Fuente de Piedra
enrichments. Data from the first and second sampling campaigns are separated by a doted line.
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phylum comprises organisms with a high resistance to radiation, oxidizing agents and desiccating
conditions which has made them suitable to be used in the bioremediation of radiation-
contaminated sites (Misra et al., 2006; Griffiths and Gupta, 2007; Ho et al., 2016). The greater
increase in the PAH cultures, primarily in the naphthalene one, suggests a further interesting ability
of this phylotypes such as hydrocarbon resistance. To date, only one study has reported the
capacity of this group to transform crude oils (Hao et al., 2004).

2.3.5.2. Second sampling campaign: enrichment with naphthalene provided as crystals.

In the enrichment cultures with the Fuente de Piedra sediments from the microcosms
described in 2.3.3 (Figure 2. 2), pure naphthalene crystals were used as sole carbon source (Core10
and Core12) after the two incubation times. A culture initiated from the control microcosm (Core5)
was included as control, in which no carbon source was added. Naphthalene and control
enrichments were prepared in filtered FdP water. The use of FdP water as culture medium was
designed to promote the growth of natural and unexplored microbial populations. In fact,
athalassoaline lakes are ecosystems characterized by specific ranges of salinity, pH and nutrient
which are difficult to reproduce in the laboratory, so that artificial media could select bacterial
communities different from those naturally dominant in the habitat (Connon and Giovannoni,
2002). After the first incubation period, parallel subcultures in SRB SMM medium were included

in the experiment (Figure 2. 2).

Although the relative abundance of the main taxa varied significantly under the different
treatments, five phyla including Proteobacteria (27.8%-56.7%), Chloroflexi (3.4%-16.2%),
Bacteroidetes (3.3%-9.0%), Firmicutes (4.6%-42.1%) and Actinobacteria (0.6%-6.9%) were the
most abundant, accounting for a total of 61.7%-87.2% of the whole community (Figure 2. 8, right).
These phylotypes are considered the main bacterial inhabitants of hypersaline environments

(Mesbah et al., 2007; Sorokin et al., 2014).

In our enrichments, the Proteobacteria phyla showed a tendency to decrease in the cultures
with FdP lagoon water (FAPW-enrichments) and to increase in the cultures with SMM, reaching
56.7% of the community in the Corel2-SMM-N2 sample. Alpha and especially
Gammaproteobacteria decreased in all enrichments. The Deltaproteobacteria class did not show
significant changes during the enrichment in FdP water, but we observed that the SMM medium
clearly enriched this group in both control and naphthalene amended cultures, although the
increase was especially remarkable in Corel2-SMM-N2 sample, where Deltaproteobacteria

reached up to 45% of the community. The SMM medium is specifically designed for the
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cultivation of SRB, and has been previously used to isolate pure cultures of Deltaproteobacteria
able to degrade naphthalene (Galushko et al., 1999). The increment of members of this class was
especially notable for the order of Desulfobacterales, a sulfate-reducing group commonly found
in soda lake (Scholten et al., 2005). Within this order, the abundance of an OTU affiliated to the
Desulfobulbaceae significantly increased in all the cultures prepared in SMM medium, although
especially in Corel2-SMM-N2 sample, where the values were 10 times higher (21% of the
community) than in the initial sample (as compared to the increase in the control Core5-SMM-C2
sample, where it reached 11% of the community) (Table S1). Members of the Desulfobulbaceae
have been previously described as toluene and naphthalene degraders under sulfate-reducing
condition (Muller et al., 2009; Pilloni et al., 2011; Kiimmel et al., 2015) suggesting that this taxon
could be directly involved in naphthalene degradation. In the Core 12 samples, the
Desulfovibrionales was a second Deltaproteobacteria class positively influenced by the presence
of naphthalene, increasing from values below 0.01% in the initial core sample to 3 and 8% of the
community after 12 months incubation in FdP water and SMM medium, respectively. Two OTUs
belonging to the Desulfomicrobiaceae were mainly responsible for the increment. Surprisingly the
Epsilonproteobacteria were also favoured in naphthalene enrichments, especially in the Corel2-
FPW-N2 sample, where it increased from 0.17% in the initial Core sample to 11.2%. This was
essentially due to an unclassified OTU belonging to the Campylobacteriaceae that dominated the
Campylobacteriales class in the naphthalene-amended cultures. Sequence reads belonging to the
Campylobacteriales have been retrieved from municipal wastewater (Ruiz et al., 2014), in reactors
with multiple electron acceptors under sulfur-cycling conditions (Zhao et al., 2013) and recently
they have been associated to higher concentrations of PAHs in soil (Ma et al., 2016).
Unfortunately, little is known about the possible function of the members of this class detected in

environmental samples.

Firmicutes was the phylum that showed the most dramatic changes directly related to the
presence of naphthalene in the enrichments. The phylotype was enriched in the naphthalene
cultures with FdP water as culture medium in both Corel0 (FPW-N1: 13.8%; FPW-N2: 25.5%)
and Corel2 (FPW-NI1: 9.6%; FPW-N2: 42.16%) cultures, whilst the relative abundance in the
control culture in the same medium remained around 8% in both subcultures. Members of Bacilli
and Clostridia classes were the principal component of the Firmicutes in all the enrichments,
although the Clostridia showed the major increases. Particularly, the genus Dethiosulfatibacter
was strongly selected for in FdP water cultures with naphthalene, reaching a relative abundance
of 18% in Corel0-FPW-N2 and Corel2-FPW-N2 (its abundance was below 0.1% in the initial

core samples, and remaining at this level in the unamended cultures from the control Core5).
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Dethiosulfatibacter aminovorans is the only cultivated strain of this genus and was first isolated
from coastal marine sediments of the eutrophic Tokyo Bay, Japan (Takii et al., 2007). The strain
is a halophilic, thiosulfate-reducing, strict anaerobe. Previous studies suggested that
Dethiosulfatibacter was among the main players in PAH degradation in mangrove sediments
(Muangchinda et al., 2013). This strain has also been detected in crude oil microbial communities,
although at very low abundance (Cai et al., 2015). The strong enrichment of Dethiosulfatibacter
in our naphthalene enrichments is remarkable and could likely be associated to the anaerobic
degradation of naphthalene. Interestingly two other members of Clostridiales, Halanaerobiaceae
and Acidaminobacteraceae, were strongly enriched with naphthalene, although in this case only
in the Core12-FPW-N2 culture. Unclassified members of the Halanaerobiaceae family accounted
for the 11.2% of the whole community. Representatives of this family are obligate halophilic
anaerobes with a fermentative metabolism, and have been found and isolated from a wide variety
of anaerobic hypersaline environments (Kivisto and Karp, 2011). They have also been reported to
reduce nitro-substituted aromatic compounds to the corresponding amine, although they were not
incorporated by the cells (Oren et al., 1991). We have repeatedly observed the selection of
fermentative organisms in the presence of PAHs, which we generally attribute to PAH toxicity
resulting in cell lysis, the debris of which could be used as substrate by fermenters that are resistant
to the PAHs. The relative abundance of Acidaminobacteraceae (mainly represented by the
uncultured genus NP25) in the enrichments from Core-12 increased progressively from 0.2% in
the original sample up to 10.8% in Corel2-FPW-N2 culture. Unfortunately, very little is known
about this group. They have been detected in oil-amended salt-marsh sediment microcosms, where
their belonged to the so-called “late-responders” to crude oil. The relative abundance of
unclassified Acidaminobacteraceae in these conditions only increased three weeks after oil
treatment, and further increased with the incubation time (Koo et al., 2015). They have also been
detected in biogas digesters (Miiller et al., 2016). It is thus difficult to predict their ecological role,
although the strong increase of this group in the naphthalene amended Core-12 enrichments in FdP
water medium suggests a possible role in anaerobic naphthalene degradation. A similar increase
was not observed in the parallel enrichments from Core-10, probably because of the almost
undetectable levels of this genus in the initial sample (below 0.1%). Interestingly, this increase
was not observed in the enrichment in SMM medium, which started from the 4 months enrichment
in FdP water, where the Acidaminobacteraceae NP25 community had already reached 2.2% of the
community. Additional 8 months incubation in SMM medium reduced the abundance of this genus
back to levels similar to Core-12 initial values. This is a further example of the dramatic influence

of the medium composition on the community structure evolution, and of the importance to use

129



Chapter 2

media as close to natural conditions as possible, as it is the case of the FdP water used here. In
fact, often the change from natural environment to artificial media could de-structure the
community in such a way as to render its degradative capacities less efficient, or support bacteria

that do not have these abilities.

2.4. Concluding remarks

Most ecological studies on hypersaline ecosystems to date have focused on the water bodies.
Therefore, the data about bacterial communities present in hypersaline sediments provides relevant
information as to the community structures in these ecosystems. Overall, we observed remarkable
levels of diversity, which were amongst the highest described for microbial communities and in
the range of marine and freshwater sediments (Wang et al., 2012). The structural complexity of
the soil and sediment matrix favours spatial resource partitioning, thus creating a variety of
microhabitats. This provides a distinct mechanism for shaping diversity that differs essentially
from the situation in aqueous environments (Torsvik et al., 2002), which probably contributes to
the high diversity observed in this ecosystem. In fact, the differences in sample clustering observed
when comparing weighted and unweighted community analysis suggest an important contribution
of the so-called “rare” community to the overall diversity. Rare taxa are considered as “seed bank”
organisms which could become activated upon changes in the environmental conditions (Pedrds-

Alio, 2006).

In our microcosm experiments, naphthalene treatment did not produce a clear shift of the
bacterial community. It must be noted that the communities were dominated by
Proteobacteria, Bacteroidetes, Firmicutes and Chloroflexi, taxa of which members are capable of
metabolizing or tolerant to complex hydrocarbons (An et al., 2013; Sherry et al., 2013; Yang et
al., 2014). The resulting bacterial structure might be more dependent on the strict anoxic
conditions imposed in the microcosms. Still, the changes after 12 months of anoxic incubation
were small, and probably reflect the anoxic nature of these sediments below the upper oxic layer,
which allowed the establishment of a community already adapted to strict anoxic conditions. It is
worth noting that FdP sediment already had a basal level of hydrocarbons contamination (aliphatic
and aromatics) (Martirani-Von Abercron et al., 2016), which could explain why further addition
of PAHs may not have had the expected toxic effect, especially if the community structure is

resilient.

In contrast, enrichment cultures showed that the presence of PAHs induced a clear shift in the

bacterial community structure. Members of Firmicutes, Actinobacteria and Thermi increased in
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the naphthalene and 2MN cultures initiated after the first sampling campaign and set up with the
PAHs dissolved in HMN, supporting previous studies that identified these organisms as related to
PAH degradation. More interesting were the changes produced by naphthalene in the enrichments
initiated from microcosms that had been pre-treated with naphthalene. We found that the
cultivation-dependent approach enriched a few specific populations that might be involved in the
aromatic biodegradation process. Specifically, members of Desulfobulbaceae, detected in the
SMM  medium, and members of Dethiosulfatibacter,  Halanaerobiaceae  and
Acidaminobacteraceae, in the FdP water, were clearly selected for in the presence of naphthalene,
reaching important relative abundances. The actual capacity of these strain to degrade PAHs
deserve further analysis. Finally, we verified that natural media, such as FdP water, could be the

best option to enrich bacteria potentially useful in bioremediation.
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Figure S1. Rarefaction curves at a phylogenetic distance of 0.03 for partial (V3-V4) 16S rRNA genes of
microbial populations of the different samples analysed in this study.
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3.1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are toxic compounds of particular environmental
concern because of their marked stability and resistance to degradation. They are released into the
environment either from natural sources or as a result of industrial activities. The simplest PAH
naphthalene is included among the 16 PAHs considered to be priority pollutants by the US EPA.
International efforts to improve remediation strategies for hydrocarbon polluted sites focus on
biological processes mediated by bacteria. Bacteria have developed a striking adaptive capacity for
degrading natural and synthetic aromatics to CO> and water, which is the basis for the use of
bioremediation approaches to clean aromatics polluted areas.

Bacteria able to degrade PAHs under strict aerobic conditions are widespread and have been
widely described. The biodegradation pathway involves the deeply characterized aromatic mono- and
dioxygenases for ring activation (hydroxylation) and ring cleavage (Vaillancourt et al., 2006; Ullrich
and Hofrichter, 2007). The genes and gene organization of PAH degradation operons are reasonably
conserved among PAH degrading isolates, especially among the Pseudomonads, which are
predominant in the databases of PAH degraders. However, the availability of oxygen is often limited
in natural environments because oxygen can be rapidly consumed in the aerobic biodegradation
processes, resulting in a decreasing oxygen concentration gradient whereupon reduction of other
electron acceptors such as nitrate, iron or sulphate becomes energetically favourable (Rivett et al.,
2008b). A similar pattern is observed in habitats that are under permanent anoxic conditions, such as
flooded sediments in marine and fresh-water environments (Brune et al., 2000). Because nitrate
respiration is not a strictly anoxic process, aerobic and nitrate reducing metabolisms generally coexist
at the boundaries of polluted sites, where microaerophilic conditions are generally found (Wilson and
Bouwer, 1997).

Under strict anoxic conditions PAH biodegradation has only been reliably proved in sulphate-
reducing bacteria (SRB), although only one Deltaproteobacteria strain and a two-strain consortium
able to degrade naphthalene have been isolated and characterized to date (Meckenstock et al., 2016).
Anaerobes use a reductive strategy to overcome the stability of the aromatic ring. Naphthalene must
be converted to 2-naphtoic acid (NA) (Zhang and Young, 1997) previous to its activation to
naphthoyl-CoA, which is then dearomatized, starting from the non-activated ring, by the activity of
two specific reductases: a naphthoyl-CoA reductase (ncr gene) followed by a 5,6-dihydro-2-naphthyl-
CoA reductase (DHNCR) (Eberlein et al., 2013a, Estelmann et al, 2015). The subsequent
dearomatization of the activated ring requires the activity of a 5,6,7,8-tetrahydro-2-naphthoic acid

reductase (THNCR) (Eberlein et al., 2013b). Degradation of 2-methylnaphthalene (2MN) requires
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the addition of its methyl group to fumarate through a naphthyl-2-methyl succinate synthase (nms4BC
genes), followed by B-oxidation-like steps to finally render naphtoyl-CoA (Meckenstock et al., 2016).
The degradation of PAHs under nitrate reducing conditions has been detected in the environment and
the presence of nitrate reducing bacteria (NRB) communities able to degrade PAHS in environmental
samples has been quantified in a number of sites (Eriksson et al., 2003a; Uribe-Jongbloed and Bishop,
2007; Acosta-Gonzalez et al., 2013a; Martirani-Von Abercron et al., 2016). However, to date no
NRB isolate able to reproducibly degrade PAHs under strict anoxic conditions has been reported.
Recently, the description of intracellular oxygen production from nitrate respiration through a
putative nitric oxide dismutase (Zedelius et al., 2011; Ettwig et al., 2012) and the discovery of a high
abundance of the corresponding nod gene in the environment (Zhu et al., 2017a), have opened up the
possibility of the utilization of aerobic degradation pathways under anoxic, denitrifying conditions.
However, the actual functioning of this supposed oxygen-producing pathway under real conditions
for the degradation of hydrocarbons and other pollutants has not been proven. Furthermore, most
NRB are facultative anaerobes that may alternate nitrate and oxygen respiration according to the
availability of terminal electron acceptors, which is likely to fluctuate in polluted environments.
Under microaerophilic prevailing conditions, minute amounts of oxygen suffice to promote the
aerobic degradation of hydrocarbons (Yerushalmi et al., 2002; Téancsics ef al., 2013).

Experimental approaches in the lab have mainly focussed on PAH degradation by organisms in
the planktonic state. However, in the environment, most microbial processes occur through the
development of multispecies biofilm where several groups of bacteria coexist and interact. Natural
biofilms are complex supracellular structures composed of different species that are self-organized
and coordinated to generate an appropriated habitat for the community (Flemming et al., 2016).
Growth in biofilm structures provides a number of advantages for the members of the consortium as
compared to growth in the planktonic state (Roder et al., 2016). Fundamental to these biofilm
properties is the ability to produce extracellular polymeric substances (EPS), which support the
architecture of the biofilm and provides mechanical stability, physical proximity, protection against
stressors and predators, water retention, and passive sorption of solutes, amongst other benefits.
Furthermore, interaction between species, which are favoured in complex biofilms, may lead to the
development of new capabilities resulting either from the joint activity of members of the consortium
(i.e. synergy (Ren ef al., 2015)), or from the transfer and combination of functions in a single strain

(i.e. horizontal gene transfer (Madsen et al., 2012; Roberts and Kreth, 2014)).

Here, we investigate the fate of microbial populations exposed to PAHs under conditions

resembling natural situations. To this end, we started from a natural bacterial biofilm sample collected
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at the oil-water interface of a hydrocarbon polluted aquifer, and we used parallel approaches under
different oxygen limiting conditions that bacteria may face in the environment: complete anoxia with
nitrate as electron acceptor, which are found when the available oxygen is completely consumed and
there is no replenishment, and microaerophilic conditions, which are those generally found at the
boundaries of contaminated plumes. We followed changes in the microbial communities during
enrichment with PAHs in static setups. In these conditions, we expected active enrichment of those
strains adapted to thrive more efficiently under a respiratory regime that resembles the conditions

found in natural polluted sites using the provided PAH as carbon source.

3.2. Experimental Procedures

3.2.1. Sampling and site description.

The ground water sample used in this study was collected in sterile bottles at 25 m depth from a
hydrocarbon contaminated aquifer located under an oil refinery (REPSOL) in Valle de Escombreras
(Murcia, Spain) (37°34'20.6"N 0°5524.7"W). The bottles were sealed under nitrogen gas, and stored
at 4 °C until used. The aerobic and anaerobic enrichment culture of this work started from the biofilm

present at the interface between the aquifer water and the hydrocarbon layer (Figure 3. 1).

biofilm

water
Wi

Figure 3. 1. Aquifer sample showing a visible biofilm growing at the interface between the oil and the water
layers.

3.2.2. Most Probable Number enumeration of bacteria.

Aerobic and nitrate reducing PAH-degrading bacterial populations were enumerated using the
most probable number (MPN) technique. The aerobic and the anaerobic media composition were
similar and were prepared as described previously (Martirani-Von Abercron et al., 2016). The

medium (9 ml) was distributed in 12 ml vials (LABCO Limited, UK) where previously naphthalene,
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2-methylnaphthalene, naphtoic acid and anthracene had been added to the tubes from stock diethyl
ether solutions to reach a final concentration of 0.025%o, 0.028%o0, 0.035%0 and 0.035%o, respectively,
and the solvent had been evaporated before dispensing the medium. Acetate was used as a positive
control to a final concentration of 5 mM, and controls with no added carbon source were included.
For each sample, triplicate tubes were inoculated with 1 ml of the corresponding dilution in 10-fold
serial dilutions. For the NRB enumeration the minimal medium containing 5 mM sodium nitrate as
the electron acceptor was purged with sterile nitrogen gas and 9 ml were poured into oxygen-free
tubes. Cultures were incubated at 28°C in the dark and anaerobic growth of NRB was checked during
6 months as the nitrite produced from nitrate respiration as described (Martirani-Von Abercron et al.,
2016). Aerobic cultures were incubated with slow shaking (100 rpm) during 1 month and growth was
determined as turbidity. The data are the result of three replicate per sample within the 95%

confidence interval.

3.2.3. Culture conditions, enrichment, and isolation procedures.

For the cultivation of nitrate-reducing bacteria (NRB) under strict anoxic conditions 25 ml of
sample were transferred to 120 ml serum bottles containing 75 ml of modified non-reduced Widdel
mineral medium. Medium preparation and composition was as described previously (Martirani-Von
Abercron et al., 2016). Naphthalene (NAP) and 2-methylnaphthalene (2MN) prepared in 2 ml sterile
anoxic 2,2,4,4,6,8,8-heptamethylnonane (HMN) (20 g 1'!) as carrier were added in each serum bottle.
A control with only HMN was included. The cultures were prepared under nitrogen atmosphere and
sealed with Teflon-lined 1 cm thick stoppers. All culture manipulations were carried out under
nitrogen atmosphere. To determine growth, the cultures were monitored periodically for nitrite
produced from nitrate respiration or for nitrate consumption by ion chromatography as described
(Martirani-Von Abercron et al., 2016). Transfers of NRB cultures were made every three months by
inoculating 10% (v/v) of the cultures into fresh medium. This operation was repeated three times, and
after an additional two-month incubation samples were taken for pyrosequencing. For the
microaerophilic enrichments, the medium composition and the preparation were the same as for the
anaerobic one, except that naphthalene provided as crystals was used as the sole carbon source and
the rubber-stoppers were completely wrapped in a Teflon tape. Teflon tape is slightly permeable to
air and thus allows a slow rate oxygen flow-through into the culture vessels (see below). In the
absence of inoculum, oxygen only reached saturation after 5-7 days (Figure 3. 2). A similar oxygen
evolution rate could be obtained by inserting a 30 gauge needle through the rubber stopper instead of

wrapping it with teflon tape (not shown). Microaerophilic enrichment cultures were incubated at 28°C
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without shaking. Every month 10% (v/v) of the cultures were inoculated into fresh medium. Samples
for pyrosequencing analysis were taken after five (Micro5-N) and fifteen (Microl5-N) transfers.
Aerobic enrichments were set up starting from the fifth transfer of the microaerophilic culture. Briefly
5 mL of the fifth microaerophilic enrichment were inoculated in 250 mL shake flasks containing 50
mL of fresh Widdel minimal medium with naphthalene crystals as the sole carbon source. Flasks
were incubated in an orbital shaker at 100 rpm and at 28 °C. Transfers (10%) were made every 15
days. Total DNA for pyrosequencing analysis was isolated after the fifteenth (Aerl5-N) and
nineteenth (Aer19-N) transfer. Isolation of aerobic strains was performed at 28 °C in Widdel mineral
medium supplemented with either naphthalene crystals on the Petri dish cover, which was wrapped
with Teflon tape, or 10% Luria-Bertani medium (LB). Isolates were selected by colony morphology
and re-streaked until pure cultures were obtained. Aerobic growth of the isolates on naphthalene was

carried out at 28°C on Widdel mineral medium supplemented with naphthalene crystals

3.2.4. Measurement of oxygen concentration in the culture bottles.

The set-up used to measure the oxygen concentration inside the bottles is shown in Figure 3. 2A.
Temperature-compensated oxygen concentration of the medium was continuously recorded using
oxygen-sensitive optodes (5 mm diameter spots; OXSPS5, Pyro Science GmbH, Aachen, Germany)
glued to the bottle inner wall and connected to a Firesting Optical Oxygen Meter via fiber-optic cables

(SPFIB-BARE, Pyro Science. K., Aachen, Germany) fixed outside the wall in front of the sensor spot

100
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Figure 3. 2. Oxygen concentration in the microaerophilic culture bottles used in this study. Initially, 50-100
ml serum bottles filled-in with medium were flushed with nitrogen gas until oxygen concentration was zero
and were then sealed with 1 cm-thick butyl stopper wrapped up with Teflon tape. An oxygen sensor spot
glued at the bottom and connected to a Firesting Optical Oxygen Meter via fibre-optic cables (Pyro Science.
K., Aachen, Germany) allowed continuous recording of oxygen concentration. A) Scheme of the bottle and
oxygen meter set-up. B) Oxygen concentration evolution at the bottom of the bottle bottom: blue and green
lines: examples of two non-inoculated controls; red line, inoculated culture.
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with the aid of a Basic Spot Adapter (SPADBAS). The fiber was connected to a fiber-optic oxygen
meter (Fire Sting O2, Pyro Science GmbH, Aachen, Germany) linked to a computer with Pyro
Oxygen Logger software. Incubations were carried out at 28°C. A bottle filled with water and fitted
with a temperature sensor was placed in the same chamber for temperature record. The temperature-
compensated dissolved oxygen tension was recorded continuously and expressed as percentage of air
saturation. Figure 3. 2B shows the oxygen evolution in sterile and inoculated culture bottles equipped

with an oxygen-sensitive optode placed at the bottom of the bottle wall.

3.2.5. Synthetic microbial community.

Strains were first picked from colony into Widdel mineral medium supplemented with 1/10 LB.
Late—exponential-phase cells were harvested and washed twice with fresh medium without any
carbon source. Cell densities were determined based on ODsoo readings. Co-culture growth was
initiated by inoculating 0.02 ODego units of each strain in N> flushed Widdel mineral medium
supplemented with a naphthalene crystal as the sole carbon source. Serum bottles were sealed with
Teflon tape-wrapped rubber-stoppers as for the microaerophilic enrichments. Culture was incubated

at 28°C without shaking.

3.2.6. Chemical analysis.

For the analysis of nitrate and sulfate we used duplicate 5 ml aliquots of the original aquifer
sample, and quantification was done by ion chromatography (IC) using a Metrohm-761 Compact lon
Chromatograph equipped with a Metrosep A Supp 4-250 column with chemical suppression (50 mM
H>SO4) as described previously (Martirani-Von Abercron et al., 2016). Duplicate samples of the
initial contaminated aquifer (5 ml) were used to extract aliphatic and aromatic hydrocarbon
compounds and the deuterated Mix 37 (manufactured by Dr. Ehrenstorfer) and 5-alpha-cholestane
(Aldrich) were added as internal standards before the extraction. Hydrocarbon analysis was carried
out at the Instrumental Technical Services of the Estacion Experimental del Zaidin (CSIC), Granada,

Spain by GC-MS as in (Martirani-Von Abercron ef al., 2016).

3.2.7. Total DNA extraction, 16S rRNA gene 454-Pyrosequencing and data analysis.

DNA extraction for the initial environmental sample was performed as described (Martirani-Von
Abercron et al., 2016). For the enrichment cultures and isolated strains, genomic DNA was purified

using the Wizard Genomic DNA Purification Kit as recommended by the manufacturer (Promega,
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Madison, WI, USA). Nucleic acid quantity and purity were determined with a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies). A multiplex pyrosequencing amplicon approach was
used for the characterization of the bacterial communities. The PCR amplifications of the 16S rRNA
gene V1-V3 hypervariable region were carried out using the bacterial universal primers 6F and 532R
containing 5’ tags with multiplex identifier and sequencing adapters (Tables S1). PCR amplifications
were performed in 50 pl reactions containing 1 x PCR Buffer (Biorad), 200 uM dNTPs (Roche), 0.5
uM of each primer, 1U of iProof™ High-Fidelity DNA Polymerase (Biorad) and 20 ng of target
DNA. The PCR program consisted of an initial denaturation step at 98°C for 30 s, followed by 25
cycles at 98°C for 10 s, 50°C for 20 s, and 72°C for 30 s, with a final extension at 72°C for 5 min.
PCR reactions were cleaned up using the Qiaquick MiniElute columns (Qiagen) and checked in 1.5%
agarose gel. Amplicons were quantified using Qubit™ fluorometer (Invitrogen), pooled at an
equimolar ratio and sequenced using a 454 Titanium amplicon sequencing kit and a Genome
Sequencer FLX 454 at either Citius (University of Seville) or Macrogen (Korea). Analysis of the 16S
454 pyrosequencing data was performed following the Quantitative Insights Into Microbial Ecology
(QIIME v. 1.9.0) pipeline (Caporaso et al., 2010b). Demultiplexing, primer removal, quality-filtering,
chimeras and singletons removal, and alpha and beta diversity studies were done as defined in

(Martirani-Von Abercron et al., 2016).

3.2.8. Full-length 16S rRNA gene amplification and clone library construction.

Near-full-length 16S rRNA genes were amplified using bacterial universal primers GM3F and
GMA4R (Muyzer et al., 1995). PCR were performed in 50 pl reactions as previously described (Acosta-
Gonzalez et al., 2013a) and the products (~1500-bp) were cloned in pGEMT (Invitrogen). Positive
clones were checked by PCR with vector primers prior to Sanger sequencing. Phylogenetic analysis
was done with the ARB package (Ludwig et al., 2004) using the online SINA alignment service and
Silva database version SSU Ref 119. OTU’s assignation was done at > 97% sequence similarity.

Phylogenetic tree was estimated by the neighbour-joining method.

3.2.9. Functional gene amplification.

Gene fragments of bssA, ncr, nmsA, nahA, dbd and nod were amplified by PCR using available
primer sets and the cycling conditions originally described (Table S2). Genomic DNA from NaphS2
and Thauera aromatica K172 strains was used as a positive control for nmsA, ncrd, and bssA
amplification, respectively. All PCR reactions were performed in 50 pl containing 1 x PCR Buffer

(Biorad), 200 uM dNTPs (Roche), 0.5 uM of each primer (Sigma), 1 U of iProof™ High-Fidelity
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DNA Polymerase (Biorad) and 10 to 20 ng of target DNA. The appropriately sized amplicons were
purified and cloned in pCR2.1 (TA Cloning Kit, Invitrogen), and 16 positive clones for each gene
were Sanger sequenced (IPBLN, CSIC, Granada, Spain). In addition to the available primers, six
naphthalene dioxygenase (ndo) degenerated primers (Table S2) were designed using the CODEHOP
(COnsensus-DEgenerate Hybrid Oligonucleotide Primers) software
(http://blocks.fhcre.org/codehop.html) (Rose et al., 2003) based on the alignment of 29 sequences of
dioxygenase proteins of different species (Table S3). A gradient PCR was performed with annealing
temperatures ranging from 50°C to 63°C for all primer combinations to determine optimal annealing
temperatures. Touchdown PCR was used to avoid amplifying nonspecific sequences: after 1 min of
denaturation at 98°C, the first 10 thermal cycles were 10 s at 98°C, 15 s at 63°C to 53°C (the annealing
temperature was reduced 1°C per cycle from 63°C to 53°C) and 20 s at 72°C. The remaining 20 cycles
were 98°C for 10 s, 55°C for 15 s and 72°C for 20 s, with the last cycle followed by a 5 min extension
at 72°C. Genomic DNA from P. putida KT2440 (NAH7) (Fernandez et al., 2012) was used as positive

control.

3.2.10. RT-PCR assays.

Reverse transcriptase PCR (RT-PCR) of a 200 bp fragment of dbdCa was done with 75 ng of
total RNA in a final volume of 50 pl using the Titan OneTube RT-PCR system according to the
manufacturer’s instructions (Roche Laboratories). Positive (S. novella strain N1B DNA) and negative

(absence of reverse transcriptase in the assay) controls were included. The primers used were Xdbd

and XdbdI (Table S2).

3.2.11. Biofilm quantification in multi-well plates (crystal violet assay).

Biofilm formation at the air/liquid interphase was analysed in LB medium or LB medium
saturated with naphthalene under static conditions in polystyrene 96-well microtiter plates using a
modification of the method of Barahona ef al., 2010. Overnight cultures of each isolate grown in LB
medium were diluted in the corresponding medium to an ODgoo of 0.05. Then, 200 pl of each culture
were dispensed in triplicate into the multi-well plates and incubated at 30°C without shaking. Because
the biofilm formation kinetics varied for each strain and condition, biofilms were quantified at
different time points for 50 hours as follows: the cell suspension was removed, the wells were washed
with 200 ul of sterile water, the same volume of crystal violet solution (0.4%, w/v) was added to each
well and incubated for 20 min to allow staining of adhered cells. Excess stain was eliminated by

rinsing with water. Plates were air dried and 200 pl of 95% ethanol (v/v) were added to each well to
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extract the crystal violet from cells. Distaining was performed overnight with shaking (40 rpm) after
which the DOss was measured on a microplate reader. The values when biofilm formation was

highest were selected for each strain.

3.2.12. Scanning electron microscopy (SEM).

Specimen preparation and SEM were performed at the Scientific Instrumentation Centre (CIC)
of the University of Granada. Biofilm samples from microaerophilic cultures growing on naphthalene
were fixed for 2 h at 4°C in 2.5% glutaraldehyde prepared in cacodylate buffer, pH 7.4. The fixed
samples were rinsed three times (15 min each) with the same buffer at 4°C and incubated for 1 h with
1% osmium tetroxide at room temperature, rinsed three times (5min) with water and dehydrated in
an increasing ethanol concentration gradient from 50% to 100%. Samples were further desiccated
with carbon dioxide in a Leica EM CPD300 critical point dryer according to Anderson (1951).
Samples were carbon coated in an EMTECH K975X evaporator and examined in a Zeiss

SUPRA40VP scanning electron microscope equipped with a Schottky type emission gun.

3.2.13. Nucleotide sequence accession numbers.

The 454 pyrosequencing raw reads have been deposited in the NCBI short-reads archive database
(accession number SRR5417958 to SRR5417967). The partial dbdB gene sequences obtained from
the clone libraries have been deposited in GenBank under accession numbers MF537652 to
MF537654. The 16S rRNA gene clone library sequences have been deposited in GenBank under
accession numbers MF156538 to MF156549.
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3.3. Results and discussion

3.3.1. Betaproteobacteria are dominant in a hydrocarbon polluted aquifer

In the initial sample collected from a 25 m-deep well of a hydrocarbon polluted aquifer, a biofilm
spreading between the water phase and the upper 10 cm oil layer was clearly visible (Figure 3. 1).
The most abundant PAHs in the water phase were two-ring aromatics (0,14 £ 0.082 ppm of
naphthalene, 0,20 = 0.119 ppm of 2-methylnapthalene) followed by one order of magnitude lower
levels of aromatics with three or more rings (Table 3. 1). The alkane distribution was coherent with
contamination with a mixture of diesel and gasolines (Figure 3. 3). The concentration of nitrate and
sulphate in the aqueous phase was in the range of natural background levels in oligotrophic

groundwaters (Einsiedl and Mayer, 2005; Arauzo and Martinez-Bastida, 2015) (Table 3. 2).

Table 3. 1. Aromatic hydrocarbon composition and abundance in the contaminated aquifer initial samples.

Compound ppm (ng/g)
Naphthalene 0.1377+0.082
1-methylnaphthalene 0.1868+0.081
2-methylnaphthalene 0.2002+0.119
1,4,5-trimethylnaphthalene nd
1,4,6,7-tetramethylnaphthalene 0.0145+0.009
Dibenzothiophene 0.0299+0.026
Phenanthrene 0.0244+0.015
Anthracene 0.0245+0.005
Benzo[a]anthracene nd
Pyrene 0.0066+0.0007
C2-naphthalene 0.0294+0.018
Fluoranthene nd
Chrysene nd
Total 0.654

nd: not detected.

Table 3. 2. Characterization of the initial polluted aquifer sample. The detailed hydrocarbon composition of
the sample can be found in Table 3. 1 and Figure 3. 3.

Total hydrocarbons

1 itrat Iphat
Sample Description  Location Coordinates Nitrate Sulphate (ng/kg)
Name (nM) (nM) e ;
Aliphatic Aromatics
Aqul'fer below Valle de 37934'20.6"N
INI an oil refinery, Escombreras, 095524, 7" 84.64+0.24 19.27+0.72 2130.80 654.00

25 m depth Murcia (Spain)
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Figure 3. 3. Aliphatic hydrocarbon distribution (%) in the initial contaminated aquifer sample. The total
amount of aliphatic hydrocarbons in the sample was 0.654 pg/ml.

The potential of the initial biofilm community to degrade PAHs was determined using the MPN
enumeration of aerobic and nitrate reducing bacteria. Naphthalene (NAP), 2-methylnaphthalene
(2MN), 2-naphtoic acid (2NA, a known intermediate in anaerobic naphthalene degradation) and
anthracene (ANT) were used as carbon sources. A positive control with acetate as carbon source, and
a negative control with no addition, were included in the analysis to estimate the size of the nitrate
reducing community and the basal growth on the sample’s intrinsic organic matter, respectively.

Under anoxic conditions, the high counts (10° cells/ml) of NRB able to grow with acetate
revealed the presence of a significant community of NRB in the biofilm (Figure 3. 4, Table S4).
However, no growth above the basal level was observed with any of the aromatics used, except for a
minor increase with 2MN, indicative of the absence of NRB able to use naphthalenes or anthracene.
This contrasted with the results obtained under aerobic conditions; substantial growth on the three
aromatics was observed, which ranged between 4.3 x 107 cells/ml of naphthalene degraders and 2.4
x 10* cells/ml of 2MN degraders, consistent with the higher levels of 2MN in the polluted aquifer
(Table 3. 1). These values represented only a minor fraction of the culturable acrobic community

present, which reached 1.4 x 107 cells/ml when acetate was used as the carbon source.
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Figure 3. 4. MPN enumeration in the aquifer initial sample of nitrate reducing and aerobic bacteria able to
grow on naphthalene (NAP), 2-methyl-naphthalene (2MN), 2-naphtoic acid (2NA), anthracene (ANT), acetate
(Ace) and with no added carbon source (na). Counts were made in triplicate. Numerical values (95% C.l.) can
be found in supplementary Table S4. Dotted lines indicate the basal growth with no added carbon source.

We isolated the total DNA from duplicate biofilm samples taken at the oil-water interphase to
determine the structure of the community present using 16S rRNA gene VI-V3 region
pyrosequencing. Total read numbers generated from all the samples analysed in this study and the
corresponding diversity indices are summarized in Table 3. 3. The rarefaction curves (Figure S1) and
the Good’s sample coverage estimator suggested that sampling depth was sufficient in all cases to
estimate the microbial diversity (Table 3. 3). The observed OTU number, diversity indices and OTU
distribution of the initial sample were reproducible between replica (weighted Unifrac significant test

P value 0.33).

Figure 3. 5 shows that the biofilm community was clearly dominated by the Proteobacteria,
where the Betaproteobacteria accounted for more than 60% of the bacterial population.
Bacteroidetes, Chloroflexi and the uncultured lineage SAR406 (also referred to as Marine Group A
(Wright et al., 2014)) were also present at substantial levels. The major presence of
Betaproteobacteria, Bacteroidetes and Chloroflexi in this hydrocarbon polluted site is in agreement

with the strains frequently found and isolated from aquifers and groundwater environments (Griebler
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Table 3. 3. Comparison of OTU number, diversity, evenness indices and coverage for the different samples.

Sample? NSP OTUs* ((1);)[('}])5(, glslzg)le Shannon  Coverage'
INL 1807 167 158 259.08 4.08 95.87%
INI, 1762 174 168 248.50 4.29 96.19%
Anox-NAP 3611 138 101 207.25 4.24 98.22%
Anox-2MN 6778 161 84 189.86 4.48 99.13%
Anox-HMN 3992 148 104 198.23 4.57 98.57%
MicroS-N 34611 115 42 61.13 2.66 99.94%
Microl5-N 22599 69 26 65.00 1.35 99.91%
Micro-12s-N 23347 101 43 58.00 233 99.91%
Aerl5-N 29889 111 37 64.20 1.58 99.89%
Aer19-N 20685 116 45 129.33 2.46 99.79%

2 INI; and INI, refer to the two replica of the initial samples.

"Number of sequences for each library filtered for chimera and singletons.

°OTU numbers calculated with all sequences at the 3% distance level.

4OTU numbers calculated for a randomized subset of 1500 reads per sample at the 3% distance level.
°Chao index calculated with 1500 subsampled sequences.

fGood’s sample coverage estimator.

and Lueders, 2009), especially when carbon source availability is high (Fierer et al., 2007). The
Betaproteobacteria community in the sample was relatively simple, dominated by two operational
taxonomic units (OTUs): one belonging to the Comamonadaceae (29.5%) and a Rhodocyclaceae
closely related to Azovibrio (30.6%) (Figure 3. 5B). Betaproteobacteria belonging to the
Comamonadaceae occur in diverse pristine and polluted habitats such as soil, freshwater,
groundwater, and industrial processing water, and can use a variety of substrates, including
hydrocarbons, as carbon source (Willems, 2014). Interestingly, members of this group were also
highly prevalent in toluene-polluted model wetlands and in BTEX-contaminated groundwater
(Téncsics et al., 2013; Martinez-Lavanchy et al., 2015). The Gammaproteobacteria were almost
exclusively composed of a single OTU closely related to Pseudoxanthomonas (3.8%) . Using samples
from this biofilm layer, we set-up a series of enrichment cultures under two different oxygen

limitation regimes to select for PAH degrading communities.
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3.3.2. Changes in the community structure under strictly anoxic denitrifying conditions.

Enrichment cultures with nitrate as the electron acceptor and naphthalene and 2MN as the only
carbon source were prepared under strict anoxic conditions. To reduce the PAH concentration in the
water phase, which might limit growth of anaerobes (Galushko et al., 1999a), the PAHs were provided
dissolved in HMN. After 12 months and 3 subsequent subcultures, DNA from the anoxic cultures
was isolated and analysed as above by 16S rRNA 454 pyrosequencing to determine changes in the
community structure (samples Anox-NAP, Anox-2MN, Anox-HMN) (Table 3. 3). A moderate loss
of diversity was observed in all the nitrate reducing cultures, together with a clear shift in the
community structure that may be attributed to the imposed change in the respiratory regime. Overall,
the changes were comparable in the presence of the PAHs and when only the carrier HMN was added
to the cultures (Figure 3. 5A). Whilst the dominant Commamonadaceae detected in the starting
material was still present at high levels in the NAP, HMN, and to a lesser extent in the 2MN cultures,
the dominant Azovibrio OTU disappeared almost completely in the three enrichments, partially
balanced by an increase in Betaproteobacteria representatives belonging to the Burkholderiaceae,
Rhodoferax and especially to the Rhodocyclaceae genus Dok59 in the case of the 2MN cultures
(Figure 3. 5B). Members of the Bacteroidetes, which constituted more than 3% of the initial
community, decreased to levels below 0.2% in all conditions. The strong decrease of some groups in
all the enrichments suggests their high sensitivity to the new culture conditions, i.e., strict anoxic
nitrate respiration and presence of PAHs. In contrast, an increase of the Alphaproteobacteria was
observed in all conditions, especially represented by the Sphingomonadaceae, Acetobacteraceae and
Rhizobiaceae. This might be explained by the denitrifying capacity of some members of the
Sphinomonadaceae and Rhizobiaceae, in addition to their ability to tolerate the presence of toxic
hydrocarbons (Carareto Alves et al., 2014; Cua and Stein, 2014). The Anaerolineae within the
Chloroflexi also increased significantly in the 2MN and HMN enrichments. Since members of this
class seem incapable of nitrate respiration, enrichment of this group is probably a consequence of
their capacity for fermentative metabolism on cell remains (Yamada and Sekiguchi, 2009). Some
specific changes were observed that could be attributed to the presence of PAHs: the Actinobacteria,
which were almost undetectable in the initial biofilm sample, increased up to 18% in the HMN and
2MN cultures, and to almost 30% of the community in the NAP enrichment. Although an increase in
the abundance of Actinobacteria has been related to the degradation of PAHs in aerobic conditions
(Muangchinda et al., 2017; Zhu et al., 2017b), there is no evidence of the contribution of this phylum
to anaerobic degradation. Interestingly, an increase in the Acidobacteria candidate class 1ii1-8 (order

DS-18) from undetectable levels in the initial biofilm sample to more than 9% of the community in
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Figure 3. 5. A) Cumulative plot of bacterial phyla detected in the initial environmental samples and in the
anaerobic enrichments amended with naphthalene (NAP), 2-methylnaphthalene (2MN) and
heptamethylnonane (HMN). The Proteobacteria are described at the class level. The initial samples were
analyzed in duplicate (labelled 1 and 2). B) Detailed cumulative plot of the Betaproteobacteria detected in
the same samples. The average values of the duplicate initial samples shown in A are included for
comparison, labelled as INI. [R], Rhodocyclaceae; [O] Oxalobacteraceae; [H] Hydrogenophilaceae; [C]
Comamonadaceae.

the 2MN enrichment was also observed (Figure 3. 5A), in agreement with the previous observation
of a dramatic increase of this poorly characterized group under nitrate reducing conditions, and
especially in the presence of PAHs (Martirani-Von Abercron et al., 2016). This supports the
suggestion that the group is composed of slow-growing oligotrophs (Fierer et al., 2007), probably
highly resistant to PAHs (Martirani-Von Abercron et al., 2016). During the enrichment process under
anoxic conditions, the minor changes in PAH concentration were not statistically significant (not

shown), which reflects the absence of anaerobic PAH degraders determined with the MPN
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enumeration. Furthermore, our attempts to detect genes involved in anaerobic PAH degradation in
the initial sample and in the enrichment cultures using primers against ncr and nmsA gave negative
results. Neither was any amplification product obtained with primers against nitric oxide dismutase
(nod). To date, no growth of NRB isolates with PAHs as carbon source has been observed under strict
anoxic conditions, and in most cases laboratory conditions can only reproduce aerobic degradation
(Yagi et al., 2010). The observed shift in the bacterial community describes the adaptation to the new
respiratory regime. However, NRBs are facultative anaerobes prepared to thrive in the oxic-anoxic
transition zone, and in these environments anaerobic respiration and PAH degradation (aerobic) may

be spatially separated concomitant processes.

3.3.3. Microaerophilic conditions strongly select for two dominant strains.

To mimic the natural habitat of most NRB, which are facultative anaerobes that can thrive at low
oxygen concentrations, we set-up microaerophilic enrichment cultures. To this end, culture bottles
were initially flushed with nitrogen gas to reach anoxic conditions; the caps of the bottles were
prepared to allow a slow influx of air (see Experimental Procedures section) so that in the absence of
inoculum oxygen saturation in the medium could be reached after approximately one week (Fig. 3.
2B). In this setup, inoculation of the medium resulted in oxygen consumption, which increased
gradually to reach rates at equilibrium with the oxygen influx rate. Further growth of the culture
caused oxygen consumption at higher rates than diffusion, leading to a progressive decay in the
oxygen saturation level, which finally reached undetectable values in spite of the constant oxygen
influx. We initiated an enrichment culture using naphthalene as the representative PAH, provided as
the sole carbon source in the form of crystals. A fraction of 10% of the culture was regularly
transferred to fresh medium. After three months, a fully developed biofilm was clearly visible at 0.5-
1 cm around the naphthalene crystal in all the cultures of the enrichment process (Figure 3. 6A). The
subsequent subcultures were characterized by the formation of a similar biofilm structure at a short
distance from the naphthalene crystal, which was progressively consumed until it completely
disappeared. Oxygen concentration at the biofilm level remained close to zero once the biofilm had
developed, as previously shown for single species bacterial biofilms (Staal et al., 2011). Scanning
electron microscopy (SEM) of the developed biofilm revealed the presence of a mixed community of
bacteria with different sizes and shapes, adsorbed or attached onto filamentous, sometimes
amorphous, EPS material (Figure 3. 6B). From subcultures 5 (8 months, 5 transfers) and 15 (26

months, 15 transfers), total DNA was isolated and the structure of the community in the enrichments
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.
[

biofilm

napthalene crystals

Figure 3. 6. A) Enrichment culture bottle under microaerophilic conditions showing the characteristic
bacterial biofilm developed around the naphthalene crystal. B) Scanning electron microscopy (SEM)
micrograph showing details of the multispecies biofilm formed around the naphthalene crystal during
growth under microaerophilic conditions. Scale bar =1 um.

was analysed as above (samples Micro5-N and Micro15-N, Table 3. 3). Chao indices and rarefaction
curves indicated that during microaerophilic enrichment, the diversity of the bacterial community was
gradually reduced, reaching the lowest values in Subculture 15 (Figure S1). Accordingly, a
progressive selection for specific groups was observed in the community: the enrichment process
initially selected for four dominant Proteobacteria in Subculture 5, which in some cases could be
affiliated to the genus level after comparing the pyrosequencing reads with the 16S rRNA sequence
of strains isolated from the enrichments (see below) (Figure 3. 7). The four selected taxa belong to
the Xanthobacteraceae (Xanthobacter and Starkeya), the Commamonadaceae (Variovorax), and the
Nocardiaceae. Further enrichment under these conditions (Subculture 15) finally selected for two co-
dominant strains which constituted 97% of the community: Variovorax (54%) and Starkeya (43%),
and consequently the slowest Shannon evenness index characterized this community (Table 3. 3). It
is worth noting that the two enriched strains were almost undetectable in the initial sample. From
Subculture 5 we were able to isolate a number of strains on rich medium and on minimal medium

with naphthalene as carbon source that were further characterized (Table 3.4; Figure 3.8). Taxonomic
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affiliation of the strains matched those taxa which were among the most abundant in the enrichment,
although we were not able to isolate some groups, such as Actinotalea and the Nocardiaceae. Because
pyrosequencing only targeted the V1-V3 fragment of 16S rRNA, several OTUs in the pyrosequencing
data were assigned to the taxon “Xanthobacteraceae”, resulting in an ambiguous linking of the OTUs
to the isolates. This ambiguity was solved by constructing a phylogenetic tree based on the V1-V3
region of all Xanthobacteraceae present in the pyrosequencing data and of the isolates (Fig. S2).
Results assigned the most abundant Xanthobacteraceae in the final enrichment (Subculture 15) to
Starkeya novella, which corresponded to strain 964 isolated on solid medium with naphthalene as the

sole carbon source and was designated as S. novella strain N1B. The most abundant strain in the

B Other B X. polyaromaticivorans (a)
B variovorax (8) O Starkeya (a)
O Nocardioidaceae (Act) O Actinotalea (Act)
B Xanthobacter sp. (a) B Pseudoxanthomonas (y)
B Rhizobiaceae (a) B Cellulomonas (Act)
O Chryseobacterium (Bact) B Pseudomonas (y)
B Caulobacteraceae (a) B Comamonadaceae (6)
B Caulobacter (a) B Microbacterium (Act)
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O Azovibrio (8) O Caldisericales (Cald)
O Chloroflexi oor3
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Figure 3. 7. Cumulative plot of bacterial taxons present at more than 1% of the community detected in the
microaerophilic, aerobic and synthetic microaerophilic enrichments amended with crystals of naphthalene
as carbon source. The deepest taxonomic affiliation reached (phyla indicated in brackets) is shown. The
average values of the duplicate initial samples (Figure 3. 4A) are included for comparison, labelled as INI.
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enriched community was affiliated to Variovorax paradoxus (Figure 3. 8), which corresponded to
strain 968 isolated on rich medium and was designated as V. paradoxus strain N2.
Interestingly, the isolate 966, which constituted almost 12% of the Subculture 5 community,
disappeared almost completely in the final enrichment. This strain was finally assigned to Xanthobacter
polyaromaticivorans (99% 16S rRNA gene identity) based on the Xanthobacteracea phylogenetic tree,
although it was also closely related to Aquabacter spiritensis (98%) (Figure 3. 8). The remaining

isolates represented strains that were present at levels below 1% in the final Microl15-N enrichment
(Table 3. 4).

958 7
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denovo31221_B2.LE.A10_27361_f__Comamonadaceaeg__Variovorax ~ Variovarax
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Figure 3. 8. Neighbour-joining tree of the 16S rRNA gene of the bacterial strains isolated in this study and

their closest relatives in the databases. Representative closest QIIME OTUs for each strain (labelled as
“denovo”) are included. The bar represents 0.05 substitutions per site.
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3.3.4. A pathway with high affinity for oxygen is favoured under microaerophilic

conditions.

Eight strains amongst the isolates, including the dominant Variovorax and Starkeya strains, were
able to grow aerobically with naphthalene as the carbon source (Table 3. 4). To identify the genes
involved in naphthalene degradation, we used previously described primers and newly designed
degenerated primers based on the alignment of 29 nahA sequences for naphthalene dioxygenases
belonging to different taxonomic groups (Table S3, see the Experimental Procedure section). PCR
analysis with several sets of primers to amplify naphthalene dioxygenase gene were carried out with
DNA from the enrichments and from all the isolates. Only Pseudomonas veronii and the total DNA
from Subculture 5 gave positive results with nahA primers. The P. veronii nahA gene product
clustered with genes for class A ring-hydroxylating dioxygenases an was predicted to utilize alkyl
substituted monoaromatics as well as PAHs as substrate, whilst Subculture 5 product was predicted
to prefer hetero-polycyclic hydrocarbons and arylbenzenes, according to the ring-hydroxylating
oxygenase database (Chakraborty et al., 2014) (Figure 3. 9). As X. polyaromaticivorans was present
among the isolates, and was the predominant strains in the Subculture 5 community, we designed and
assayed primers for the dbdB gene coding for a dioxygenase from X. polyaromaticivorans strain
127W naphthalene/dibenzothiophene degradation pathway (Hirano et al., 2004). Only the isolates
belonging to the Xanthobacteraceae, S. novella and X. polyaromaticivorans, produced the
corresponding PCR amplification products, which showed 99% identity with the X
polyaromaticivorans dbdB sequence (Figure 3. 9). We further investigated the presence in S. novella
strain N 1B of the complete PAH degradation cluster identified in X. polyaromaticivorans. We were
able to amplify the genes for dbdABCaCbCcDE from the S. novella strain N1B DNA (Table 3. 5) and
showed a remarkable gene identity (99%) with the described X. polyaromaticivorans PAH

degradation gene cluster, including a traA4 conjugation gene located upstream dbdA.

The high percentage of identity of the sequences at the DNA level and the presence of flanking
transfer genes suggest that S. novella strain N1B could have acquired the naphthalene degradation
pathway through a recent horizontal gene transfer event, favoured by the stable physical environment
for cell-to-cell contact provided by the biofilm matrix. In fact, we were still able to detect X.
polyaromaticivorans in a gene library of whole-length 16S rRNA gene constructed with DNA from
subculture 9 (not shown), and this could even be isolated on naphthalene plates from subculture 14.
It is worth noting that no plasmid was detected in S. novella strain N1B genome. The DbdCa protein,

which was shown to code for the alpha subunit of a naphthalene hydroxylating dioxygenase, is closer

160



Chapter 3

Table 3. 4. Strains isolated from the microaerophilic enrichment cultures.

% in the
Clon # }ls'gi:‘lted Closest relatives (Class)' o Pyroseq QIIME assigned gupcultures oGnr ol Biofilm® dbdB nahA
Subculture ident. taxon Sub5 Sub15 NAP?
94 5,15 Starkeya novella (B) 99% Xanthobacteraceae, Other 26.71 43.19  ++ ++ + -
966 5 Xanthobacter polyaromaticivorans (B) 99% Xanthobacteraceae, g_ 11.77 0.38 +++ - + -
960 5 Rhizobium naphthalenivorans (A) 99% Rhizobiaceae, g_ 1.13  <0.01 + - - -
951 5 Brevundimonas mediterranea (A) 100% Caulobacteraceae 0.34 <0.01 ++ - - -
952 5 Microbacterium paraoxydans (Act) 99% Microbacterium 0.04 <0.01 = - - -
983 5 Microbacterium sp. (Act) 99% Microbacterium <0.01 <0.01 ++ - - -
958 5,15 Variovorax ginsengisoli (B) 99% Variovorax 4146 5420 - - -
968 5,15 Variovorax paradoxus (B) 99% Variovorax ++ - - -
962 5 Pseudoxanthomonas spadix (G) 99% Pseudoxanthomonas 1.13  <0.01 + - - -
943 5 Pseudomonas nitroreducens (G) 99% Pseudomonas 0377 <001 - - -
963 5 Pseudomonas veronii (G) 99% Pseudomonas + - - +
972 5 Chryseobacterium sp. (Bact) 98% Flavobacteriaceae, Other 0.07 <0.01 - - - -

(B), Betaproteobacteria; (A), Alphaproteobacteria; (Act), Actinobacteria; (G); Gammaproteobacteria; (Bact), Bacteroidetes.

24++4+ OD>0.9 ; ++ OD>0.4; + OD>0.3; + OD<O0.1.
3 Biofilm developed around the naphthalene crystal.
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Table 3. 5. Naphthalene degradation gene sequences identified in S. novella strain N1B.

Genes Amplicon o4 14, Function
Size
dbdAB’ 994 989,  ferredoxin (dbdA); gentisate 1,2-dioxygenase (dbdB) (preceded by a
partial fra4 gene coding for a conjugative transfer relaxase)
dbdCa 1398 99%  naphthalene 1,2-dioxygenase alpha subunit
dbdCbCc 1556 99%  naphthalene 1,2-dioxygenase beta subunit (dbdCb) Ferredoxin (dbdCc)
dbdD 1078 99%  dihydrodiol dehydrogenase

to group IV dioxygenases utilizing benzene/toluene/biphenyl as substrate, although it showed a
preference for larger substrates and was functional at extremely low oxygen concentrations (Hirano
et al., 2006).

The dbdB gene codes for a gentisatel,2-dioxygenase with high affinity for oxygen (Hirano et al.,
2007). This suggests that the microaerophilic conditions were selecting for a degradation pathway
that included enzymes with high affinity for oxygen. The selection for organisms bearing specific
aromatic degradation enzymes observed under microaerophilic conditions both in competition
experiments and in natural environments has been attributed the high affinity for oxygen of the
selected mono- and dioxygenases (Balcke et al., 2008; Kiesel et al., 2008; Tancsics et al., 2013;
Martinez-Lavanchy et al., 2015). This supports the idea that high oxygen tensions (i.e., “absolute”
aerobic conditions) are not essential for aromatic degradation as long as the appropriate organisms
are present. RT-PCR amplification of a dbdCa gene fragment from Subculture 15 showed that the
gene was expressed in these conditions (Figure 3. 10). The naphthalene degradation genes of
Variovorax and of the remaining strains except Pseudomonas could not be identified with the
different sets of primers tested. Variovorax strains are frequently found in polluted environments and
some of them, which bore genes for aromatic ring-hydroxylating dioxygenases with diverse suggested
functions, were capable of aromatic degradation (Satola et al., 2013; Posman et al., 2017). However,
a specific gene for naphthalene degradation has not been described in this genus. Previous studies
have shown that the diversity of the aromatic dioxygenases alpha subunit is underrepresented in the
databases, which are dominated by Pseudomonas-related sequences (Gomes et al., 2007; Iwai et al.,
2011), and the use of primers designed to select for substrate specificity do not guaranty the detection

of the targeted specific activities (Witzig et al., 2006).
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Figure 3. 9. Phylogeny of the alpha subunit oxygenase component of hydroxylating naphthalene
dioxygenase (upper panel) and gentisate 1,2-dioxygenase (lower panel) partial amino acid sequence
retrieved from Subculture 5 and different isolates obtained in this study. The trees were rooted with

unrelated bssA gene product as out-group.

Figure 3. 10. RT-PCR analysis of total RNA extracted from subculture 15 (+). A negative control (c) with
RNA where the reverse transcription step had been omitted and a positive control with DNA (D) from S.
novella strain N1B were included. M, molecular weight marker.
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3.3.5. Evolution of a synthetic community under microaerophilic conditions

To gain further insight into the community structure dynamics, we reproduced an artificial
microbial community by mixing equal proportions of the twelve isolates (Table 3. 4) in a single
microaerophilic culture, which was then subjected to a similar selective pressure using naphthalene
as the sole carbon source for 12 weeks. The structure of the resulting community was analysed by
16S rRNA pyrosequencing as above (Table 3. 3, sample Micro-12s-N). Because the only possible
strains present in this culture were the twelve isolates, we used the pyrosequencing data from this
community to build the phylogenetic tree of the different taxons to establish the link between QIIME
affiliation and strain isolates (Figure 3. 8 and not shown). Figure 3. 7 (sample Micro-12s) shows that
the community had evolved from an initially even situation with equally abundant strains, to a
community where the naphthalene degrading strains X. polyaromaticivorans, and to a lesser extent
Brevundimonas and Variovorax dominated. Some Brevundimonas species are characterised for their
dependence on microaerophilic conditions for growth (Buczolits et al, 2001). In contrast the
abundance of Microbacterium, Starkeya, Pseudoxanthomonas and Rhizobium, which were also
capable of naphthalene degradation, was reduced to between 1.5 and 2% of the community. Finally,
the two Pseudomonas strains and Chryseobacterium sp., unable to used naphthalene as a carbon
source, almost disappeared, in accordance with their low abundance in the enriched subcultures 5 and
15. Overall, the distribution resembled the community structure in Subculture 5, and probably

represented an intermediate step in the evolution of the community.

3.3.6. Aerobic growth allows higher bacterial diversity

To analyze the impact of oxygen tension on the evolution of the community, Subculture 5 of the
microaerophilic enrichment was used as starting material to set-up enrichment cultures under higher
oxygen concentrations provided through continuous shaking at 100 rpm. The oxygen saturation level
in the cultures in these conditions was 92%. Samples were taken for community analysis as above
after 5 months (10 transfers, sample Aer15-N) and 9 months (14 transfers, Aer19-N). Enrichment
under aerobic conditions initially favoured Variovorax to the detriment of X. polyaromaticivorans,
and further evolved to a structure closer to Subculture 5 as regards the dominant OTUs, though with
a higher Starkeya to Variovorax ratio (Figure 3. 7). In addition, the final sample Aer19-N also showed
a clear increase in overall bacterial diversity (Table 3. 3), where the previously least favoured groups
such as Pseudomonas, Rhizobiaceae, Caulobacteraceae and Microbacterium recovered levels well
above 1% of the community. Despite the constant shaking of the flaks, the cells showed a strong

tendency to form clumps in the medium, which probably creates microhabitats of different oxygen

164



Chapter 3

concentration, which may explain the fluctuations observed in the structure of the community with

time.

3.3.7. Starkeya novella strain N1B is responsible for biofilm formation and naphthalene
degradation.

We analyzed the capacity of the different isolates to reproduce the biofilm structure around the
naphthalene crystal. Almost all the isolates were capable to certain extent of forming biofilm at the
air/liquid interphase in rich medium, as determined with the standard crystal violet assay (Figure 3.
11), both in the presence and absence of naphthalene crystals. However, only Starkeya novella strain
N1B was able to develop a well-defined biofilm structure in minimal medium around the naphthalene
crystal similar to the one developed by the bacterial community in the microaerophilic enrichments.
No growth was observed in these conditions when the naphthalene crystal was omitted from the
medium. Interestingly, X. polyaromaticivorans was among those strains that were less efficient in
standard biofilm formation, together with Pseudoxanthomonas and Rhizobium. In contrast, the two
Variovorax isolates were characterized by the formation of clumps during growth, both in the
presence and absence of naphthalene, indicative of the production of an EPS matrix, which

characterizes some Variovorax strains (Jamieson et al., 2009). However, none of these strains were

LB
B |B+ NAP

Biofilm (DO .,,)
w »

N
1

Figure 3. 11. Biofilm formation at the air/liquid interphase by different isolates in LB (light blue) or LB
supplemented with a naphthalene crystal (dark blue). Assays were carried out in triplicate in microtiter plates
as described in the Experimental procedures section.
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capable of developing a structured biofilm around the naphthalene crystal. The closest relative of S.
novella strain N1B is S. novella type strain (99% identity of 16S rRNA gene) (Kappler et al., 2001),
which is a strict aerobe incapable of naphthalene degradation and lacking any naphthalene
degradation gene within its genome (Kappler et al., 2012). In contrast, S. novella N1B harbors a
naphthalene degradation pathway which is almost identical to the X. polyaromaticivorans pathway,
characterized by the presence of key dioxygenases with high affinity for oxygen. X
polyaromaticivorans was originally described as capable of growth and PAH degradation under
extremely low oxygen tensions (below 0.2 ppm) (Hirano et al, 2004). However, in our
microaerophilic enrichments, the S. novella strain N1B was able to totally outcompete X.
polyaromaticivorans, probably after having horizontally acquired its dbd pathway. Thus, it seems
that the capacity of the S. novella strain N1B to develop a structured biofilm in close proximity to the
naphthalene crystal is a key factor that provides a strong advantage to the strain for growth with
naphthalene under these oxygen limiting conditions. In fact, it has been hypothesized from simulated
biofilm competition experiments that polymer producers are evolutionary favoured at the expenses
of non-producers (Xavier and Foster, 2007). The ecological benefit driving this selection in our
enrichment may be to provide a better competition for the substrate by locating the biofilm producers
at the optimum distance from the carbon source to allow efficient mass transfer, simultaneously
maintaining a sufficient distance to avoid a possible toxic effect of naphthalene. The stable presence
of V. paradoxus in the biofilm suggests that its EPS production capacity favors its presence in the

community, probably contributing to the structure of the biofilm.

3.4. Concluding remarks

Mixed bacterial biofilms are increasingly being considered as attractive tools in bioremediation
protocols for their increased stability and resistance (Demeter et al., 2015). In fact, bacteria in the
sessile state which form part of biofilms are more resistant to pollutants (Khoei et al., 2016) and more
effective in pollutant degradation (Edwards and Kjellerup, 2013) than as free-living cells. In this
study, the initial sample collected at the oil-water interphase had a medium to low phylogenetic
diversity, numerically dominated by Betaproteobacteria, which represented more than 60% of the
community. Enrichment under microaerophilic conditions resembling those naturally found in real
environmental polluted sites produced a drastic change in the structure of the community, pointing to
oxygen limitation as the main factor driving the structure of the community, selecting for strains that
were undetectable in the starting material. Community members bearing degradation pathway

enzymes with high affinity for oxygen were selected for, whilst additionally the capacity to produce
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EPS and to develop biofilms was crucial for the final selection. Interestingly, this enrichment
evidenced the function of biofilm structure to favour gene transfer, thus generating a naphthalene
degrading strain able to grow at very low oxygen tensions and with a striking capacity to develop a
physical structure to locate the cells at the appropriate distance from the toxic carbon source. Non-
polar substances such as hydrocarbons can accumulate in the EPS matrix (Spéth et al., 1998), which
would help increase the local concentration of the substrate in proximity to the biofilm producers and
biofilm associated strains. Finally, no growth was observed when oxygen was completely omitted
from the cultures and nitrate was the only terminal electron acceptor (anoxic enrichments), which
supports the general view that NRB are actually adapted to microaerophilic conditions, where the
different reactions involved in hydrocarbon degradation could be spatial and/or temporally separated

in the bacterial communities (Yagi et al., 2010).
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3.6. Supplementary material
3.6.1. Supplementary tables

Table S1. 16S rRNA primers 6F and 532R targeting V1-V3 region containing 5’ tags with multiplex identifier (MID) and sequencing adapters used for
pyrosequencing analysis.

Sample name Primer name Adaptor Key MID Primer Primer position
Ia MIA CGTATCGCCTCCCTCGCGCCA TCAG ACGAGTGCGT TCAGAGTTTGATCCTGGCTCAG 6F
MIB CTATGCGCC TTGCCAGCCCGC TCAG ACGAGTGCGT CACCGCGGCKGCTGGCAC 532R
Ib M2A CGTATCGCCTCCCTCGCGCCA TCAG ACGCTCGACA TCAGAGTTTGATCCTGGCTCAG 6F
M2B CTATGCGCCTTGCCAGCCCGC TCAG ACGCTCGACA CACCGCGGCKGCTGGCAC 532R
Anox-N 11A CGTATCGCCTCCCTCGCGCCA TCAG TGATACGTCT TCAGAGTTTGATCCTGGCTCAG 6F
11B CTATGCGCCTTGCCAGCCCGC TCAG TGATACGTCT CACCGCGGCKGCTGGCAC 532R
Anox-2MN 84A CGTATCGCCTCCCTCGCGCCA TCAG CGAGACACTAT TCAGAGTTTGATCCTGGCTCAG 6F
84B CTATGCGCCTTGCCAGCCCGC TCAG CGAGACACTAT CACCGCGGCKGCTGGCAC 532R
Anox-HMN  M2A CGTATCGCCTCCCTCGCGCCA TCAG ACGCTCGACA TCAGAGTTTGATCCTGGCTCAG 6F
M2B CTATGCGCCTTGCCAGCCCGC TCAG ACGCTCGACA CACCGCGGCKGCTGGCAC 532R
Micro5-N 86A CGTATCGCCTCCCTCGCGCCA TCAG CGAGTCATCGT TCAGAGTTTGATCCTGGCTCAG 6F
86B CTATGCGCCTTGCCAGCCCGC TCAG CGAGTCATCGT CACCGCGGCKGCTGGCAC 532R
Microl5-N 92A CGTATCGCCTCCCTCGCGCCA TCAG CGTAGCTCTCT TCAGAGTTTGATCCTGGCTCAG 6F
92B CTATGCGCCTTGCCAGCCCGC TCAG CGTAGCTCTCT CACCGCGGCKGCTGGCAC 532R
Microl2s-N  M4A CGTATCGCCTCCCTCGCGCCA TCAG AGCACTGTAG TCAGAGTTTGATCCTGGCTCAG 6F
M4B CTATGCGCCTTGCCAGCCCGC TCAG AGCACTGTAG CACCGCGGCKGCTGGCAC 532R
Aerl5-N 91A CGTATCGCCTCCCTCGCGCCA TCAG CGTACAGATAT TCAGAGTTTGATCCTGGCTCAG 6F
91B CTATGCGCCTTGCCAGCCCGC TCAG CGTACAGATAT CACCGCGGCKGCTGGCAC 532R
Aer19-N 87A CGTATCGCCTCCCTCGCGCCA TCAG CGATCGTATAT TCAGAGTTTGATCCTGGCTCAG 6F
87B CTATGCGCCTTGCCAGCCCGC TCAG CGATCGTATAT CACCGCGGCKGCTGGCAC 532R
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Table S2. Functional gene primers used in this study.

Target gene Primer set 5'-3' sequence Reference
bssd 7772f GACATGACCGACGCSATYCT (Winderl et
85461 TCGTCGTCRTTGCCCCAYTT al., 2007)
bssA. nmsA 7768f CAAYGATTTAACCRACGCCAT (von Netzer
’ 8543r TCGTCRTTGCCCCAYTTNGG etal, 2013)
7363f TCGCCGAGAATTTCGAYTTG
nmsA 7374f TTCGAYTTGAGCGACAGCGT (von  Netzer
8543r TCGTCRTTGCCCCAYTTNGG etal.,2013)
Nerlf CGTTATWCKCCYTGCCGTG (Morris et
o Nerlr CGATAAGCCATRCADATRGG al., 2014)
Ner2f TGGACAAAYAAAMGYACVGAT (Morris et
Ner2r GATTCCGGCTTTTTTCCAAVT al., 2014)
pPAH-F GGYAAYGCNAAAGAATTCGTNTGYWSHTAYCAYGGITGGG  (Hedlund et
.y pPAH-NR700 CCAGAATTCNGTNGTRTTHGCATCRATSGGRTKCCA al., 1999)
DPIRieske f TGYMGNCAYMGNGG (Iwai et al.,
ARHD2R AANTKYTCNGCNGSNRMYTTCCA 2011)
i NAPH-1F TGGCTTTTCYTSACBCATG (Gomes et
nao NAPH-1R DGRCATSTCTTTTTCBAC al., 2007)
NAH-306F AAGGGCTTCGTGTGCAACTAYCAYGGNTG
NAH-621F CGTGGGCGACGCCTAYCAYRTNGG
ndo NAH-627F GACGCCTACCACGTGGGNTGGRMNCA This study
NAH-612R  TGGTAGGCGTCGCCCRYRAARTTYTC
NAH-633R  GGCGTGGGTCCAGCCNAYRTGRTA
NAH-1110R  TGTTCATCTGGGTCACGGTCNHCATRTTNTC
IbdB dbdB-F GAGGGCCACATATGTCATTCGCG (Hirano et
dbdB-R CCGAAGCGGGTCGACTTTCAC al., 2007)
IbidB XdbA_up GTAGAGAAGGAGAAGGCCAT
Dbd R 280  GTCGTGATCCGCGATTGTCC
IbdC XdbdIlI GGACCGCGGCAATCAGGAGTGA
a Xdbdl GCCGGACTCTTCGGCGTAGG
Xdbd ATGGTCCGCACCTTCTCGGC .
dbdCaCbCe 1 qlRev  CCGGCGATCGAGGCGTTGTA This study
IbdDE XdbdII AGGCGATCGTCGAGCGGTTC
XdbdlI-Rev ~ CAGCAGCATGCGCCGATGAC
IbdCa XdbdIlI GGACCGCGGCAATCAGGAGTGA
Xdbdl GCCGGACTCTTCGGCGTAGG
nod684Fv2 GGCTTSGCRATCCAGTAGAAG (Zhu et al,
nod n0d1706Rv2  TGYMGNCAYMGNGG 2017)
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Table S3. Naphthalene dioxygenase sequences used to design the CODEHOP primers used in this study.

Strain Accession number
Pseudomonas fluorescens AAL07262
Pseudomonas putida WP 011117400
Burkholderia sp. ACT53249
Pseudomonas stutzeri AADO02136
Paraburkholderia sartisoli AADO09872

Marinomonas profundimaris
Nevskia ramosa

WP_024024133
WP_022978279

Polaromonas naphthalenivorans CJ2 AAZ93388
Alteromonas naphthalenivorans WP 013785992
Diaphorobacter sp. DS2 AGHO09226
Comamonas testosterone AAF72976
Delftia sp. Cs1-4 WP 013801305
Acidovorax sp. JS42 AAB40383
Acidovorax sp. NA3 ACGT70971
Sphingomonas sp. VKM B-2434 AHF58581
bacterium enrichment pahAc3 AFH77961
Paraburkholderia fungorum AGN90996

Novosphingobium aromaticivorans
Cycloclasticus zancles

WP_011906634
WP_016389425

Cycloclasticus sp. NY93E ADDI10619
Sphingomonas polyaromaticivorans PhnA 2CKF A
Novosphingobium sp. PP1Y WP 013834067
Sphingomonas sp. A4 BAD34447
Comamonas sp. MQ AEV91670
Pseudomonas chlororaphis ADM26645
Burkholderia cepacia AALS50021

Variovorax paradoxus

WP_041942906.

173



Chapter 3

Table S4. Most probable number counts of nitrate reducing and aerobic bacteria in the initial
contaminated aquifer sample. Carbon source are naphthalene (NAP), 2-methylnaphthalene (2MN), 2-
naphtoic acid (2NA), anthracene (ANT), acetate (Ace) and no added carbon source (na).

Sample name  C source MPN counts 95% C.I.

na 3,79E+00 9,00E-01 1,27E+01
NAP 2,86E+00  6,30E-01 1,05E+01
2MN 7,28E+00 1,71E+00 2,12E+01

Anoxic

2NA 427E+00 1,03E+00 1,39E+01
ANT 3,79E+00 9,00E-01 1,27E+01
Ace 9,33E+04 2,07E+04 2,71E+05
na 9,30E+00 2,07E+00 2,71E+01
NAP 427E+02 1,03E+02 1,38E+03
2MN 2,40E+04 4,76E+03 9,65E+04

Aerobic

2NA 1,47E+03  2,78E+02 6,32E+03
ANT 1,14E+03  2,37E+02 3,56E+03
Ace 1,38E+07  2,68E+06 6,32E+07
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Observed Species

3.6.2. Supplementary figures
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Figure S1. Rarefaction curves for 16S rRNA genes of microbial communities from the initial sample and

enrichment cultures. Upper panel, anoxic enrichments; Middle panel, microaerophilic enrichments;

Lower panel, aerobic enrichments. Labels are as in Table 2. Clones were grouped into phylotypes at a level

of 2 97% sequence similarity.
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HQ882805.1_Xanthobacter_sp._W30
NR_112205.1_Xanthobacter_polyaromaticivorans_strain_127W
Clon 966
denovo31548_Aer19-N_196203_f__Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo17083_12Strains_20917_f__Xanthobacteraceaeg__ Xanthobacters__autotrophicus
denovo4695_Micro5-N_48060_f__Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo670_Micro5-N_327_f__ Xanthobacteraceae
denovo10294_Micro5-N_19862_f Xanthobacteraceae
[denovo11279_Aer15-N_131361_f_ Xanthobacteraceae
denovo24662_Micro5-N_32754_f _Xanthobacteraceae
denovo30474_12Strains_308895_f Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo36483_Micro5-N_176601_f__Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo29250_Aer15-N_97553_f__Xanthobacteraceae
denovo22704_Micro5-N_300608___ Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo16626_Micro5-N_165653_f__Xanthobacteraceae
denovo19162_12Strains_234137_f_ _Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo12408_12Strains_3605_f__Xanthobacteraceae
denovo18445_Aer19-N_183899_f _Xanthobacteraceaeg__Xanthobacters__autotrophicus
denovo23078_Aer19-N_52381_f__Xanthobacteraceaeg__Xanthobacters__autotrophicus
— denovo24967_Micro5-N_207913_f _Xanthobacteraceae
NR_074255.1_Xanthobacter_autotrophicus_strain_Py2
FR733686.1_Aquabacter_spiritensis_type_strain_DSM9035T
NR_104747.1_Aquabacter_spiritensis_strain_SPL-1
AB245351.1_Xanthobacteraceae_bacterium_Gsoil_062
denovo5725_Aer19-N_187763_f__Xanthobacteraceae
JQ659763.1_Starkeya_novella_strain_R5-394-1
JQ659901.1_Starkeya_sp._R7-573
denovo11305_Micro5-N_6427_f Xanthobacteraceae
denovo24185_Micro5-N_26733_f_Xanthobacteraceaeg_s__
denovo9070_Aer19-N_28427_f Xanthobacteraceae
Clon 964
NR_074219.1_Starkeya_novella_strain_DSM_506
JQ659760.1_Starkeya_novella_strain_R5-393
denovo17311_12Strains_63640_f__Xanthobacteraceaeg_ s__

denovo32578_Micro5-N_94666_f__Xanthobacteraceae
denovo34290_Micro5-N_152404_f__ Xanthobacteraceae

NR_026153.1_Thauera_aromatica_train_K172

0.05

Figure S2. Xanthobacteraceae phylogenetic tree using the 16S rRNA V1-V3 region of the isolates and
pyrosequencing reads in the microaerophilic, aerobic and synthetic enrichments. Sequences labelled with
“denovo” are the pyrosequencing read OTUs retrieved from each dataset, as they are classified by QIIME.

The closest type strains are highlighted in bold.
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General discussion

Overall this thesis investigated the microbial diversity related to PAH degradation in many
different environments under oxygen limiting condition. NRB and SRB communities were
analysed, including those from the unexplored hypersaline anoxic sediment of the athalassoaline
lake of Fuente de Piedra. Furthemore, a study of a multispecies biofilm in microaerophilic
condition was carried out. Anaerobic bacteria, extreme habitats and multispecies biofilms are very
common in nature although they have been poorly studied, probably due to the difficulties to
investigate these organisms and ecosystems. Anyhow, understanding the bacterial diversity and
the PAHs biodegradation mechanisms in these conditions is crutial for the development of

bioremediation tools.

Biodegradation mediated by bacteria is one of the most popular technologies for the recovery
of aromatic polluted sites. It is currently based on the diversity of aerobic bacteria and their
capacity to degrade almost any natural compound and many man-made aromatic structures to CO>
and water. The use of natural communities for the remediation processes requires a deep
knowledge of the diversity of the organisms available, their performance under different
conditions, and the mechanisms that drive their adaptation to changing environments such as those
imposed by the pollutant. The use of aerobic processes requires the polluted areas be under
permanent aerobic conditions. It is known that in many polluted sites, the initial
consumption/degradation of the contaminant by aerobic microorganisms results in the exhaustion
of the available oxygen, which then limits aerobic bacterial performance for the removal of the
pollutants. When oxygen is consumed, only those strains able to use alternative compounds as
terminal electron acceptors can be effective in the degradation of the contaminant. The anaerobic
processes related to aromatic degradation are less understood than their aerobic counterpart, and
only in recent years has their actual performance in the field started to be addressed (Kiimmel ef
al., 2016; Rabus et al., 2016). Extensive research on the biochemistry and genetics of the
pathways, the availability of an increasing number of isolates, sequenced genomes and
metagenomes, and more recently transcriptomics and proteomics approaches have contributed to
improve our picture of the anaerobic aromatic degradation in bacteria and its diversity (Kube et
al., 2005; Butler et al., 2007; DiDonato et al., 2010; Selesi et al., 2010; Bergmann et al., 2011;
Holmes et al., 2012; Rabus et al., 2014; Sierra-Garcia et al., 2014). Whilst this is essentially true
for most monoaromatic compounds in bacteria with different anaerobic respiratory metabolisms,
the anoxic degradation of PAHs is still an important bottleneck in our knowledge of anaerobic

aromatic degradation by microorganisms.
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1. Anaerobic naphthalene degradation: the problem.

As mentioned in the different chapters of this thesis, it is remarkable that to date only two
examples of naphthalene degrading SRBs have been described and isolated, one of which is a two-
strain consortium (N47) that cannot be obtained as a pure culture (Galushko et al., 1999;
Meckenstock et al., 2000; Musat et al., 2009). The pathways involved in naphthalene and 2MN
degradation in the two isolates have been almost completely identified, showing that the general
strategy resembles that used for monoaromatic compounds (Zhang and Young, 1997; Musat et al.,
2009; DiDonato et al., 2010; Selesi et al., 2010), although some singularities are also present
(Eberlein et al., 2013; Estelmann et al., 2015; Meckenstock et al., 2016; Weyrauch et al., 2017).
The actual functioning of the pathway in the environment was only proven recently by analysing
microcosms amended with naphthalene, which linked the enrichment of Desulfobacterium strains
related to N47 with naphthalene degradation under sulphate reducing conditions. However, the
strains responsible for naphthalene metabolism were not isolated (Kiimmel et al., 2015). Sulphate
reduction-dependent anaerobic degradation of PAHs is relevant in ecosystems where sulphate
reduction conditions prevail, such as marine and brackish sediments (Foti et al., 2007; Muyzer and
Stams, 2008; Leloup et al., 2009; Enning et al., 2012), and it has also been observed in
groundwater, freshwater sediments (Kiimmel ez al., 2015) in addition to marine sediments (Coates
et al., 1996; Rothermich et al., 2002). However, this process is slow as compared to the aerobic
degradation. Furthermore, in many polluted sites other types of respiratory metabolism are more
relevant. Among them, denitrification is probably the most efficient energy metabolism after
aerobic respiration, and the possibility of nitrate-reducing PAH degradation processes would be
of special interest for the restoration of these ecosystems.

Although naphthalene degradation under nitrate-reducing conditions was reported as early as
in 1988 (Mihelcic and Luthy, 1988), to date there is no culture available capable of naphthalene
degradation using nitrate as terminal electron acceptor, despite attempts made in different
laboratories. The main aim of this thesis was to characterize the changes of the natural bacterial
communities when exposed to PAHs under anoxic conditions, focusing on the simplest model
compound naphthalene and its methylated derivative in 2 position. An underlying goal in this
approach was the enrichment and possible isolation of new PAH-degrading anaerobes, especially
under nitrate-reducing conditions, which has been elusive for years. Rockne ef al. (2000) reported
the isolation of three naphthalene degrading NRB, although the actual anaerobic naphthalene
degradation capacity of these strains could never be reproduced (Rockne et al., 2000; Meckenstock

and Mouttaki, 2011; Meckenstock et al., 2016). The difficulty to isolate PAH degrading NRB is
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unexpected, considering that naphthalene is a natural compound with which bacteria have
coexisted for a long time. Furthermore SRB, which have a lower energy-yielding metabolism than
NRB, are able to use naphthalene and 2MN as carbon source under strict anoxic conditions. This
contrasts the situation for benzene degradation, a non-substituted mono-aromatic with a structure
similar to that of naphthalene. The special interest of both compounds relies on the difficulty to
activate the non-substituted aromatic ring in the absence of oxygen (Meckenstock and Mouttaki,
2011). In both cases activation proceeds through direct carboxylation of the aromatic ring to render
benzoic or naphthoic acid, respectively (Zhang and Young, 1997; Abu Laban et al., 2010;
DiDonato et al., 2010). The first isolated strains capable of anaerobic benzene degradation were
in fact nitrate-reducing bacteria (Coates et al., 2001; Chakraborty et al., 2005; Kasai et al., 2006;
Vogt et al., 2011), although recently, the actual anaerobicity of benzene degradation by these
strains was put into question (Meckenstock et al., 2016), and still needs to be unequivocally
proven. The recently discovered oxygenic dismutation into N2 and O2 of the NO produced during
nitrate respiration was suggested to account for methane and alkane oxidation in an anaerobic
methanotrophic bacterium and in an alkane-oxidizing gammaproteobacterium, respectively
(Ettwig et al., 2010; Zhu et al., 2016). The presence of high abundance and diversity of the putative
nod gene coding for the nitric oxide dismutase in contaminated aquifer and waster waters (Zhu et
al., 2016), opened up the possibility of the functioning of this pathway with hydrocarbons other
than alkane, which would allow their aerobic degradation (i.e., using aerobic pathways) under
anoxic conditions. Still, there is no biochemical evidence of the oxygenic activity of the proposed
dismutase, and this must be clarified before further speculation on the relevance of this process in
the environment.

As shown in the first chapter of this study, the efforts in our laboratory to isolate NRB able to
grow on naphthalene were unsuccessful. A set of samples initially selected based on the presence
of a nitrate-reducing community able to grow on naphthalene, as determined by the MPN (Acosta-
Gonzalez et al., 2013; Chapter 1) were used to set up enrichment cultures using different
approaches and culture media, to isolate candidate strains able to degrade PAHs under nitrate-
reducing conditions. The analysis of a number of candidates selected on solid media following
different approaches revealed that the PAH degradation capacity could not be reproduced in liquid
media. Furthermore, tests performed with '*C-labelled naphthalene with the most promising
isolates confirmed the absence of degradation (Martirani-Von Abercron, unpublished). The reason
for the contradictory results in the two culture conditions is unknown.

Thus, under our enrichment conditions, we could not cultivate neither select the initially

detected community able to use naphthalene and 2MN as carbon source with nitrate as terminal
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electron acceptor. PAH degradation is a complex process that implies a high number of genes, and
produces a high number of intermediates. In the environment, such complex processes are likely
to be shared by different members of the community, which would hamper the possibility to obtain
a single isolate as anaerobic naphthalene degrader. We cannot discard that there might be an
intrinsic hindrance for the complete anaerobic degradation of unsubstituted aromatics under
nitrate-reducing conditions. It has been suggested that the failure to isolate naphthalene-degrading
NRB could be due to the production of highly reactive nitrogen species such as NO during nitrate
respiration, which could react with intermediates in the degradation pathway and block further
metabolism, or even be toxic to the cell. This possibility needs to be seriously evaluated. On the
other hand, NRB are generally facultative anaerobes adapted to live in conditions of fluctuating
oxic/anoxic conditions, and in these conditions PAH degradation would take advantage of the
coordinated activity of both types of metabolisms as described for other aromatics (Valderrama et
al., 2012), somehow “preventing” the need for a natural selection for naphthalene degradation
pathways under strict nitrate-reducing conditions. In fact, we have observed by following *CO,
evolution from !3C-labellet naphthalene that under microaerophilic conditions, PAH
biodegradation occurs concomitantly with a significant nitrate respiration activity (Martirani-von

Abercron, unpublished).

A second approach of this thesis focused the isolation of SRB able to grow on naphthalene
starting from sulphate-rich sediments where basal levels of PAHs had been detected. We used a
pre-enrichments strategy by incubating the undisturbed sediments with naphthalene crystals prior
to the initiation of the enrichment cultures (Chapter 2). The shifts observed in the community
structure attributable to the presence of naphthalene suggested the enrichment of a naphthalene
degrading community. A main problem when studying anaerobic PAH degradation is the
extremely slow growth rates obtained, especially with SRB, which show doubling times in the
range of several weeks to months and low biomass yield (Meckenstock and Mouttaki, 2011).
Unfortunately, in this study we were not able to come to the isolation phase, but these enrichments

are a promising possibility for the future isolation of new naphthalene degrading SRB.

2. Changes in the microbial communities: effect of the culture conditions.

In our hands, a recurring observation during enrichment incubations using different media
(under both nitrate and sulphate reducing conditions) was the strong effect that the incubation
conditions exerted by themselves on the community structure. In environments that are not under
permanent anoxic conditions, anoxia is a transient state and the communities are probably adapted

to changing oxygen concentrations. We observed that after the establishment in the laboratory of
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strict anoxic conditions in samples collected from different environments, a notable shift of the
communities was observed, which was independent of the presence of PAHs, suggesting that
either the imposed anoxic conditions or the composition of the culture media were exerting a
strong selective pressure on the community. The effect was less evident when the samples
originated from environments that were closer to strict and permanent anoxic conditions, such as
marine and athalassohaline lagoon sediments. However, a dramatic shift in the community
composition was observed when the Fuente de Piedra sediments were transferred from the original
sulphate-reducing conditions to a nitrate-reducing medium, suggesting that the drastic shift in
respiratory metabolism was increasing the niche possibilities of the community, allowing
previously dormant populations to emerge, confirming the resilient nature of these highly diverse
assemblages.

The effect of the incubation conditions was further evidenced when we compared the
community structure of Fuente de Piedra sediments in the control enrichments using an artificial
mineral medium, with that obtained when only filtered lagoon water was used as basal medium.
Whilst incubation in an artificial medium produced a marked change in the community structure
and a decrease in diversity, parallel incubation in FdP water resulted in less pronounced changes
in the community structure and conservation of diversity values. This highlights the importance of
selecting appropriated media when searching for specific bacterial traits, and supports the idea that
culturing in the laboratory with artificial media implies an unavoidable bias towards already
known, culturable microbes for which the media were originally designed, with the consequent
loss in culturability. In an attempt to improve culturability, we assayed media as close as possible
to the natural conditions, an approach that has already given interesting results (Pascual et al.,
2016). The use of FdP water as basal medium in the enrichments with PAHs as substrate resulted
in the significant selection of some bacterial groups that could be good candidates for future
isolation of PAH-degrading SRB. This confirms that the use of culture media reproducing natural
conditions, especially emphasizing the presence of low nutrient concentrations, is an efficient
approach for the isolation of previously uncultured organisms (Zengler et al., 2002).

The methods used to provide the poorly soluble PAHs to the media were an additional factor
influencing the final community composition. We observed that HMN, used as solvent to provide
PAHs at lower than saturating concentrations, produced a strong shift in the community even in
the absence of PAHs. These changes were essentially different to those observed when
naphthalene was provided by directly adding crystals of the compound to the culture media. Whilst
there is no doubt that HMN produces and effect on the communities, the saturating naphthalene

concentrations reached when naphthalene is provided directly may results in a higher toxicity for

185



General discussion

certain communities, which may also decrease the overall culturability. Furthermore, the use of
saturating concentrations of PAHs hampers the experimental determination of low consumption
rates, which would be masked by the constant dissolution of the compound when consumed. It
must be noted than after prolonged incubations, the size of the naphthalene crystals in the sulphate-

reducing FdP cultures decreased or even disappeared.

3. Changes in the microbial communities: effect of PAHs.

As mentioned above, the different incubations of samples from different origins under
denitrifying conditions in the presence of PAHs produced some changes in the bacterial
community structure. In most cases, the differences between the control and the presence of PAHs
were subtle. Moreover, the groups selected for and against varied according to the particular
community composition in the initial samples, so that the response was different in each case, and
different groups were enriched from the different environments. An exception to this observation
was the candidate class 1iil-8 of the Acidobacteria, with no cultured representative, which was
significantly and repetitively enriched in denitrifying cultures in the presence of PAHs from at
least three types of environment (compost pile, different rice-paddy soils and water, and water
from a polluted aquifer). The available information on this bacterial group is scarce, their
respiratory metabolism is unknown, thus little conclusions can be extracted from this observation.
The approach used is this study and the slow growth rates obtained did not allow us to link the
presence of this group to PAH degradation, and other hypothesis, such as a high resistance of the
group to PAH toxicity, could be considered to explain the enrichment of organisms of this class
(Mukherjee et al., 2014; Ren et al., 2015). Not so striking but also relevant was the increase in the
abundance of Bacilli in NRB enrichments from different origin in the presence of PAHs. Members
of the Bacilli constitute a very diverse and versatile community, which highly diverse metabolic
capabilities, including the capacity to degrade oil components both under aerobic and anaerobic
conditions. As above, a direct linked between the increases in this population and anaerobic PAH
degradation needs to be determined, and alternative explanations cannot be discarded (da Cruz et
al.,2011).

In contrast, some other groups were drastically reduced in the presence of PAHs under
denitrifying conditions, such as Bacteroidetes and Actinobacteria, which we attributed to
sensitivity of members of these groups to the PAH toxicity. The disappearance of certain groups
from the community, sometimes to undetectable levels, implies cell mortality with the consequent
destruction of cell structures and release of cell debris and metabolic compounds into the medium.

This probably explains the selection under our conditions of certain bacterial groups such as
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Chloroflexi, known to be incapable of nitrate respiration and able to carry out a fermentative
metabolism, which are probably using the cell remains as carbon source (Yamada and Sekiguchi,
2009). Furthermore, some denitrifying groups could also be efficiently using the cell remains as

carbon source, thus increasing their relative abundance in the community.

The enrichments under sulphate-reducing conditions produced a quite different picture. These
experiments were carried out starting from samples with an expected high activity of SRB. We
used sediments from the Fuente de Piedra athalassohaline lagoon as starting material, and
implemented two different approaches. Whilst in the experiment performed in microcosm set-ups,
keeping the sediment structures as undisturbed as possible, little changes were observed after PAH
amendment, the cultures initiated thereafter from this material using different mineral media
evidenced progressive changes in the community that were attributable to the presence of
naphthalene. The changes were essentially observed when naphthalene was provided as crystals.
An important increase in the relative abundance of certain groups known to carry out a sulphate-
reducing type of respiration was observed. Members of the Firmicutes, and especially the genus
Dethiosulfatibacter, were progressively and significantly enriched in the presence of naphthalene.
Two other groups were also favoured by the imposed culture conditions: the relative abundance
of members of the Acidaminobacteraceae, ascribed to the uncultured genus NP25, increased
notably in the presence of naphthalene. This group had previously been associated to the response
of salt-marsh communities to the presence of crude-oil (Koo et al., 2015). The clear increase of
these two groups could have a direct link to naphthalene degradation in these conditions, which
need to be further analysed. Members of the Halanaerobiaceae also showed a significant increase
in their relative abundance. However, members of this family have been described as obligate
fermentative anaerobes (Kivisto and Karp, 2011), and are probably linked to the metabolism of
cell remains.

The above-described changes were observed when filtered FdP water was used as culture
medium. However, when an artificial mineral medium designed for the cultivation of sulphate-
reducing bacteria belonging to the Deltaproteobacteria was used instead, the community shifted
towards different groups. Certain groups of the Deltaproteobacteria accumulated the major
changes, which was not unexpected. Notably, members of the family Desulfobulbaceae showed a
significant increase in their relative abundance when naphthalene was present in the cultures.
Desulfobulbaceae were identified in the analysis of the community dynamics of SRB related to
the presence and degradation of PAHs and monoaromatics as toluene in environmental samples
(Pilloni et al., 2011; Kiimmel et al., 2015), and could probably be playing a similar role in the

enrichments on artificial medium described here. Unfortunately, growth of SRB is slow, and in
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the frame of this thesis we could not reach a point to initiate the isolation of naphthalene degraders.
Furthermore, actual naphthalene degradation needs to be assessed in these enrichments. To that
end, new culture conditions should be set up in order to be able to precisely measure small changes
in naphthalene concentration. As an alternative, following '*CO2 evolution in cultures spiked with

stable isotope-labelled naphthalene would provide evidence of anaerobic naphthalene degradation.

4. Naphthalene-degrading communities under microaerophilic conditions.

As it has been repeatedly mentioned throughout this thesis, the natural niche for NRB is
probably an environment with fluctuating oxygen concentrations in the low range, probably under
almost permanent microaerophilic conditions. We therefore set up a series of enrichments to
analyse the community response to naphthalene under very low oxygen tensions, which were
established when oxygen consumption by the growing populations overcame oxygen inflow
through the permeable stopper or through a narrow-gauge needle. With this experimental set-up,
and starting from samples from a gasoline-polluted aquifer, we observed that growth was much
faster and with a higher biomass yield than under anoxic conditions, as expected. Interestingly the
community was able to develop a similar biofilm structure around the naphthalene crystal, which
had a similar appearance in each enrichment step. The initial sample was water from the aquifer
collected at the boundary between the water phase and the overlaying oil phase, where a natural
biofilm had developed. Biofilms are among the most distributed and effective ways of microbial
life in nature, and have colonized all kinds of habitats. They are defined as complex sessile
aggregations, encapsulated in an exopolymeric matrix (Flemming et al., 2016). The bacterial
assemblage constituting the initial biofilm community had probably been selected for their
cooperative efficiency in the development of such structures. Analysis of the community in the
biofilm during the enrichment on naphthalene evidenced a dramatic shift in the predominant
populations during cultivation, which finally reached a structure with two co-dominant strains:
Starkeya novella strain N1B and Variovorax sp. strain N2. Our results suggest that the two strains
were selected for their capacity to use naphthalene as growth substrate (not all the strains present
in the biofilm were capable of naphthalene degradation), and S. novella because it was competitive
at low oxygen concentrations. Furthermore, this strain had acquired, through a probably recent
horizontal gene transfer event, a naphthalene degradation pathway bearing enzymes with high
affinity for oxygen. Interestingly, Xanthobacter aromaticivorans, a strain with similar features
with respect to oxygen affinity for both respiration and naphthalene degradation (Hirano et al.,
2004), was also present in the initial culture and was the probable donor of the degradation

pathway. However, this strain was outcompeted during enrichment. A relevant characteristic that
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distinguished the two strains was that S. novella was able on its own to develop a biofilm structure
that placed the cells around and at a distance from the naphthalene crystal, whilst X
polyaromaticivorans was inefficient in the formation of biofilm structures.

Since S. novella strain N1B was capable on its own to efficiently grow on naphthalene and
develop a consistent biofilm around the crystal, the reason for the co-selection of Variovorax sp.
strain N2 at the same level during enrichment is unclear, but it is assumable that it should provide
some benefit to the community. We have shown that among the strains isolated from the
enrichment cultures, Variovorax sp. was amongst the most efficient in the formation of biofilm in
the air-water interphase, which implies that it is capable of producing some kind of extracellular
polymeric substances at least under certain conditions. We could thus assume that in the
multispecies biofilm, Variovorax sp. is somehow contributing to the formation of the biofilm
structure. It is worth noting that this structure in the multispecies biofilm (Subculture-15) was more
consistent and harder than the biofilm formed by pure cultures of S. novella strain N1B, suggesting
that additional components not synthesized by this strain were present in matrix that contributed

to biofilm texture. Variovorax would be one of the candidates to produce such substances.
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VI. CONCLUSIONES






Conclusiones

l. El medio utilizado para los enriquecimientos a partir de muestras ambientales es un factor
clave para la seleccion de cepas con caracteristicas de interés, que hay tener en cuenta antes de
establecer los protocolos experimentales. El uso de aguas procedentes del sitio de muestreo como
medio de cultivo ha permitido el enriquecimiento de grupos que se pierden utilizando medios
artificiales.

2. El analisis de las comunidades bacterianas durante los procesos de enriquecimiento de
bacterias anaerobias degradadoras de PAHs muestra el enriquecimiento recurrente de diversos
grupos bacterianos, algunos sin representante cultivado, a pesar de el origen muy diverso de las
muestras. Esto nos indica que la mayoria de los taxa se pueden encontrar en muchos tipos
diferentes del ambiente, y destaca la dificultad para el aislamiento de bacterias con las
caracteristicas deseadas.

3. La abundancia relativa de miembros de la clase candidata 1i11-8 dentro de las Acidobacteria
aument6 de forma recurrente en presencia de naftaleno o 2MN en cultivos de enriquecimiento
preparados a partir de muestras de origen muy diverso, lo que podria indicar una alta resistencia a
la presencia de estos compuestos, o un papel relevante en la respuesta de la comunidad bacteriana
a la presencia de PAHs.

4. El cultivo de muestras de sedimentos de la laguna Fuente de Piedra en condiciones de
sulfato-reduccion en presencia de naftaleno ha permitido enriquecer de forma progresiva y
significativa grupos especificos pertenecientes a Firmicutes 'y Deltaproteobacteria, que
probablemente participen en la degradacion de los PAHs.

5. En la seleccion en condiciones microaerofilas estaticas de la comunidad bacteriana co-
dominada por los géneros Starkeya 'y Variovorax a partir de muestras de acuifero contaminado con
gasolinas, los factores determinantes fueron la capacidad de crecer a bajas tasas de oxigeno, de
portar una ruta de degradacion de naftaleno con alta afinidad por el oxigeno, y ser eficientes en la
produccion de sustancias poliméricas extracitoplasmicas.

6. Starkeya novella N1B, seleccionada a partir de muestras de acuifero contaminado, es la
cepa de la comunidad bacteriana responsable de la formacioén de la biopelicula de sustancias
poliméricas que se sittia de forma regular a 0,5-1 cm de distancia alrededor del cristal de naftaleno.
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Imagen de portada: Micrografia electrénica de
barrido (SEM) de la biopelicula formada por un
consorcio microbiano alrededor de un cristal de
naftaleno (se estudia en el capitulo 3).









El uso masivo del petréleo como fuente de energia y como materia prima ha generado serios
problemas de contaminacion ambiental. Entre los principales contaminantes los hidrocarburos
aromaticos policiclicos (HAPs) generan gran preocupacion porgue son relativamente persistentes
en el medio ambiente y presentan efectos toxicos, carcinogénicos, mutagénicos y teratogénicos,
por lo tanto su eliminacion es importante. Una medida que ha tenido bastante éxito es el empleo

'P de microorganismos para la eliminacion de contaminantes con la aplicacion de técnicas de |
. biorremediacion. Los procesos aerobios de degradacion de HAPs se han caracterizado
exhaustivamente, sin embargo en muchos ambientes naturales la concentracion de oxigeno es
. limitante y se activan procesos de degradacion anaerobica sobre los cuales todavia se sabe muy
poco.

| Partiendo de una serie de ambientes que habian sufrido diferentes grados de contaminacion
3 por hidrocarburos, utilizamos la técnica del nimero mas probable (NMP) para detectar y
cuantificar la presencia de comunidades bacterianas capaces de degradar anaerobicamente
Frl",‘fi varios HAPs, establecimos una serie de cultivos de enriquecimiento con nitrato y sulfato como
aceptor terminal de electrones y HAP como uUnica fuente de carbono y seguimos los cambios en
las comunidades bacterianas a lo largo del proceso. Ademas quisimos testar condiciones de
microaerofilia para aislar cepas degradadoras de HAPs haciendo enriquecimiento a partir de una
muestra de biofilm de un acuifero contaminado con petroleo, utilizando HAPs como unica fuente
de carbono.

En conjunto, hemos estudiado las respuestas de las comunidades bacterianas a los HAPs en las
condiciones limitantes de oxigeno mas frecuentemente encontradas en la naturaleza (nitrato
reductoras, sulfatoreductoras y microaerofilicas) pero menos investigadas tanto por las
dificultades de cultivo de estas bacterias como por los largos tiempos de crecimiento que |
requieren estos microorganismos. No hemos logrado aislar cepas anaerobias estrictas capaces de |
degradar HAPs, pero si de individualizar poblaciones bacterianas presentes en la naturaleza y
probablemente involucradas en la eliminacion de contaminantes en el medio ambiente. También
hay bacterias no cultivables (v.g. Acidobacteria, iiil-8) que se han enriquecido, de las cuales
todavia desconocemos el papel ecolégico, pero que podrian ser importantes en la |
biodegradacion anaerobia. En condiciones de microaerofilia, si hemos logrado cepas
degradadoras, y ademas capaces de formar biofilm a partir de HAPs. El crecimiento en forma de
biofilm es probablemente una manera de crecer que las bacterias adoptan en condiciones de
estrés y que le ayuda a hacer frente a los factores adversos. Todo esto posiblemente nos indigue
que las condiciones de cultivo que imponemos en el laboratorio son demasiado restrictivas y se

alejan de la variabilidad que hay en la naturaleza.
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